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The rapid increase in atmospheric CO2 concentration has caused a climate disaster (CO2 disaster). This study expands the theory for reducing this disaster by analyzing the possibility of reinforcing soil CO2 uptake (Fx) in arid regions using partial least-squares regression (PLSR) and machine learning models such as artificial neural networks. The results of this study demonstrated that groundwater level is a leading contributor to the regulation of the dynamics of the main drivers of Fx–air temperature at 10 cm above the soil surface, the soil volumetric water content at 0–5 cm (R2=0.76, RMSE=0.435), and soil pH (R2=0.978, RMSE=0.028) in arid regions. Fx can be reinforced through groundwater source management which influences the groundwater level (R2=0.692, RMSE=0.03). This study also presents and discusses some basic hypotheses and evidence for quantitively reinforcing Fx.
Keywords: CO2 disaster, partial least-squares regression (PLSR), artificial neural network (ANN), desert systems, environmental controls
1 INTRODUCTION
The Earth is a complicated system with considerable uncertainties regarding the biotic/abiotic processes in many ecosystems (Caers, 2011). The Earth’s surface temperature is widely recognized to be heavily influenced by greenhouse gases, among which CO2 is the major contributor (Joos et al., 1999). The rapid increase of atmospheric CO2 concentration and the resulting climate disaster (the CO2 disaster) have attracted attention (Mercer, 1978). With the intensification of the CO2 disaster, arid regions are getting more arid and, hence, are facing more serious threats (Huang et al., 2017). The warming trends in arid and semi-arid regions are significantly higher than those in non-arid regions (Schlaepfer et al., 2017). Moreover, the CO2 disaster may reduce the extent of temperate drylands and intensify drought in deep soils, such that approximately 15%–30% of the temperate dry area might be transformed into arid areas by the late 21st century (Schlaepfer et al., 2017). Global warming accelerates not only dryland expansion but also soil CO2 release in some regions (Jenkinson et al., 1991; Huang et al., 2016). Therefore, any possible technologies for reducing the CO2 disaster are worthy of investigation (Murata and Cheolsong, 2008; Edmonds and Smith, 2011).
Since 2006, a series of studies have demonstrated soil CO2 uptake in arid regions (Wang et al., 2015a; Wang et al., 2016a). In the traditional ecological paradigm, soils can only release CO2 (Baldocchi et al., 2001; Wang et al., 2015a). Soil CO2 release was defined as the sum of two organic components: plant root respiration (autotrophic respiration) and soil organic carbon decomposition by soil fauna and soil microbes (Falge et al., 2001; Farifteh et al., 2007; Baldocchi et al., 2015). Many observations of soil CO2 fluxes with both chambers and open- or closed-path eddy systems have highlighted anonymous CO2 uptake (Hastings et al., 2005; Jasoni et al., 2005; Mielnick et al., 2005; Reichstein et al., 2005; Chapin et al., 2006). The components of soil CO2 fluxes are the sum of its inorganic (soil inorganic respiration) and organic (soil organic respiration) components, respectively (Wohlfahrt et al., 2008). Moreover, soil inorganic respiration temporally dominates the net ecosystem exchange of CO2 (Schlesinger, 2001; Kowalski et al., 2008; Inglima et al., 2009; Sanchez-Cañete et al., 2011; Chen et al., 2013). Hence, we are motivated to investigate the possibility of reinforcing soil CO2 uptake to reduce the CO2 disaster. The environmental contributions to the main drivers of soil CO2 uptake and whether such contributions can be reinforced through human activities remain unknown (Chen et al., 2013). However, if possible, soil CO2 uptake not only indicates a hidden carbon cycle loop potentially contributing to the long-sought “missing sink” (Stone, 2008; Xie et al., 2008; Serrano-Ortiz et al., 2010; Ma et al., 2013; Chen et al., 2014; Wang et al., 2015b; Wang et al., 2016b) but also promises an emerging technology to reduce the CO2 disaster (Wang et al., 2016a; Wang et al., 2016b).
The risk of soil salinization in arid regions is increasing due to the combined effects of global warming, drought intensification, and population growth (Utset and Borroto, 2001). Many studies have demonstrated the high sensitivity of arid regions to the CO2 disaster (Gök et al., 2000; Rey et al., 2012; Rey, 2014; Li et al., 2015). However, few studies have addressed the feasibility of reinforcing soil CO2 uptake in these regions (Wang et al., 2015a; Wang et al., 2016a). The utilization of CO2 uptake as a practical technology for reducing the CO2 disaster requires the reliable quantification of environmental influences on the main drivers of soil CO2 uptake and the assessment of the possibility of reinforcing these influences (Wang et al., 2016b). Until now, considerable uncertainties remain regarding the underlining mechanisms of soil CO2 uptake (Wang et al., 2015b; Wang et al., 2016b). Nevertheless, a global model of soil CO2 uptake has been established (Chen et al., 2014), which can be used to expand the theory for reducing the CO2 disaster by analyzing the main drivers involved in the model. The main challenges are as follows. First, since the mechanisms of such CO2 uptake remain undetermined, any possible environmental contributors to these main drivers must be comprehensively considered. Second, since the influencing modes of most environmental controls are not fully understood, their possible interactions cannot be ignored. These two challenges have not been explicitly tackled in previous studies. Addressing these challenges and clarifying the environmental contributors of the main drivers could allow an assessment of the feasibility of artificially enhancing CO2 uptake and the limits of such enhancement. Scientists could then determine whether such enhancements could provide a new method to replace reduced industrial emissions and, ultimately, reduce the CO2 disaster.
Therefore, the objectives of the present study were to 1) examine the leading environmental contributors to the main drivers for soil CO2 uptake in arid regions, 2) evaluate the most interpretable proportion of all considered contributors and determine the need to introduce other environmental contributors, and 3) discuss the feasibility of reinforcing soil CO2 uptake in arid regions by human activities. The organization of this article is as follows. Section 2 illustrates the methods for computing soil CO2 uptake, along with the subsequent regression and machine learning theory. Partial least-squares regression (PLSR) is used to exclude interactions among the considered environmental contributors. A machine learning model (ANN) is used for cross-validation by excluding the secondary contributors. Hypotheses are developed from the PLSR-ANN and discussed in Section 3. We also assess the largest proportions of these contributors in explaining soil CO2 uptake and further clarify their leading roles. In addition, we evaluate the most interpretable proportion of all the contributors considered in the present study and determine whether other contributors need to be involved in subsequent studies. Based on the results from the PLSR-ANN calibrations, Section 4 establishes and discusses the theory of a conceptual framework to reinforce soil CO2 uptake through effective activities in the background of global warming. The conclusions and some outstanding remarks are presented in Section 5.
2 THEORY AND METHODOLOGY
2.1 Computation of soil CO2 uptake
Soil CO2 uptake involves not only fluxes of CO2 over the soil surface but also beneath the soil. To compute CO2 fluxes over the soil surface, a PVC column is set to measure CO2 concentration above the soil in a closed chamber. As shown in Eqs 1, 2 in Wang et al. (2016c), the net soil CO2 release (Fc) can be computed by
[image: image]
where r, h, Vpvc, and Spvc are the height, radius volume, and surface area of the PVC column, respectively; ρ is the CO2 density under the standard state; and k is a dynamic transform coefficient.
A temperature-dependent Q10 model has been widely utilized, in which Q10 is the derivative of the exponential chemical reaction-temperature equation originally developed by Van’t Hoff (1898). With Tas defined as the air temperature at 10 cm above the soil surface, θs the soil volumetric water content at 0–5 cm, and R10 the referred Fc at 10°C, then Q10 is the factor by which Fc is multiplied when T increases by 10°C. According to Eqs 1–3 described by Wang et al. (2015b), the part of Fc unexplained by the Q10 model is attributed to the inorganic component of Fc. Alternatively, the soil CO2 uptake (Fx) can be computed by
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where Fo and Fi are the organic and inorganic components of Fc, respectively.
Equation 6 can be further reconciled as
[image: image]
where Fxnp and Fxlp are the linear and nonlinear components of Fx, respectively. EVnp and EVlp are the sets of environmental variables for the linear and nonlinear components, respectively.
As seen in Chen et al. (2014), the main drivers for Fx are pH, Tas, θs; thus, 
[image: image]
where the pH belongs to EVnp and Tas and θs belong to EVlp.
For computation, the empirical coefficients from Chen et al. (2014) and Wang et al. (2015b) can be directly used. That is,
[image: image]
[image: image]
where Fx is hypothetically attributed as pH-driven, Tas-driven, and θs-driven CO2 uptake by soils.
2.2 PLSR and machine learning theory
Two adaptive methods—partial least-squares regression (PLSR) and a machine learning model (ANN)—were used to examine the environmental contributors of pH, Tas, and θs. Backpropagation was utilized in the machine learning processes with ANN. The performance statistics of the ANN calibration were explicitly displayed and the environmental contributors with relatively small contributions (<5%) were excluded from the ANN model performance. The PLSR model was performed on a random partition of the dataset (70% for training, 30% for testing) and ANN models were assessed against the whole data set. The major steps of the PLSR calibration are shown in Figure 1 (Zhou et al., 2021).
[image: Figure 1]FIGURE 1 | Major steps of PLSR calibration. Note: X and Y are the data on environmental variables and soil CO2 uptake respectively. The corresponding matrices of X and Y are M and N, respectively. The corresponding eigenvectors of M and N are δ and σ, respectively. To calculate the coefficients α and β in the principal components from PLSR, we extract as much variation information as possible from each variable group. This is a conditional extremum problem, which is solved using the Lagrange multiplier method.
Six calibration processes were performed during PLSR. The first was the standardization, which was done before Step 1. The second process was to find the correlation coefficient matrix, where X and Y were put into an augmented matrix that was included in Steps 2 and 3. The third process was to find the pair of principal components. This process was included in Step 4, where the Lagrange multiplier method was utilized. The fourth subsequent process involved the calculation of the contribution rate table, in which the contributions of each environmental contributor were determined individually. The fifth process was to select k principal component pairs according to the contribution rate table, which was used in the sixth and seventh processes to carry out the final regressions between environmental contributors and the main drivers for soil CO2 uptake. The eighth process performed cross-validation with the above PLSR components.
However, PLSR also has some limits. PLSR is a linear model, which is advantageous for determining the contributions of individual environmental variables. However, the best model might be nonlinear. Meanwhile, ANN cross-validation is also required to ensure that the selected determining factors from PLSR remain dominant in nonlinear models. The ANN aims to imitate the working mechanisms of the human brain. Neurons are connected to form each layer of the neural network. Each layer transmits information through a function operation running on the connection between each layer. By adjusting the connected weights between each layer, the neural network can output the desired target. This goal needs to be achieved through the training of the neural network, which is within the allowable range of error. The basic information transfer function for the connection between each connection layer is xw + b, where x is the information passed from the previous layer, w is the weight reflecting the relevance, and b is the deviation. As the brain sometimes needs to choose to transmit or ignore received information, neural networks filter information through an activation function. The major steps in ANN for updating parameters are shown in Figure 2 (Zhou et al., 2021; Zhuang et al., 2021).
[image: Figure 2]FIGURE 2 | Major steps in machine learning processes with ANN. Note: After obtaining a training set, the ANN can extract the features of each part of the observed object by learning. If the training effect is not satisfied, error data will be generated and back-propagated and relevant parameters will be adjusted according to the error value to minimize the target. The parameter adjustment is mainly based on the prediction results of the errors in each layer.
Environmental data-driven PLSR-ANNs were collected from a series of previous studies (Chen et al., 2014; Zhou et al., 2021; Zhuang et al., 2021). The present study further hypothesized that the precipitation amounts (Pa) and groundwater level (GL) were another two elements in EVnp. Based on the results of PLSR and machine learning, the other environmental variables; namely, air humidity (AH), air pressure (AP), soil temperature (Ts), soil salinity (SS), and wind speed (WS) and direction (WD) were included in EVlp. Evidence for the above two hypotheses is presented in Sections 3 and 4. The calibration errors were quantified using R2 and RMSE, as described by Farifteh et al. (2007) and Zhou et al. (2021).
3 HYPOTHESES AND EVIDENCE
3.1 Reinforcement of Tas-driven CO2 uptake
According to Eq. 10, soil CO2 uptake can be reinforced by reducing Tas. The reinforcement degree is −0.0059 μmol m−2 s−1 when Tas decreases by 1°C. We hypothesized that Tas was a function of other environmental variables; that is,
[image: image]
The hypothetical mechanisms in the function Tf are as follows. Ts can affect Tas because Ts is a direct reflection of the surface heat condition. Since the volume heat capacity of water is much larger than that of air, AH, GL, WD, WS, Pa, and θs can affect Tas. Decreases in AP indicate that the air above the soil is expanding and Tas is increasing. Since soil water and salt transport can be aggravated by higher Tas, SS and pH are also potential indicators for local Tas. Under these hypotheses, the reinforcement of Tas-driven CO2 uptake is possible if one of the environmental variables AH, AP, Ts, SS, WS, WD, pH, GL, θs, and Pa can be changed through human activities.
The results of the PLSR-ANN analyses present some basic evidence for Eq. 11. As shown in Figure 3, the PLSR results demonstrated the very accurate prediction of Tas by a linear combination of other environmental variables (R2=0.894 and RMSE=2.975 on the training data set, R2=0.939 and RMSE=2.507 on the testing data set). These results were further demonstrated by the ANN (R2=0.924 and RMSE=2.495 before excluding the secondary contributors, R2=0.887 and RMSE=2.966 after excluding the secondary contributors).
[image: Figure 3]FIGURE 3 | Evidence for Eq. 11 from the PLSR training stage (A), testing stage (B), and ANN analyses before excluding the secondary contributors (C) and after excluding the secondary contributors (D). Note: Tas is the air temperature at 10 cm above the soil surface. All other environmental variables are considered potential contributors to Tas.
From the PLSR results, the function Tasf can be approximated by
[image: image]
where the contributions of AH, AP, Ts, SS, WS, WD, pH, GL, θs, and Pa to Tas can be calculated from the coefficients c1, c2, …, c10, in which c0 is the residual.
The computed coefficients for Eq. 12 were c1=−2.0413, c2=−1.4424, c3=2.3231, c4=−1.3964, c5=0.3635, c6=−0.1313, c7=1.6382, c8=−1.9786, c9=0.6742, c10=0. Hence, the leading environmental contributors to Tas were Ts, AH, GL, pH, AP, SS and θs, with contributions to Tas of 19.4%, 17%, 16.5%, 13.7%, 12%, 11.6%, and 5.6%, respectively. Among these leading environmental contributors, GL was significantly affected by human activities and can also influence pH, SS, and θs. Therefore, we can try to reinforce Tas-driven soil CO2 uptake in arid regions through groundwater management, which is associated not only with irrigation decisions but also with living plans and industrial water use. A decrease in GL by 1 m means a Tas reduction of 1.9786°C and a reinforcement of Fx by −0.0117 μmol m−2 s−1 according to Eqs 10, 12.
3.2 Reinforcement of θs-driven CO2 uptake
According to Eq.10, soil CO2 uptake can be reinforced by reducing θs. The reinforcement degree is −0.0003 μmol m−2 s−1 when θs decreases by 1%. We hypothesized that θs was a function of other environmental variables; that is,
[image: image]
The hypothetical mechanisms in the function θsf are as follows. Precipitation and evaporation are the two most important factors influencing θs. Therefore, Pa affects θs. Since Ts and Tas can directly reflect the surface heat conditions, the θs values under different temperatures can vary. Except for precipitation and evaporation, atmospheric environments, soil properties, and surface vegetation also affect θs. Hence, AP, AH, WD, WS, SS, and pH can potentially affect θs. The influence of GL on θs is easily understood. In arid regions, soil water is mainly supplied by groundwater. A decrease in GL can directly induce the decrease of θs. Under these hypotheses, θs-driven CO2 uptake can be reinforced if one of these environmental variables can be changed through human activities.
The results of the PLSR-ANN analyses present some basic evidence for Eq. 13. As shown in Figure 4, the PLSR results suggest that the best linear combination of other environmental variables can only explain about half of the variations in θs (R2=0.552 and RMSE=0.577 on the training data set, R2=0.51 and RMSE=0.663 on the testing data set). However, we cannot conclude that the function θsf in Eq. 13 does not exist. The ANN results suggest that θs can be correctly predicted by a nonlinear combination of the considered environmental variables (R2=0.9 and RMSE=0.274 before excluding the secondary contributors, R2=0.904 and RMSE=0.283 after excluding the secondary contributors).
[image: Figure 4]FIGURE 4 | Evidence for Eq. 13 from the PLSR training stage (A), testing stage (B), and ANN analyses before excluding the secondary contributors (C) and after excluding the secondary contributors (D). Note: θs is the soil volumetric water content at 0–5 cm. All other environmental variables are considered potential contributors to θs.
From the PLSR results, the function θsf cannot be approximated by
[image: image]
where the computed coefficients from PLSR are c1=−0.1691, c2=−0.0238, c3=0.2133, c4=0.3858, c5=0.0326, c6=−0.102, c7=−0.0202, c8=−0.219, c9=0.1813, c10=0.
These computed coefficients further reveal that the PLSR results are not convincing. Thus, the leading contributors are SS, GL, Ts, Tas, AH, and WD, with contributions to θs of 28.6%, 16.3%, 15.8%, 13.5%, 12.6%, and 7.6%, respectively. While the results are wrong to exclude Pa, we can obtain significant information from the two subfigures in Figures 4C,D. No significant differences in ANN performance were observed before and after excluding the secondary contributors. They were both very robust. Since Eq. 14 excluded WS, AP, pH, and Pa as the second contributors to θs, there must be another important contributor among Ts, Tas, GL, WD, SS, and AH.
Although the ANN results present a very accurate prediction of θs by a nonlinear combination of the considered environmental variables, we cannot determine the best θsf from ANN. Consequently, we are motivated to choose the most important contributor to θs among Ts, Tas, GL, WD, SS, and AH. Since GL can be influenced by human activities and the management of groundwater sources has attracted attention (Daliakopoulos et al., 2005; Wang et al., 2016d; Cruz-Paredes et al., 2021), we prefer to choose GL. As shown in Figure 5, θs fluctuates when GL varies from 65 to 90 m in irrigation seasons.
[image: Figure 5]FIGURE 5 | Evidence for groundwater level (GL) as a leading variable in Eq. 13 showing evident fluctuations in θs when GL varies from 65 to 90 m in irrigation seasons. Note: function h is an eight-degree polynomial. The coefficients of the 8th, 7th, 6th, 5th, 4th, 3rd, 2nd, and 1st order terms are 3.488e−08, −2.114e−05, 0.005591, −0.8432, 79.32, −4765, 1.786e+05, and −3.815e+06, respectively. The constant is 3.559e+07.
GL is also a well-known factor associated with θs (Buttle, 1989). Irrigation decisions can significantly affect θs and other soil properties (Rawls et al., 1982). In Section 3.1, GL is a suitable controller to reinforce Tas-driven soil CO2 uptake. Benefitting from a suitable plan on water use for living and industry, we can effectively control GL that can, in turn, affect θs. In particular, we can try to reinforce θs-driven soil CO2 uptake in arid regions through proper irrigation decisions and groundwater use plans. Considering Figure 5 as an example, it is easy to see that the relationships between GL and θs are complicated. When GL increased from 68 to 78 m, θs decreased from 15.88% to 13.70%. Thus, an increase in GL at this stage led to a 2.18% decrease in θs, which reinforced Fx by −0.001 μmol m−2 s−1 according to Eqs 10, 13.
3.3 Reinforcement of pH-driven CO2 uptake
According to Eq. 9, soil CO2 uptake can be reinforced by increasing soil pH. Both Tas and θs belong to EVlp, while pH belongs to EVnp. Since Fx(EVnp) is an exponential function, the reinforcement degree of Fx can differ when the pH is increased from different starting points. For example, Fx can be reinforced by −0.7170 μmol m−2 s−1 with a pH increase from 7 to 8. However, when the pH is increased from 8 to 9, the Fx is reinforced by only −0.5467 μmol m−2 s−1.
We can hypothesize that pH is a function of other environmental variables; that is
[image: image]
However, as we learned in Section 3.2, the PLSR-ANN results cannot help us directly identify the leading contributor unless the hypothesized function can be approximated by a linear function. Thus, pHf may be approximated by a linear function. As proper irrigation decisions and groundwater source management have been recommended to reinforce both Tas-driven and θs-driven CO2 uptake, we directly hypothesize that pH is a nonlinear function of GL; that is
[image: image]
The hypothetical mechanisms in the function pHf are as follows. Fluctuation of GL significantly affects soil salt transport, which in turn changes the salt composition of the soil. Since soil pH is majorly influenced by salt composition, pH can be approximated by a nonlinear function of GL. Eq. 16 is proved to be robust (R2=0.978, RMSE=0.028), as shown in Figure 6. Hence, the hypotheses with Eq. 16 are not only reasonable but are also robust in predicting soil pH.
[image: Figure 6]FIGURE 6 | Evidence for Eq. 16 showing the close relationship between pH and groundwater level (GL) when GL varies from 65 to 90 m in irrigation seasons. Note: function h is an eighth-degree polynomial. The coefficients of the 8th, 7th, 6th, 5th, 4th, 3rd, 2nd, and 1st order terms are −8.034e−09, −5.022e−06, 0.001371, 0.2137, −20.77, 1291, −5.005e+04, and 1.107e+06, respectively. The constant is −1.07e+07.
Under these hypotheses, pH-driven CO2 uptake can be reinforced through human activities. Similar to the strategies in Sections 3.1 and 3.2, only a suitable plan on water use for living and industry is required to ensure that the GL fluctuations are advantageous for reinforcing soil CO2 uptake. Considering Figure 6 as an example, it is easy to see that the relationships between GL and pH are also complicated. When GL increased from 65 to 70 m, the pH increased from 9.40 to 10.03. Therefore, a GL increase at this stage caused a pH increase of 0.63, leading to a −0.2473 μmol m−2 s−1 reinforcement of Fx according to Eqs 10, 16. However, when GL increased from 70 to 90 m, the pH increased from 10.03 to 9.40. Therefore, a GL increase at this stage caused a decrease in pH of 0.63, which cannot reinforce Fx.
4 PERSPECTIVES AND DISCUSSIONS
The CO2 disaster has led to global warming and environmental deterioration (Zekai, 2009; Wani et al., 2012). This crisis can further exacerbate violent conflicts in countries and regions over territory or water supply, which lead to energy, ecological, food, and even economic crises (Pimentel et al., 1973; Coyle and Simmons, 2014; Weston, 2014). Protecting the Earth (and ourselves) requires expanding the theory for reducing the CO2 disaster. The mechanisms of CO2 uptake by soils in arid regions are not fully understood. This uptake might be one way for the Earth to repair itself. The present study analyzed whether there is a way for humans to enhance CO2 uptake. As previous studies identified the main drivers of soil CO2 uptake, our analyses focused on the influences of other environmental variables on these drivers. However, precipitation in arid regions is limited and we have not collected sufficient and continuous data to accurately quantify the contributions of Pa to Tas, θs, and soil pH. Both the PLSR and machine learning results in this study suggested GL as a common controller for the main drivers of soil CO2 uptake. Tas, θs, and soil pH may each show changes in groundwater discharge or recharge, which will in turn influence CO2 uptake. Therefore, groundwater source management may be a way to reinforce CO2 uptake by soils in arid regions. There are still considerable uncertainties regarding the influences of Pa and GL on Fx. Their influences on soil CO2 uptake are complicated, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Complicated influences of groundwater level (GL) and precipitation amounts (Pa) on soil CO2 uptake (Fx). Note: p is an eighth-order polynomial. The coefficients of the 8th, 7th, 6th, 5th, 4th, 3rd, 2nd, and 1st order terms are 2.658e−09, −1.66e−06, 0.0045, 0.0705, 6.853, −425.8, 1.652e+04, and 3.655e+05, respectively. The constant is 3.535e+06.
Besides the methodology discussed in this study, many other methods have been proposed to regulate Tas, θs, and soil pH. For example, increasing vegetation can shield the direct radiation of the Sun to soil. Because the Tas-driven reinforcement coefficient is almost 20 times that of the θs-driven reinforcement coefficient, there is no need to consider the increase in θs caused by the reduction of Tas. In addition, increased θs is also conducive to the growth of vegetation and photosynthetic CO2 absorption. Meanwhile, the adjustment of soil pH requires a comprehensive consideration of soil conditions. If the soil conditions are good, then increasing vegetation can provide photosynthetic CO2 absorption. In most situations, it is not wise to directly increase soil pH to reinforce soil CO2 uptake. The total reinforcement of photosynthetic CO2 absorption and soil CO2 uptake must be comprehensively considered when making decisions, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Perspective scheme to comprehensively consider the total reinforcement of photosynthetic CO2 absorption and soil CO2 uptake.
The methods in this study allow us to assess soil CO2 uptake on different scales and also minimize the influences on soil structure. If Pt is the period for measurements, the contribution of soil CO2 uptake to reducing CO2concentration can be inferred through Eqs 11–17, as follows:
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where dx represents the changes in soil depth and the soil CO2 uptake corresponding to the environmental changes, which can be computed from Eqs 1–10.
The presentation of reliable decisions in Figure 8 requires determining whether the interactions between photosynthetic CO2 absorption and soil CO2 uptake should be involved. The reliable partition of soil CO2 uptake requires improving the current NEE model.
5 CONCLUSION
Groundwater level is a leading environmental contributor to the main drivers for soil CO2 uptake in arid regions. The reinforcement of soil CO2 uptake through groundwater source management is possible. The results of the PLSR-ANN presented evidence of the theoretical feasibility of reinforcing soil CO2 uptake in arid regions by human activities. Groundwater discharge and recharge can regulate changes in Tas, θs, and soil pH. However, the influences of groundwater are complicated. Meanwhile, we must comprehensively consider the total reinforcement of photosynthetic CO2 absorption and soil CO2 uptake when making decisions. Further expansion of the theory for reducing the CO2 disaster requires further investigation of the need to consider the interactions between photosynthetic CO2 absorption and soil CO2 uptake. Thus, these are the next research priorities.
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Rock mass failure is gradually becoming more common as the number of geotechnical engineering projects continues to increase. In this paper, the probability density distributions of initial and peak frequency events in the acoustic emission (AE) from two types of rock (phosphate rock and granite) undergoing failure are analyzed. Feature events (FEs) in this AE are proposed and obtained. The probabilities of events with an initial frequency of 1,000 kHz and peak frequency of 625 kHz are found to be higher than those with other frequencies. The evolutionary behavior of the cumulative probability distributions (CPDs) of the FEs as the rocks fail is subsequently investigated. The characteristic FEs of the AE and their CPD evolution behavior in the two rocks are then compared and contrasted. The CPD curves derived for both types of rock consist of four stages: slow rise—concave rise—rapid rise—slow rise. The differences related to the FEs for the two rocks are also found. The duration of the last stage (near rock failure) is quite different for phosphate rock and granite. The peak frequencies of the FEs are the highest and the smallest in the two rocks, respectively. Our method of analyzing the AE data and results provide a theoretical method for analyzing the stability of rock masses and predicting their failure.
Keywords: rock stability, probability theory, acoustic emission frequency, acoustic emission events, uniaxial loading
INTRODUCTION
There has been an increase in the development of mineral resources and the number of rock mass engineering construction projects in response to national policies aimed at promoting the continued social and economic development of China. As a result, geological disasters have become progressively more frequent leading to serious casualties and huge economic losses (Feng et al., 2015; Zhou et al., 2016; Feng et al., 2017; Wang et al., 2019; Wang et al., 2022; Xu et al., 2022). The characteristics and mechanisms responsible for rock mass failure and other geological hazards have thus become hot topics of research (Sainoki et al., 2020; Sun et al., 2020; Feng et al., 2019; Feng et al., 2022; Yu et al., 2022a; Yu et al., 2022b).
Acoustic emission (AE) techniques are used to study the stability of rock masses. In general, such techniques monitor the internal state of a rock mass by detecting the elastic waves generated as cracks are initiated, propagate, and undergo closure in the rock mass due to loading and outputting the resulting information in the form of electrical signals (Beattie, 1983; Scruby, 1987). AE is also commonly employed in laboratory research studies in rock mechanics. In the 1960s, Knill et al. (1968) performed indoor AE rock mechanics experiments and posited that the technique had great potential. Pollock (1968) studied the application of elastic waves from AE. In more recent years, numerous studies have been successfully carried out using AE. For example, Du et al. (2020) elucidated the essential characteristics of different rock failure modes and crack types using AE detection techniques. Zhao et al. (2020) studied the characteristics of axial stress-strain and time-frequency parameters of AE signals from rock specimens. Dong et al. (2021) investigated the qualitative relationship between rock instability precursors and principal stress direction using the velocities of AE waves. Wang et al. (2021) proposed a multiparameter synergetic method for predicting rockburst based on true triaxial AE tests. The AE data obtained by monitoring rock masses contains extremely detailed information about their internal stability (Zhou et al., 2019). However, there are still aspects of the AE data that have largely been unexplored. In particular, how the data from AE monitoring should be most effectively processed is still an issue that needs further research.
In probability theory, the concept of cumulative probability distribution (CPD), which is derived from probability density, is characterized by its flexibility and practical usefulness (Burr, 1942; Hatke, 1949). It is a powerful and valuable tool for processing data and has been used in many fields, such as geological engineering, bridge engineering, slope engineering, image processing, systems engineering, and hydraulic engineering (Wagner et al., 2002; Narvekar and Karam, 2009; Tian et al., 2018; Deng et al., 2020; Ries et al., 2020; Zhang and Liu, 2020), and so on. For example, Garijo et al. (2021) used a CPD method to process data and thus propose a model to predict the probability that natural hydraulic lime mortar will undergo failure.
In this paper, the density distributions of initial and peak frequency AE events in phosphate rock undergoing failure are first analyzed. Certain feature events (FEs) in the AE data from the phosphate rock are proposed and obtained. Then, the evolutionary behavior of the CPDs of the FEs in phosphate rock is investigated. Furthermore, the FEs of the AE data (and their CPD evolution behavior) from another failing rock (granite) are also studied and compared. The similarities and differences of the FE characteristics and their CPD evolution laws in the two types of rock are then discussed. This method of analyzing AE data and the results can provide a theoretical basis for analyzing the stability of rock masses and predicting their failure.
EXPERIMENTAL OVERVIEW
Rock specimens
The phosphate rocks used in this study were obtained from an underground mining site in Yichang, Hubei Province, China. The rocks were shaped into cylindrical specimens measuring 50 mm (diameter) by 100 mm (height). Phosphate rock is a grey-black phosphorus-bearing ore with a microcrystalline structure and brecciated configuration. The phosphorus pentoxide (P2O5) content is approximately 30%. The granite is a large size rock sample of 200 mm × 200 mm x 400 mm. Granite specimens were provided by Taiyuan University of Technology and the Chinese Society of Rock Mechanics & Engineering. Scanning electron microscope (SEM) images of the phosphate rock and granite are shown in Figure 1. Their physical and mechanical properties are listed in Table 1.
[image: Figure 1]FIGURE 1 | SEM images of the rocks. (A) Phosphate rock, and (B) granite.
TABLE 1 | Physical properties of the phosphate rock and grainte.
[image: Table 1]Loading system
A computer-controlled multi-function electro-hydraulic servo tester was used to perform the rock failure tests. It consisted of four main components: a mainframe, a hydraulic control system, a monitoring system, and a loading system. It was designed to measure the mechanical properties of materials such as rock and concrete and complies with the relevant national standards. The system has a maximum loading capacity of 1,500 kN. The Young’s modulus and Poisson’s ratio of the test sample can be measured during the loading process and the system automatically generates a stress-strain curve. Loading is carried out at a constant displacement rate of 0.001 mm/s. To prevent detrimental effects due to friction, a layer of graphite powder is added to the top and bottom of the specimen before loading to act as a lubricant.
AE monitoring and processing
AE testing techniques are non-destructive and involve the detection of elastic wave energy. When a rock specimen is stressed, elastic waves are generated due to the formation and propagation of cracks within. These propagate along the rock and can be captured by sensors on the rock’s surface (Aggelis et al., 2012).
Figure 2 shows an example of the typical form of an acoustic wave as detected using an appropriate sensor. The figure further illustrates how certain parameters (AE count, duration, rise time, threshold, maximum amplitude, etc.) are defined.
[image: Figure 2]FIGURE 2 | Parameters used to interpret the AE data.
The AE device employed in this work was manufactured by Changsha PengXiang Technology. The equipment has AE-related software installed that is used to acquire and interpret the waveform data (and other relevant data) in real-time to derive the AE parameters of interest. Four small AE probes (2.5 mm in diameter) are used to acquire the waveform data from the samples. The use of small AE probes is highly desirable as they can ensure that the acoustic energy is more efficiently transmitted to the probe from the curved surface of the cylindrical specimen. The probes are connected to the specimens using a couplant and then fixed with tape. To obtain the best collection results, all transducers are placed as symmetrically as possible (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram showing the arrangement of the AE probes: (A) top view, and (B) front view.
The AE preamplifier is set to 32 dB and the collection threshold is set at 50 dB. The sampling frequency is chosen to be 2.5 MHz (taking into account the noise from the loading and collection devices during the loading process). The values of the peak definition hit definition, and hit lockout times are set to 200 us, 800 us, and 1,000 us respectively. As shown in Figure 3, the rise time is the period that elapses between the first time the signal crosses the threshold and the time at which the amplitude reaches its maximum value. The ‘initial frequency’ is defined to be equal to the pre-peak ringing count/rising time (in kHz). The dominant frequency, i.e., the frequency corresponding to the maximum energy point in the signal spectrum after fast Fourier transformation, is also referred to as the ‘peak frequency’. In this paper, it is these two AE parameters, initial frequency, and peak frequency that are employed to study the failure of the rock. Table 2 summarizes their definitions.
TABLE 2 | AE parameters of interest in this paper.
[image: Table 2]RESULT AND ANALYSIS
Density distributions of the initial and peak frequencies of the AE events
In this section, we consider the probability densities of the initial and peak frequencies of all the AE events analyzed. A probability density function describes the likelihood that a certain output value of a random variable is measured. Discrete data uses a distribution law which corresponds to the probability [image: image] of finding the variable to have one of a certain set of possible values of [image: image] in the data column vector (where[image: image] The following normalization formula must be satisfied:
[image: image]
where [image: image] satisfies [image: image].
The probability densities quoted in this study are derived from actual AE monitoring data to give them practical significance. The probability distribution is formed by plotting probability density (vertical axis) against frequency (horizontal axis) which allows the probability distributions of the initial and peak frequencies to be readily identified.
The initial frequencies of all the AE events recorded during the failure of the phosphate rock specimens are statistically analyzed. The number of events with an initial frequency of [image: image] is denoted by [image: image] and so the proportion of events with this initial frequency [image: image] is given by
[image: image]
where N is the total number of events recorded during loading.
The probability distributions of the initial frequencies of the events recorded when three specimens are loaded are shown in Figure 4. As can be seen, events with an initial frequency of 1,000 kHz have a higher probability of occurring than events with other initial frequencies. Furthermore, the maximum probability at ∼1,000 kHz corresponds to 0.2–0.3.
[image: Figure 4]FIGURE 4 | Initial frequency probability density distributions were derived for specimens (A) G1, (B) G2, and (C) G3 (G1, G2, and G3 refer to three phosphorite specimens).
The peak frequencies of the AE events recorded as the phosphate rock specimens are subjected to loading and failure are also statistically analyzed. The probability distribution of the peak frequencies of the events can then be calculated using an expression analogous to Eq. 2. Three examples are shown in Figure 5. As can be seen from Figure 5, the most likely peak frequency is ∼625 kHz which has a probability of occurrence of 0.3–0.5. There is also a cluster of events in the 200–400 kHz part of the distribution with a maximum probability of ∼0.13. This cluster is generally considered to be a secondary dominant frequency. There is also a third band in the distribution at 0–100 kHz with a maximum probability of 0.01. The peak at 625 kHz is overwhelmingly strong compared to other frequencies which suggest that a study of the events with this peak frequency is of exceptional interest. Thus, these events are chosen for subsequent study.
[image: Figure 5]FIGURE 5 | Peak frequency probability density distributions were derived for specimens (A) G1, (B) G2, and (C) G3.
Figure 6 presents scatter diagrams showing the distribution of the peak frequencies of events occurring at specific times. The two diagrams correspond to all events (a) and those with initial frequencies of 1,000 kHz (b). The two diagrams are very similar in form. Figure 7 shows similar scatter diagrams based on the initial frequencies of the events. In this case, all events are shown in (a), while (b) is filtered to show only those events with a peak frequency of 625 kHz. As can be seen, the temporal distributions presented in Figures 7A,B are also very similar. The above results highlight the fact that the most likely events to occur are those with an initial frequency of 1,000 kHz and peak frequency of 625 kHz.
[image: Figure 6]FIGURE 6 | Temporal distribution of events with specific peak frequencies showing: (A) all events and (B) only those with an initial frequency of 1,000 kHz.
[image: Figure 7]FIGURE 7 | Temporal distribution of events with specific initial frequencies showing: (A) all events and (B) only those with a peak frequency of 625 kHz.
The initial frequency, in the concept of acoustic emission, corresponds to the count of the signal in the rise time of the signal. The peak frequency is the highest part of the signal spectrum. The spectrum is obtained by the Fast Fourier Transform. The peak frequency represents the highest energy part of a signal and is the direct representation to identify the characteristic of a signal. In this paper, the term ‘feature events’ is taken to be an AE event that has an initial frequency of 1,000 kHz and a peak frequency of 625 kHz. The FEs appears at the time of continuous rupture within the rock, and it has higher energy at 625 kHz than other frequencies. Therefore, we regard them to be ‘FE’ that are worthy of further study.
Cumulative probability distributions of feature events
CPD is used to describe the probability that a variable randomly sampled at a particular time falls within a certain interval and is often regarded as a characteristic property of the data. If the variable is continuous, the CPD is derived by integrating the probability density function; if the data relates to a discrete variable, the CPD is derived by summation.
A CPD is described via its cumulative probability function F(x) which, for continuous variables, is defined by the expression
[image: image]
where [image: image] is the probability density function of the variable and [image: image] as [image: image].
More specifically, in this experiment, [image: image] is the number of FEs monitored per second. The lower interval of [image: image] is not [image: image], but 0, and the upper interval is not [image: image], but [image: image] (rock failure time). Then [image: image] is redefined:
[image: image]
The function has the following properties: (1)[image: image]; (2)[image: image] increases from 0 as the loading process proceeds until it reaches [image: image] = 1 (100%) when the rock fails (loading ends).
As mentioned above, we concentrate on the FEs in the AE monitoring data recorded as the phosphate rock specimens are subjected to loading. The FE data are first expressed in the form of the number of FE events recorded per second and this data are then summed to generate the corresponding CPD (Figures 8–10).
[image: Figure 8]FIGURE 8 | Results obtained for specimen G1: (A) CPD of the feature events and (B) variation of the stress and strain in the specimen during the same period.
The paper shows three sets of data (G1, G2, and G3), due to the variability of the specimens. Figure 8A, Figure 9A, and Figure 10A show the cumulative frequency curves of the FEs and the number of times the FEs occurred per second for specimens G1, G2, and G3, respectively. Figure 8B, Figure 9B, and Figure 10B show the corresponding changes in the stress and strain in the specimens during loading over the same timescale.
[image: Figure 9]FIGURE 9 | Results obtained for specimen G2: (A) CPD of the feature events and (B) variation of the stress and strain in the specimen during the same period.
[image: Figure 10]FIGURE 10 | Results obtained for specimen G3: (A) CPD of the feature events and (B) variation of the stress and strain in the specimen during the same period.
The CPD curves inFigure 8A, Figure 9A, and Figure 10A all show the same trends: slow rise—concave rise—rapid rise—slow rise. The durations of each of these stages, however, vary from specimen to specimen and relate to the performance of the specimen. For example, the slow rise stages in specimens G1 and G2 end after 287 and 330 s Respectively. That in G3, however, lasts only 132 s. Similarly, G2 completes its concave rise stage (and started its rapid rise stage) at 430 s. In contrast, specimens G1 and G3 do not reach the rapid rise stage until 514 s. Then again, G1 and G3 reach their straight-up stages when the CPD reaches 25.1 and 28.5%, respectively. Specimen G2 reaches the rapid rise stage with a cumulative probability of 17.2%. These variations arise due to differences occurring inside the specimens. However, the cumulative probabilities of the FEs in the different specimens are all around 98.8% at the beginning of the fourth (slow rise) stage. The rocks subsequently fail 5–10 s later.
We denote the point at which the slow rise stage ends and the second stage begins as ‘A’. Similarly, the letters ‘B’, ‘C’, and ‘D’ represent the ends of the second, third, and fourth stages, respectively. Point D, of course, represents the failure of the rock. The times at which these points occur in the CPDs and the corresponding CPD values are summarized in Table 3.
TABLE 3 | The times and CPD values corresponding to the ends of the different stages in specimens G1–G3.
[image: Table 3]Figure 8B, Figure 9B, and Figure 10B show the variation of the stress and strain as the phosphate rock is subjected to loading. Points A–C is also marked on these diagrams. At the point where the CPDs of the FEs end their slow rise stages (i.e. point A), the stress and strain end their slow and rapid rise stages, respectively. The B-C stage encompasses the plastic stage of the phosphate rock. This is especially the case for specimen G2 where the curve does not break down after the peak stress is reached—rather, the stress decreases as the loading proceeds and there is a tendency for a second peak to appear after the first peak. In general, we consider a specimen to be damaged when the peak stress is reached. If it is not damaged, and the stress decreases, then we consider the moment at which the stress reaches 1/2 of the highest peak to be the moment when the sample is damaged.
Figure 11 presents stress–strain curves for the three specimens highlighting the values occurring when the points A, B, and C are reached. Such curves give a good indication of the state of the rock specimen during loading. The CPD of the FEs for G1 suggests that the slow rise stage is completed in this specimen after 287 s. In the corresponding stress–strain curve, this time is when the compressive stage of the phosphate rock is completed and there is a tendency to enter the plastic stage at point B (after 514 s). At point C, the peak stress is reached and critical failure occurs. The specimen G2 is not ready to break after reaching its peak stress but goes on to produce a second stress peak at point C. Specimen G3 starts to enter the linear elastic stage at 132 s (point A) and is ready to enter the plastic stage at 514 s (point B). The results in Table three show that the durations of the C-D intervals in the three phosphate rock specimens near failure are 6, 6, and 11 s, respectively, representing 0.96, 0.99, and 1.65% of the total loading times, respectively. The CPD of the FEs therefore gives a good indication of the loading state of the rock in terms of the timescale of the stress–strain curve.
[image: Figure 11]FIGURE 11 | Stress–strain curves for: (A) G1, (B) G2, and (C) G3.
The intervals O-A, A-B, etc. divide the FE CPD curves into different stages. The proportion of the initial frequency events at 1,000 kHz, peak frequency events at 625 kHz, and FEs can then be determined in each stage (Figure 12 and Table 4). The proportion of 1,000 kHz initial frequency events, 625 kHz peak frequency events, and FEs is the highest in the A-B stage and lowest in the C-D stage, while the ratios in the O-A and B-C stages are approximately equal.
[image: Figure 12]FIGURE 12 | Percentage number of events in the different stages of the CPDs: (A) 1,000 kHz initial frequency events, (B) 625 kHz peak frequency events, and (C) FEs at each stage.
TABLE 4 | Ratios of FEs in each stage.
[image: Table 4]The above analysis indicates that the FEs do not make a major contribution to the rock fracturing taking place in the period just before the rock fails. However, they do make outstanding contributions to the linear-elastic and elastic-plastic stages as the fractures evolve in the rock.
Comparison between granite and phosphate rock
Experiments were also carried out on a granite specimen and the probability density distributions were calculated for the initial and peak frequencies (Figure 13). The results shown in Figure 13A indicate that the initial frequencies of most events are concentrated around 1,000 kHz (p ≈ 0.35). The peak frequency results (Figure 13B) appear to be divided into four frequency intervals corresponding to 6–24, 64–119, 222–305, and 625 kHz. The FEs are similarly expressed, except that the peak frequency of 625 kHz is not the first highest (60%) but the smallest (about 10%) in the granite experiment.
[image: Figure 13]FIGURE 13 | Probability density distributions derived for granite: (A) initial frequency results, and (B) peak frequency results.
Figure 14A shows CPD curves for events with an initial frequency of 1,000 kHz and peak frequencies of 6–24, 64–119, 222–305, and 625 kHz. And the FEs are considered to be consistent with an initial frequency of 1,000 kHz and a peak frequency of 625 kHz. The CPDs in Figure 14A all show an explosive increase in the period before the granite fails. However, as can be seen from Figure 14B, the FE CPD of the granite shows a slow increase in the period before failure. It is also observed that the CPD curve of the FEs follows the same pattern observed before: slow rise—concave rise—rapid rise—slow rise. And the period of the final stage is also longer for granites than for phosphorites as a percentage (final stage period/total loading time).
[image: Figure 14]FIGURE 14 | Statistical results for granite showing: (A) CPD curves of events with an initial frequency of 1,000 kHz combined with peak frequencies of 6–24, 64–119, 222–305 and 625 kHz, and (B) FEs (625 kHz peak frequency& 1,000 kHz initial frequency) CPD and stress curves.
The cumulative probabilities at the times corresponding to the points A–D are shown in Table 5 which should be compared to the results shown in Table 3 for phosphate rock. Point A is reached in granite after 1,200 s when the cumulative probability is 2.8%. This is similar to the results obtained for phosphate rock specimens. Point B (3,491 s) is reached when the cumulative probability is 47.9% in granite (∼24% in phosphate rock). Point C (4,373 s) is reached when the cumulative probability is 94.7% in granite (98.7% in phosphate rock). Of course, point D (5,296 s) is reached when the granite fails (which occurs after ∼630 s in phosphate rock).
TABLE 5 | Times and corresponding cumulative probabilities of the FEs in granite.
[image: Table 5]Figure 15 also shows how the stress in the granite varies with time. At point A (1,200 s), the stress stops fluctuating and begins to rise more smoothly. When it reaches point B (3,491 s), the rate at which the stress is rising begins to slow down. Finally, at point C (4,373 s), the stress begins to fluctuate rapidly.
[image: Figure 15]FIGURE 15 | Stress-strain curve for granite.
These times are highlighted on the corresponding stress-strain curve for granite shown in Figure 15. At 1,200 s, the granite appears to enter the linear elastic stage; at 3,491 s the slope of the stress-strain curve starts to decrease; and at 4,373 s, the stress-strain curve starts to fluctuate violently as it reaches its peak value (which is a very good indication that the granite has entered the elastic-plastic stage). Ten minutes before it fails, a loud noise is emitted from the granite. An examination of Table 5 shows that the C-D stage (when the granite is approaching failure) lasts for 923 s, accounting for 17.4% of the total loading time. At the same time, the loading stress when this stage begins is ∼90% of the peak stress and so the granite is in a very dangerous state throughout this stage.
The proportion of FEs in each of the stages in granite is analyzed giving the results shown in Table 6. The number of feature events in stage C-D is similar to that found in the phosphate rock, that is, the proportion of FEs (0.8%) is significantly lower than those in other stages. That is, the FEs contribute very little to the fracturing processes occurring just before the granite fails as well.
TABLE 6 | Percentage of FEs in each of the stages for granite.
[image: Table 6]Some interesting results are shown by comparing the results of phosphate rock and granite. The CPDs produced all have the same trend. The trend can be used to establish feature points (labeled A, B, C, and D here) which mark the times at which the behavior changes. It is found that these times correspond to points in the stress and strain curves where these parameters undergo characteristic changes (see Figures 8–10, 14B, 15). The feature points in the CPD have a certain regularity which can be used as a basis for determining the stability of the phosphate rock during loading. The result will be helpful for the warning of rock mass failure and related geological hazards. The percentage of FEs occurring in each stage (O-A, A-B, etc.) can be readily calculated. According to these two points, the characteristic event corresponds to a rupture with higher amplitude at 625 kHz occurring within the rock (the part with lower amplitude, will not be recognized as the dominant frequency).
Overall, in terms of stress, the c-point of phosphorite is closer to the peak stress than granite; in terms of the loading phase, the CPD curve of granite expresses more obvious precursors to failure than phosphorite; in terms of time, the CPD curve change of granite also fits the stress-strain curve more than phosphorite. Therefore, in terms of hazard, the c-point of phosphorite is more dangerous because it is closer to the time of failure; in terms of evaluating the stability of the rock, granite performs better and can correspond more accurately to the stability state of the rock. The result will be helpful for the warning of phosphorite and granite failure in site.
It is worth noting that compared with the laboratory test, the environment of on-site engineering is more complex. The stability of rock mass and results of in-situ acoustic emission testing are affected by many factors. The rock mass is heterogeneous and discontinuous, including a large number of structural planes. Therefore, there are many differences between laboratory test and in situ monitoring. More scientific research is needed before the results of laboratory tests can be used in the engineering field in the future. However, the results obtained in this study will give a new idea for the monitoring and analyzing of rock failure processes in engineering. The state of the rock mass can be judged by the feature points monitored. By monitoring the accumulated FEs events and analyzing the characteristics of CPD curve, we may find the risk state of the rockmass and some measure can be conducted to mitigate the risk if necessary.
CONCLUSION
In this paper, the AE produced in phosphate rock and granite during the failure is analyzed and the data are used to generate probability density distributions for the initial and peak frequencies of the acoustic signals. The probabilities of events with an initial frequency of 1,000 kHz and peak frequency of 625 kHz are found to be higher than those with other frequencies. Therefore, such events are given a special name: ‘feature events’ (or FEs for short).
The forms of the CPDs of the FEs in phosphate rock and granite are then studied. The CPDs of both materials show a similar pattern involving four stages: slow rise—concave rise—rapid rise—slow rise. As loading commences, the number of FEs per unit time slowly increases. In the second stage, the number of FEs recorded per unit time increases more rapidly and the proportion of events that are FEs reaches its maximum value. In the third stage, the number of FEs per unit time increases very rapidly (and the rate of increase reaches its maximum value). In the last stage, the number of FEs per second decreases, and the proportion of events that are FEs also decreases. The FE CPD curves contain information about the behavior of the test specimens as loading proceeds and so there is a certain correspondence between the CPD curves and stress-strain curves of the specimens.
The FEs recorded using the two different types of rock are also found to show different characteristic. The FE peak frequency (625 kHz) is the strongest peak frequency band observed in phosphate rock, whereas it is the smallest strongest in granite. In terms of hazard identification, FEs CPD curves reflect the stability state of the rock. The analysis of curve characteristics enables to make judgments about the state of rocks. The research presented in this work suggests that using FEs CPD can provide useful information about damage evolution mechanisms in rock masses and hence the stability of the rock masses. The period evolution of the CPD clearly corresponds to the state of stress changes in the rock. This result will provide a reference for disaster waning and risk mitigation in the construction of rock engineering.
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In cold regions, the pore space’s composition and phase state can affect the elastic modulus of the media. During the winter, the freezing conditions in the soil results in the release of water from the pore space, which results in significant changes in the media’s distribution and composition. There are a few weaknesses in the current research with respect to the elastic modulus change example of frozen soil. This paper presents that the Representative Macroscopic Volume (RMV) choice strategy is provided for frozen soil with porosity as a typical condition variable. Under the state of freezing, a “three-box” analytical model for stress-strain calculation of frozen soil porous media is established, namely, the black-box model, the gray-box model, and the white-box model. The relevant equations for calculating elastic modulus are presented based on the proposed “three-box” model and the analysis of the stress conduction process. Results show that the discrepancy between the computed and experimental values of the white-box model is slight, and the elastic modulus of frozen soil calculated by the model established in this paper is consistent with the actual state. It can be deduced that the model established in this paper has practicality and the conclusions of the study are of guiding significance for the application of frozen soil.
Keywords: RMV, frozen soil, porous media, “three-box” model, elastic modulus
1 INTRODUCTION
The frozen soil region is rich in natural resources, while many projects in China, such as energy, transportation, communication, water, and oil pipelines, are established in the frozen soil region (Zhang et al., 2015; Che et al., 2019; Ma et al., 2019; Streletskiy et al., 2019). The distribution and form of pore accesses in frozen soil vary, the momentum, energy, and mass transfer processes interact, and couple with each other, and the transfer phenomena and mechanisms are complex and variable (Sweidan et al., 2022; Yu et al., 2021; Fu et al., 2022). Some of the essential characteristics are difficult to obtain precisely (Alzoubi et al., 2019; Chang et al., 2019). Soil is a typical porous medium, and the study of its stress transfer mechanism involves some basic disciplines, such as soil mechanics, solid mechanics, and other disciplines, which is an interdisciplinary cross-science problem (Li et al., 2022a; Li et al., 2022b). The study of stress-strain in frozen soil porous media at home and abroad generally adopts simple experimental methods to analyze the stress-strain in frozen soil (Esmaeili-Falak et al., 2020; Xu et al., 2020; Luo et al., 2018; Zhang D. et al., 2020). There are few reports on the macroscopic level mechanism of stress-strain in frozen soil porous media.
With the development of soil mechanics and frozen soil mechanics, the understanding of soil bodies is getting deeper and deeper (Jiang and Huang, 2016). Soil is a complex multiphase porous medium, and its mechanical properties and equilibrium state are the results of the mutual coupling of the phases in the soil and various environmental effects (Ott et al., 2020; Yan et al., 2022; Guo P. et al., 2021). von Terzaghi (1923) proposed the effective stress principle of saturated soils (Gudehus, 2021), which made soil mechanics independent from general mechanics into an independent discipline and prepared for the improvement of present day soil mechanics (Jiang and Huang, 2018). When using the principle of effective stress, the saturated soil can be equated to a single-phase medium so that the soil can be analyzed for deformation and strength using the method of continuous medium mechanics (Liu E. et al., 2018). However, in practice, the soil body is subjected to stress variables such as the effective stress and other state variables, so considering only the effect of the effective stress is a concise but approximate treatment (Li, 2003; Jiang et al., 2017).
The multiphase pore medium theory (or mixture theory) starts from the first law of thermodynamics and the second law of thermodynamics, takes into account the action of various factors, and after reasonable assumptions and strict derivation, a set of intrinsic constitutive equations describing the properties of the soil can be obtained (Edip et al., 2018; Kjelstrup et al., 2018; He et al., 2021; Oka and Kimoto, 2021). The intrinsic constitutive equations derived from mixture theory are scientifically systematic and rigorous (Guo Z. et al., 2021; Liu and Lai, 2020; Liu et al., 2017; Liu et al., 2020). Hence, it is of good theoretical significance to study and explore the properties of frozen soil based on mixture theory, which has become the theoretical basis for describing the properties of multiphase pore media, including soils (Kefayati et al., 2021; Liu and Wang, 2021; Niu et al., 2022). Among them, Wei (2014) established a theoretical framework for describing the physicochemical properties of unsaturated soils using the composite mixture theory and focused on analyzing the effects of the Donna permeability phenomenon on the suction, effective stress, and chemical potential balance of unsaturated soils.
The frozen soil as a typical multiphase porous medium containing phase change, many scholars have also used the mixture theory to establish a theoretical framework to analyze the properties of frozen soil (Xu et al., 2022; Suh and Sun, 2021; Hu et al., 2021; He et al., 2021). Among them, Liu Y. et al. (2018) built an elastoplastic model of saturated permafrost based on porous media theory, thermodynamics, and elastoplastic mechanics and mathematically analyzed the stress-strain relationship of permafrost.
Ji et al. (2018) considered the connection between soil porosity and powerful pressure and laid out a coupled warm water driven mechanical model depicting the development of single-molecule ice under compelled conditions. The paper then performed a comprehensive analysis of the various effects of exterior stress on the unfrozen earth. It also took into account the separation stress and the equal water stress for ice separation. The results of this study allowed the paper to develop a model of separated ice lens (Zhou et al., 2012). Lai et al. (2014) conducted an laboratorial and numerical research on saturated frozen soil’s coupled water-thermal-force freezing and swelling characteristics. They used the conversation of energy and conservation of mass equations obtained about the porosity and temperature obtained from energy conservation and mass conservation equations to describe the soil freezing swelling and determine the formation of sexual ice lenses using critical porosity.
Because the composition of pore accesses in frozen soil porous media is highly uncertain, the mechanism of action is complex and variable, the influencing factors are difficult to determine, and many problems have not yet been solved (Rouabhi et al., 2018; Ming et al., 2020; Chen et al., 2021). The current analytical methods and research models have certain limitations (Sweidan et al., 2020; Hu et al., 2018; Huang F. et al., 2022). To address the scientific problem of uncertain information and factors that are not easy to quantify in frozen soil-preserving porous media. In this paper, based on the Representative Macroscopic Volume (RMV), a “three-box” stress-strain model for frozen soil porous media is established. The mathematical model for calculating the elastic modulus under different stress-strain models is given, and numerical calculations and simulations are carried out to obtain some meaningful results on the variation of elastic modulus with porosity, pore access distribution variate, and tortuosity.
2 MATERIALS AND METHODS
2.1 Materials
Frozen soil is a kind of noncontinuous four-phase system composed of soil skeleton, water, air and ice (Huang W. et al., 2022; Luo et al., 2022). In the course of forming frozen soil under a certain temperature and pressure, the pore water is converted into pore ice, changing the internal structure of the soil, thus affecting the interaction between the various phase components of the soil, and thus changing the strength of the soil, so the frozen soil has more complicated physical and mechanical characters (Zhang M. et al., 2020). The mechanical properties of the frozen soil are the most important factors that affect its stability. Understanding these factors is very important for the development and construction of frozen soil structures (Yang et al., 2018; Yin et al., 2022).
The elastic modulus serves as a deformation index, and different selection criteria will affect their numerical value, thus changing the deformation distribution law in the calculation of the structures (Huang et al., 2021; Li et al., 2022c). Due to the complex mechanical characters of frozen soil, so the lack of a uniform standard for the measure of the elastic modulus of frozen soil, it is important that the research on this subject is carried out properly as displayed in Figure 1.
[image: Figure 1]FIGURE 1 | Research roadmap.
2.2 RMV description method for frozen soil porous media
2.2.1 RMV description and characterization method for porous media
When using the macroscopic approach, in order to build a mathematical model based on the continuous medium theory, the fluid parameters around a point p in the porous medium must be averaged at the macroscopic level, replacing the actual local value with an average value within a specific range, the chosen average range is called the Representative Elementary Volume (REV) (Zhou and Meschke, 2018; Zhao et al., 2021). Nia and Jessen (2015) give a general approach to the selection of the REV. Compared to the size of the entire fluid region, the REV should be in a small range around the point p. The REV should be much larger than a single pore space and contain a sufficient number of pores. In the REV, the variation of the fundamental parameters with spatial coordinates is slight, and the average value tends to the actual value infinitely (Han et al., 2022a; Han et al., 2022b).
In practical problems, the selection of REV is complex and cannot be determined according to the variation law of the measured parameters (Huang et al., 2017). For averaging requirements that are not entirely accurate, the parameters can be averaged at the coarse level, and the control elements can be selected at the coarse level. At present, the academic circle calls the control elements selected by this method the Representative Macroscopic Volume (RMV) (Wang et al., 2020a; Wang et al., 2020b). For the selection of the RMV, the feature-length d, the size of the entire region L, and the size of the macroscopic parameter inhomogeneity l must satisfy [image: image], as displayed in Figure 2.
[image: Figure 2]FIGURE 2 | Relationship between average volume size and porosity[image: image]
2.2.2 RMV description and characterization method based on porosity concept
The soil porous media, similar to the general porous media, is composed of the assembly of soil phase elements and the interelement pores. The pores are filled with ice crystals, as a typical soil-ice two phase media, and the porosity is a important concept to describe the composition structure of porous media. Since the elastic modulus of the studied soil porous media is mainly influencing by the composition structure, i.e. the porosity, therefore, this paper takes the porosity as the representative state variable, and proposes the selection method for “three-box” model based on RMV.
The soil porous media can be equalized as a single continuum, and it is assumed that the state variable of any point in the continuous medium is the statistical mean value of corresponding state variable in a certain volume centered on this point, as displayed in Figure 3.
[image: Figure 3]FIGURE 3 | The medial volume centered on point x in porous media.
If the statistical medial of the state variable obtained by a selected volume is constant, then the continuous function of the center point and coordinates in space can be used to determine the elastic modulus of the soil, that is, this volume is the Representative Macroscopic Volume of corresponding state variable.
As displayed in Figure 3, assuming that the frozen soil has a geometrical zone [image: image] (RMV zone), and it is divided into matrix zone [image: image], and ice system zone [image: image], i.e. the soil matrix media and ice media, which can be similar to two continuous media superimposed in space (Xu et al., 2011).
In the event that dot x is a random dot in the mathematical zone [image: image] of unsaturated ice-containing soil, the media zone accepting dot x as the mathematical focus is [image: image], and in this zone, the mathematical volume is V, and the extensive amount is [image: image].
When the epitaxial quantity in zone [image: image] is [image: image], [image: image] is the inner parameters (structure, seepage and pressure) in macro scale of the epitaxial quantity of point x.
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At the point when the coice of media zone [image: image] fulfills the two Eqs 4, 5, the comparing V is the RMV of the frozen soil. For this article, the analysis of frozen soil porous media should select the RMV in stress process, and the method is shown above.
2.3 “Three-box” stress-strain analysis model based on RMV
The “three-box” method is widely used in engineering fire analysis. The “three-box” model consists of three basic models: black-box model, gray-box model, and white-box model, which can be chosen according to the different requirements of analysis accuracy: black-box model, white-box model, or gray-box model. The black-box model is used chiefly for rough analysis; the white-box model is used for refined analysis; the gray-box model is between the black-box model and the white-box model and can be used for relatively refined analysis.
Therefore, in this paper, based on RMV, combining the “three-box” analysis method in engineering fire analysis, introducing the assumption of continuous medium, gradually reducing the blackness of the model, increasing the whiteness, and making appropriate simplifications to establish a simple “three-box” analysis model of the stress transfer process, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Simplified RMV model of porous media.
With the introduction of the continuous medium assumption, the solid and fluid phases can be treated as a continuum overlapping each other, replacing the real porous medium system (both the porous medium and the pore substance inside the porous medium) with an ideal continuous system. Any property in this continuous medium system (whether it is the property of the porous medium or the property of the substance in it, or the mechanical property of the system) can be described in terms of continuous variables. The internal microstructure and applied conditions of frozen soil porous media are very complex, and there are stochastic factors such as parameter and model inaccuracies in the modeling and simulation calculation process. For frozen soil porous media, this paper proposes a “three-box” stress-strain analysis model based on RMV.
2.4 Black-box description model of RMV in frozen soil porous media
2.4.1 Black-box model definition
The so-called black-box, i.e., the interior of the control element surrounded by the frozen soil RMV, is not “transparent.” This model is suitable for porous media with no or incomplete basic parameters, and only a rough analysis of the frozen soil stress conduction process is possible, which is also called the “original model."
The black-box model is an analytical method that is both simple and can lead to important conclusions, which is the main reason why black-box analysis is widely used. The REV black-box model for frozen soil porous media established in this paper is shown in Figure 5. We consider the frozen soil porous medium as a system surrounded by a “non-transparent” boundary, with the solid line indicating the system boundary and the arrow indicating the output stress.
[image: Figure 5]FIGURE 5 | RMV-based black-box description model for porous media.
This allows the frozen soil RMV to be considered as a whole without considering the stress transformation between the soil skeleton and solid ice inside the system and only considering the stress conduction process between the whole system and the outside world at the system boundary. The model is mainly used for the rough analysis of the stress conduction process in the frozen soil RMV. When little information is related to the frozen soil porous medium, the black-box model can be used to describe it.
2.4.2 Analysis of stress conduction process in black-box
When the stress direction is horizontal to the pore access (parallel), only the porosity [image: image] of the fundamental structural parameter of the porous medium is known. According to the theory of mesomechanics of composite materials (Panin et al., 1998) and Reuss (1929) series model, combined with the composition and mechanical characteristics of the frozen soil, the permafrost is regarded as a horizontal isotropic solid medium composed of ice crystals and dry hard solid soil. According to the deformation coordination condition, typical micro-elementary volume of monolayer composites were used as the study subjects, the elastic modulus of the isotropic surface of the frozen soil was deduced respectively as follows, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | RMV-based parallel model of porous media black-box.
The elastic modulus can be expressed as
[image: image]
Simplify to get
[image: image]
where, [image: image] is the frozen soil porosity; Ehb is the effective elastic modulus when the stress direction is parallel to the pore access, MPa; Eg is the elastic modulus of the soil skeleton, MPa; El is the elastic modulus of the ice crystals in the pore space, MPa. When the stress direction is perpendicular to the pore access (in series), only the porosity [image: image] of the fundamental structural parameter of the porous medium is known, as shown in Figure 7. According to the theory of mesomechanics of composite materials (Panin et al., 1998) and Voigt (1889) parallel model, the elastic modulus can be expressed as
[image: image]
where, Ehc is the effective elastic modulus when the stress direction is perpendicular to the pore access, MPa.
[image: Figure 7]FIGURE 7 | RMV-based black-box series model of porous media.
2.5 Gray-box description model of RMV in frozen soil porous media
2.5.1 Gray-box model definition
The internal part of control element surrounded by the frozen soil RMV is “transparent” and is called the gray-box model. Compared with the black-box model, the gray-box model has been developed and refined to allow for a refined analysis of the frozen soil stress conduction process and is also referred to as the “development model,” as shown in Figure 8.
[image: Figure 8]FIGURE 8 | RMV-based gray-box description model for porous media.
The gray-box model studies the stress conduction process inside the frozen soil porous medium while studying the stress conduction between the system and the outside world, which is more comprehensive in describing, characterizing, and analyzing the stress conduction process inside the RMV compared with the black-box model. Furthermore, the gray-box model can be used for a more refined analysis of the frozen soil stress conduction process. When more information related to the frozen soil pore medium is known, the gray-box model can be used for the description.
2.5.2 Analysis of stress conduction process in the gray-box
The actual porous media are often non-homogeneous and anisotropic, complicating porous media’s transfer phenomena and coupling mechanism. Therefore, the gray-box model can be approximated by the simultaneous coexistence of the “parallel” and “series” models in the black-box stress-strain model. In this way, the model is further made “transparent” based on the black-box model, the fundamental structural parameter porosity is known, and the pore access distribution variate [image: image] are introduced to calculate the elastic modulus based on the gray-box stress-strain model. The pore access distribution variate [image: image] defined as
[image: image]
where, Nc is the entire quantity of pore accesses parallel to the stress direction; N is the entire quantity of RMV pore accesses. Then, the elastic modulus can be expressed as
[image: image]
where Eh is the effective elastic modulus of the porous medium for the gray-box stress-strain model, MPa. Substituting Eq. 7, 8 into Eq. 10 to simplify gives
[image: image]
A dimensionless constant k can be used to represent the elastic modulus of the ice crystals El and the elastic modulus of the solid skeleton Eg. i.e.
[image: image]
Substituting Eq. 12 into Eq. 11 to simplify gives
[image: image]
where [image: image]. For the two exceptional cases, [image: image] and [image: image], there areWhen [image: image]simplifying Eq. 13, we get
[image: image]
When [image: image], simplifying Eq. 13, the following Eq. can be obtained
[image: image]
2.6 White-box description model of RMV in frozen soil porous media
2.6.1 White-box model definition
The white-box model, i.e., the control element surrounded by the frozen soil RMV, is entirely “transparent” inside. This model is suitable for porous media where all basic parameters are known. Compared with the gray-box model, the white-box model is further developed and refined to allow accurate analysis of the frozen soil stress conduction process, also referred to as the “ideal model,” as shown in Figure 9.
[image: Figure 9]FIGURE 9 | RMV-based white-box description model for porous media.
2.6.2 Analysis of stress conduction process in white-box
It is difficult to measure all the basic parameters of porous media, and it is pretty challenging to analyze the problem using the white-box model. The actual process is that the black-box model gradually evolves into the gray-box model and gradually converges to the white-box model, and the gray-box can gradually correct the mathematical model and experimental tests.
The internal pore accesses are curved in typical porous media, soil and rock. The degree of curvature specifically influences the stress conduction course in porous media. Therefore, the average tortuosity is introduced based on the gray-box stress-strain model. In this way, the model is further made “transparent” based on the gray-box model, and the fundamental structural parameters porosity, pore access distribution variate, and average tortuosity are known. Calculating the elastic modulus based on the white-box stress-strain model is carried out. The tortuosity [image: image], defined as
[image: image]
where, Lei is the actual longness of the curved pore access; Li is the straight-line longness linking the both ends of the curved pore access. Medial tortuosity is defined as
[image: image]
Then, the elastic modulus can be expressed as
[image: image]
where, Eb is the effective elastic modulus of the porous medium for the white-box stress-strain model, MPa. According to the expressions (13), (14), and (15) for the effective elastic modulus of the porous medium of the gray-box model, we can obtain
[image: image]
[image: image]
[image: image]
3 RESULTS OF MODEL VERIFICATION COMPARISON
3.1 Experimental method
The elastic modulus of frozen soil has two methods of determination:
1) [image: image] expressed as the slope of the line linking the point on the curve [image: image] corresponding to the strain to the origin of the coordinates.
2) Based on the test data of uniaxial compressive strength, take the ratio of 1/2 of the instantaneous uniaxial compressive strength to its corresponding strain value:
[image: image]
where: E is the elastic modulus of the specimen, MPa; [image: image] is the instantaneous uniaxial compressive strength of the specimen, MPa; [image: image] is the strain corresponding to half of the instantaneous uniaxial compressive strength value of the specimen, %.
3.2 Experiment verification model
Because method 1) is the Mechanics of Materials (Gere and Timoshenko, 1997) for no obvious yield stage of plastic material to calculate, used to compute the permafrost elastic modulus deviation is larger, and method 2) is the Artificial Frozen Soil Physical Mechanics Performance Test (MT/T 593-2011, 2011) about the description of frozen soil elastic modulus calculation, than method 1) calculated closer to the actual situation, more representative. From a practical point of view, testers prefer the latter method. Therefore, Wang et al. (2008) conducted an experimental research on the compressive strength of sandy soil with different volume ice content (porosity) at a standard atmospheric pressure of 101.325 kPa and a temperature of −8°C by method 2) and calculated the elastic modulus values for different volume ice content (porosity). This experiment and the related data were used to verify the model built in this paper to judge the correctness of this new model. The soil structural physical parameters and the media elastic modulus (Wang et al., 2008) involved in the experiments are displayed in Table 1.
TABLE 1 | Experimental parameters.
[image: Table 1]Since the white-box model is the closest stress conduction model to the actual condition among the models developed, the model is used to compare with the experimental data for demonstration, which is displayed in Figure 10. As can be seen from Figure 10, both the experimental and calculated values show an increasing trend as the volumetric ice content (porosity) increases. The calculated values of the white-box model built in this paper showed a most extreme of 11.85% and a base deviation of 3.91% compared with the experimental values. The frozen soil elastic modulus calculated by the model built in this paper agrees with the actual one. In addition, it can be seen from Figure 11 that the test results deviate from the simulated calculations and specifications mainly because of the non-homogeneity of the soil porous media in terms of components and porosity during the test. Meanwhile, the black-box and gray-box models are also verified in this paper, which is like the white-box model and will not be rehashed.
[image: Figure 10]FIGURE 10 | Relationship between calculated and experimental values of the white-box model.
[image: Figure 11]FIGURE 11 | Relationship between elastic modulus E and porosity [image: image] for black-box model.
4 RESULTS OF NUMERICAL CALCULATION ANALYSIS
Based on the “three-box” stress-strain model of porous media established by RMV, the elastic modulus of frozen soil is numerically calculated to analyze the relationship between the distribution of pore accesses, porosity, and elastic modulus of frozen soil porous media. In this paper, saturated frozen sandy soil at −8°C is used for the numerical calculation when most of the pore water has frozen into ice. The relevant parameters are shown in Table 1.
The free water and capillary water content in the fully frozen soil are also minimal, and the frozen soil body accounts for a large proportion of the soil particle skeleton, which is a dry, tough, and dense solid medium, as another part of its filling medium is mainly ice crystals. Therefore, it is reasonable to consider frozen soil as a composite unit composed entirely of soil and ice without considering the influence of unfrozen water. Based on this, frozen soil is considered a transversely isotropic solid medium composed of ice crystals and dry, tough, and dense soil with complete filling and complete adhesion. According to the deformation coordination condition, Typical micro-elementary volume of monolayer composites were used as the study subjects, the elastic modulus of the isotropic surface of the frozen soil was deduced respectively.
4.1 Calculation of elastic modulus based on black-box model
According to Eq. 2, 3, the elastic modulus of the black-box model is calculated numerically. The porosity [image: image] of the frozen soil was selected to be 5–85%. The variation of the elastic modulus E with porosity [image: image] is shown in Figure 11. From Figure 11, it can be seen that the elastic modulus of both the black-box model in parallel and the black-box model in series increases with the increase of porosity. The elastic modulus of the black-box model in parallel is always more significant than that of the black-box model in series under different porosity, and the difference between them increases with the increase of porosity. The maximum and minimum values of their respective elastic modulus of the black-box stress-strain model in parallel and series are 246.973 MPa, respectively 5419.2 MPa.
The elastic modulus of the series model is greater than that of the parallel model due to the elastic modulus of ice crystals is approximately 148 times larger than that of sandy soil, which is even larger than the elastic modulus of sandy soil. The elastic modulus gradually increments as the porosity increments. It is because when the porosity expands, the ice content of soil grains increases, and the contiguous region among soil grains and solid ice increases, making the frozen soil stronger and the elastic modulus larger.
4.2 Calculation of elastic modulus based on the gray-box model
According to Eq. 8, the elastic modulus of the gray-box model is calculated numerically.
The porosity [image: image] of the frozen soil was selected to be 5–85%. The variation of the elastic modulus E with the pore access distribution variate [image: image] is displayed in Figure 12. From the data in Figure 12, it can be seen that the elastic modulus of the gray-box model gradually increases, when the pore access distribution variate is certain and the pore rate gradually increases, and the derivative does not change much. The difference between the maximum and minimum values gradually increases. When the porosity is certain, and the pore access distribution variate gradually increases, the gray-box model’s elastic modulus also gradually increases because the larger the pore access distribution variate, the more the number of series accesses in the RMV, the less the number of parallel accesses. The elastic modulus of the parallel model is less than that of the series model, so the elastic modulus increases.
[image: Figure 12]FIGURE 12 | Relationship between elastic modulus E and pore access distribution variate [image: image] for gray-box model.
4.3 Calculation of elastic modulus based on white-box model
According to Eq. 16, the elastic modulus of the white-box model is calculated numerically.
When the porosity [image: image] is 50%, and the pore access distribution variate [image: image] are 0–100%, the elastic modulus E changes with the tortuosity [image: image] as displayed in Figure 13. As can be seen from Figure 13, when the pore access distribution variate is certain, the elastic modulus of the white-box model increments gradually with the gradual increment of the tortuosity, and the disparity among the maximum and minimum values increases gradually. When the tortuosity is certain, the elastic modulus increases gradually when the pore access distribution variate increases gradually.
[image: Figure 13]FIGURE 13 | Relationship between elastic modulus E and tortuosity [image: image] of the white-box model with different pore access distribution variate [image: image]
The pore access distribution variate [image: image] was chosen to be 50%, and the elastic modulus E varied with the tortuosity [image: image] when the porosity [image: image] was selected to be 5–85% as displayed in Figure 14. It can be seen from Figure 14 that the elastic modulus of the white-box stress-strain model increments with the increment of the tortuosity when the porosity is certain, and the elastic modulus of the white-box stress conduction model increments with the increment of the porosity when the tortuosity is certain.
[image: Figure 14]FIGURE 14 | Relationship between elastic modulus E and tortuosity [image: image] for the white-box model with different porosity [image: image]
As can be seen from Figure 13 and Figure 14, when the porosity and pore access distribution variate is certain, the elastic modulus gradually increments with the increment of tortuosity. It is because, within the pore structure, the path through which the stress is conducted becomes more tortuous and can no longer pass smoothly through the pores, and the strength of resistance to deformation increases. Thus, the effective elastic modulus increases at this time.
Based on the black-box and gray-box model, the formula for the elastic modulus of frozen soil porous medium is given, numerical simulations are also performed, and the elastic modulus increases with the increasing porosity. The closer the pore access distribution variate is to 1, the greater the internal elastic modulus of the frozen soil porous medium, and the closer to the ideal white-box model.
Under the black-box model, as the properties of the porosity increases, it is closer to the properties of the ice crystal, and the internal elastic modulus becomes larger. Under the box-model, the influence of porosity on the frozen soil elastic modulus is the same as the black-box model; because the elastic modulus of soil skeleton and ice crystal is quite different, the total elastic modulus is basically curve distributed, and the numerical difference between series elastic modulus and parallel elastic modulus is quite large. For the white-box model, the experimental and numerical analysis show that for the pore-type porous media, with the increase of the pore rate, the fundamental soil skeleton filling is gradually insufficient, and the continuity of the ice crystals gradually increases in space, which leads to the increase of the elastic modulus of the frozen soil.
5 DISCUSSION
In winter, the freezing phenomenon of media such as water within the pores of the porous soil media occurs, and its phase state, constituent, and distribution change, which causes a substantial change in the elastic modulus (Lai et al., 2013). In this paper, in view of the construction and material of frozen soil under freezing conditions, a “three-box” analytical model of stress-strain in frozen soil porous media based on characterization elements is established, the expressions of elastic modulus under different models are derived, and comparative verification and computational analysis are conducted using existing tests.
Assuming that the practical soil porous medium is a continuous medium, the characters are explained and studied based on the constructions of frozen soil using a continuous mathematical method (Prévost, 1980). In order to validate the feasibility of the description and selection method of RMV of frozen soil porous media involving porosity as a typical condition variable. It provides a new direction for developing permafrost resources and studying the build of roadworks in permafrost areas (Tang et al., 2019; Wang et al., 2022). It provides new ideas for investigating and studying the essential characteristics of frozen soil and the law of development and change, as well as the measures to prevent and control frost damage, and further serves for the development and economic construction in cold areas (Lai et al., 2018; Yu et al., 2020). Involving porosity as a delegate state variable.
Albeit the impact of porosity, pore access distribution variate, and tortuosity on the elastic modulus of frozen soil is studied, there are many factors affecting the elastic modulus, which can also be studied from the aspects of saturation and different soil (Ming et al., 2017). In addition, the elastic modulus research of frozen soil is limited by the lack of factors, and we cannot accurately know the change rules beyond the scope of this model. Therefore, the subsequent study can also expand the scope of research factors to get more accurate rules.
Due to the complex structure of frozen soil porous media and its occurrence conditions, it is difficult to accurately describe it, and related mechanistic model research for specific conditions, the adaptability is not strong, “model inaccurate” and “parameter incomplete” become the “bottleneck” problem (Chen et al., 2022). How to describe the structure of frozen soil porous media and analyze the relationship between stress conduction and pore structure needs further study.
The study of permafrost stress conduction model can provide a theoretical basis for the deformation and stability prediction and evaluation of various engineering foundations in permafrost areas, especially those with high ice content (Zhang and Liu, 2018). Therefore, it is of significant meaning to research the physical and mechanical characters of permafrost systematically and deeply (Shen et al., 2018). The “three-box” analysis way given in this paper can study the stress conduction characteristics of permafrost porous medium from coarse to fine, which has some significance for mastering some relevant mechanisms in the mining process of permafrost resources and analyzing the change law of stress conduction process. However, the model proposed in this paper is still stuck at the theoretical level, and it still needs to be applied and analyzed and verified according to the actual production of frozen soil, so as to supplement and improve the built model.
Although this paper examines the elastic modulus change law of frozen soil under different porosity, but there is only a fixed test temperature, and the mechanical characters of frozen soil are greatly influenced by the temperature, which makes the conclusion have certain limitations. Therefore, in the future, frozen soil at different temperatures should be tested indoors, to study the change law of mechanical characters of frozen soil under more variables (Shen et al., 2020; Sun et al., 2020). Therefore, we need to carry out a lot of tests on the frozen soil to further deepen the research, a clearer understanding of the constitutive relationship of the frozen soil under complex stress conditions, the established equation must have high accuracy and practicability (Tounsi et al., 2019; Wang and Zhou, 2018). In this way, we can find the risk factors in the construction in the process of construction, and find a fast and accurate solution according to the test simulation.
6 CONCLUSION
The analysis and study of stress-strain processes in frozen soil porous media have theoretical connotations and are a robust science for engineering practice. The validity of the model is validated by comparing and analyzing the calculated results of the in being tests and the white-box model. The results show that the discrepancy between the computed and experimental values of the white-box model is slight, and the elastic modulus of frozen soil calculated by the model established in this article is consistent with the veritable situation, so the model established in this paper has practicality.
Under the standard atmospheric pressure of 101.325 KPa and temperature of −8°C, the established black-box model, gray-box model, and white-box model were analyzed by numerical calculation under the condition of sandy soil as an example. It is concluded that the variation law of frozen soil elastic modulus is influenced by the pore size, the soil structural distribution, components, and the degree of pore access curvature, among others, which requires specific analysis in each case.
The elastic modulus of the black-box model increments with the porosity. When the porosity of the gray-box model is certain, the elastic modulus is positively correlated with the pore access distribution variate, and the effect of changing the elastic modulus is greater than the effect of changing the pore access distribution variate. In the white-box model, the elastic modulus still increases with the porosity; with the constant porosity and the porosity of the porous medium, and with the constant porosity, the elastic modulus increases with the pore access variate.
This paper proposes a “three-box” stress-strain model for frozen soil porous media based on RMV, which provides a reference for the study of momentum, energy, and mass transfer characteristics in frozen soil porous media and other porous media, and the conclusions of the study are of guiding significance for the application of frozen soil (Yang et al., 2018; Yin et al., 2022).
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Enhanced geothermal system (EGS) is the primary means during Dry Hot Rock development. It is necessary to build an underground heat exchange area during its construction, and the temperature of underground rock will change significantly, thus, the mechanical properties of those rocks underground will be affected. In order to judge whether the mechanical properties under temperature are related to the crystal structure of granite, we firstly used the crystalline rock heterogeneity coefficient H to describe the crystal structure of granite. Then, the discrete element software was used to construct the GBM equivalent crystalline model and the thermal temperature field coupling model. Finally, the temperature effect test was carried out to explore the law of heterogeneity coefficient H and damage and fracture development. The results show that: 1) the variation of granite heterogeneity coefficient H and temperature will lead to the decline of mechanical properties of rock samples. 2) At the same temperature, the damage value D increases with the increase of the H value. This phenomenon is more apparent when the temperature is greater than 400°C. 3) The microcracks caused by temperature change are mainly tensile. The H value increases the number of microcracks in the crystal. 4) The damage phenomenon caused by temperature change will be affected by heterogeneity. When the temperature is high, the crystal will denature, and the stress concentration caused by heterogeneity is easier to be reflected.
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1 INTRODUCTION
In the development of Dry Hot Rock, enhanced geothermal system EGS has become a very promising construction technology, the construction of underground heat exchange system has always been a difficult engineering problem. (Musa and Rosalind, 2021; Cheng et al., 2021; Kang et al., 2021; Pan et al., 2021). In order to effectively solve this problem, it is necessary to deeply study the mechanical property change and fissure development law of thermal storage matrix granite under the action of temperature.
While studying the change of rock mechanical properties under the action of temperature, the damage caused by temperature to rock is considered a very complex process, and it is closely related to the temperature and action of rock microstructure. Yu et al. (2021a) researched the mechanical properties of granite under the influence of temperature through laboratory tests (Dong et al., 2020; Wang et al., 2021; Huang et al., 2022). The results show that the strength of granite decreases obviously with the temperature, and 400°C is an obvious turning point. Gautam et al. (2018) studied temperature induced microdamage (Wong et al., 2021). The results show that the crystal inside the rock expands with the increase of temperature, resulting in various micro-fissures. Clearly, granite’s temperature damage is highly correlated with the micro-crystal. Therefore, the microstructures of granite are the key factors affecting the mechanical properties under temperature.
Numerous studies have shown that (Li et al., 2020; Yin et al., 2021; Ghasemi et al., 2020; Wang et al., 2020; Huang et al., 2020; He et al., 2021), the Micro-Parameters such as crystal content distribution and crystal size of granite will have a great influence on its macro-mechanical properties. Liu et al. (2018) studied the relationship between micro parameters such as crystal size and content of granite and macro mechanical properties. They used laboratory and numerical tests to prove that there is a specific relationship between the microstructures and macro-mechanical properties of granite. They then characterized the micro-effects in granite by combining the grain size inhomogeneity coefficient and content parameters. Chen et al. (2017a) (Nicksiar and Martin, 2014) furtherly to study the mechanical properties of granite and this parameter. The results show that this parameter obviously correlates with rock mechanical properties.
It is challenging to apply Physical testing in the microscopic study of granite because acquiring internal microstructure and preparing quantitative specimens is difficult to achieve. At the same time, the method of the numerical test has gradually become an important means of rock mechanics meso-study due to its convenience and accuracy (Wang and Heinz, 2019; Wu et al., 2021; Huang et al., 2017; Chen et al., 2017b). In terms of the quantification of micro-inhomogeneity of rock in the numerical model, on the one hand, it is the inhomogeneity of mechanical parameters; for example, the mechanical unit of rock is assigned in the form of Weibull (Wong et al., 2006; Tang et al., 2000) function, and Lan et al. (2010) tests with UDEC software show that the inhomogeneity of mechanical parameters has a great influence on the macro-mechanical properties of rock. On the other hand, it is the visible heterogeneity such as distribution structure, Zhou et al. (2019). Various studies on the microstructure have found that the distribution of minerals and the change of crystal particle size cause differences in stress distribution and crack propagation. Therefore, mechanical research on micro-crystals has gradually become an important part.
While analyzing the crystal structure, discrete element software is widely used in constructing numerical models, which can effectively analyze small mechanical changes. Potyondy and Cundall (2004), Potyondy (2010), introduced the equivalent crystalline model (GBM) to construct the crystalline rock model such as granite, marble, etc. Many scholars used this model to study crystalline rocks and found that the model could effectively describe the mechanical behaviour of crystalline rocks and put forward some improvements to the intergranular mechanical characteristics of the model (Yu et al., 2022; Saadat and Taheri, 2020; Tian et al., 2021; Qi et al., 2020). In order to explore the micromechanics test after the coupling of the crystalline model and temperature field model, James et al. (2021) and Xu et al. (2018) constructed GBM and thermal models using different discrete elements models and studied the mechanical properties of crystalline rocks caused by temperature field. The results show that the further development of microcracks caused by the same temperature is caused by the microstructure of crystals, which will further affect the strength characteristics of rocks. However, in these studies, there is no explicit modelling of crystal mesoscopic characterization parameters, which makes it difficult to quantitatively analyze the formation and development of microcracks in crystal structure under the action of temperature.
Therefore, this paper combines the improved GBM and thermal models proposed by Li et al. (2018). A granite crystal model of the temperature field containing the heterogeneity of calculable mesoscopic characterization parameters is established. The mechanical parameters of granite with different heterogeneity after temperature are statistically analyzed, and damage changes and micro-mechanical mechanism of granite microstructure caused by temperature variation were studied. The effect of inhomogeneity parameters on temperature-induced damage changes was revealed. It provides a reference basis for constructing the Enhanced geothermal system.
2 METHODS AND MATERIALS
2.1 Theoretical basis of mechanics
Numerous studies have shown that macroscopic failure of rock is caused by the accumulation of micro-cracks (Liu et al., 2017; Zhong et al., 2019; Zhang et al., 2022), which are generally caused by external loads or temperature fields. For multi-mineral crystalline rocks such as granite, the structure and morphology of crystals are important factors affecting micro-fissures’ development. In addition, there are great differences between the crystal’s mechanical properties and the crystal’s boundary (Gautam et al., 2019; Li et al., 2021). Therefore, considering the crystal distribution and grain boundary strength, a mechanical model of microcrack development under temperature is established. As shown in Figure 1, linear expansion occurs when the crystal is heated. The temperature increased the volume of the crystal, which expanded outwards and squeezed the surrounding crystal to form internal stress σinner. When there exist differences in crystal size and composition within the specimen, the internal stresses under the same temperature will also differ significantly. Micro-cracks occur when the area of partial stress concentration exceeds the critical value.
[image: Figure 1]FIGURE 1 | Mechanics change of crystal after thermal expansion.
This paper aims at the micro crack damage laws caused by crystal structures under the action of temperature, so it studies the mechanical properties of crystals at a specific temperature, which can be similar to a quasi-static force problem at a specific temperature. For example, micro-cracks caused by internal stress are generated after the temperature of the test piece increases from 20°C to t°C and then decreases to 20°C. Then, the research is carried out based on this already formed microfissure.
According to the thermal expansion characteristics of crystals (Helen and Mega, 1971; Bauzin et al., 2021), the volume of mineral crystals increases with the temperature. The equation of the thermal expansion coefficient of crystals can be expressed.
[image: image]
where α is the coefficient of thermal expansion of crystals; L is the length in one direction of the crystal; dl is the change in length in this direction; dt is the temperature change value.
The variation of temperature and coefficient of expansion of quartz and feldspar in granite under the impact of temperature was studied by Ahrens (1995). The curves of temperature and coefficient of expansion in the range of 25°C–600°C were proposed as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Relation curve between expansion coefficient and temperature of quartz and feldspar (Thomas J. Ahrens et al., 1995) 121 αquartz = [0.1417∗10-4+9.6518∗10-8∗(t+273)-1.6973(t+273)-2]/3 122 αfeldspar = [0.1394∗10-4+0.0597∗10-8(t+273)]/3.
(Thomas J. Ahrens et al., 1995) 
αquartz = [0.1417∗10-4+9.6518∗10-8∗(t+273)-1.6973(t+273)-2]/3
αfeldspar = [0.1394∗10-4+0.0597∗10-8(t+273)]/3
The temperature changed the volume of the crystal and produced corresponding displacements in all directions. The elasticity of the combined material at this point is expressed in Eq. 2:
[image: image]
Substituting Eq. 1 into Eq. 2
[image: image]
where σinner Internal stress of the unit; E is the elastic modulus of the unit; Δd is the strain of the unit.
While calculating the internal stress in a region, there may be more than one crystal contained in the region, which makes the thermal expansion coefficient, elastic modulus and pore-fissure distribution different, and due to different crystal sizes, the strain accumulation values are different. Therefore, a parameter characterizing the size and content of crystals in the region is defined as follows:
[image: image]
Within this region, the stress in a region forms a function of temperature t and the crystal meso-parameter a.
Liu et al. (2018) proposed the inhomogeneity coefficient H to characterize the mesoscale and content of crystals, which can be obtained using Eqs 5, 6:
[image: image]
where [image: image], wi is the average particle size and content of the first mineral crystal, respectively. j is the total number of crystals. This paper considers that granite is mainly composed of mineral j=3.
Inhomogeneity factor H for the entire model
[image: image]
where di1 is the smallest particle type; di2 is the average particle size; di3 is the largest particle size.
H is a comprehensive weighted parameter for the size and content of mineral crystals, which is identical to the characteristic mineral parameters represented by parameter a in Eq. 4 and can be used to characterize the inhomogeneity of mineral crystals in rocks.
[image: image]
The mechanical properties within and between crystals vary greatly in granite, so the conditions under which micro-fissures occur when internal stress is concentrated vary. As shown in Eq. 8 and Figure 3, there are three stages during microfissure expansion caused by different internal stresses when the accumulation of internal stresses reaches different critical values and micro-fissures occur:
[image: image]
where σcrystal is the bearing strength of the crystal; σIntergranular is the intergranular bearing strength.
[image: Figure 3]FIGURE 3 | Fracture diagram of a crystal model.
2.2 Numerical simulation
In order to study the law of temperature damage induced by meso heterogeneity, a granite numerical model is constructed through PFC particle flow numerical software to model temperature test, in which GBM equivalent crystalline model is combined with thermal temperature field model. The same indoor physical tests are used to calibrate granite’s meso and temperature parameters.
2.2.1 Crystal model
Granite and other crystalline rocks are composed of a variety of crystalline minerals. In the process of rock formation, the mesostructure, including crystal particle size, morphology, crystallization degree etc., will be formed. Figure 4 is a micrograph of granite.
[image: Figure 4]FIGURE 4 | Granite micrographs.
Potyondy and Cundall (2004) and Potyondy (2010) proposed a GBM model to simulate the microstructures of crystalline rocks effectively. The GBM model mainly consists of intra-crystalline units and inter-crystalline units, the intra-crystalline units employ a parallel bond (pb) model, and the inter-crystalline units employ a smooth joint (sj) model. Such model construction can show the sliding effect after crystal failure. Li et al. (2018) put forward the nGBM model based on this model and replaced the SJ model of crystal boundary with the PB model with different parameters to better realize the locking effect when crystal boundary slides.
This model construction adopts the nGBM model proposed by Li X. F., and the steps are shown in Figure 5.
1. Build The 100 mm ×50 mm crystal model has the same size as the laboratory test. It contains three minerals, 55% feldspar, 35% quartz, and 10% mica.
2. Characterize the particles in the model as crystals and construct the crystal grid and component division by importing MATLAB software and Rhinoceros software.
3. Import the grid into the PFC software and regenerate the small particles to fill 100 mm×50 mm model space.
4. Re-grouping the particles and contact units to facilitate the generation of different parameters.
5. The Fish function is used to compile the micro-crack identification function, and the micro-crack identification distance is set to 0.25 mm. At the same time, the tension crack and shear crack inside and at the boundary of the crystal is identified.
[image: Figure 5]FIGURE 5 | GBM model construction.
2.2.2 Temperature model
In the PFC software, the temperature model is shown in Figure 6A, and the mechanical model is shown in Eq. 10. Changes in temperature and coefficient of expansion also change the size of the base particles. Based on the theory of elasticity, the force between particles is formed by the size change of the original particles.
[image: Figure 6]FIGURE 6 | Temperature field model construction. (A) Schematic diagram of the particle temperature model. (B) Temperature model construction. (C) Schematic diagram of temperature change curve.
In order to investigate the meso-mechanical behaviour induced by temperature, a thermo-mechanical model has to be built to realize the internal micro-variation under in temperature field. The modelling process is shown in Figure 6B
1. Read the constructed GBM model into the Thermal model.
2. Set the temperature loading boundary and heat source section. Set a 0.5 mm wide heat source layer from the model boundary in this test.
3. Given the temperature curve of the heat source, considering the calculation time and the difference in the laboratory test, the temperature is increased from 20°C as a gradient and maintained for 60 s after the temperature tends to stabilize. After heating for many times, the temperature of the test piece rises to the temperature required for the test. Then the temperature of the specimen is reduced to 20°C as shown in Figure 6C.
4. The experiments at 200, 300, 400, 500, and 600°C were constructed, respectively.
Temperature-dependent particles are modelled as Eq. 9 mechanical model and Eq. 10.
[image: image]
[image: image]
where the standard component of bearing capacity is [image: image]; ΔR is the variation of the particle radius; among α Linear thermal expansion coefficient associated with particles; kn is the standard stiffness of bond; A is the area of bonded section; L is the key length; ΔT is a temperature increment.
2.2.3 Parameter calibration
Meso parameters are essential to ensure whether the numerical model is accurate. Therefore, it is necessary to calibrate the more accurate meso parameters before the test. However, the meso parameters required for PFC2D are difficult to be obtained through the indoor test, mesoscopic parameters can be obtained by “trial and error method” based on the mechanical parameters from the indoor uniaxial test, such as pressure resistance, elastic modulus, Poisson’s ratio and other macro mechanical parameters (Castro-Filgueira et al., 2017; Li et al., 2022). Finally, a numerical model consistent with the laboratory test in strength parameters and failure modes is constructed.
Many scholars used the GBM model to build a granite model and matched the corresponding meso parameters (Hu et al., 2019; Hannes et al., 2015; Liu et al., 2018). In this test, the fine-grained granite produced in Pingjiang Hunan Province was used for the test, and the test results were used as the criteria for parameter matching.
The micro-crack damage caused by temperature is studied in this paper. Therefore, the temperature change of the specimen is an important variable. The whole temperature of the model is monitored in the numerical model. After the internal particle temperature is maintained at the target temperature for 60 s, the next step is carried out. In the numerical experiment, each temperature increase is 20°C to ensure that the temperature changes the crystal volume. In order to ensure that the temperature inside the specimen fully rises to the set temperature during the test. Referring to the temperature test of Yu et al. (2021b), set the heating test piece as 4 h.
A group of granite is placed in the heating furnace, and the heating furnace is raised by 20°C every 5 min until the temperature reaches 200°C, and then the temperature is maintained for 4 h to make the internal and external temperatures of the test pieces consistent. Then the test piece is quickly taken out and placed in 20°C water to cool for 25 min. After that, it is taken out of the water to dry in the laboratory for 8 h.
The tests of 300, 400, 500, and 600°C were also carried out according to the test process of 200°C.
A uniaxial test is performed on the specimens that have completed the temperature test, and unheated control groups are set up with the test results shown in Table 1.
TABLE 1 | Test results of granite at different temperatures.
[image: Table 1]The crystal size of a mineral is an important parameter affecting the modelling results. This test specimen is from a complete granite with small grain changes between different samples. Therefore, some samples are selected for microscopic measurement. Ten measuring points on the specimen section are selected, and the particle sizes of different crystals are determined by electron microscopy, as listed in Table 2.
TABLE 2 | Calibrated mineral content and grain size of granite.
[image: Table 2]According to the value of granite crystal parameters in some GBM models, the order of crystal strength was identified as quartz, feldspar and mica, the strength of crystal boundary is much lower than that of crystal interior. The parameters of the GBM model were corrected according to this law.
After the granite strength model was modified, the temperature field was added to the model, and the linear expansion coefficient of the crystal changed with the temperature. Based on the crystal expansion curve established by Ahrens (1995), by comparing with the indoor test parameters, the parameter b is added to the linear expansion coefficient, where b ≈ 0.5. The linear expansion coefficient equation with temperature variation is constructed
[image: image]
The Fish function is used to assign values to the main minerals in granite, including quartz and feldspar. In order to ensure the calculation speed, the thermal conductivity coefficient is improved by 5–10 times. The specific process of parameter calibration is as follows.
Figure 7A is the parameter matching flow chart; Figure 7B is the parameter matching strength result; Figure 7C is the failure pattern matching result. According to the results in Figure 7, it can be seen that the uniaxial strength of the specimen decreased with temperature in the shape of a quadratic curve, while the modulus parameter decreased linearly. The results of the indoor mechanical test and numerical test are consistent, and the difference in parameters of the fitting curve was slight, indicating that this parameter can well reflect the mechanical law under the temperature field. The parameter results are shown in Tables 3, 4.
[image: Figure 7]FIGURE 7 | (A) Flow chart of parameter matching. (B) Parameter matching results. (C) Matching of specimen strength and failure mode.
TABLE 3 | PFC meso parameters.
[image: Table 3]TABLE 4 | Temperature meso parameters.
[image: Table 4]2.2.4 Inhomogeneous crystals
Based on Peng et al. (2017), Liu et al. (2018) proposed the heterogeneity coefficient H, which can more effectively consider rock’s internal crystal size and content distribution. The method comprehensively considers the overall distribution of the minimum, maximum and average particle sizes, as shown in Eqs 5, 6.
Using the same method as GBM model construction, the corresponding crystal model is first built in PFC software according to the particle proportion, and then the coordinate and particle size-related information is derived. Seven models with different heterogeneity coefficients are built using MATLAB and Rhinocero software, from small to large: M1(H=0.154), M2(H=0.214), M3(H=0.293), M4(H=0.355), M5(H=0.432), M6(H=0.524), M7(H=0.154). As shown in Figure 8 and Table 5.
[image: Figure 8]FIGURE 8 | Characterization of different inhomogeneity coefficient results.
TABLE 5 | Grain size distribution of crystals.
[image: Table 5]3 RESULTS AND ANALYSIS
In laboratory tests, the mechanical properties of granite have great discreteness. In geology, granite is classified into fine-grained granite, medium-grained granite, coarse-grained granite and pegmatite according to particle size, indicating obvious structural differences in granite. Because of this difference You and Zou (2000) studied the relationship between heterogeneity and rock strength and determined their relationship. In recent years Liu et al. (2018) further explored the characterization of meso heterogeneity of granite and proposed the heterogeneity coefficient H, which can effectively reflect the influence of mineral crystal size and content.
3.1 Strength analysis
Through the GBM model and thermal model, a granite crystalline model that can model the temperature effect is constructed, in which seven models with different heterogeneity coefficients are constructed to distinguish the effects of different structures with the same H value on rock mechanical properties. Three models with different forms are constructed for a certain h-value, and there are 21 models. Then the uniaxial mechanical test under room temperature and the uniaxial mechanical test after temperature damage are carried out, and the results are shown in Figure 9, it can be seen that with the increase in H value, the uniaxial strength of the specimen shows a linear downward trend, and this tend can be fitted as y = 24.35 + 8.53x, R2 = 0.97. At the same time, it can be found that the elastic modulus of the test piece shows an increasing linear trend with the increase of the H value, whose variation can be fitted as y = 180.7 − 121.26x, R2 = 0.94. It can also be seen that the confidence of these two linear laws is high, and the regularity is apparent. Based on the analysis of micromechanics, it can be known that the reason for the decrease in strength is the difference in crystal particle size. This phenomenon tends to cause stress concentration and micro fissures around the crystal. At the same time, a large crystal interface can easily form a crystal slip. The microscopic factor that causes the increase of elastic modulus is the accumulation of internal stress during crystal deformation due to the significant difference in crystal size, which will increase the rate of microfissure accumulation.
[image: Figure 9]FIGURE 9 | H value and granite strength parameters.
3.2 Damage analysis
Damage value D is an essential index for the study of rock properties. From the mesoscopic point of view, the damage is the process of forming new microcracks and reducing the bearing area. This paper studies the formation and development of structure and microcracks. There are apparent differences in the microcracks formed by different mineral crystals under the action of temperature. These differences further affect the mechanical properties of rocks. At the same time, these differences will also be reflected in the change process of damage value.
The granite with different inhomogeneity coefficients H was tested numerically under temperature fields. After the temperature changed, the specimens were tested uniaxially. The damage results were calculated through the basic modulus damage Eq. 11.
[image: image]
Where D is the damage coefficient, ET is the modulus of elasticity of the specimen after temperature action, E0 is the modulus of elasticity before temperature action.
Figure 10 shows the strength change of the test piece after different temperatures. The value of the same gradient H changes slightly. The figure shows the average intensity of the same gradient H. It can be seen that heterogeneity affects the strength of the specimen, but temperature has a greater impact on the strength. When H was 0.154, 0.214, 0.293, 0.355, 0.432, 0.524, and 0.635, respectively, the strength of the 600°C specimens was about 46.63%, 47.43%, 55.08%, 52.01%, 40.10%, 28.02%, and 10.41% of the 20°C specimens, suggesting that the influence of temperature increased nonlinearly with the increase of inhomogeneity.
[image: Figure 10]FIGURE 10 | Uniaxial strength dependence of inhomogeneity and temperature field.
Damage at different temperatures is calculated using Eq. 11, and the results are shown in Figure 11 and Table 6.
[image: Figure 11]FIGURE 11 | Relation between inhomogeneity coefficient and temperature damage value. (A) H = 0.154 damage value curve. (B) H = 0.214 damage value curve. (C) H = 0.293 damage value curve. (D) H = 0.355 damage value curve. (E) H = 0.432 damage value curve. (F) H = 0.524 damage value curve. (G) H = 0.635 damage value curve. (H) Inhomogeneity coefficient and damage value.
TABLE 6 | Damage fitting equation coefficients for different H values.
[image: Table 6]It can be seen from Figure 11 that the damage value of specimens gradually increased with the inhomogeneity coefficient, but the change in damage value was not obvious when the temperature was less than 400°C. The inhomogeneity coefficient greatly affects specimens’ damage when the temperature is more than 400°C. When H = 0.154, the damage values at 500 and 600°C were only 13.28% and 28.52% of the damage values when H = 0.635. From the microscopic point of view, at 400°C, the volume expansion caused by the temperature change is not large enough, the internal stress concentration is not obvious, and the phenomena of internal stress concentration and crack propagation due to inhomogeneity are not effectively highlighted. When the temperature is higher than 400°C, more microcracks are produced due to internal stress concentration and crystal denaturation. At this time, the stress concentration due to inhomogeneity further accelerated the formation of cracks and led to the rapid decrease of mechanical properties.
3.3 Fracture analysis
During the failure process of rock specimens, the development and accumulation of micro-fissures are important phenomena of rock destabilization. The development of micro-fissures is an important indicator for studying rock micro-mechanical properties. Using fish function to write a program, the generation process of microcracks under the action of temperature can be recorded. The result is shown in Figure 12.
[image: Figure 12]FIGURE 12 | Inhomogeneity coefficient H and fissure development. (A) T = 200°C development of microcracks. (B) T = 300 °C development of microcracks. (C) T = 400°C development of microcracks. (D) T = 500°C development of microcracks. (E) T = 600°C development of microcracks.
It can be seen that the total number of micro-cracks in specimens increased with the temperature inhomogeneity coefficient. At the same time, it is also consistent with the damage law of the specimens, which is consistent with the law under its strength. It can also be observed in the experiment that the shear crack in the crystal was always challenging to form. When the temperature is 200, 300, 400, 500, and 600°C, respectively, and the heterogeneity coefficient H = 0.154, the number of tensile cracks in the crystal of the specimen is 0, 10, 53, 164, and 436, while the number of tensile cracks between the crystals is 15, 172, 217, 356, and 779. At this time, it is more difficult to form microcracks in crystals than between crystals. When H = 0.635, the internal tension cracks of the crystal with temperature were 8, 77, 357, 1,184, and 2,749, respectively, while the inter-crystal tension cracks were 146, 389, 931, 2,067, and 2,836. This shows that when the temperature and heterogeneity coefficient are high, a large number of tensile microcracks will also appear in the crystal. This is due to the crystal reconstruction and dislocation under high-temperature conditions, resulting in the formation of microcracks.
It can be seen from Figure 13A that the failure mode of the specimen is different due to the value of H. when H = 0.154, the cracks are distributed on the left and right sides of the specimen, and when H rises, the cracks gradually gather to one side. Moreover, when H = 0.635, there are obvious microcracks in the crystal due to the apparent stress concentration around the large crystal. When the strength exceeds the bearing limit of the crystal, microcracks in the crystal will be formed.
[image: Figure 13]FIGURE 13 | (A) Different H values destroy microfissure characteristics. (B) H=0.432 Characteristics of micro fissures at different temperatures.
Figure 13B shows the development of microcracks at different temperatures when H = 0.432. It can be seen that the total number of microcracks increases with the increase in temperature. The cracks caused by temperatures below 400°C are mainly tensile cracks between crystals. When the temperature is higher than 400°C, the temperature causes more tensile cracks inside crystals. There is a critical point near 400°C that makes the specimen change significantly. The mesoscopic reason for this phenomenon is that the denaturation temperature of mica, feldspar and other minerals is usually not higher than 400°C. At this time, the expanded quartz particles accumulated considerable stress and were released, causing crystal dislocation and further development of microcracks.
4 DISCUSSION
The change of rock mechanical properties caused by rock crystals is usually studied from two aspects: geometric heterogeneity and mechanical parameter heterogeneity. This study focuses on geometric heterogeneity. It can be seen from the experimental results that heterogeneity dramatically affects the mechanical properties of rocks. The quantitative study of heterogeneity is essential for studying rock meso damage. By calculating the comprehensive average parameters such as mineral crystal size and content, a quantitative parameter H for heterogeneity is obtained. The numerical test results show that the change of H value greatly affects the mechanical properties of granite. However, this research is difficult to conduct from the perspective of laboratory tests, mainly because the preparation of specimens and the results of mesoscopic changes are difficult to observe. In order to further determine the relationship between the crystal structure and mechanical properties of granite minerals, more detailed experiments or corresponding numerical models should be carried out.
In this study, heterogeneity is the characterization parameter of the mesostructure of rock crystal size and content. During the test, it can be seen that under the same temperature, granites with different structures have obvious different damage. As the characterization parameter of different crystal structures, the H value is an effective quantitative method to study the temperature damage of granite. However, to ensure the correctness of the numerical results, the selection of parameters is particularly important. In this paper, several groups of indoor test results were used to match the numerical tests, and the failure modes of the strength, modulus and temperature effects were matched to achieve a consistent effect. However, during the test, it was found that there was a particular difference in the modulus decreasing speed between the numerical test and the laboratory test, as shown in Figure 7B. The analysis of several parameters may be attributed to the micro-modulus Ecrystal changes at different temperatures, but the selected modulus remains unchanged during the model setting process. The physical test of this parameter is difficult to determine, and further design and experimental study are required.
According to the research on micro-fissures and damage, it is found that the commonly used damage formula refers to the distribution and content of micro-fissures, but the strength of different minerals in granite differs significantly. Therefore, the contribution of micro-fissures appearing in different minerals to damage is different, and a damage contribution value γ is proposed, this parameter is used as the proportion of different mineral damage to the decline of overall mechanical properties.
5 CONCLUSION
Aiming at the influence of temperature field on mechanical properties of granite, the weakening law of mechanical properties of granite under different non-uniform coefficient H is studied using discrete element numerical simulation, and the following conclusions are drawn.
With the increase of the coefficient of inhomogeneity H, the uniaxial strength of rock shows an obvious downward trend.
At different temperatures, damage value D of rock increases with the increase of the inhomogeneity coefficient, and this phenomenon is obvious when the temperature is higher than 400°C, which is consistent with the sudden change of properties of granite at 400°C.
With the increase in inhomogeneity, the microcracks caused by temperature gradually change from intercrystalline microcracks to intracrystal microcracks. Shear microcracks in crystals, which are rare throughout the temperature test.
When the temperature exceeds 400°C, the stress concentration caused by heterogeneity is more obvious, and the rock strength will be further reduced (Huang et al., 2017).
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Many landslides are triggered by excess precipitation. In the eastern part of China, landslides caused by extreme rainfall from typhoons in the monsoon season are the main geomorphological process with catastrophic impacts on society and the environment. In this study, Wenzhou City in eastern China was taken as the study area, and we compiled a detailed inventory of rainfall-triggered landslides between 1999 and 2016. The developmental characteristics of these landslides were determined with an emphasis on temporo-spatial distribution. The results showed that most of the landslides were located in the mountainous area of the western part of Wenzhou City. Landslides triggered by typhoon rainfall were commonly concentrated in a short period from July to September, when more than 70% of the landslides occurred. The landslides in this region were mainly of the debris-flow type, most of which were on a small scale, but had severe effects because of large elevation differences and long runout distances. Because the precipitation in typhoon events was commonly extreme, the initiation area of most landslides coincided with the region of highest hourly precipitation. Our results can provide reference data and guidelines for developing an early warning system for landslides and risk reduction in the study area.
Keywords: rainfall-induced landslide, temporo-spatial characteristics, development laws, typhoon, China
1 INTRODUCTION
It is well known that East Asia is one of the main areas suffering from rainfall-induced landslides due to the onset and duration of the monsoon (Wu et al., 2014; Guo et al., 2019; Guo et al., 2020). Statistical data showed that China suffers from more than 10% of all rainfall-triggered landslide events worldwide (Froude and Petley, 2018). One important characteristic of the Asian monsoon is the typhoon (Webster et al., 1998), which commonly causes very heavy precipitation that can trigger cluster landslides in the hilly coastal region (Zhuang et al., 2022). In eastern China, typhoon rainfall-triggered landslides are major geomorphological activities, causing damage to infrastructure and the environment each year to the extent of millions of RMB (Wang and Yin 2018; Zhou et al., 2020; Li et al., 2021). Hence, it is of great importance to determine the developmental mechanisms behind these landslides for both the scientific community and local authorities.
Regional landslides triggered by extreme rainfall events generally occurred in clusters (Medina et al., 2021; Hürlimann et al., 2022), so understanding the mechanism and assessment of landslide episodes relies on the availability of landslide inventories (Crozier, 2005; Wu et al., 2020; Guo C et al., 2021). Creation of a landslide inventory is the first step toward understanding landslide susceptibility, hazard, and risk assessment (Guzzetti et al., 1999; Fell et al., 2008; Huang F. et al., 2021). Manual techniques have been widely applied to compile landslide inventories across large areas, but they are time-consuming, difficult in practice, and sometimes not suitable for mountainous terrains or highly concentrated landslides (Santangelo et al., 2010). To overcome these drawbacks, some advanced approaches and tools have been developed to map landslides semi-automatically or automatically to produce an inventory. For instance, algorithms based on different sources such as satellite data, interferometric synthetic aperture radar (InSAR) technology, and unmanned aerial vehicle (UAV) photogrammetry (Alvioli et al., 2018; Prakash et al., 2020; Abancó et al., 2021; Guo Z et al., 2021). However, the most widely accepted methods so far are hybrid ones that balance accuracy and efficiency. For example, Hürlimann et al. (2022) created a detailed inventory of landslides triggered by extreme rainfall events in the Pyrenees in 2013 by interpretation of aerial photographs, helicopter flights, and field surveys.
It is widely accepted that future climate change combined with more extreme rainfall events will increase the frequency and magnitude of rainfall-induced landslides in mountainous areas (Huang et al., 2022a; Yin et al., 2022). Besides being affected by the monsoon climate, the eastern part of China often suffers from heavy precipitation in the rainy season every year. Due to the hydrological effect induced by heavy rainfall, the soil pore pressure and effective stress decrease (Jiang et al., 2018; Huang et al., 2022b), which rapidly increases the risk of slope failure. Thus, considering the relationship between a rainfall-induced landslide inventory and extreme rainfall facilitates the analysis of landslide risk. The eastern part of China often suffers from heavy precipitation in the monsoon season every year; however, most such studies focused on regional landslide hazard assessment (including susceptibility analysis) (Liu et al., 2012; Wang and Yin, 2018; Huang et al., 2020), rainfall threshold definition (Chang et al., 2008; Ma et al., 2015; Wei et al., 2017), and implementation of an early warning system (Wu et al., 2014; Wei et al., 2018). Only a limited number of reports have been published investigating the geophysical laws and characteristics of these rainfall-induced landslides, although this should be a foundational step for landslide hazard assessment. For example, Jia et al. (2019) collected the geohazards in Zhejiang province, China, from 2000 to 2016 and summarized the number of landslides and their damages, but the analysis of landslide characteristics was missing. Based on landslide monitoring during 72 h of rainfall before the landslide occurrence, Kim et al. (2021) determined an empirical threshold, but did not consider the event a result of rainfall on the shallow landslide.
In this study, Wenzhou City in eastern China was selected as the study area, and our main objectives included: (1) creating a rainfall-induced landslide inventory from 1999 to 2016, (2) analyzing the temporal and spatial distribution characteristics of these landslides, and (3) revealing other properties coinciding with landslide occurrence.
2 STUDY AREA
2.1 General settings
The study zone encompassed Wenzhou City (N 27°03′, E 119°37′∼N 28°36′, E 121°18′) in southeastern China, with a total area of 12,110 km2 (Figure 1). The area is part of the mountainous region in the Yangtze River valley belt in southern Zhejiang province. It is characterized by a landscape of mountains, hills, and coastal plains. The elevation in the region ranges from 120 to 1656 m above sea level (asl), and overall the northwest part is higher than the southeast part. Except for inter-mountain basins and river valleys, the major topographical feature in this area is the large elevation difference (topographic relief) (Zhang et al., 2014; Wang and Yin 2018). With respect to the geological setting, a total of four strata are observed including Late Yanshanian, Cretaceous, Jurassic, and Quaternary. Most of these geologic units have a sub-horizontal layering and several vertical sets of subunits. The most important difference among these strata is the lithology, with sedimentary rock, pyroclastic rock, and intrusive rock being the most common in the area. The Quaternary is represented by colluvial deposits, which cover the bedrock in the eastern part of the region.
[image: Figure 1]FIGURE 1 | Location of the study area where the base map is the DEM of the region with 30-m resolution and shows the distribution of administration areas.
Wenzhou City has a subtropical monsoon climate with a mean temperature ranging from 17.3°C to 19.4°C and an average annual rainfall of 1500 to 2000 mm. There is a clear temporal difference in rainfall pattern: the rainy season normally lasts from May to September, and the highest total precipitation occurs between June and August because of typhoons (Liu et al., 2010; Liu et al., 2011).
The resident population of the region is approximately 9.6 million and the settlements are mainly distributed in the eastern part. The banks of the Yangtze River are especially highly populated and urbanized.
2.2 Materials and data
A landslide inventory can reveal the spatial distribution of landslides in a visible form and store basic landslide information (Peng et al., 2019; Huang Y. et al., 2021), hence it is the foundation for the analysis of the development characteristics of regional landslides. In this study, archived landslide reports were provided by a local geo-environmental monitoring institution in which the coordinates of rainfall-induced landslides were recorded. Then Google Earth images were combined with landslide reports to generate a coarse landslide inventory. To check and update the accuracy of the locations of these landslides, a field survey and indoor cross-validation were conducted by the Geological Exploration Bureau of Zhejiang province in 2016. During the fieldwork, advanced equipment including drones, handheld global position system (GPS) devices, and infrared range finders were used to measure and record basic landslide information. Subsequently, all of the archived data from the fieldwork were compared with the images to determine the landslide initiation area. In the last step, the distribution of these landslides was digitized into a geographic information system (GIS) along with their properties, including the area, volume, temporal information, width, length, and damage caused.
The digital elevation model (DEM) data of the region was downloaded from the free Geospatial Data Cloud website (https://www.gscloud.cn/home). Some environmental factors can be generated from the DEM, such as slope and curvature, which can be used for the analysis of the conditioning factors of the landslides. The landslide inventory listed a total of 1450 landslides, which were associated with eight typhoon events (Figure 2), including the flood in 1999, typhoon Rananim in 2004, typhoon Talim in 2005, typhoon Fitow in 2013, typhoon Soudelor in 2015, typhoon Soudelor in 2015, typhoon Meranti in 2016, typhoon Megi in 2016, and typhoon Haima in 2016. According to widely accepted classification criteria (Varnes 1978; Hungr et al., 2014), these landslides can be divided into three types: (1) debris flow, which accounts for more than 80% of the landslides, (2) debris slide, and (3) earthflow related to top soil layers. Based on the inventory, the developmental characteristics of the rainfall-induced landslides were determined.
[image: Figure 2]FIGURE 2 | Distribution of landslides in the inventory of Wenzhou City. The base map is the slope map with 30-m resolution.
3 RESULTS
3.1 Temporal characteristics
The temporal characteristics of the landslides in the study area are mainly related to the temporal distribution of rainfall. Figure 3A, shows the distribution of the number of days with heavy rainfall events during the 42 years from 1972 to 2013. We defined heavy rainfall as daily precipitation >30 mm (Khan et al., 2012; Robbins 2016), which concurs with the criteria of the China Meteorological Administration. It is evident that the southwestern part has more heavy rainfall events than the northeastern part. If the monthly distribution is considered, it can be seen that most heavy rainfall events happen between June and October, which corresponds to the occurrence of high-density landslides during a short time that only occur from June to October (Figure 3B). Hence, summer and autumn are the times of the highest rainfall-induced landslide risks in the region, which can be explained as a result of the impact of the Asia monsoon. For example, the landslide episode triggered by typhoon Rananim in 2004 occurred during the period with the highest intensity (Figure 4). Similar results can also be observed from the landslide episodes triggered by other typhoon events. Hence, from the frequent occurrence of landslides on steep slopes it can be inferred that the study area responded quickly to high-intensity rainfall. The time interval between landslide occurrence and peak precipitation during the typhoon event was commonly from 30 to 60 minutes. This fits well with the field survey results: the Baofeng debris flow in Wencheng County occurred ∼10 min after typhoon Megi in 2016 and the Cangjiang landslide occurred only 5 min after typhoon Soudelor in August 2015. This association occurs because heavy rainfall can make the soil layer saturated for a short time (Kuradusenge et al., 2021), then the continuing rainfall generates large runoff that provides enough excitation energy to cause the movement of rock-soil masses.
[image: Figure 3]FIGURE 3 | Relationship between landslides and rainfall in the study area: (A) spatial distribution of the number of days with heavy rainfall events during 1972 and 2013 in Wenzhou City, and (B) relationship between the number of days with heavy rainfall and the number of landslide episodes in each month.
[image: Figure 4]FIGURE 4 | Cumulative rainfall and hourly rainfall intensity during typhoon Rananim in 2004. (A) Cumulative rainfall recorded by four different monitoring stations and (B) hourly rainfall in the Fuxi monitoring station.
3.2 Spatial characteristics
Overall, the landslide distribution of Wenzhou City is spatially heterogeneous. Rainfall-induced landslides are mainly distributed in the western part of the region, which includes the mountainous areas of Yueqing, Yongjia, Wencheng, Taishun, etc. On the contrary, the eastern part of the region, including Dongtou, Pingyang, and Cangnan, with lower elevation and gentle topography recorded few landslides. When we analyzed the distribution of landslides triggered by a single typhoon event is, we found that the landslide locations had a close relationship with the moving path of the typhoon. The area with the highest landslide density was commonly the region that had the heaviest rainfall or the greatest rainfall intensity. For example, typhoon Haima triggered 36 landslides in 2016, most of which were located in the area with the largest accumulated precipitation according to the rainfall isohyetal map. The relationship between landslide distribution and elevation was also analyzed, and the results showed that 4.84% of the landslides occurred in areas with elevations <100 m, where the topography is mainly eroded and denuded hills. In contrast, 13.41% of the landslides were located in areas with elevations between 100 and 400 m. Landslides at elevations of 400 to 700 m and 700 to 1000 m accounted for 34.59% and 43.38%, respectively, whereas only 3.78% of landslides are at elevations >1,000 m (Figure 5A). With regard to the elevation difference between the initiation area and the accumulation area, most landslides have elevation differences of <100 m, accounting for 43.94% of all landslides, whereas 21.31% of landslides have elevation differences of >200 m (Figure 5B). Geomorphology also had an impact on landslide occurrence. Statistical testing revealed that 56.61% of the landslides were significantly located near the top of a mountain or on flat areas of steep slopes. Concave curvature developed in 24.74% of the landslides, and the landslides below the cliff accounted for 18.65%. Hence, mountainous areas were the most important topography for rainfall-induced landslides in Wenzhou City.
[image: Figure 5]FIGURE 5 | Relationship between landslide distribution, elevation, and elevation difference. (A) Elevation of initiation area and (B) elevation difference between initiation and accumulation areas.
Due to the rainfall distribution affects on landslide occurrence, it is common in this region for landslide density to be especially high in certain areas. Table 1 reveals the density of landslide episodes triggered by different typhoon events between 1999 and 2016. It can be seen that although the period is quite long, most landslides occurred only for a few days, which meant that the overall stability conditions in the region were good in the absence of excessive precipitation. For example, typhoon Haima triggered more than 200 landslides, a high density of 6.4/km2, but only for a few hours. The number of landslides in that single event comprises more than 70% of the rainfall-triggered landslides in the region over the past 30 years. Moreover, because typhoon rainfall often shows a peak value in a small area, which is significantly higher than in other regions, landslides triggered by such an event are mostly distributed only in this small region (Dahal et al., 2009; Nolasco-Javier et al., 2015). Thus, typhoon Haima only caused slope failure in Ruian County because this region had the highest rainfall (Table 1).
TABLE 1 | Statistics on density and duration of typhoon-triggered landslides in the region.
[image: Table 1]3.3 Other characteristics during landslide occurrences
3.3.1 Small-scale landslides with severe damage
According to available data on volumes of rainfall-induced landslides, more than 80% of landslides in the region were characterized as small-scale in volume (less than 104 m3). The average duration of a landslide was 10 to 20 min and the mean width was between 5 and 10 m. The rainfall-induced landslide with the largest volume so far was the debris-flow event in Yongjia in September 1999, which had a volume of 2×105 m3 (Figure 6). However, rainfall-induced debris flows mostly occurred in the middle and upper parts of steep slopes. Under these conditions, there was considerable potential energy because of the large height difference between the initiation area and the bottom of the channel. The debris-flow moved downwards rapidly from the high initiation site under the action of potential energy and mixed with a large amount of rock, soil, and vegetation to form a heavy debris flow in the channel, destroying vegetation, buildings, and other structures along the way. Because of the large amount of precipitation, the run-out distance and velocity in the channel may also be large, which poses a dangerous hazard to residents and properties. For example, on 1 September 2005, under the influence of typhoon Talim, a debris flow with an area of ∼3000 m3 occurred in Shimen Village of Wencheng County, which caused five deaths, two injuries, and damaged seven houses. The total direct economic loss caused by this damage exceeded one million RMB. The total run-out distance of this debris flow was approximately 1 km, during which the maximum velocity reached ∼3 m/s.
[image: Figure 6]FIGURE 6 | Debris flow occurrence in September 1999 in Yongjia of Wenzhou.
3.3.2 Disaster chain reactions
According to filed surveys and detailed landslide reports provided by local authorities, we found that the geohazards in the study area showed obvious disaster chain reactions, which means that landslides generally occur together with other kinds of disasters. For example, extreme rainfall causes flooding as well as landslides. The slope instability provides material sources, which can trigger debris flow in the channel by combining with floodwaters. A typical disaster chain triggered by heavy rainfall in the study area mainly included three types: (1) debris flow in the channel due to landslide initiation, (2) Earth flow along the slope surface caused by slope instability (Figure 7A), and (3) a debris flow that slides into a river causing a tsunami and landslide dam (Figure 7B).
[image: Figure 7]FIGURE 7 | Two types of disaster chain in the study area. (A) Earth flow on the slope surface from slope instability and (B) landslide dam caused by debris flow into a river.
4 DISCUSSION
In this study, a detailed typhoon rainfall-triggered landslide inventory was obtained by manual visual interpretation of remote-sensing images and fieldwork. Seven typical typhoon events in the past 17 years have caused serious landslide disasters. The temporo-spatial landslide inventory characteristics indicated that the prevalence of typhoon rainfall-triggered landslides in the area was highly consistent with the distribution of rainfall intensity, and events were clustered in hilly areas. The spatial characteristics of the topography were strongly correlated with the probability that a landslide would occur. The hilly area in the western part of the study area proved to be a hotspot for the occurrence of rainfall landslides. It can be seen in Figure 2 that the landslides were mainly concentrated in the western mountainous part of the study area, while almost no landslides occurred in the flat terrain along the eastern coast even though it experienced the same typhoon events. In addition, sloping terrain facilitated the convergence of rainfall, making landslides more likely.
An interesting phenomenon during typhoon rainfall is the short lag time of typhoon rainfall-triggered landslides. According to the research of Naidu et al. (2018) and Medina et al. (2021), the antecedent rainfall has a great influence on the stability of shallow landslides. Through many field tests and numerical simulations, it was shown that this hydrological effect could greatly decrease soil pore pressure and effective stresses (Rahardjo et al., 2008; Rahimi et al., 2011). Because of the Asian monsoon climate, the typhoon-prone season in the study area coincided with the local rainy season to a large extent. This meant that the study area experienced heavy rainfall before the onset of typhoon rainfall. The infiltration of a large amount of rainfall greatly replenishes the groundwater, and the soil moisture content was relatively high during this period (Wang et al., 2017; Yin et al., 2022). Therefore, a large rainfall event caused the slip surface to saturate in a relatively short period of time (Xu et al., 2016), and the slope may fail in the short-term under typhoon-related heavy rains.
Due to the limitations of landslide inventory production, it is difficult to determine the specific time that a landslide occurred. Further analysis based on a process-based approach to establish a reliable and robust relationship between hourly rainfall intensity and duration and the occurrence of landslides has been limited (Gabet et al., 2004). Considering the difficulty of obtaining detailed rainfall data on a regional scale, the resolution of rainfall data in this study was days. But, more detailed rainfall data with higher resolution such as hourly rainfall data would be more helpful for analyzing the occurrence of rainfall-induced landslides (Kirschbaum et al., 2009). Hence, considering the application of remote sensing rainfall instruments with various multitemporal and spatial resolutions in the future has excellent prospects for identifying rainfall-induced landslide characteristics (Kocaman et al., 2020; Tseng et al., 2020).
5 CONCLUSION
Rainfall-triggered landslides are the most important geohazard in the Zhejiang province of China. This study generated a landslide inventory that revealed for the first time the landslides triggered by typhoon rainfall events between 1999 and 2016 in Wenzhou City of Zhejiang province. Among the total 1450 landslides, more than 80% were debris flows. The landslide distribution was spatially heterogeneous with most landslides occurring in the western part of the region, which has a higher elevation than the eastern part. Landslides located in the area with elevations ranging from 400 to 1000 m comprised 77.97% of the total, and more than 55% of landslides occurred at elevation differences larger than 100 m. More than 70% of landslides occurred during the period from July to September due to the rainy season related to the Asia monsoon. Although the majority of landslides had small volumes in the range of hundreds of cubic meters, the damage caused may be greater because of large elevation differences and long run-out distances. Because precipitation during a typhoon is commonly extreme, the initiation area of most landslides coincided with the region of highest hourly precipitation along the typhoon’s path. Moreover, the disaster chain effect is another characteristic of landslides in Wenzhou City, where landslides commonly occurred together with other disasters resulting in greater harm to residents and damage to property. Our results contribute to the understanding of the mechanisms of regional rainfall-induced landslides and also can provide references and guidelines for developing early warnings for imminent landslide potential and risk reduction in similar contexts.
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An Ms6.4 earthquake occurred on 21 May 2021 in Yangbi County, Yunnan Province, located in the strong earthquake hazard zone, the border of the Sichuan-Yunnan rhomb block, southeast Tibetan Plateau, causing severe loss of life and property. Adequate research on the distribution characteristics and seismotectonic mechanisms of seismic chain-generated hazards in the region is meaningful for mitigating seismic hazard risks. In this paper, based on the interpretation of remote sensing satellite images and the analysis on GeoScene platform, we compile a detailed inventory of landslides induced by the Yangbi earthquake and analyze the correlation of their spatial distribution with the influence factors. The results show that 95 landslides were interpreted, and their spatial distribution is correlated to the topographic, seismic and geological factors. Statistically, the landslide number and mobility increase with the slope angle; the south- and southeast-facing slopes and weaker metamorphic rocks are more prone to landslides; the higher the seismic intensity, the larger the density and scale of landslides. Furthermore, the development of the landslides is not only influenced by the Ms6.4 mainshock, but also by the Ms5.6 foreshock, which is significantly correlated with the size of landslides. Notably, the long axis of the landslide distribution area is in NW-SE direction, which is nearly parallel to the strike of the Weixi-Qiaohou-Weishan fault zone (WQWF). The landslides are mainly distributed in the southwest wall and southeast section of the fault. The landslide number and density unstably decrease with the vertical distance from the fault with many fluctuations. Combined with the previous studies, two possible seismogenic structure models are inferred. One model is a parallel secondary fault of the WQWF, Another one is a flower structure in the southwest wall of the WQWF. Both models are mainly characterized by right-lateral strike slip with a small normal-fault component. Additionally, the seismic rupture propagated mainly to the southeast along the seismogenic fault in the subsurface without surface rupture.
Keywords: Yangbi earthquake, landslide inventory, spatial distribution, influence factors, seismogenic fault
1 INTRODUCTION
On 21 May 2021, at 21:48 (Beijing time), an Ms6.4 earthquake occurred in Yangbi County, Yunnan Province, China (hereafter called “Yangbi earthquake”), with the epicenter at 99.87°E, 25.67°N, and the source depth of 8 km (CENC, http://www.cenc.ac.cn). This earthquake is another devastating earthquake that occurred at the border of the Sichuan-Yunnan rhomb block following the 2014 Ludian Ms6.5 and Jinggu Ms6.6 earthquakes (Figure 1B), causing more than 30 deaths and injuries, 92 house collapses, 13,090 house damages, and damage to other infrastructures (Yang et al., 2021). The region is the southeastern bend of the Tethys-Himalayan tectonic system, where the crust undergoes clockwise rotational motion, and there is a channel of material extrusion from the Qinghai-Tibet Plateau to the southeast (Gan et al., 2022). The complex tectonic environment there attractsexcellent concerns for strong earthquakes. Therefore, it is necessary to conduct sufficient research on the earthquake mechanism and the distribution characteristics of earthquake chain-generated geological hazards in the region to provide guidance and a basis for earthquake hazard risk mitigation.
[image: Figure 1]FIGURE 1 | Maps showing the tectonic setting of the 2021 Yangbi earthquake. (A) The simplified tectonic map of Tibetan plateau and adjacent regions. (B) The tectonic setting and historical earthquakes (Ms>5) of Sichuan-Yunnan rhomb block in the southeastern margin of Tibetan Plateau.
Recently, many scholars have studied the deep tectonic background and seismogenic mechanism of the Yangbi earthquake through field investigation, geomagnetic, and seismic sequence, etc. (Li et al., 2021, 2022; Yang et al., 2021; Liu et al., 2021; Long et al., 2021; Ye et al., 2021; Liu X et al., 2022; Liu et al., 2022). Since no apparent surface rupture phenomenon was found during the earthquake fieldwork (Li et al., 2021), there are some difficulties in understanding the seismogenic structure. Based on the above methods, most studies tentatively concluded that the seismogenic structure was a parallel associated fault or a hidden branch of the Weixi-Qiaohou-Weishan fault (WQWF, Figure 2; Liu et al., 2021; Yang et al., 2021). However, it is still controversial to determine the seismogenic structure (Li et al., 2021; Lei et al., 2021; Su et al., 2021; Wang et al., 2021). For example, Wang et al. (2021) suggested the Caoping fault that was reversed and left-lateral strike-slip at an early stage, and Li et al. (2021) proposed the newer Yanke-Shahe fault. It needs to be verified with more evidence.
[image: Figure 2]FIGURE 2 | Map showing the distribution of faults, seismic intensity, and co-seismic landslides in the 2021 Yangbi earthquake area.
Co-seismic landslides are a kind of surface change during earthquakes, which are caused by strong shaking or obvious surface deformation generated by earthquakes. Therefore, the spatial distribution of co-seismic landslides often shows a close correlation with the earthquake epicenter and seismogenic structures that release seismic energy (Keefer 2000; Mahdavifar et al., 2006; Meunier et al., 2013; Xu et al., 2014; Gorum et al., 2014; Valagussa et al., 2019). For instance, there is a negative relation between the distance to the epicenter and the landslide number (Papadopoulos and Plessa 2000). Landslides often symmetrically distribute on both sides of a strike-slip seismogenic fault (Gorum et al., 2014), and mainly occur on the hanging wall of an oblique-slip seismogenic fault (Tatard and Grasso, 2013; Xu et al., 2014), and are more scattered in the vicinity of a blind seismogenic fault (Xu, 2014). Accordingly, the data on the spatial distribution pattern of co-seismic landslides, including the number, density, and scale of landslides, is essential for understanding the seismogenic mechanisms. Co-seismic landslides are also a fundamental cause of human casualties and building damage in earthquakes. Their formation and distribution are influenced by multiple factors such as topography (elevation, aspect, slope angle, curvature), seismic parameters, slope materials (soil cover and lithology), hydrology, geomorphology, and land use (Gorum et al., 2011; Xu C. et al., 2014; Tanyaş et al., 2017; Roback et al., 2018; Tanyaş et al., 2019; Shao and Xu 2022). Mapping of landslides and their statistical studies (Huang et al., 2020a; Chang et al., 2020; Huang et al., 2022) and landslide susceptibility models that consider different influence factors are also useful for our understanding of landslide hazard risk (Jiang et al., 2018; Huang et al., 2020b; Huang et al., 2020c; Chang et al., 2022). A detailed understanding of the multi-factor interplayed causal mechanisms of co-seismic landslides in this high-risk seismic region of western Yunnan is essential for the future mitigation of the seismic chain-generated hazards. However, there are few studies on the Yangbi earthquake-triggered landslides. Zhou et al. (2022) only studied the characteristics and failure mechanisms of landslides along the highway in the Yangbi earthquake, without the landslide distribution characteristics in the whole seismic area.
In this paper, a Yangbi earthquake-triggered landslide inventory is compiled based on an online interpretation of satellite images. The spatial distribution characteristics of these landslides in the classifications of multiple factors, including topography factors (relief, slope, aspect, curvature), geology factors (strata, faults), and earthquakes factors (epicenter, intensity, co-seismic deformation), are described by parameters such as landslide number, landslide number density, and average area of landslides. Finally, we analyze the correlation between these factors and landslide distribution and discuss the tectonic mechanism of the Yangbi earthquake according to the distribution pattern of co-seismic landslides and the results of previous studies.
2 TECTONIC SETTING
The Ms6.4 earthquake occurred in Yangbi County, Dali Prefecture, Yunnan Province on 21 May 2021 (99.87ºE, 25.67ºN). Tectonically, the earthquake is located at the southeastern margin of the Tibetan Plateau, the western boundary of the Sichuan-Yunnan rhombic block, and near the west side of the Red River fault (Figure 1), which is a discrete zone extruding from the Tibetan Plateau to the southeast (Yang et al., 2021; Long et al., 2021). The Sichuan-Yunnan rhombic block is blocked by the South China block and escapes to the SSE (Figure 1), which is the most active block with vigorous seismotectonic activity (Wang et al., 200L; Zhang et al., 2004; Shen et al., 2005; Deng et al., 2014).
The large-scale fault zones in the adjacent area of the earthquake are intertwined, including the Nujiang fault and Lancangjiang fault in the near SN direction, the Jinshajiang fault and the Red River fault in the NW direction, the Xiaojinhe-Lijiang fault and the Nantinghe fault in the NE direction, etc. (Figure 1B; Xu et al., 2014; Li et al., 2021). Among them, the Red River fault is a large right-lateral strike-slip shear zone at the southwest boundary of the Sichuan-Yunnan block, which plays a vital role in the evolution of the crust and intracontinental tectonic deformation in the region (Tapponnier et al., 1990, 2001; Leloup et al., 1995). Its slip rate is about 5 mm/a in the late Quaternary, and several strong earthquakes of magnitude ∼7 have occurred along this fault (Tapponnier et al., 1990; Leloup et al., 1995; Tapponnier et al., 2001). The WQWF is located on the west side of the Red River fault, a known fault closest to the Yangbi earthquake (Figures 1, 2). It is connected to the Jinshajiang fault in the north and the Red River fault in the south, and shows prominent right-lateral strike-slip characteristics in the late Quaternary, which is in line with the Red River fault zone in some scholars’ opinion due to their same movement characteristics (Ren et al., 2007; Chang et al., 2014, 2016). The WQWF is mainly NNW-SSE trending and dips to the southwest with a steep dip angle. It starts from Baijixun region at the eastern foot of the Xuelong Mountains in the north, going southeastward through Weixi, Tongdian, Qiaohou, and ending at the southern end of the Weishan Basin, with a length of about 280 km (Figure 2). Longitudinally, the WQWF can be divided into the northern, middle, and southern sections with bounds of Yushichang and Pingpo. The north and central sections are mainly right-lateral strike-slip during the Neotectonic period, while the southern section (Weishan Basin section) is primarily a normal-fault movement characteristic. Laterally, it can be divided into two branches: the eastern branch connects with the Red River fault zone through Damaidi, and the western branch extends to the Weishan area (Li et al., 2021).
Although the magnitudes of most historical earthquakes along the WQWF are less than five, some moderate-strong earthquakes occurred in the study area, such as the 1948 M6.25 earthquake at Jianchuanshanglan (Chang et al., 2016), 2013 Ms5.5 Eryuan earthquake (Zhao and Fu, 2014), 2016 Ms5.0 Yunlong earthquake (Jiang et al., 2019), and 2017 Ms5.1 Yangbi earthquake (Pan et al., 2019). Additionally, some scholars have uncovered paleoseismic remains in the vicinity of Tongdian Basin and Yushichang, indicating that the WQWF has been ruptured to the surface several times by strong seismic events since the late Pleistocene (Chang et al., 2018). These earthquakes prove that the WQWF has been active, and the distribution of historical earthquakes shows that the central part of the fault is more active (Figure 1B). The highest seismic intensity of this earthquake is VIII degree, and the area above the VI degree zone is about 6600 km2, involving 6 counties and cities in Dali Prefecture, with a long axis of NNW-SSE direction (Figure 2; Yunnan Earthquake Bureau, 2021).
3 DATA AND METHODS
A detailed and complete co-seismic landslide database is significant for studying their spatial distribution pattern, hazard risk assessment, and seismic mechanism (Keefer, 2002; Khattak et al., 2010; Dai et al., 2011; Harp et al., 2011; Xu et al., 2014; Fan et al., 2019; Xu and Xu, 2021). In this work, we compared the Planet satellite image data (with a resolution of 3 m) before and after the earthquake. The pre-quake images were acquired in April 2021, and post-quake images were acquired in Agust, 2021, which were the most available images to distinguish the coseismic landslides effectively. The images closer to the occurrence time of the Yangbi earthquake were covered by a large area of clouds. We identified co-seismic landslides based on the differences in information such as color, texture, and vegetation cover of the images, as shown in Figure 3, with the development characteristics of landslides in the field (Xu, 2015). Polygons were used to outline the landslide boundary, which can indicate the landslide size (Harp and Jibson, 1995), and the point showing the center of gravity of each polygon was extracted to present the landslide location on GeoScene platform (Figure 3).
[image: Figure 3]FIGURE 3 | Two representative cases of landslides from interpretation by comparing post- and pre-earthquake satellite images. (A,B) The regional center is located at 99.871°E, 25.698°N. (C,D) The regional center is located at 99.968° E, 25.57°N. Pre-earthquake ones were acquired in April 2021, and post-earthquake ones in August 2020. Red lines and yellow dots respectively show the boundaries and locations of identified landslides.
This study analyzed the relationship between three influence factors (topographic, seismic, and geological) and the Yangbi earthquake-triggered landslides. Topographic factors include topographic relief, slope angle, slope direction (aspect), and slope curvature. These factors were extracted from the 30-m resolution ASTGTM digital elevation model (DEM) from Geospaial Data Cloud (http://www.gscloud.cn/sources/accessdata/310?pid=302). Topographic relief, the elevation difference between the target point and the lowest point in the study area, was divided into 10 categories with a spacing of 200 m. The slope angle is divided into 7 categories with a spacing of 10°. The aspect is divided into 9 categories: north, northeast, east, southeast, south, southwest, west, northwest and the flat area. Slope curvature is divided into 6 categories according to the degree of concavity and convexity. According to the seismic sequence records, this earthquake is a typical foreshock-mainshock-aftershock type event. The largest foreshock is the Ms5.6 earthquake which occurred 27 min before the mainshock, about 6 km away from the Ms6.4 mainshock epicenter (Liu et al., 2021; Long et al., 2021). The seismic factors include the seismic intensity, the co-seismic deformation, the distance from the Yangbi mainshock’s epicenter, the distance from the epicenter of the Ms5.6 foreshock and the combined effect of both earthquakes.The seismic intensity data were provided by Earthquake Administration of Yunnan Province (http://www.yndzj.gov.cn/). The locations of epicenters reported by China Earthquake Networks Center (https://news.ceic.ac.cn/; Yang et al., 2021) were used. The data of the co-seismic deformation were obtain from (Liu et al., 2022). Stratigraphic lithology and the vertical and parallel distances of the nearest fault (WQWF) are considered as geological factors. The stratigraphic data were obtained in the 1:200,000 geologic map from National Geological Archives of China (http://www.ngac.org.cn/DataSpecial/geomap.html), and the fault locations were taken from the national distribution map of active faults (Deng et al., 2003). The distances from the epicenters and fault are classified at 2 km intervals. The stratigraphy of the study area includes five chronostratigraphic strata, namely the Quaternary, Tertiary, Cretaceous, Jurassic and Triassic.
The maximum intensity of this earthquake is VIII degrees on the Chinese seismic intensity scale, and the co-seismic landslides are distributed in VII- and VIII-degrees zones (Figure 2). In this paper, two intensity zones, VII and VIII, are selected as the study area to carry out the analysis of the spatial distribution pattern of co-seismic landslides. We used the parameters, such as the area of each factor classification (CA), landslide number (LN), landslide number density (LND=LN/CA), and average landslide area (ALA=TLA/LN, TLA is the total landslides area) to analyze the spatial distribution of co-seismic landslides in each factor classifications. In addition, the difference between the highest and lowest elevation of each landslide boundary (H) and the farthest horizontal distance between such two points (L) was obtained in this study. The L is calculated by the longitude (X) and latitude (Y) of two points, as shown in the Eq. 1. Based on the landslide mobility index (H/L), the mobility of the Yangbi earthquake-triggered landslides was analyzed. Finally, we summarized the controlling factors that have a strong influence on the landslide distribution and discussed the seismogenic faults and mechanism through the landslide distribution characteristics.
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where R is the radius of the Earth, and Pi is the circular constant.
4 DISTRIBUTION CHARACTERISTICS OF CO-SEISMIC LANDSLIDES
4.1 Landslide inventory
The results of the interpretation show that the landslides triggered by the Yangbi earthquake are mainly distributed in the VII-VIII seismic intensity zone, which is the area affected by the co-seismic landslides with an area of about 1,105 km2 (Figure 2). The overall long axis of the distribution zone is in the NW-SE direction, which is consistent with the long axis of the seismic intensity contour (Figure 2). According to the relationship between the area affected by co-seismic landslide and earthquake magnitude suggested by Keefer (1984) and Rodriguez et al. (1999), most earthquake events are located below the given envelopes (the solid black line and dotted line in Figure 4). The Yangbi earthquake also conforms to this rule (Figure 4A). A total of 95 co-seismic landslides were identified in the region, with a total area of about 0.1 km2. The area of these landslides ranges from 166.3 m2 to 3489.6 m2, and the average area of each landslide is about 999.5 m2. Among them, 38 landslides are greater than 1000 m2 in area. According to the relationship between landslide number and the earthquake magnitude proposed by Keefer (2002), the number of landslides induced by the Yangbi earthquake is relatively smaller than earthquakes of the same magnitude. It lies below the fitted line (Figure 4B). However, the logarithmic relationship between the area (A) and the number (N) of co-seismic landslides with an area less than A (Xu et al., 2014; Xu et al., 2015) can ideally be expressed as lgN = a × lgA + b (a and b are coefficients), which illustrates the completeness of the co-seismic landslide inventory. Figure 5 demonstrates the relationship between the cumulative number (N) of Yangbi earthquake-triggered landslides and the area (A) of a single landslide. The fit relationship of all values on the logarithmic axis is consistent with the ideal state, with coefficients a and b of −1.1946 and 5.0195, respectively. The fit line’s coefficient of determination (R2) is as high as 0.83, indicating that the catalogs of Yangbi earthquake-triggered landslides are relatively complete. The R2 of the landslides with area more than 500 m2 is up to 0.93. The closer R2 is to 1, the higher the fit is and the more complete the compiled landslides are. The results indicate that some small-scale landslides were not identified, probably due to the constraint of satellite image resolution.
[image: Figure 4]FIGURE 4 | Correlations between earthquake magnitude (Mw) and co-seismic landslide distribution (affected) area (A) and the landslide number (B). The cases shown by black circles references Keefer (1984, 2002), Rodriguez et al. (1999), Xu and Xu (2014) and He et al. (2021).
[image: Figure 5]FIGURE 5 | Correlation between the cumulative landslide number and the landslide area related to the Yangbi earthquake.
4.2 Distribution of landslides in classifications of influence factors
4.2.1 Topographical factors
The maximum topographic relief in the study area is 2,355 m, but there are fewer areas with relief of more than 1800 m. The relief of most of the area is mainly 600–1,200 m (Figures 6A,B). There are the largest landslide number and number densities and relatively larger average landslide area in the area with the relief 600–800 m. The largest average landslide area is in the region with the relief of 1,600–1800 m (Figure 6B). No landslide occurred in the area with relief of 0–200 m and above 1800 m due to the small area. Overall, there is no apparent rule between relief and landslide distribution.
[image: Figure 6]FIGURE 6 | The landslide distribution in classifications of topographical factors (left) and their correlations (right). (A,B) Topographic relief. (C,D) Slope angle. (E,F) Slope aspect. (G,H) Slope curvature. LN: Landslide number; LND: landslide number density; CA: classification area; ALA: average landslide area.
The slope angle range is 0–70.9° in the study area. The area with a slope angle of 10–30° is dominant, while the area with a slope angle more significant than 60° only accounts for 0.04% of the whole area, so the number of landslides in the area of 10–30° is the largest. In comparison, no landslides occur in the area above 60° (Figures 6C,D). As shown in Figure 6D, the landslide density in the study area increases with the slope angle except for the area above 60°. Still, the average landslide area in the area with a slope angle of less than 10° is the largest. It shows that the larger the slope angle is, the more likely the co-seismic landslide will occur. Although the low-angle slope is not prone to landslides, the scale of landslides will be more significant once it occurs.
The area of classifications of aspects in the study area is relatively average, and that of the flat surface is small, where there is no landslide (Figures 6E,F). The peaks of LN and LND occur on the south and southeast-facing slopes, while the peak of ALA is on the slopes facing north (Figures 6E,F). It indicates that the co-seismic landslides mainly occur on the slopes facing south and southeast, and there are fewer landslides on the north-facing slopes, but with a larger average landslide area.
Slope curvature may also affect landslide distribution. A negative curvature indicates a concave slope and a positive curvature indicates a convex slope. A slope with zero or near zero curvature is a flat slope. As shown in Figures 6G,H, most of the slopes in the study area are relatively flat (curvature of -1 to 1), and most landslides occur on this type of slope. Slope areas with greater concavity are small, where only a few landslides arise, but their landslide density or average size is occasionally larger. There is no significant positive or negative correlation between the distribution of landslides and the slope curvature.
4.2.2 Seismic factors
Figure 7 shows the relationship between the distribution of landslides and the distance from the epicenters of the Yangbi mainshock and foreshock. Most landslides occurred in the area with a distance of 10–20 km from the mainshock epicenter, but the average landslide area in this area was smaller than those in other areas (Figures 7A,B). No landslides occurred in the area with a distance less than 2 km from the mainshock, and the landslide number density is most significant in the area with a distance of 2–4 km (Figure 7B). If the foreshock epicenter is centered, the landslides are mainly concentrated in the range of 16 km, during which there are several peaks of LN and LND, and the average landslide area in the area within 6 km is larger (Figures 7C,D). Combining the mainshock and foreshock epicenters, we found that the LN and LND show multi-peak characteristics, occurring at the zones of 2–4 km, 6–8 km, and 12–14 km, respectively, but the size of landslides (ALA) generally show a trend of decreasing with the increase of the distance from epicenters (Figures 7E,F). The above analysis shows that the development of the co-seismic landslides in the Yangbi earthquake is not only related to the location of the mainshock epicenter, but also influenced by the location of the foreshock epicenter, and the foreshock especially is related to the size of the landslides.
[image: Figure 7]FIGURE 7 | The correlations between landslide distribution and the distance to epicenters of mainshock and foreshock of the Yangbi earthquake. (A,B) The Ms 6.4 mainshock. (C,D) The Ms 5.6 foreshock. (E,F) The combination of the mainshock and foreshock. LN: Landslide number; LND: landslide number density; CA: classification area; ALA: average landslide area.
The relationship between the Yangbi earthquake intensity and the scale or number of landslides is evident in from Figures 8A,B. The maximum seismic intensity is VIII degree, and the area of the VIII-degree zone is 170.17 km2. The area of the VII-degree intensity zone is 935.25 km2, accounting for 84.60% of the total area of the study area. Although the number of landslides in the VII-degree intensity zone is more significant than that in the VIII-degree intensity zone, the landslide density and scale are smaller (Figures 8A,B). It can be concluded that the distribution characteristics of Yangbi earthquake-induced landslides conform to the relationship between co-seismic landslides and seismic intensity: the greater the intensity is, the more prone landslides occur, and the larger the scale of landslides is.
[image: Figure 8]FIGURE 8 | The correlations between landslide distribution and the seismic intensity (A,B), co-seismic deformation (C,D), and regional stratigraphy (E,F). LN: Landslide number; LND: landslide number density; CA: classification area; ALA: average landslide area.
We compare the coseismic deformation and the landslide distribution in Figures 8C,D. The InSAR coseismic displacement field is characterized by a double-lobe pattern with a peak of ∼9 cm (Figure 8C, Liu et al., 2022). More landslides are located at the southeast deformation lobe and the peaks of the LN and LND appears in the area with the displacement of 1–2 cm (Figure 8D). Notably, the size of deformation affects the size of landslide. The larger the deformation is, the larger the average landslide area generally is (Figure 8D).
4.2.3 Geological factors
As shown in Figures 8E,F, the area of Jurassic strata is the largest in the study area, but the number of landslides is not the largest there. The Jurassic strata are mainly composed of mudstone, sandstone and conglomerate, interspersed with marl and andesite. The LN and LND are the largest in the Triassic (Figures 8E,F), consisting mainly of mudstones, siltstones, tuffs, dolomites, and metamorphic rocks such as metamorphic mudstones, gneisses, and schists. Although the number of landslides in the Tertiary is small, its average landslide area is the most significant (Figures 8E,F). The Tertiary is also mainly mudstone, sandstone and conglomerate, but its consolidation degree is lower than that of Jurassic and Triassic. The lithology of the Cretaceous is especially metamorphic rocks, such as quartzite, slate, micrite, schist, dacite, etc. The LND of this formation is second only following the Triassic, but the ALA is relatively more minor (Figures 8E,F). There are fewer Quaternary strata in the study area, and the number and scale of landslides are small (Figures 8E,F).
Figures 9A,B show the distribution of landslides in the parallel zones of the WQWF. This fault zone consists of several parallel secondary faults, located within the strips of 22–26 km (Figures 9A,B). The landslides are mainly distributed in the southwest wall of the WQWF, and the relatively larger peaks of LN and LND occur in the southwest boundary zone and within 2 km to the northeast (i.e. the strip of 26–28 km) of the WQWF (Figure 9B). In the southwest wall, the LND generally decreases with increased vertical distance from the fault zone with multiple fluctuations (Figure 9B). However, the ALA is larger within the strips of 10–16 km, where the mainshock and foreshock epicenters are located (Figure 9B).
[image: Figure 9]FIGURE 9 | The correlations between landslide distribution and the Weixi-Qiaohou-Weishan fault (WQWF). (A,B) The vertical distance from the WQWF. (C,D) The parallel distance along the WQWF. LN: Landslide number; LND: landslide number density; CA: classification area; ALA: average landslide area.
The distribution of landslides in the vertical zones of the WQWF is shown in Figures 9C,D. Most landslides occur in the zones close to the epicenters, and more landslides are located in the southeast section of the fault (Figures 9C,D). The zone with the peak average landslide area is the region where the epicenter of the foreshock is located, and the average area of landslides distributed at both ends along the fault is also relatively larger (Figures 9C,D). This may be due to the stress concentration effect of the earthquake at the ends of the rupture zone.
4.3 Mobility indices of the landslides
Landslide mobility index (H/L) is a parameter that characterizes the movement capacity of landslides. The smaller the H/L, the stronger the movement capacity of landslides and vice versa. Figure 10 shows the relationship between the slope angle, the area of the landslides, and the H/L ratio. The slope angle of the landslide is taken from the slope angle of the point representing the center of gravity. The results show that the H/L value of most landslides is less than 1. The change of H/L is no obvious pattern with the area of landslides (Figure 10), which indicates that the horizontal slip distance of most landslides is more significant than their elevation difference, and the motility of these landslides is not well correlated with the scale of the landslides. Additionally, the high linear relationship between the H/L value and the tangent of the slope angle indicates that the slope angle of the landslide mainly determines the H/L value; the H/L value increases with the increase of the slope angle (Figure 10). The slope of the fitted line between the tangent of the slope angle and the H/L value is close to 1, which indicates that the motion pattern of the Yangbi earthquake-induced landslides fits well with the geometric triangle Pythagorean theorem of the slope.
[image: Figure 10]FIGURE 10 | Relationship between the slope angle and H/L. The circle size indicates the size of the landslide. The solid red line is the linear fitting line.
5 DISCUSSION
5.1 Effective controls on the Yangbi earthquake-triggered landslides distribution
Earthquake-induced landslides are mainly caused by seismic energy disturbing the ground surface. The responses of different topography, stratigraphy and faults to seismic energy vary, so the landslide distribution pattern is interactively controlled by seismic, topographic and geological factors, etc. (Gorum et al., 2011; Xu et al., 2014; Tanyaş et al., 2017; Roback et al., 2018; Tanyaş et al., 2019; Shao and Xu, 2022). According to the above results, slope angle and slope direction are the topographic factors that effectively influence the Yangbi earthquake-triggered landslides distribution (Figure 6). The slope angle is resonablely proportional to the susceptibility of co-seismic landslides in the Yangbi earthquake; the greater the slope angle, the more likely landslides will occur (Figures 6C,D). Additionally, the slope angle also affects the mobility of the landslide; the larger the slope angle, the larger the mobility of the landslide (Figure 10). It attributes to the steep slopes being less stable and prone to failure (Gorum et al., 2013; Xu et al., 2015), and the larger slope angle leads to a larger component of gravity on the slope, which results in a larger acceleration of the slider and an increase in slip distance. According to previous studies, the Yangbi earthquake rupture propagated mainly to the southeast direction with a southward deflection (Liu et al., 2021; Long et al., 2021), the co-seismic landslides occurred primarily in the slopes facing south and southeast (Figures 6E,F), showing a significant “back-slope effect”. It means that in the gully slopes nearly perpendicular to the seismogenic rupture zone, the density of landslide on the backslope side of the seismic wave propagation is significantly greater than that on the facing slope side (Figure 11A; Xu and Li, 2010). In other words, the slopes with the aspect same as the propagation direction of the seismic wave are more likely to collapse than slopes facing the source (Shao et al., 2022). This phenomenon has also been observed in other earthquake cases, such as the 1999 Chi-Chi earthquake in Taiwan (Liao and Lee, 2000), the 2005 Kashmir earthquake (Sato et al., 2007), and the 2008 Wenchuan earthquake (Dai et al., 2011). Based on the stress wave theory, Tang et al. (2009) suggested that the “back-slope effect” might be related to the spalling phenomenon caused by the multiplication of reflected stretching waves when the compressional waves encounter the free surface of the slope. Xu and Li (2010) concluded that the refraction and reflection of propagation of seismic waves within slopes during earthquakes resulting the change in stress within the slopes might be used to explain “back-slope effect".
[image: Figure 11]FIGURE 11 | (A) Schematic diagram of “back-slope effect” of co-seismic landslide. (B) The map showing the inferred locations of the seismogenic structure. (C) Model of the seismogenic structure showing a parallel secondary fault of the WQWF. (D) Model of the associated flower structure in the southwest wall of the WQWF. Both models are mainly chararistized by right-lateral strike slip with a small amount of normal-fault component. WQWF: Weixi-Qiaohou-Weishan fault.
In terms of seismic factors, it is clear that the distribution of Yangbi earthquake-induced landslides is related to the seismic intensity; the greater the seismic intensity, the stronger the seismic damage energy, the larger the possibility of landslides, and the larger the scale of landslides (Figures 8A,B). This is the same as the previous understanding (Xu et al., 2015; He et al., 2021). It has been shown that the distance from the epicenter is negatively correlated with the number of landslides (Papadopoulos and Plessa 2000). However, the number or density of landslides does not decrease strictly with the increase of the distance from the mainshock’s epicenter or the foreshock’s, and there were multiple fluctuations in the process (Figure 7). Interestingly, the average landslide area generally increases with decreasing distance from the foreshock epicenter (Figure 7D), which is attributed to the region near the foreshock epicenter. The area was strongly affected by the foreshock, becoming more vulnerable and then being disturbed again by the mainshock to form larger-scale landslides. This shows that the foreshocks and the mainshock interact to control the distribution of the co-seismic landslides jointly.
In addition, the Yangbi earthquake-triggered landslides mainly occurred in metamorphic rocks (Figures 8E,F). Generally, the strength of metamorphic rocks has decreased after long-term geological action, and the weaker the rock strength is, the more favorable the landslides are in the area (Xu et al., 2015). Notably, the effect of the WQWF on landslide distribution is critical to analyze the seismogenic structure, which is explained in detail below.
5.2 Indication of landslide distribution patterns on the seismogenic structure
The earthquake-triggered landslides are generally controlled by the seismogenic structure and are linearly distributed along the seismogenic fault (Keefer 2000; Mahdavifar et al., 2006; Xu et al., 2014; Gorum et al., 2014; Valagussa et al., 2019). The distribution characteristics of co-seismic landslides vary with different fault types. For example, strike-slip earthquake-induced landslides are symmetrically distributed on both sides of the seismogenic fault (Gorum et al., 2014; He et al., 2021). Oblique-slip earthquake-induced landslides are mainly distributed in the hanging wall of the fault (Tatard and Grasso, 2013; Xu et al., 2014). Earthquakes occurring in blind faults generally do not cause surface rupture, and the landslides induced by them are small in scale and scattered (Xu, 2014). The study results show that the long axis of Yangbi earthquake-induced landslide distribution area is about in the NW-SE direction, nearly parallel to the strike of the WQWF. The number and density of landslides in the neighboring strips on the west side of this fault zone are relatively larger and those are somewhat smaller except for the strip of 26–28 km on the east side of the WQWF (Figure 9B). Although there is a decreasing trend of the number and density of co-seismic landslides with increased vertical distance from the fault, there are more fluctuations (Figure 9B). Notably, the landslides are mainly distributed in the southwest wall of the fault. The landslides are asymmetric on both sides of the WQWF (Figure 9B). Combined with the feature that the landslides induced by a strike-slip earthquake is symmetrical on both sides of the seismogenic fault, the seismogenic structure is related to the WQWF, but is not the mapped main fault, and should be located in the west of the WQWF. The east limit of the seismogenic fault should be in the strip of 20–22 km according to the peaks of LND and LN (Figure 9B), shown with a red dotted line in Figure 11B. Li et al. (2022) used InSAR and GNSS observations to obtain co-seismic deformation and the inferred seismogenic fault, a secondary fault of the WQWF (the black dotted line in Figure 11B). The suspected seismogenic fault is about 10 km away from the WQWF. Through seismic sequence pinpointing, many studies showed that the Yangbi seismic sequence distributes along the NW-SE direction, which is approximately parallel to the WQWF with a distance of 3–10 km (Li et al., 2021; Long et al., 2021). Several studies show that the seismogenic fault dips to the southwest based on earthquake distribution (Long et al., 2021; Liu et al., 2022; Li et al., 2022; Zhang et al., 2022). According to the landslides are prone to occur on the hanging wall, the seismogenic fault should be moved eastward from the location inferred by Li et al. (2022) (Figure 11B). Therefore, we can infer one model that the Yangbi earthquake’s seismogenic fault is a parallel associated fault of the WQWF, with the NW-SE striking, dipping toward the southwest with a large dip angle (Figure 11C). This model is supported by many studies based on the aftershock distribution (Yang et al., 2021; Li et al., 2021a, b). The relatively scattered distribution of landslides can be attributed to the absence of surface rupture. That is, the seismogenic fault is a blind fault (Yang et al., 2021), which is consistent with surface deformation deficit in 0–3 km depth (Li et al., 2022). However, Liu et al. (2021) suggested that the strike-slip fault accompanied a negative flower tectonic system in the aftershock area. Two of its internal fractures were seismogenic structures of the Yangbi earthquake. This model is shown in Figure 11D, which can be supported by multiple fluctuations of LND in the parallel strips of the WQWF (Figure 9B). The study results of the foreshock sequence show the foreshocks can be grouped into several episodes, which occurred in different small or secondary faults of the WQWF, and these faults even dip to different directions (Liu et al., 2022; Zhou et al., 2022; Zhu et al., 2022). Long et al. (2021) proposed the southeast section is more complex with a relatively slow dip angle and several branching structures based on the aftershock distribution. These characteristics are consistent with those of the WQWF. Therefore, the flower structural model in the southwest wall of the WQWF is a possible explanation for complex co-seismic landslide distribution, aftershocks distribution, and foreshock sequences. In summary, under the premise of obeying the characteristic of dominated right-lateral strike slip with a small amount of tension component, both of the above seismogenic structure models are, can reasonably explain the intricate landslide distribution pattern and the distribution of foreshocks and aftershocks to a certain extent. The formation of such a structure may be related to the SE-directional slip of the Sichuan-Yunnan block and the clockwise rotation of the southwest Yunnan block.
Additionally, along the fault, more landslides are distributed in the southeast section of the fault, referring to the main earthquake epicenter (Figure 9D). It is inferred that the earthquake rupture mainly propagates toward the southeast direction. This inference is confirmed by the distribution of aftershocks and co-seismic deformation. The mainshock is located in the northwest end of the dense aftershock area, indicating that it unidirectionally ruptured in the southeast direction (Liu et al., 2021; Long et al., 2021). Li et al. (2022) and Liu et al. (2022) showed the most significant co-seismic deformation is located in the southeast section, where more landslides caused by the 2021 Yangbi earthquake occurred (Figures 8C,D). This may indicate the co-seismic deformation toward the southeast relates to the landslides.
6 CONCLUSION
1) Based on the interpretation of remote sensing satellite images, we compiled the most detailed and complete inventory available, including 95 landslides induced by the 2021 Yangbi earthquake in Yunnan, China. The distribution of co-seismic landslides in the Yangbi earthquake is influenced by multiple factors. The slope angle is not only proportional to the probability of landslide occurrence, but also proportional to the landslide mobility. Landslides are more likely to appear on the south- and southeast-facing slopes, showing a significant “back-slope effect”. Among the seismic factors, besides the seismic intensity, the distance from the epicenters of mainshock and foreshock also has an effect on the distribution of landslides. Significantly, the foreshock affects the size of the landslides. In addition, the landslides occurred mainly in the weaker metamorphic rocks and were closely related to the nearest WQWF system.
2) The long axis of the Yangbi earthquake-induced landslide distribution area is in the NW-SE direction, which is nearly parallel to the trending direction of the WQWF. The landslides are mainly distributed in the fault’s southwest wall. The number and density of landslides on west wall of the fault shows the overall trend of decline with the increase in vertical distance from the fault, but there are a lot of fluctuates. Combined with the previous studies, two models of the seismogenic structure of Yangbi earthquake can be inferred to explain the complex distribution pattern of the landslides. One is a parallel secondary fault of the WQWF, which is trending in the NW-SE direction Another one is the associated flower structure in the southwest wall of the WQWF. Both models are mainly right-lateral strike-slip with a small amount of normal-fault component. The landslides are mainly and relatively scattered in the southeast section of the seismogenic structure, which indicate the seismic rupture propagated mainly toward the southeast and was hidden under the surface without surface rupture.
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Due to the fact that the permeability coefficient of salinized frozen soil is difficult to measure through experimental test, this paper develops a model of the permeability coefficient of salinized frozen soil by using SFCC curves, which takes into account the effects of velocity slip on pore wall and seepage of unfrozen water film. This model is on the basis of capillary bundle model, and combines with phase diagram theory of water-salt binary system. For the silty clay from Qinghai-Tibet Plateau and silts from Onedia, the permeability coefficient fluctuation vs. temperature is calculated using the model. The estimated calculations of the permeability coefficient model were all found to be in good agreement with the experimental data by comparison. Additionally, the variation trend of permeability coefficient of NaCl, Na2SO4, and Na2CO3 type saline soils containing different salt contents is examined. The results indicate that before saline soils freeze, NaCl does not crystallize and thus has little impact on the permeability coefficient, whereas Na2SO4 and Na2CO3 both crystallize and block the pores, the permeability coefficient decreases with decreasing temperature. Once the saline soils have frozen, the freezing temperature has a larger impact on the permeability coefficient. During the early stage of freezing, the lower the freezing temperature is, the larger the permeability coefficient is. In the late stage of freezing, the permeability coefficients with various salt contents tended to be the same.
Keywords: permeability coefficient, unfrozen water content curve, velocity slip, unfrozen water film seepage, salinized frozen soil
1 INTRODUCTION
The distribution of frozen soil and saline soils in northwest and northeast China largely overlaps (Zhang et al., 2015; Wang et al., 2019), and the soils in this area are generally referred to as saline frozen soil and salinized frozen soil. Therefore, the salinized frozen soil contains the traits of saline and frozen soil soils, and the soil deformation is influenced by both salt and moisture. As a result, the infrastructure constructed in salinized frozen soil regions is extremely vulnerable to diseases, which are primarily brought on by salt expansion and freezing. The existing study (Bing et al., 2015; Lai et al., 2021) have shown that water migration plays an important role in the freezing and thawing of frozen soil and the salt swelling and dissolution of saline soils. Further, the permeability coefficient is a key factor affecting water migration, and thus it is an important influencing factor in the study of the frost damage mechanism of infrastructure in cold regions, whether in normal frozen soil or saline frozen soil. Besides, the permeability coefficient is also a crucial component in numerous numerical models of frozen soil, including the hydrothermal coupled model (Taylor and Luthin, 1978; Zhang et al., 2021a), the hydrothermal salt coupled model (Zhang et al., 2021b; Liu et al., 2021), the hydrothermal force coupled model (Deng et al., 2021), and the hydrothermal salt force coupled model (Xu, 2021).
There have been relatively few researches conducted on the permeability coefficient of saline frozen soil, but researchers made some progress in the permeability coefficient of frozen soil. The studies are concentrated on two key points as follows: the first one is, experiments were used to directly quantify the permeability coefficient of frozen soil. In 1976, Burt and Williams (Burt and Williams, 1976) employed lactose solution for the first time to measure the head difference between two places and the flux in order to determine the permeability coefficient of frozen soil. After that, the most used method for indirectly determining the permeability coefficient of frozen soil is the seepage of antifreeze solution in the soil (Andersland et al., 1996; Tokoro et al., 2010; Watanabe and Osada, 2016). However, the experiments are difficult and the errors are large because the seepage flow is too small to be measured by weighing. The second one is, using empirical formulas to predict the permeability coefficient, and to avoid the challenges of measuring the permeability coefficient in the laboratory, empirical formulas are frequently used to predict the permeability coefficient of frozen soil. There are numerous formulas to describe the parameters of permeability coefficient, mostly including the variables saturation [image: image], unfrozen water content [image: image], matrix potential [image: image], and head [image: image] (Richards, 1931; Averjanov, 1950; Gardner, 1958; Davidson et al., 1969). These empirical formulas are made up of curve fitting parameters and saturation permeability coefficients, but because the function expressions and parameter values vary depending on the type of soil, no empirical formula or set of fitting parameters is applicable to all soil types.
In conclusion, due to the constraints of utilizing empirical formulas, it is challenging to measure the permeability coefficients of frozen soil soils by experimental methods, and the permeability coefficients of salinized frozen soil are rarely reported. In this paper, starting from the thermodynamic theory of water film at the ice-water interface on the surface of soil particles and Gibbs-Thomson equation, a theoretical model of frozen soil permeability coefficient is proposed by using Navier-Stokes equation and Hagen-Poiseuille equation, which combines with the soil SFCC curve and based on the obtained unfrozen water film thickness of frozen pores and the critical radius of unfrozen pores. Besides, experimental tests are used to confirm the validity of the present model. To further develop the precast ability of the proposed model, the solution phase diagram of the water-salt binary system was used to analyze the effect of salt crystallization in the soil pores prior to freezing on the permeability coefficient of frozen soil, and the permeability coefficient model of salinized frozen soil is established by modifying the permeability coefficient model of frozen soil.
In the salt freezing swelling model, the permeability coefficient is a key parameter to analyze the amount of water and salt migration and accumulation, which is conducive to accurately predict the deformation of salinized frozen soil. Therefore, it is significant to obtain the permeability coefficient change during the cooling process. The model in this article effectively combines unfrozen water, temperature, and permeability coefficient and can be used to analyze the relationship between permeability coefficient and temperature. It also provides key model parameters for the study of the salt freezing swelling model and serves as a guidance and reference for projects aimed at preventing salt freezing swelling in cold areas (Peng et al., 2021; Peng et al., 2022).
2 MODEL ESTABLISHMENT OF THE PERMEABILITY COEFFICIENT OF SALINE FROZEN SOIL
In the study of water diffusion and seepage in porous media, the capillary bundle model, a standard model to represent the internal pore structure of porous media, is crucial. The Hagen-Poiseuille equation and the Navier-Stokes equation serve as the foundation for this model. Based on the experimentally determined frozen soil SFCC curve, and considering the influence of the pore wall and unfrozen water film on water seepage in frozen soil, the permeability coefficient of saturated frozen soil is deduced as a function of initial water content and temperature.
2.1 Capillary seepage in frozen soil
The pores in soil are viewed as a network of vertical capillary tubes. The water flow in the capillary can be characterized as a laminar flow with a parabolic flow velocity distribution since the soil water percolates slowly. Without taking into account the slip of water on the pore wall, the flow velocity distribution of water passing through a capillary pore with the radius of R and length of H under pressure gradient [image: image] is
[image: image]
At the radius of r, the micro ring flow of the width of dr is [image: image]. The Hagen-Poiseuille equation can be deduced from the integration of the section from 0 to R in the r direction, and the sectional total flux calculated by this equation is:
[image: image]
where q is the total flow of water in a capillary tube of radius R; [image: image] is the viscosity of volumetric water, which is a function of temperature (Thomas and Sansom, 1995) and can be represented as [image: image].
Due to the velocity slip phenomena, as seen in Figure 1, the liquid velocity in the capillary channel close to the wall is not zero, [image: image] at [image: image]. Additionally, the function [image: image] is no longer usable at negative temperatures and narrow capillary tube diameters, therefore effective viscosity is used instead [image: image]. When the combined water slip length [image: image] on the pore wall are taken into account, the flow velocity distribution and water flow rate are (Holt et al., 2006)
[image: image]
[image: image]
[image: Figure 1]FIGURE 1 | Distribution of capillary flow velocity (considering slip).
David M. Huang (Huang et al., 2008) measured the slip length of water flow wall at various contact angles, and found that the real slip length of water [image: image] can be described as the function of soil-water contact angle as follows:
[image: image]
At the same time, the critical thickness can be used to compute the effective viscosity [image: image] of water in frozen soil pores, which is dependent on the area of the interface zone and the bulk water viscosity (Thomas and Mcgaughey, 2008).
[image: image]
[image: image]
where [image: image] is the soil-water contact angle, [image: image] = 25°; C is a constant, C = .41; [image: image] is the viscosity of the fluid in the interface area, [image: image]; [image: image] is in a linear relationship with contact angle [image: image] (Wu et al., 2017), [image: image]; [image: image] is the soil-water contact area in the pore; [image: image] is the pore cross-sectional area; and [image: image] is the critical thickness of the pressured fluid.
An enhancement factor is introduced, which is defined as the ratio of the measured water flux to the water flux q when no slip is considered, to examine the impact of the velocity slip phenomena on the water flux.
[image: image]
As the curve shown in Figure 2, The pore radius is inversely related to the enhancement factor, and the smaller the pore, the larger the enhancement factor. When the pore radius is less than 100 nm, the trend of decreasing enhancement factor gradually accelerates, indicating that the effect of velocity slip on water flux gradually increases. Relevant researches indicate that soil pore with a radius of less than 100 nm make up more than half of all soil pores (Sasanian and Newson, 2013), thus it is crucial to account for effective water viscosity and the velocity slip phenomenon when calculating the soil seepage volume.
[image: Figure 2]FIGURE 2 | Pore radius variation versus enhancement factor.
2.2 Filtration in unfrozen water film of frozen soil soils
The fluid in large pore in the soil freezes when the temperature drops below the freezing point, but the water near the pore wall and in the small pore doesn’t freeze because of the surface tension on pore wall (van der Waals force). On this basis, the of pores can be divided into two categories: the frozen pores and unfrozen pores. Water film seepage not only includes the capillary seepage resulting from frozen pore, but also includes the water film seepage induced by frozen pore.
At temperature T, when a capillary tube is frozen with a radius of R, the film flow velocity distribution of unfrozen water calculated by the Navier-Stokes equation yields the following results (Watanabe and Flury, 2008; Ming et al., 2022)
[image: image]
Besides, in the r direction, the film seepage flux of unfrozen water [image: image] can be represented as the integration from [image: image] to R.
[image: image]
The following equation can be used to determine the thickness of unfrozen water film d (Dash et al., 1995; Ishizaki et al., 1996) and the connection between temperature T and pore radius R (Mitchell et al., 2008)
[image: image]
[image: image]
where, A is the Hamaker constant, [image: image]; [image: image] is the ice density, [image: image]; [image: image] is the latent heat of ice melting, [image: image]; [image: image] is the freezing temperature of soil, in [image: image], T is the soil temperature; [image: image] is the ice water interface energy, [image: image] =4.09×10−2 J/m2; and [image: image] is the ice nucleus radius, [image: image]. In order to visibly respond to the variations in magnitude of each, it is possible to calculate the ratio of water film seepage and capillary seepage.
[image: image]
A graph of the ratio of [image: image] for a capillary tube of radius R before and after freezing is depicted in Figure 3. As can be seen from the figure, as capillary diameter rises, the ratio gradually climbs to five orders of magnitude and still has a tendency to increase. This result indicates that under large tube diameter, the seepage capacity of an unfrozen water film is substantially less than the seepage capacity of unfrozen capillaries. But the seepage of unfrozen water is only 10 times as great when the tube diameter is small. Since small soil pores make up the majority of soil pores, it is important to take into account the film seepage of unfrozen water (Sasanian and Newson, 2013).
[image: Figure 3]FIGURE 3 | The relationship of the ratio and capillary tube radius.
2.3 Permeability coefficient model of frozen soil
As depicted in Figure 4, the pores in soil are simplified as capillary tubes with different radiuses. Using the SFCC curve (unfrozen water content is treated as a function of temperature T), it is assumed that the temperature interval [[image: image]] is divided into n equal parts, resulting in [image: image]. Then n temperature points are obtained by taking the midpoint temperature of each temperature interval, which are [image: image], which represent the freezing temperature of pores. According to Eq. 12, the pore radius corresponding to each temperature is obtained, i.e. [image: image], and they are donated as [image: image] ([image: image]). Because unfrozen content [image: image] is a function of temperature T, i.e., each temperature correlates to an unfrozen water content, then it is found that [image: image]. Therefore, n temperature intervals correspond to n unfrozen water variations of [image: image], which is donated as [image: image] ([image: image]). In saturated soil, water fills all of the pores, and as long as the divided temperature intervals are enough, the unfrozen water variation [image: image] is thought to be caused by unfrozen water crystallization in the capillary of radius [image: image]. Then the number [image: image] of capillary tubes with radius [image: image] can be calculated. The seepage amount of unfrozen water [image: image] and the seepage amount of unfrozen water film [image: image] before and after freezing of the capillary tube with radius of [image: image] is obtained using Eqs. 4–10.
[image: image]
[image: image]
[image: image]
[image: Figure 4]FIGURE 4 | The illustration of permeability coefficient model for frozen soil.
At the meantime, the water migration path is idealized to occur in a curving capillary. Assuming that the frozen soil has a length of L and a height of H (H<L), and combining Eqs. 15, 16, the water flux of frozen soil can be described as:
[image: image]
where: j=0, 1, 2,..., n-1, and the corresponding j rises by one for each temperature interval of temperature decrease; [image: image] is the ratio of the soil column length H to the actual path of water seepage L ([image: image] =L/H), [image: image] (Xiao et al., 2015); [image: image]; n is the total type number of pore radius in unit area; [image: image] is the number of pores with the radius of [image: image] in unit area.
Assuming that water seepage in frozen soil follows Darcy’s law, Eq. 17 can be combined to determine the permeability coefficient of frozen soil per unit area.
[image: image]
According to Eq. 18, when j=0, K is the permeability coefficient of the melted soil under the same conditions. The water in the melted soil primarily flows in large pores, and the pore walls almost have no effect on water flow which can be disregarded. The permeability coefficient of melted soil can then be written as:
[image: image]
Consequently, the frozen soil permeability coefficient can also be expressed as:
[image: image]
[image: image] is the measured value of permeability coefficient of melted soil.
2.4 Permeability coefficient model of saline soils
It is required to examine the impact of the amount of salt crystallization on the permeability coefficient in order to adapt the permeability coefficient model of frozen soil to saline frozen soil. The freezing temperature curve of ice, AB, which is the precipitation ice line, and the solubility curve of salt, BC, which is the precipitation salt line, intersect at the eutectic point B, as the phase diagram of the water-salt binary system with three salts, Na2CO3, Na2SO4, and NaCl shown in Figure 5 The precipitation ice line, precipitation salt line, and eutectic point separate the solution phase diagram into four areas, i.e. the unsaturated salt solution, ice-salt solution, ice-crystalline salt, and crystalline salt-salt solution. The phase diagram can be used to predict the direction of several changes that will take place in the system during the temperature lowering process. It is possible to determine the order of phase change, freezing temperature, eutectic temperature, eutectic concentration, and other important parameters of saline soils during the process of temperature reduction and further analyze the amount of salt crystallization. In Table 1, the values of specific parameters during the crystallization of various salt solutions are given.
[image: Figure 5]FIGURE 5 | The phase diagram of water-salt binary system.
TABLE 1 | Physicochemical characteristics of crystalline salts.
[image: Table 1]Through electron microscopy, Jing Zhao (Zhao and Luo, 2019) discovered that the salt solution in the pores gradually increases in salt crystallization as the temperature decreases. These salt crystals adsorb around the pores, and gradually reduce the pore size. As a result, the permeability coefficient model of impregnated frozen soil only needs to be modified the [image: image] in the permeability coefficient model of frozen soil.
If it is assumed that the salt solution is contained in a capillary tube with a radius of [image: image] [image: image], the solution is always saturated after the salt precipitation. If the supersaturation of solution is not taken into account, the following equation is obtained:
[image: image]
where, C is the initial mass concentration of solution, C′ is the subsequent mass concentration of solution after cooling, [image: image] is the initial pore radius, [image: image] is the subsequent pore radius after the salt precipitation due to cooling, and [image: image] is the solubility curve.
Assuming that the salt crystals are evenly deposited on the pore walls after salt precipitation, the quantity of salt crystallization equals the amount of variation in the pore:
[image: image]
[image: image] where [image: image] is the molecular weight of salt after crystallization, M is the molecular weight of salt, and [image: image] is the specific gravity of the crystalline salt. For the same salt [image: image] is a constant value and let [image: image] , then Eq. 23 can be used to determine the pore radius [image: image] after salt precipitation:
[image: image]
Once the temperature is lowered to the eutectic temperature, the pore solution in soil mass gradually freezes. Since the solubility of salt does not significantly change, the concentration of the salt solution in the pore after the soil freezes is regarded as the eutectic concentration. Eq. 24 can be used to obtain the freezing temperature [image: image] for a pore with the size of [image: image] considering the impact of salt (Scherer, 1999):
[image: image]
[image: image] where, [image: image] is the water activity, which is used to solve the freezing temperature [image: image] of salt solution, and the water activity can be calculated using the Pitzer model, R* is the universal gas constant, and [image: image] is the freezing temperature of pure water.
In conclusion, in this permeability coefficient model of salinized frozen soil, only the SFCC curve of frozen soil and the permeability coefficient of frozen soil need to be precise measured under the same conditions as well as the phase diagram of salt solution. Then the variation relationship between the permeability coefficient of frozen soil and temperature can be theoretically analyzed, as well as the variation relationship between the permeability coefficient of salinized soil.
3 CALCULATION OF PERMEABILITY COEFFICIENT MODEL
3.1 Verification of permeability coefficient model of frozen soil
As seen in Figure 6, the unfrozen water content of the silty clays from the Tibetan plateau and the silt from Oneida fluctuates with temperature (Burt and Williams, 1976; Hu et al., 2016), and the initial volumetric water contents of the two soils are 50% and 48%, respectively. The unfrozen water content decreases with decreasing temperature, and there is a general power function relationship between the two parameters. The measured temperature of data points ranges from 0 to -5°C. In order to improve prediction capacity of the proposed model, the whole SFCC curve can be derived for by fitting the functional relationship between the above two parameters.
[image: Figure 6]FIGURE 6 | The relationship of unfrozen water content and temperature.
As depicted in Figure 7, at the temperatures above −2°C, the difference between the calculated results from the model that takes the influence of an unfrozen water film into account and that does not is relatively minimal. In both cases, the predicted values of the proposed model essentially follow the trend of the test results of soil. When the temperature drops to −5°C, there is a discrepancy between the calculated results of the two models of around one time, and when the temperature drops to −10°C, there is a difference of about nine times. The primary explanation is that, when considering the seepage of unfrozen water film, as temperature decreases, pore water gradually freezes. As a result, the seepage of unfrozen water film eventually occupies the leading position of frozen soil water seepage.
[image: Figure 7]FIGURE 7 | The relationship of permeability coefficient and temperature.
The relevant research (Burt and Williams, 1976; Chen and Zhang, 2020) shows that when the temperature is higher than −2°C, the soil still contains a lot of unfrozen water, the soil permeability coefficient is large, and the water salinity still has a certain seepage capacity; When the temperature is lower than −2°C, the content of unfrozen water is greatly reduced, the permeability coefficient of soil is small, and the water salinity almost does not percolate. Therefore, the influence of unfrozen water film seepage is ignored in the calculation of permeability coefficient model of saline frozen soil. In the salt frost heaving model, when the temperature is lower than −2°C, the calculated result of the model considering the seepage permeability coefficient of unfrozen water film is larger, so the calculated salt frost heaving deformation is larger. This may be conducive to accurate analysis of frost heave deformation of salinized salt.
3.2 Permeability coefficient of NaCl saline soil
As noted in Table 1, the eutectic temperature of NaCl solution is −21.1[image: image]C, and the eutectic concentration is 23.3%, which is substantially higher than the solution concentration in the pores of saline soils. As a result, in the process of temperature decrease, water freezing takes place in the soil before NaCl crystallizes, and NaCl primarily influences the initial freezing point of soil. According to the NaCl phase diagram, the solutions with freezing temperatures of 0, −1, −2, −2, and −3°C are prepared and added into the samples of powdered clay from the Qinghai-Tibet Plateau with the mass concentrations of 1.86%, 3.59%, 5.20%, and 6.64%, respectively, and the salt contents of the prepared soil samples are .59%, 1.16%, 1.71%, and 2.22%, respectively. The calculation results of the permeability coefficient model of NaCl-saline soil is depicted in Figure 8. It is shown that the permeability coefficient gradually lowers as the temperature steadily drops and eventually tends to stabilize. The change in permeability coefficient exhibits a tendency of steep first and then slow change when the soil pores freeze in order from large to small. In terms of numerical magnitude, the initial freezing temperature steadily drops as NaCl content rises, and at the same temperature, the permeability coefficient increases as the amount of unfrozen water increases.
[image: Figure 8]FIGURE 8 | Variation in temperature-permeability coefficient relationships for different NaCl concentrations.
3.3 Permeability coefficient of Na2SO4 saline soil
Since Na2SO4 will precipitate before the soil freezes and thus has a less substantial impact on the freezing temperature of the soil than NaCl. Table 1 demonstrates that the eutectic temperature of Na2SO4 solution is -1.2°C and the eutectic concentration is 4%. The Na2SO4 solutions comprising 2%, 4%, 6%, and 8% salt were fabricated, and the mass concentrations of the pore solutions of the powdered clay samples from the Qinghai-Tibet Plateau are 6.01%, 11.34%, 16.11%, and 20.38%, respectively. Due to the presence of supersaturation of the pore solution concentration after freezing, it is difficult to calculate the first freezing temperature using the Pizter theory. Thus, the initial freezing temperature of the soil will be determined using existing studies (Wan et al., 2015; Xiao et al., 2018). Before the soil freezes, salt will precipitate from the Na2SO4 solution during the dropping process of temperature, causing the permeability coefficient to start to fall. This is shown in Figure 9 and Figure 10 for the computation of the permeability coefficient model for sodium sulfate-saline soils. The beginning temperature for salt precipitation increases along with the Na2SO4 content, as does the volume of precipitated mannite. The permeability coefficient of the soil with an 8% salt concentration steadily drops to 4.25 [image: image] 10−7 at 19.2°C, which was 56% lower than the permeability coefficient of the soil without salt. After soil freezes, the permeability coefficient changes as the temperature progressively drops, and the change is initially steep, then becomes gently, while eventually converges. The permeability coefficient is relatively high, and the initial freezing temperature directly affects it because the amount of unfrozen water steadily increases as the starting freezing temperature decreases.
[image: Figure 9]FIGURE 9 | The variation of permeability coefficient of Na2SO4 saline soil with temperature before soil freezing.
[image: Figure 10]FIGURE 10 | The variation of permeability coefficient of Na2SO4 saline soil with temperature after soil freezing.
3.4 Permeability coefficient of Na2CO3 saline soil
Na2CO3 will crystallize and precipitate before the soil freezes, as indicated in Table 1, where the eutectic temperature of the solution is -1.8°C and the eutectic concentration is 5.8%. The permeability coefficient of Na2CO3 saline soils is calculated using the method for Na2SO4 saline soils due to the similarity between these two solutions. The initial freezing temperature of the soils is determined from experiment (Hui and Wei, 2011). The powdered clay soils of the Tibetan plateau, with mass concentrations of 6.01%, 11.34%, 16.11%, and 20.38% are manufactured, and pore solutions are prepared using salt concentrations of 2%, 4%, 6%, and 8%. The calculation results of the permeability coefficient of sodium carbonate saline soils are given in Figures 11, 12. The findings show that the soils with 2% salt content do not crystallize before freezing and that the permeability coefficient remains constant. During the decreasing process of temperature, salt gradually precipitates in the pores of soil with salt contents of 2%, 4%, and 6%, and the permeability coefficient of the soil gradually declines. Likewise, the higher the soil’s salt content, the higher the temperature at which the salt begins to precipitate out, and the lower the permeability coefficient at the same temperature. The permeability coefficient of soil with an 8% salt content drops by around 41%, from 9.68 10−7 cm/s to 5.66 10−7 cm/s. When the soil freezes, the permeability coefficient is comparatively larger under the same temperature conditions and the amount of unfrozen water increases due to the higher Na2CO3 content and lower initial freezing temperature.
[image: Figure 11]FIGURE 11 | The variation of permeability coefficient of Na2CO3 saline soil and temperature before soil freezing.
[image: Figure 12]FIGURE 12 | The variation of permeability coefficient of Na2CO3 saline soil and temperature after soil freezing.
4 DISCUSSION
On the basis of the thermodynamic theory of water film (Dash et al., 1995) and Gibbs-Thomson equation (Mitchell et al., 2008), the soil pores are simplified to capillary tubes, and the Navier-Stokes equation and Hagen-Poiseuille equation are combined with experimental data to obtain SFCC. Then, a model of the permeability coefficient of frozen soil that takes into account the effect of film seepage of unfrozen water is established, which was compared with the experimental results and shows a good reliability. At the same time, there are many areas that need further study.
1) In order to fill the gap in the theoretical analysis of the permeability coefficient of saline soil, the permeability coefficient model of saline frozen soil was developed on the basis of the frozen soil permeability coefficient model. This model considers the effects of sodium chloride, sodium sulfate, and sodium carbonate contents on freezing temperature as well as the effects of salt crystallization blocking pore space using the phase diagram theory of water-salt binary system. It is difficult to measure the permeability coefficient of salinized frozen soil soils and there are few related studies. The existing studies only measured the permeability coefficients of different salt contents under positive temperature conditions (Deng et al., 2006) and unfrozen water content curves (Ma et al., 2016). This paper also only theoretically analyzes the trend of permeability coefficients in saline soils during temperature reduction, so the credibility of the model results needs to be further confirmed by experiments.
2) There is a certain error between the permeability coefficient at the initial stage of freezing and the measured permeability coefficient. The reason may be that the power function form is used to fit the SFCC curve (Anderson and Tice, 1972; Chai et al., 2018), which tends to be infinite near 0°C, and it cannot accurately reflect the unfrozen water content, so there is a certain error. Therefore, the model should be modified by measuring the permeability coefficient of the melted soil.
3) The adsorption and desorption of particle components to soil particles are related to several factors such as temperature, soil structure, particle type, etc. (Bai et al., 2021; Bai et al., 2022) Considering the complexity of particle adsorption and desorption, this paper does not consider particle adsorption and desorption in analyzing the percolation of salt solution in soil during temperature reduction. The theory of particle adsorption and desorption can be combined with the theory of permeability coefficient in this paper, which may have some application prospects in the analysis of soil pollutant diffusion. At the same time, after the salt solution is added to the soil, the particles adsorb on the surface of soil particles, and the pore solution concentration is bound to decrease, which has a certain influence on the freezing temperature of the soil and the amount of salt crystallization, and considering this issue will make the permeability coefficient model of salinized frozen soil more reasonable.
4) In the present day machine learning methods are heavily applied to the assessment of slope stability (Chang et al., 2020; Huang et al., 2020c), the permeability coefficient as one of the important parameters of the soil is greatly associated with the slope landslide (Jian et al., 2016; Hongwei and Fan, 2021), and the freezing process of the frozen soil is regarded as the drying process of the soil (Spaans and Baker, 1996), and the permeability coefficient of the soil under different water contents can be analyzed by this model, which will be beneficial to the accuracy of the machine learning model in assessing the stability of the slope (Huang et al., 2020a; Huang et al., 2020b). At the same time, the permeability coefficient is an important parameter in the multi physical field coupling model of soil mass, which has certain advantages in analyzing the mechanical properties and deformation of soil mass in the process of underground mineral mining (Li et al., 2022; Tang et al., 2023). In other porous media, the method of this model can be used to analyze the permeability coefficients of different porous materials and different pore solution contents, which has a broad application prospect.
5 CONCLUSION

1) By comparing the calculation results of the model with and without considering the unfrozen water film, it is found that: When the temperature drops to −5°C, there is a discrepancy between the calculated results of the two models of around one time, and when the temperature drops to −10°C, there is a difference of about nine times. Since the permeability coefficient of soil mass is too small after the temperature is reduced to −2°C, it is not significant to consider the permeability of unfrozen water film.
2) Before the soil freezes, the type of salt is the primary factor impacting the permeability coefficient. In this condition, NaCl does not crystallize and has no influence on the permeability coefficient. For sodium sulfate and sodium carbonate, which are crystallizable salts with similar properties, when the salt content is high, the salt will crystallize when the soil is not frozen, and the permeability coefficient of the soil with salt crystallization starts to decrease. The higher the salt content, the faster the decreasing rate.
3) After the soil freezes, the permeability coefficient is directly impacted by the freezing temperature. the lower the beginning freezing temperature, the larger the permeability coefficient. Because different types of saline soil have different influences on freezing temperature, the reason may be that the easily crystallized salt precipitates a large amount of salt before the soil freezes. in general, the permeability coefficient of saline soils after freezing is not directly related to the salt concentration.
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A mid-story-isolated structure is developed from a base-isolated structure. Mid-story-isolated structures located in sloping ground have become a research hotspot in recent years. It is important to consider the soil–structure interaction (SSI) effects and multi-dimensional earthquakes on these structures. This paper established a model of the mid-story-isolated structure considering SSI in sloping ground. An elastic–plastic time history analysis was carried out under the one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) earthquakes. Under 3D earthquakes, the traditional 2D isolated bearing has limited damping capacity. Therefore, two kinds of 3D isolated bearings were designed. Results show that the seismic response of the mid-story-isolated structure considering SSI in sloping ground can be amplified compared with that of the mid-story-isolated structure without considering SSI. The seismic response of the structure under 3D earthquakes is more significant than that under 2D earthquakes and 1D earthquakes. For the two kinds of 3D isolated bearings, the minimum reduction rate of tensile and compressive stress is about 46% compared with that of the traditional 2D isolated bearings. When the 3D isolated bearings are used, the stress of the soil foundation decreases, which is more conducive to the stability of the soil foundation.
Keywords: 3D earthquakes, mid-story-isolated structure, 3D isolated bearings, SSI effect in sloping ground, seismic response
1 INTRODUCTION
There are many sloping ground areas in the world, some of which are also vulnerable to earthquakes. Factors affecting structures can include unstable soil foundations, deep buried bedrock, and even inclined soil foundations and earthquakes can cause significant harm to soil structures when they occur (Zhu, 2016; Xu et al., 2021). Research on energy dissipation and earthquake resistance in sloping ground is therefore significant. Yoshida et al. (2018) proposed a real-time hybrid simulation method for semi-active control using a vibration table to simulate a mid-story-isolated building. Wang et al. (2011) and Wang et al. (2013) studied the simplified three-particle model and the substructure modal of the mid-story-isolated structure. Zhang et al. (2022), Liu et al. (2022), and Gharad and Sonparote (2021) analyzed the damage to the new staggered isolated structure and found that the structure had good shock absorption performance, and the damage was slight. Chang et al. (2012) put forward the concept of BMD (building mass damper) by integrating the TMD principle into the mid-story-isolated structure. The results show that the BMD system with optimal parameters can effectively control the upper and lower reactions of the structure.
The anisotropy, complexity, and uncertainty of soil in the natural environment need to be considered when exploring soil–structure interaction theory (Li C et al., 2013). Huynh et al. (2021) proposed a simplified modeling strategy to simulate soil–foundation–structure interaction under earthquake loads. The results were verified through shaking-table tests and numerical simulation, and the numerical simulation results were in good agreement with the experimental results. Pérez-Rocha et al. (2021) studied the effect of SSI on the dynamic response of a high-rise building with the base isolated. Based on the Timoshenko theory, Gharad and Sonparote (2021) considered 3D bridge finite element analysis under three different soil foundation conditions to determine their impact factor (IF) values. This proves the importance of SSI analysis. Zhuang et al. (2014) and Zhang et al. (2019) showed that the isolated efficiency of the isolated layer will be severely weakened by the SSI effect. The property of foundation soil was from hard to soft, and its damping effect was from significant to poor. Askouni and Karabalis (2021) carried out non-linear dynamic analysis of asymmetric small low-rise 3D reinforced concrete buildings to study the effect of SSI on seismic response through structural characteristics and detailed parameters. Yang et al. (2021) studied the influence of near-fault earthquake characteristics on the seismic response of structures, including SSI energy dissipation devices. Forcellini (2021) studied a probabilistic-based approach to assessing the impact of SSI effects on buildings. Sarcheshmehpour et al. (2021) and Galal and Naimi (2008) and Nie et al. (2022) analyzed SSI effects on the seismic performance of structures with steel shear wall lateral resisting systems. Galal and Naimi (2008) studied the seismic response of frames with different layers on different soil foundations through dynamic time-history analysis. The results show that the influence of soil foundation for the frame increased with the increase in structure layers.
Actual earthquakes have multi-dimensional characteristics. To prevent and limit the effects of multi-dimensional earthquakes it is important to consider factors beyond horizontal earthquake action. Nie et al. (2022) developed a novel 3D isolated bearing that can reduce horizontal and vertical seismic responses of space double-layer cylindrical reticulated shells (SDLCRS). Zhu et al. (2021) proposed a new 3D composite isolated bearing (3D-CIB), which consists of a laminated rubber bearing and composite coil spring bearing. The results show that 3D-CIB can effectively reduce the seismic response of the superstructure in horizontal and vertical directions. Jeon et al. (2015) analyzed this through the study of the vertical seismic response and the brittleness of typical old highway bridges. The probability of severe damage caused by vertical earthquakes has increased by about 10%. Han et al. (2021) proposed a novel air spring-friction pendulum system (FPS) 3D isolated bearing. The results show that a 3D isolated bearing can effectively reduce the impact of long-period earthquakes. Shimada et al. (2005) and Tetsuya et al. (2012) developed a 3D isolated system with laminated rubber bearings as horizontal isolators and air springs as vertical isolators. Li X et al. (2013) combined the horizontal isolated bearing and vertical isolated disc spring to form a three-dimensional isolated bearing.
Few studies to date have examined the seismic response of mid-story-isolated structures, considering SSI in sloping ground. To explore this further, the present study constructed a model of a mid-story-isolated structure by considering SSI in sloping. Elastic–plastic time history analysis under 1D, 2D, and 3D earthquakes was udnertaken, and the seismic response of the mid-story-isolated structure, considering and without considering SSI were compared. To solve the problem that the tensile and compression stress of isolated bearings exceed the limit value under 3D earthquakes, two kinds of 3D isolated bearings are proposed and compared with the traditional 2D isolated bearings. The effect of the soil foundation on the structure, the working mechanism, and the mid-isolated effect of the structural system are also discussed.
2 METHODS AND MATERIALS
2.1 Theoretical analysis of the soil–structure interaction
In traditional seismic response analysis, the soil foundation is usually regarded as rigid, and the influence of the soil foundation on the dynamic response of structures is not considered (Galal and Naimi, 2008; Karabork et al., 2014; Abdel et al., 2015). The soil foundation material is not absolutely rigid. There is not only interaction of force but also mutual restriction of deformation between the structure and the soil foundation, which leads to mutual propagation and exchange of vibration energy, meaning the dynamic response of the actual structure is quite different from that calculated under the assumption of a rigid soil foundation. In sloping ground, the SSI effect has particularities and the height and properties of the soil foundation on both sides of the structure may be different. The SSI effect on sloping ground is different from that in flat ground.
The 3D soil–structure system equation of structural dynamics is shown in Formula 1 (Tabatabaiefar and Massumi, 2010; Yang et al., 2022):
[image: image]
where [image: image] is the mass matrix; [image: image] is the damping matrix; [image: image] is the stiffness matrix; and [image: image], [image: image], and [image: image] are displacement, velocity, and acceleration vectors, respectively. [image: image], [image: image], and [image: image] are mass in X, Y, and Z directions, respectively. [image: image], [image: image], and [image: image] are free-field components of the acceleration in X, Y, and Z directions, respectively.
2.2 Engineering situations
The total height of the nine-story frame structure was 34.9 m with a rectangular plane of 24 m×18 m. The bottom story's height was 4.5 m, and the height of the other stories was 3.6 m. The designed earthquake acceleration was .20 g, and the isolated layer was set at the bottom of the second floor. The beams, columns, and plates were C40, and the foundation was C40. The steel reinforcement of the structure was HRB400, and the reinforced steel stirrup was HPB300.
2.3 Model establishment
Finite element software SAP2000 was used to establish a mid-story-isolated structure considering SSI in sloping ground (Gu et al., 1999; Pala et al., 2008; Institute CBSD, 2012; Shang et al., 2012; Karabork et al., 2014; Jiang et al., 2018; Huang et al., 2020a). Solid elements were used to simulate the soil foundation, and the Mohr–Coulomb model was adopted. The plane size of the soil foundation element was 240 m×180 m, which was ten times the structure size. The soil foundation was connected with rigid bedrock at the bottom and simulated by fixed hinge bearings. Table 1 shows the parameters of the soil foundation. The frame and soil were connected by a raft foundation. A non-linear linking damper element was used to simulate the artificial viscoelastic boundary at the soil foundation edge (Wolf, 1986; Liu and Lv, 1998; Givoli, 2004; Liu et al., 2005; Liu et al., 2006; Kouroussis et al., 2011; Haider et al., 2019). The artificial boundary parameters are shown in Table 2.
TABLE 1 | Parameters of the soil foundation layer.
[image: Table 1]TABLE 2 | Damping parameter of the artificial boundary.
[image: Table 2]The beam element was used to simulate the frame structure, and the shell element was used to simulate the floor. Rayleigh damping was applied to the structure with a damping coefficient of 5%. The calculation formula is shown as follows (Jiménez and Dias, 2022):
[image: image]
where [image: image] is the damping matrix; [image: image] and [image: image] are the mass and stiffness matrices; and [image: image] and [image: image] are the mass-proportional and stiffness-proportional damping constants, respectively.
The elevation of the frame structure is shown in Figure 1. The detailed parameters of the structure are shown in Table 3 and Table 4. The size and type of isolated bearings are estimated based on the vertical reaction of 2%. Detailed information on the isolated bearings is shown in Table 5. The layout and the simplified mechanical model of isolated bearings are shown in Figure 2.
[image: Figure 1]FIGURE 1 | Model elevation. (A) Vertical plane of the mid-story-isolated structure. (B) Vertical plane of the mid-story-isolated structure considering the soil–structure interaction (SSI) in sloping ground.
TABLE 3 | Information of the frame.
[image: Table 3]TABLE 4 | Parameters of the material.
[image: Table 4]TABLE 5 | Design parameters of isolated bearings.
[image: Table 5][image: Figure 2]FIGURE 2 | Isolated bearings. (A) Layout of isolated bearings. (B) Simplified mechanical model of the isolated bearing.
2.4 Selection of earthquakes
In this paper, the Borrego Mountain wave, Landers 833 wave, Kobe wave, El Centro wave, San Fernando wave, Chi-Chi wave, and Hollister wave were selected from the PEER website. The earthquakes are input in 1D, 2D, and 3D directions, and the proportional coefficients of the three directions are adjusted as X: Y: Z=1: .85: .65. According to the Code for Seismic Design of Buildings (GB 50011-2016) (Standard, 2010), the peak ground acceleration (PGA) was adjusted to 400 cm/s2. Figure 3 shows the acceleration response spectrum of the earthquakes. Details of earthquakes are shown in Table 6.
TABLE 6 | Parameters of earthquakes.
[image: Table 6][image: Figure 3]FIGURE 3 | Earthquake response spectrum.
3 RESULTS OF TRADITIONAL 2D MID-STORY-ISOLATED STRUCTURAL ANALYSIS
The seismic response of the structure was analyzed under the Landers 833 wave, Borrego Mountain wave, Kobe wave, El Centro wave, San Fernando wave, Chi-Chi wave, and Hollister wave. The envelope values of the seven earthquakes are used in the subsequent analysis.
3.1 Horizontal seismic response analysis of the structure under multi-dimensional earthquakes
3.1.1 Horizontal seismic response of the global structure
The inter-story drift angle of the structure is shown in Figure 4. It can be seen from the figure that the inter-story drift angle of the mid-story-isolated structure considering SSI in sloping ground can be amplified compared with that of the mid-story-isolated structure without considering SSI. The order of the inter-story drift angle under multi-dimensional earthquakes is 3D > 2D > 1D.
[image: Figure 4]FIGURE 4 | Inter-story drift angle of the structure.
One reason for this is that earthquakes reflect in the mountain in the process of transmission. Therefore, earthquakes converge and overlap locally on the mountain, resulting in an increased seismic response of buildings in sloping ground. Another reason is that the wavelength component of the earthquake is coupled with the size of the terrain. Therefore, the dynamic effect of the earthquake is amplified in sloping ground, which can cause serious damage to the structure. At the same time, the Code for Seismic Design of Buildings (GB 50011-2016) and Assimaki and Kausel (2007) also mentioned that the seismic response in mountainous and sloping areas needs to be multiplied by the corresponding amplification.
3.1.2 Horizontal seismic response of the isolated bearings
Table 7 shows the displacement of the isolated bearings. According to the “Code for Seismic Design of Buildings” (GB 50011-2016), the maximum horizontal displacement of the isolated bearings under earthquakes should not exceed the smaller value of .55 times the diameter of the isolated bearings and three times the total thickness of the rubber layer.
[image: image]
TABLE 7 | Maximum displacement of isolated bearings.
[image: Table 7]It can be seen from Table 7 that the displacement of the isolated bearings does not exceed the limit value of 330 mm. The displacement of the isolated bearings of the mid-story-isolated structure without considering SSI is smaller than that of the mid-story-isolated structure considering SSI in sloping ground. The displacement of the isolated bearings in the X direction is smaller than that in the XY direction and more minor than that in the XYZ direction.
3.2 Vertical seismic response analysis of the structure under multi-dimensional earthquakes
The tensile and compressive stress values of the isolated bearing of the two structures under multi-dimensional earthquakes were extracted and are shown in Figure 5. The number of isolated bearings is shown in Figure 2A.
[image: Figure 5]FIGURE 5 | Stress of isolated bearings. (A) Tensile stress of isolated bearings. (B) Compressive stress of isolated bearings.
The tensile stress of the isolated bearings of the mid-story-isolated structure is shown in Figure 5A, and the tensile stress limit value is 1 MPa. As can be seen from Figure 5A, the tensile stress of the isolated bearings of the mid-story-isolated structures considering SSI in sloping ground is greater than that of the mid-story-isolated structures without considering SSI. The order of the tensile stress of the isolated bearings under multi-dimensional earthquakes is 3D > 2D > 1D. The tensile stress of the isolated bearings of the mid-story-isolated structure considering SSI in sloping ground all exceeds the limit value under 3D earthquakes. The tensile stress of some isolated bearings exceeds the limit value under 2D earthquakes. The maximum tensile stress of the isolated bearing of the mid-story-isolated structure without considering SSI is -.331 MPa, which is still in the range of compressive stress.
The compressive stress of the isolated bearings of the mid-story-isolated structure is shown in Figure 5B, and the compressive stress limit value is 24 MPa. It can be seen from Figure 5B that the compressive stress of the isolated bearings of the mid-story-isolated structure considering SSI in sloping ground is greater than that of the mid-story-isolated structure without considering SSI. The order of compressive stress of isolated bearings under multi-dimensional earthquakes is 3D > 2D > 1D. The compressive stress of some isolated bearings of mid-story-isolated structure considering SSI in sloping ground under 3D earthquakes is beyond the limit value. The compressive stress of the isolated bearings of the mid-story-isolated structure without considering SSI is smaller than 24 MPa under 1D, 2D, and 3D earthquakes.
In conclusion, the seismic response of a mid-story-isolated structure considering SSI in sloping ground can be amplified compared to that of a mid-story-isolated structure without considering SSI. Three-dimensional earthquakes will increase the tensile and compressive stresses of the isolated bearings, which has a negative effect. Therefore, the influence of 3D earthquakes should be considered in structural design.
4 RESULTS OF THE 3D MID-STORY-ISOLATED STRUCTURAL ANALYSIS
4.1 Theoretical basis of 3D isolated bearings
In order to solve the problem that the traditional 2D isolated bearing cannot meet the requirements under 3D earthquakes, two kinds of 3D isolated bearings are proposed: vertical and horizontal isolated devices. The 3D isolated device must have good vertical bearing capacity and self-recovery capacity. The vertical device must meet the assumption of small deformation, and the device should work in the elastic range as far as possible and should be able to self-recover after the earthquakes.
At present, 3D isolated bearings are mainly divided into three categories: rubber 3D isolated bearing, metal spring 3D isolated bearing, and combined 3D isolated bearing. In this paper, two different 3D isolated bearings are used. The first one is the 3D lead–rubber isolated bearings (3D LRBs), which adjust the vertical stiffness to reduce the vertical earthquake. The second is the tensile and compressive friction pendulum bearings (T/C FPBs). The vertical stiffness of the 3D isolated bearing is calculated by the vertical force of the earthquake. It is assumed that the stiffness of the 3D isolated bearing is uncoupled in the horizontal and vertical directions (Li C et al., 2013; Liang et al., 2022).
The design parameters of two 3D isolated bearings are shown in Table 8 and Table 9. Figure 6A shows the simplified mechanical model of a 3D isolated bearing. Figure 6B and Figure 6C show the layout of the two 3D isolated bearings.
TABLE 8 | Design parameters of 3D LRB isolated bearing.
[image: Table 8]TABLE 9 | Design parameters of the 3D T/C FPB isolated bearing.
[image: Table 9][image: Figure 6]FIGURE 6 | Layout of 3D isolated bearings. (A) Simplified mechanical model of the 3D isolated bearing. (B) Layout of the 3D LRB isolated bearings. (C) Layout of the 3D T/C FPB isolated bearings.
4.2 Structural modal periods comparison
Modal analysis was carried out on the two 3D mid-story-isolated structures considering SSI in sloping ground and the traditional 2D mid-story-isolated structure considering SSI in sloping ground. The first three modal periods are shown in Table 10. It can be seen from the table that the modal periods of the mid-story-isolated structure with 3D isolated bearings are more significant than those of the mid-story-isolated structure with traditional 2D isolated bearings. The results show that the 3D mid-story-isolated structure considering SSI in sloping ground is more flexible than the traditional 2D mid-story-isolated structure considering SSI in sloping ground, and the modal periods of the structure are further prolonged.
TABLE 10 | First three modal periods of structures.
[image: Table 10]4.3 Horizontal seismic response analysis of the structure under 3D earthquakes
4.3.1 Horizontal seismic response of the global structure
When 3D isolated bearings are used, not only the vertical damping effect of the structure should be paid attention to, but also the horizontal damping effect of the structure cannot be ignored. The elastic limit value [image: image] and elastic–plastic limit value [image: image] of the maximum inter-story drift angle, as specified in the Code for Seismic Design of Buildings (GB 50011-2016), is used as the limit value of the inter-story drift angle under the condition of without damage and destruction. At the same time, the limit values of inter-story drift angle 2 [image: image] and 4 [image: image] are defined as medium damage and severe damage. The five failure modes of the structure are divided according to the limit values of four inter-story drift angles, as shown in Table 11. Figure 7 shows the inter-story drift angle of the structure with three different isolated bearings.
[image: Figure 7]FIGURE 7 | Inter-story drift angle of the structure.
TABLE 11 | Limit of the inter-story drift angle ratio.
[image: Table 11]Figure 7shows that the inter-story drift angle of the bottom story using 3D isolated bearings is smaller than that of the traditional 2D isolated structure under 1D, 2D, or 3D earthquakes. From the isolated layer and above, the inter-story drift angle of the 3D mid-story-isolated structure is more significant than that of the 2D mid-story-isolated structure. The traditional 2D maximum inter-story drift angle is within the medium damage range. Only one point of the maximum inter-story drift angle of 3D LRB exceeds the medium damage range. Most of the inter-story drift angles of 3D T/C FPB are within the severe damage range. The inter-story drift angle of the three structures is less than .02, which has not reached the destruction stage. The inter-story drift angle of 3D LRB is smaller than that of 3D T/C FPB. This is due to the different types of 3D isolated bearings produced using different materials.
4.3.2 Horizontal seismic response of the isolated bearings
It can be seen from Table 12 that the displacement of the isolated bearings does not exceed the limit value of 330 mm. The displacement of the isolated bearings of the 3D mid-story-isolated structure considering SSI in sloping ground is smaller than that of the traditional 2D mid-story-isolated structure considering SSI in sloping ground. The displacement of the isolated bearings of the 3D LRB mid-story-isolated structure considering SSI in sloping ground is smaller than that of the 3D T/C FPB mid-story-isolated structure considering SSI in sloping ground. The displacement of the isolated bearings of the three structures in the X direction is smaller than that in the XY direction and more minor than that in the XYZ direction.
TABLE 12 | Maximum displacement of isolated bearings.
[image: Table 12]4.4 Vertical seismic response analysis of the structure under 3D earthquakes
4.4.1 Stress comparison of isolated bearings
Based on the previous analysis, the tensile and compressive stress of the traditional 2D isolated bearings will exceed the limit value under 3D earthquakes. This paper extracts the maximum tensile and compressive stress of two kinds of 3D isolated bearings, as shown in Figure 8. The tensile stress limit value is 1 MPa, and the compressive stress limit value is 24 MPa.
[image: Figure 8]FIGURE 8 | Stress of isolated bearings. (A) Tensile stress of isolated bearings. (B) Compressive stress of isolated bearings.
It can be seen from Figure 8 that the maximum tensile stress of the isolated bearings in traditional 2D mid-story-isolated structures considering SSI in sloping ground is far beyond the limit value. The maximum tensile stress of the isolated bearing of the 3D mid-story-isolated structure considering SSI in sloping ground is -2.45 MPa, which is less than the limit value and standard requirements. The maximum compressive stress of the isolated bearing of the 3D mid-story-isolated structure considering SSI in sloping ground is 11.15 MPa, which is lower than the limit value.
Table 13 shows the maximum stress reduction rate of the two kinds of 3D isolated bearings. It can be seen from Table 13 that the 3D mid-story-isolated bearings can effectively solve the stress overload problem of the traditional 2D isolated bearing and achieve the expected effect of structural shock absorption. For the two kinds of 3D isolated bearings, the minimum reduction rate of tensile and compressive stress is about 46%.
TABLE 13 | Decreasing rate of 3D isolated bearings.
[image: Table 13]4.4.2 Comparison of vertical acceleration
Figure 9 shows the comparison of story accelerations in the vertical direction. It can be seen from Figure 9 that the 3D mid-story-isolated structure considering SSI in sloping ground can significantly reduce the vertical story accelerations except for the isolated layer. The performance of 3D LRB is better.
[image: Figure 9]FIGURE 9 | Vertical acceleration comparison of structural floors.
4.5 Torsion effect of structure
The soil foundation is asymmetric and irregular in the transverse slope direction, which is easy to cause a structural torsion effect. The current standards have not put forward a suitable limit value for the torsion angle, so the research work from this aspect needs to be further studied. In order to ensure the safety of the structure, the torsion effect of the structure should not be too larger under earthquakes.
The calculation diagram of the structural torsion angle is shown in Figure 10A. The torsion angle of the traditional 2D mid-story-isolated structure considering SSI in sloping ground and the 3D mid-story-isolated structure considering SSI in sloping ground is shown in Figure 10B. The structural torsion angle is calculated as shown in Formula 4 (Jia et al., 2016; Wang et al., 2020; Xu et al., 2022).
[image: image]
where [image: image], [image: image] are the displacement of the corner column relative to the initial structure and [image: image] is the distance between the corresponding corner columns of the structure, which is taken as 18 m in this paper.
[image: Figure 10]FIGURE 10 | Torsion angle of the structure. (A) Calculation schematic diagram of the structural torsion angle. (B) Torsion angle.
As can be seen from Figure 10B, the torsion angle of the 3D LRB mid-story-isolated structure considering SSI in sloping ground is smaller than that of the traditional 2D mid-story-isolated structure considering SSI in sloping ground. The torsion angle of the 3D T/C FPB mid-story-isolated structure considering SSI in sloping ground is more significant than that of the traditional 2D mid-story-isolated structure considering SSI in sloping ground. The torsion angle of the two kinds of the 3D isolated bearing is different, and the performance of 3D LRB is better.
4.6 Structure stress analysis
Figure 11 shows the stress of a 3D mid-story-isolated structure considering SSI in sloping ground and the traditional 2D mid-story-isolated structure considering SSI in sloping ground. It can be seen from the figure that the stress of 3D mid-story-isolated structures considering SSI in sloping ground is significantly reduced compared with that of the traditional 2D mid-story-isolated structure considering SSI in sloping ground. The structural stress of the two 3D mid-story-isolated structures considering SSI in sloping ground is similar.
[image: Figure 11]FIGURE 11 | Stress of the structure (N/m2). (A) Traditional 2D isolated structure. (B) 3D LRB mid-story-isolated structure. (C) 3D T/C FPB mid-story-isolated structure.
4.7 Soil foundation stress comparison
The stress of the soil foundation is a critical evaluation index. Figure 12 shows the maximum stress of the soil foundation of the mid-story-isolated structure considering SSI in sloping ground under 3D earthquakes. It can be seen from Figure 12 that the stress near the soil foundation of the structure with 3D isolated bearings is smaller than that with the traditional 2D isolated bearing. This is because the vertical spring of the 3D isolated bearings can effectively reduce the vertical earthquake.
[image: Figure 12]FIGURE 12 | Stress of the soil foundation (N/m2). (A) Traditional 2D mid-story-isolated structure. (B) 3D LRB mid-story-isolated structure. (C) 3D T/C FPB mid-story-isolated structure.
5 DISCUSSION
In this paper, the seismic responses of a mid-story-isolated structure without considering SSI and a mid-story-isolated structure considering SSI in sloping ground are studied under 3D earthquakes. However, this paper mainly focuses on a numerical analysis of two kinds of mid-story-isolated structures (Loh et al., 2013; Nakamizo and Koitabashi, 2018). The finite element verification results exhibit some deviation in various parameter settings. Shaking table tests should be added to verify the results of this study (Benavent-Climent et al., 2018; Choi et al., 2022).
The results show that the mid-story-isolated structure considering SSI in sloping ground further amplifies seismic responses. One reason is that earthquakes will reflect in the mountain in the process of transmission. Therefore, earthquakes converge and overlap locally on the mountain, resulting in an increased seismic response of buildings in sloping ground. Another reason is that the wavelength component of the earthquake is coupled with the size of the terrain. Therefore, the dynamic effect of the earthquake is amplified in sloping ground, which can cause serious damage to the structure. (Xiao et al., 2018).
The SSI effect is complicated due to the massive difference in mechanical properties. The research on the mechanism, theory, and method of the static and dynamic SSI effect has a big gap with the practical engineering application (Mylonakis and Gazetas, 2000; Kausel, 2010; Lou et al., 2011; Anand and Kumar, 2018; Huang, et al., 2020b; Chang et al., 2020). In the finite element simulation of the SSI effect, parameters such as water content, porosity, and liquefaction of the soil foundation should be further considered to reflect the more real impact of the SSI effect (Oñate et al., 2011; von Estorff and Kausel, 1989; Huang et al., 2020c). Permafrost exists in nature and should be further considered in finite element simulation. The mechanism of the torsional effect of the soil foundation should be further explored (Nazarimofrad and Zahrai, 2016; Vicencio and Alexander, 2019; Terzi and Athanatopoulou, 2023).
In order to reduce the impact of the 3D earthquake on the building structure, two different isolated bearings are used in the research. The effects of two kinds of isolated bearings on the structure and the soil foundation are analyzed. The energy dissipation capacity of the vertical earthquake set on the 3D isolated bearing can be further enhanced compared with that on the traditional 2D isolated bearings. At the same time, the influence of different parameters of the vertical damper on the 3D isolated bearing should be further analyzed (Li et al., 2021; Yip et al., 2022). The coupling behavior of 3D isolated bearing stiffness in horizontal and vertical directions should be further considered.
In this study, many numerical analysis results are obtained, and the numerical analysis results are discussed. The structure’s damage index (Park and Ang, 1985) and the isolated bearing damage index (Du et al., 2016) need to be further discussed in the following research.
6 CONCLUSION
In this paper, finite element software was used to establish the mid-story-isolated structure considering the SSI effect in sloping ground. An elastic–plastic time history analysis under earthquakes was carried out to obtain the seismic response. In order to reduce the damage caused by multi-dimensional earthquakes, the finite element modeling of two kinds of 3D isolated bearings is proposed. The conclusions are listed as follows:
1) The seismic response of the mid-story-isolated structure considering SSI in sloping ground can be amplified compared with that of the mid-story-isolated structure without considering SSI. The seismic response of the structure under 3D earthquakes is more significant than that under 2D and 1D earthquakes. Under 3D earthquakes, the tensile and compressive stress of the isolated bearings exceeds the limit value, which leads to the failure of the isolated bearings and the instability and overturning of the structure.
2) The 3D isolated bearings can effectively reduce the tensile and compression stress of the isolated bearings, and the structure has good vertical and horizontal earthquake absorption performance. The performance of 3D LRB is better than that of the 3D T/C FPB. For the two kinds of 3D isolated bearings, the minimum reduction rate of tensile and compressive stress is about 46% compared with that of the traditional 2D isolated bearings. However, the 3D T/C FPB has some defects in controlling the torsional effect of the structure.
3) The soil stress of the 3D isolated bearings is reduced compared with that of the 2D isolated bearings. This study provides a basis for the reinforcement and reconstruction of structures under multi-dimensional earthquakes.
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Long-term geological storage of carbon dioxide in underground engineering is the most economically viable option for reducing emissions of this greenhouse gas to the atmosphere. Underground engineering projects are often subjected to earthquakes during their lives, thus it is essential to investigate the deformation characteristics of surrounding rock of those underground engineering works subjected to seismic load under different confining pressures. To date, however, there have been notably few studies on the characteristics of rock materials under seismic load and the influences of seismic load on dynamic deformation properties of rock material under different confining pressures remain unclear. Therefore, a numerical study of the dynamic mechanical properties of a rock material (T2y6 marble) under Kobe seismic load with four different maximum stresses and four different confining pressures was conducted. The results show cyclic behavior, strain rate effect and damage are found in the stress-strain curves of the rock under simulated Kobe seismic load. Confining pressure can significantly limit the increases in lateral strain and volumetric strain, thus dilation can occur in the rock when the maximum stress of seismic load is large, and the confining pressure is small. Seismic load with small maximum stress cannot cause severe damage to the rock, but the influence is larger than that of static load. The maximum stress can be treated as a main factor affecting the damage to rock under seismic loads, while the effect of confining pressure thereon is smaller than that of the maximum stress. Furthermore, the relationships between deformation characteristics of the rock under these seismic loads, such as maximum strain, residual strain, plastic internal variable, deformation modulus, and maximum stress are different from that between the deformation characteristics and confining pressure.
Keywords: dynamic deformation properties, rock material, seismic load, numerical simulation, dynamic constitutive model, maximum stress, confining pressure
INTRODUCTION
Since the 21st century, global carbon emissions have grown rapidly, and global carbon dioxide emissions were increased by 40% from 2000 to 2019. According to the statistics of the World Energy Statistical Yearbook (70th Edition) released by BP, in 2019, global carbon emissions reached 34.36 billion tons, a record high. As the most economically viable option for reducing emissions of carbon dioxide to the atmosphere, the long-term safety of underground engineering for the long-term geological storage of the greenhouse gas is extremely important (Al-Ameri et al., 2016; Lu et al., 2019; Xu et al., 2021), however, these underground engineering works are likely to be subjected to earthquakes during their service lives (Liu et al., 2018). Similar problems will be encountered for rock slopes (Aydan 2016; Huang et al., 2018; Huang et al., 2020; Chang et al., 2022; Du et al., 2022; Fu et al., 2022). Thus, it is crucial to characterize the mechanical behavior of the rock surrounding such works under seismic loads.
Due to the amplitude of a seismic load varying with time, seismic loads are generally simplified to common cyclic loading events for convenience. In recent decades, experimental investigations on the mechanical properties of rock materials subjected to cyclic loading have been conducted. Bagde and Petros (2005) and Fuenkajorn and Phueakphum (2010) performed uniaxial cyclic loading tests on sandstone and rock salt. Results from the tests indicate that the compressive strength of rocks decreases with increasing number of loading cycles. Amplitude, loading frequency, maximum stress, and waveform of cyclic loading are usually deemed significant in terms of their effects on the mechanical properties of rock. Heap and Fuenkajorn (2008) conducted increasing-amplitude cyclic loading experiments and constant-amplitude cyclic loading experiments to quantify the contribution of microcracking to the static elastic response of Westerly granite. Tests results imply that increasing-amplitude stress cycling causes 11% decrease in Young’s modulus measured at a constant stress. Liu et al. (2012) found that frequency has a strong influence on the deformation, stiffness, and failure mode of sandstone. The higher the frequency, the larger the strength of sandstone and granite (Peng et al., 2020; Vaneghi et al., 2020). From the results of cyclic loading tests of rock salt, it was found that with the increase in maximum stress of cyclic loading, the damage evolution of rock salt becomes more evident (Liu et al., 2014). Sinusoidal, ramp, and square waveforms were applied by Bagde and Petros (2005) to assess the effect on the fatigue properties of sandstone, and results show that the loading waveform affects the accumulation of damage to the rock. Furthermore, triaxial cyclic loading tests have been conducted to study the influence of confining pressure on the mechanical properties of rock materials (Yang et al., 2020; Jiang et al., 2021; Yang et al., 2021). Chen et al. (2021) applied five different confining pressures in triaxial cyclic loading tests on intact sandstone to expound the damage evolution and failure behavior. Experimental results show that the confining pressure can stop the formation and propagation of fractures in rock samples and reduces damage thereto. Similarly, triaxial cyclic loading tests under five confining pressures were conducted to investigate the variation of energy evolution and distribution characteristics with confining pressure: the confining pressure can limit the energy dissipation and release due to fracture or failure of the rocks (Meng et al., 2021). However, surrounding rock is generally in a true triaxial state of stress. Gao and Feng (2019), Feng et al. (2020), Gao and Wang (2021), and Duan et al. (2021) measured the mechanical and damage characteristics of rocks under true triaxial cyclic loading. Results show that the variation of damage in the intermediate principal stress direction is different from that in the maximum and minimum principal stress directions, while the variation of damage in the latter two directions is similar.
The literature shows that studying the mechanical responses of rock materials subjected to cyclic loading remains the focus of research, while the applying loads of research are limited to common cyclic loading. To date, metallic and reinforced concrete materials (Faisal et al., 2013; Li et al., 2014) were applied to explore their mechanical properties under random cyclic loading. However, the mechanical response of rocks under seismic load has never been studied (Liu et al., 2018), furthermore, the influences of seismic load on dynamic deformation properties of rock material under different confining pressures remain far from being understood, hence the need for the present work. The rest of this manuscript is organized as follows: firstly, a dynamic constitutive model for rock materials under seismic load is presented. Secondly, a triaxial numerical test loading scheme on a hard rock specimen (T2y6 marble) is introduced. Thirdly, the dynamic responses of the rock samples are evaluated. Fourthly, the relationship between dynamic deformation properties of rock material and maximum stress is studied. Then, the influence of confining pressure on the deformation properties of rock materials is analyzed. Finally, the conclusions are drawn.
The dynamic constitutive model under seismic load
Hashiguchi (2005) and Tsutsumi and Hashiguchi (2005) built models using sub-loading surface theory, proving it can reflect the deformation characteristics of materials under cyclic loading. Thus, Zhou et al. (2020a, 2020b) applied the theory to rock materials, and established a constitutive model for rock materials subjected to triaxial cyclic loading based on the Drucker-Prager criterion. Numerical results almost matched the experimental results of different rocks under cyclic loading. Furthermore, to simulate the strain rate effect on rock under dynamic load and the coupling effect of strain rate effect and damage effect under dynamic cyclic loading, Zhou et al. (2022) constructed a dynamic constitutive model for rock materials suited to a medium and low-strain-rate dynamic cyclic loading regimes. Similarly, the dynamic constitutive model also demonstrates good performance compared with the experimental results under dynamic cyclic loading. In general, seismic load can be treated as a medium and low-strain-rate dynamic cyclic loading. Thus, the dynamic constitutive model is also suited to seismic load, and the yield function on the normal-yield surface of the dynamic constitutive model is written as:
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where[image: image]is the strain rate, [image: image] represents the first invariant and [image: image] is second invariant of the deviatoric stress, f is a yield surface function, R denotes a similarity ratio, [image: image]and [image: image] refer to the cohesion and internal friction angle of the rock, respectively; [image: image] and [image: image]represent the initial and residual internal friction angles; [image: image] is a plastic internal variable, [image: image] and [image: image]are the thresholds at which the internal friction angle starts to change and reaches its residual value, respectively. [image: image] is a function which considers the dependence of plastic deformation on the confining pressure, and [image: image]represents the increment of plastic strain. [image: image]and [image: image]are the initial and residual cohesions; [image: image]and [image: image]denote the thresholds at which the cohesion starts to change and reach its residual value, respectively. [image: image] is the static strain rate (set to 1 × 10–5 s−1), and [image: image] is a material constant.
The dynamic constitutive model is established based on the sub-loading surface theory, thus the yield function on sub-loading surface is
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where s is the similarity-center, [image: image]denotes the geometric center of the normal-yield surface, [image: image] represents the current stress considering the geometric center of the sub-loading surface, [image: image] is the first invariant of the current stress tensor, [image: image] represents second invariant of the current deviatoric stress, and R denotes a similarity ratio.
Meanwhile, like the variation of strength, the Young’s modulus of rock materials is also a function of strain rate and damage under dynamic cyclic loading. Thus, the Young’s modulus of rock materials under seismic load was also established by Zhou et al. (2022) as given by
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where [image: image]is the threshold at which the Young’s modulus reaches its residual value under static strain conditions, [image: image]and[image: image] represent the initial and residual Young’s modulus under static strain conditions, and [image: image] and [image: image]are material parameters.
Numerical test loading scheme
Zhou et al. (2020b, 2022) elucidated the physical meaning and determined the parameters of the dynamic constitutive model in detail. To study the effects of seismic loads with different maximum stresses on the deformation properties of rock material under different confining pressures, triaxial tests were performed and the dynamic constitutive model was applied to simulate the response of a rock specimen. The rock specimen is a T2y6 marble which comes from a hydropower station in China (Zhang et al., 2010), and each specimen is a cube with a side-length of 100 mm. The seismic loads are applied at the top of the rock specimen and a vertical constraint is applied at the bottom of the calculation model; the confining pressure is applied around the specimen. The parameters of T2y6 marble are listed in Table 1. It should be noted that the initial and final Young’s moduli are the same under different confining pressure conditions.
TABLE 1 | Parameters for T2y6 marble.
[image: Table 1]The Kobe Earthquake refers to an earthquake disaster with a magnitude of 7.3 that occurred in the Kansai region of Japan at 5:46:52 (Japanese Standard Time) on 17 January 1995. The Kobe wave is chosen for the present analysis and its velocity-time history curve is shown in Figure 1A. The loading diagram of Kobe seismic load with four maximum stresses (i.e., 30 MPa, 60 MPa, 70 MPa, and 80 MPa) is shown in Figure 1B and is obtained from the velocity-time history curve. To ensure that the applied loads induce compressive stresses, a maximum static load is applied before applying seismic load as listed in Table 2. Furthermore, the triaxial tests are performed at the four following confining pressures: 0, 5, 10, and 15 MPa. Firstly, the rock is subjected to a static load at a strain rate of 1 × 10–5 s−1 in the three principal directions of the rock sample, and the static load is linearly increased with time. Then, the load is held constant in the two lateral directions when the load reaches the confining pressure. Finally, the seismic load is applied when the static load reaches the maximum value in the axial direction.
[image: Figure 1]FIGURE 1 | The velocity time history and load time history of Kobe seismic load with different maximum stresses: (A) Velocity time history; (B) Load time history.
TABLE 2 | Test plan.
[image: Table 2]The software used for numerical simulation is developed using C++ language and is a seismic dynamic analysis software for rock engineering based on the continuum method. It mainly includes three major blocks: basic mathematical calculation module, data management module, and finite element kernel module. The software used for the numerical simulation is a self-programming finite element method software.
THE NUMERICAL RESULTS
The stress-strain curves and volumetric strain-axial strain curves
The stress-strain curves of the rock under Kobe seismic load with different confining pressures are illustrated in Figure 2. The stress-strain curves of the rock under seismic load with different confining pressures are shown to be similar, and the stress-strain curve displays the cyclic behavior of rock materials, such as hysteresis and cumulative plastic strain. Meanwhile, the deformation modulus of the rock becomes larger when the seismic load is applied. This implies that the seismic load is not only cyclic loading, but also is dynamic load. However, the size and range of loading and unloading in each cycle are different. This is because seismic load is different from the common cyclic loading for its the amplitude being time-variant. Furthermore, the axial strain is larger than the lateral strain. With the increase of the confining pressure, the size of hysteresis loop and cumulative plastic strain are decreasing, as shown in Figure 2A: the same phenomenon can be seen in Figure 2B at a maximum stress of 80 MPa. Upon the increase of the maximum stress of seismic load, the size of the hysteresis loop and cumulative plastic strain increase. Figure 3 shows the stress-strain curves of the rock under Kobe seismic load with different maximum stresses in uniaxial loading test and triaxial loading test at a confining pressure of 15 MPa. The confining pressure can significantly limit the increase in lateral strain.
[image: Figure 2]FIGURE 2 | The stress-strain curves of the rock under Kobe seismic load with different confining pressures: (A) Maximum stress of 30 MPa; (B) Maximum stress of 80 MPa.
[image: Figure 3]FIGURE 3 | The stress-strain curves of the rock under Kobe seismic load with different maximum stresses: (A) Uniaxial loading; (B) Triaxial loading with confining pressure of 15 MPa.
Figure 4 depicts the volumetric strain-axial strain curves of the rock under Kobe seismic load with different confining pressures: the volumetric strain and axial strain are quasi-linearly related. As the axial strain increases, the volumetric strain decreases, and the volumetric strain is positive when the maximum stress is 30 MPa, as shown in Figure 4A. This shows that the rock has been in a state of shrinkage under seismic load when the maximum stress is 30 MPa on the condition of four different confining pressures. However, though the volumetric strain in most instances is positive when the maximum stress is 80 MPa, as shown in Figure 4B, dilation occurs when the confining pressures are less than 10 MPa. This suggests that rock materials can be in the state of dilation when the maximum stress of seismic load is large, and the confining pressure is small. The similar phenomenon is also observed in Figure 5. Dilation occurs in the rock regardless of the maximum stress of the seismic load in the case of uniaxial loading, as shown in Figure 5A. While, the rock is always in the state of shrinkage in the case of triaxial loading with the confining pressure of 15 MPa, as shown in Figure 5A. Furthermore, the larger the confining pressure and the smaller the maximum stress, the greater the volumetric strain is under the same axial strain.
[image: Figure 4]FIGURE 4 | The volumetric strain-axial strain curves of the rock under Kobe seismic load with different confining pressures: (A) Maximum stress of 30 MPa; (B) Maximum stress of 80 MPa.
[image: Figure 5]FIGURE 5 | The volumetric strain-axial strain curves of the rock under Kobe seismic load with different maximum stresses: (A) Uniaxial loading; (B) Triaxial loading with confining pressure of 15 MPa.
The variation of deformation properties
Though the plastic internal variable is the function of the plastic strain, it can reflect the damage of rock under loads based on formulae (5) and 9. The variations in plastic internal variable of the rock with time under Kobe seismic load with different confining pressures are shown in Figure 6. The shape of the variation in plastic internal variable of the rock with time is similar under seismic load with different confining pressures. The larger the confining pressure, the smaller the plastic internal variable and its rate of change. The plastic internal variable increases slowly under static load, while it increases more rapidly when applying a simulated seismic load. When the maximum stress of seismic load is 30 MPa, the maximum plastic internal variable is less than 0.02, suggesting that seismic load with a small maximum stress cannot cause severe damage to the rock, but the influence is larger than that of static load. A similar phenomenon can also be seen in Figure 6B when the maximum stress of seismic load is 80 MPa. While, the maximum plastic internal variable is significantly larger than that when the maximum stress of seismic load is 30 MPa, suggesting that the maximum stress is the main factor affecting the plastic internal variable of, even damage to, rock materials. The variations in plastic internal variable of the rock with time under Kobe seismic load with different maximum stresses are shown in Figure 7. Compared with results under the conditions of confining pressures of 5 MPa and 15 MPa, the difference of plastic internal variable in these two cases is found to be small, suggesting that the effect of confining pressure on damage of rock materials under seismic loads is smaller than that of the maximum stress.
[image: Figure 6]FIGURE 6 | The variation in plastic internal variable of the rock under Kobe seismic load with different confining pressures: (A) Maximum stress of 30 MPa; (B) Maximum stress of 80 MPa.
[image: Figure 7]FIGURE 7 | The variation in plastic internal variable of the rock under Kobe seismic load with different maximum stresses: (A) Triaxial loading with confining pressure of 5 MPa; (B) Triaxial loading with confining pressure of 15 MPa.
The variations in the deformation modulus of the rock with time under Kobe seismic load with different confining pressures are shown in Figure 8: the variations in the deformation modulus under different confining pressures are almost the same, and the difference can be negligible. This is because the initial and final Young’s moduli are the same under different confining pressures. The deformation modulus depends on the plastic internal variable and strain rate based on formula (9), and the strain rate is the same under different confining pressures, thus, the difference in the deformation modulus mainly reflect in the difference of the plastic internal variable. In general, there are three stages in the variation of the deformation modulus of the rock under seismic load: remaining constant, rapidly increasing, and decreasing slowly. This suggests that seismic load can increase the deformation modulus due to the strain rate effect. A similar phenomenon can also be seen in Figure 9 where it can also be seen that the difference of the deformation modulus under different maximum stresses is also not large. The reason is that the maximum strain rates of different maximum stresses are similar and the effect of strain rate on deformation modulus is mainly reflected through a logarithmic relationship based on formula (9).
[image: Figure 8]FIGURE 8 | The variation in deformation modulus of the rock under Kobe seismic load with different confining pressures: (A) Maximum stress of 30 MPa; (B) Maximum stress of 80 MPa.
[image: Figure 9]FIGURE 9 | The variation in deformation modulus of the rock under Kobe seismic load with maximum stresses: (A) Triaxial loading with confining pressure of 5 MPa; (B) Triaxial loading with confining pressure of 15 MPa.
The relationship between the dynamic deformation properties and maximum stress
The relationship between the dynamic deformation properties of the rock and maximum stress under Kobe seismic load with different confining pressures is shown in Figure 10. It can be found that the maximum axial strain and residual axial strain increase quasi-linearly with maximum stress under different confining pressures, as illustrated in Figure 10A. Al though the maximum axial strain and residual axial strain decrease as confining pressure increases, the difference in the maximum axial strain and residual axial strain under different confining pressures is small, whereas the maximum lateral strain, residual lateral strain and maximum stress have a negative linear relationship, as shown in Figure 10B. As well, the difference of the maximum lateral strain and residual lateral strain under different confining pressures is small, but the difference between maximum lateral strain and residual lateral strain is not more than 0.0001. Based on the axial strain and lateral strain, the relationship between the volumetric strain and maximum stress under different confining pressures is demonstrated in Figure 10C. Like the axial strain, the maximum volumetric strain, residual volumetric strain, and maximum stress show a linear relationship. As the maximum stress increases, the difference between maximum volumetric strain and residual volumetric strain under different confining pressures increases. The variations in the maximum plastic internal variable with maximum stress under different confining pressures are shown in Figure 10D; the maximum plastic internal variable and its rate of change increase with the increase of the maximum stress under different confining pressures. As the confining pressures increases, the maximum plastic internal variable becomes smaller at the same maximum stress. Figure 10E illustrates the relationship between the maximum stress and the maximum deformation modulus, residual deformation modulus of rock under different confining pressures; the maximum deformation modulus increases as the maximum stress increases under different confining pressures, and its rate of change decreases gradually. When the residual deformation modulus increases in the stage of maximum stress from 30 MPa to 60 MPa, then remaining almost unchanged as the maximum stress increases under different confining pressures. This is because the damage in the initial loading stage is small, the deformation modulus mainly depends on the maximum strain rate, however, the damage increases owing to the influence of seismic load, thus the deformation modulus not only depends on the maximum strain rate, but also the plastic internal variable.
[image: Figure 10]FIGURE 10 | The variation in deformation properties of the rock with maximum stress under Kobe seismic load with different confining pressures: (A) Axial strain; (B) Lateral strain; (C) Volumetric strain; (D) Maximum plastic internal variable; (E) Deformation modulus.
The relationship between the dynamic deformation properties and confining pressure
Figure 11 depicts the relationship between the dynamic deformation properties of the rock and confining pressure under Kobe seismic load with different maximum stresses. The maximum axial strain and residual axial strain show a negative quasi-linear relationship with confining pressure under different maximum stresses, as illustrated in Figure 11A; the difference between the maximum axial strain and residual axial strain under different maximum stresses is less than 0.0002. While, the maximum lateral strain, residual lateral strain and confining pressure have a linear relationship, as shown in Figure 11B, and the linear correlation between the residual lateral strain and confining pressure is stronger than that between the maximum lateral strain and confining pressure. The relationship between the volumetric strain and confining pressure under different maximum stresses is demonstrated in Figure 11C. As the confining pressure increases, the maximum volumetric strain and residual volumetric strain increase linearly, albeit slowly. Unlike the relationship between the maximum plastic internal variable and maximum stress, it shows a negative quasi-linear relationship between the maximum plastic internal variable and confining pressure under different maximum stresses, as shown in Figure 11D. The variations in the maximum deformation modulus and residual deformation modulus of rock with confining pressure under different maximum stresses are shown in Figure 11E; this also differs from that with maximum stress. There is a linear relationship between the maximum deformation modulus, residual deformation modulus of rock and confining pressure. The reason is that the maximum strain rate under different confining pressures at the same maximum stress is the same, thus the plastic internal variable becomes the main factor for determining the deformation modulus based on formula (9). The plastic internal variable in the initial loading stage is small, while it increases because of the influence of seismic load, therefore, according to the variation of the maximum plastic internal variable with confining pressure as shown in Figure 11D, the increasing rate of the residual deformation modulus with the increase of confining pressure is greater than that of the maximum deformation modulus.
[image: Figure 11]FIGURE 11 | The variation in deformation properties of the rock with confining pressure under Kobe seismic load with different maximum stresses: (A) Axial strain; (B) Lateral strain; (C) Volumetric strain; (D) Maximum plastic internal variable; (E) Deformation modulus.
CONCLUSION
The influences of confining pressures on the dynamic deformation properties of T2y6 marble under Kobe seismic load with four different maximum stresses were studied through numerical simulation. The main conclusions are as follows:
1) Hysteresis loops, cumulative plastic strain, strain rate effect, and damage are found in the stress-strain curves of the rock under Kobe seismic load, while the size and range of loading and unloading in each cycle are different.
2) The volumetric strain and axial strain are quasi-linearly related, and the rock tends to shrink under seismic load, whereas dilation occurs in the rock when the maximum stress of seismic load is large and the confining pressure is small.
3) Seismic load with small maximum stress cannot induce significant damage in the rock, but the influence thereof is greater than that of a static load. The maximum stress is the main factor affecting the damage to rock materials under seismic loads, while the effect of confining pressure on damage is smaller than that of maximum stress.
4) The maximum axial strain, residual axial strain, maximum volumetric strain, residual volumetric strain, and maximum plastic internal variable almost linearly increase with maximum stress under different confining pressures; the maximum lateral strain, residual lateral strain, and maximum stress have a negative linear relationship. The maximum deformation modulus and final deformation modulus show a non-linear relationship with maximum stress.
5) The maximum axial strain, residual axial strain, and maximum plastic internal variable demonstrate a negative quasi-linear relationship with confining pressure under different maximum stresses. While, the maximum lateral strain, residual lateral strain, maximum volumetric strain, residual volumetric strain, maximum deformation modulus, residual deformation modulus, and confining pressure have a linear relationship.
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Airborne lidar is a technology for mapping surface spatial information and has been widely used in many areas of geospatial information disciplines. The filtering process of removing non-ground points has always been the focus of research. PTD (Progressive Triangular Irregular Network Densification) filtering algorithm is a widely used filtering algorithm for airborne lidar data. However, this algorithm has shortcomings in retaining ground points in steep areas, leading to large type Ⅰ errors. Therefore, this paper proposes an improved PTD algorithm. The improvement is the addition of the seed points filtering. Specifically, after the potential seed points are obtained by the progressive morphological filter, the seed points filtering is performed on it to remove the non-ground points, so that the obtained seed points are more accurate. The benchmark dataset of ISPRS (International Society for Photogrammetry and Remote Sensing) Working Group III is used to assess the proposed method. Results show that the method is effective in decreasing type Ⅰ error in steep areas. Comparing with the classic PTD algorithm, the type Ⅰ error and total error are decreased by 8.46% and 5.06% respectively. In addition, the proposed method shows a great advantage in computational efficiency, that is eight times more efficient than the classic PTD algorithm.
Keywords: airborne lidar, PTD, progressive morphological filter, seed points filtering, filtering algorithm
1 INTRODUCTION
Airborne lidar shows great advantages in accurately acquiring 3D terrain information (Zhang et al., 2013), and has been utilized in many environmental applications (Zhang and Lin, 2013). For instance, reconstruction of DTM (Digital Terrain Model) (Mongus and Zalik, 2012; Polat and Uysal, 2015; Xiangyun et al., 2015), 3D building modeling (Rutzinger et al., 2009; Wang, 2013), hydrological modeling (Linde, 2010; Massimo et al., 2015), landslide assessments (Huang et al., 2021), highwall slopes surface measurement of open-pit mines (Nguyen et al., 2018), roof bolt classification (Singh et al., 2021), forest inventory and management (Koch et al., 2006; Liu et al., 2013). For these applications, the key processing step is the classification of the irregular point cloud (Shen et al., 2012).
However, how to accurately extract terrain information from irregular point clouds is the problem to be solved (Zhang, 2010), and one of the crucial processing steps is filtering. In short, it is to find out which is returned from the ground and which is returned from the objects on the ground in the disordered and discrete 3D point clouds (Meng et al., 2010). For example, in landslide susceptibility prediction (Huang et al., 2020) and reliability analysis (Jiang and Huang, 2018), most scholars use lidar. However, due to the influence of vegetation, it is difficult for lidar to collect landslide data, it is necessary to obtain high-precision DEM (Digital Elevation Model) through filtering to establish a landslide model.
Filtering algorithms can be classified according to the theoretical background. According to the concept of filtering, Sithole and Vosselman classify filters into four categories: slope-based (Susaki, 2012; Wu et al., 2016), block-minimum (Streutker and Glenn, 2006; Glenn et al., 2011), clustering/segmentation (Hu et al., 2013; Yang et al., 2013), and surface-based algorithms (Sithole and Vosselman, 2004). The principle of surface-based filtering algorithms is to create a surface that is closest to the bare ground surface (Nie et al., 2017). It is classified as morphology-based filters (Li et al., 2013; Pingel et al., 2013), iterative interpolation-based filters (Polat et al., 2015), and progressive-densification-based filters (Zhang and Lin, 2013; Nie et al., 2017). We briefly review morphological-based filters and progressive densification-based filters as they are related to our proposed method.
Morphology-based filters are based on morphology open and close operations (Zhang et al., 2003; Najman and Talbot, 2011). Zhang et al. (2003) processed point clouds by changing the window size. If the distance between raw gridded point clouds and gridded point clouds after opening operations was greater than thresholds, the grid is marked as a non-ground grid. Chen et al. (2007) used an increasing window size morphological opening operation to remove buildings. Li et al. (2013) propose a gradient-constrained morphology algorithm that decreases the object removal operation and improves the accuracy of the algorithm. Pingel et al. (2013) classified points by changing the elevation threshold.
The progressive densification-based filter first constructs an initial TIN (Triangular Irregular Network) with some ground seed points and performs iterative densification until no more points can be added to the TIN. Axelsson (2000) first divides irregular point clouds into grids, using the lowest point in each grid as the initial ground point. Then a TIN is used as the reference surface. In each iteration, the angles and distances of the remaining points to the triangle are judged by thresholds, and the points that satisfy the conditions are added to the TIN. Before the next iteration, add all currently classified ground points to the TIN until all points are classified. Nie et al. (2017) propose a revised PTD algorithm, which revised the existing TIN and iteration steps, decreasing the three types of errors.
Among these filtering algorithms, the PTD filtering algorithm is robust. This method has two key steps, selecting seed points and constructing the initial TIN, iterative densification of the TIN (Axelsson, 2000). However, the PTD algorithm directly defines the lowest point as the seed point that will lead to errors. And the algorithm cannot correctly detect potential ground points in steep areas (Nie et al., 2017). In addition, when the amount of points is particularly high, this method takes lots of memory space and a long computing time.
To solve the above problems, we propose an improved PTD filtering algorithm to optimize the selection of seed points and the computational efficiency. After acquiring potential ground seed points through the progressive morphological filtering algorithm, the seed point filtering is applied to them. The purpose is to remove the non-ground points in the potential ground seed points. These potential ground points are used as the seed points of TIN, and ground points acquired after iterative progressive densification are closer to the terrain, which can reduce the type Ⅰ error and the total error.
2 METHODS
The classic PTD algorithm assumes potential ground points as seed points for subsequent filtering by default, resulting in large errors. To solve the limitations of the classic PTD algorithm, we proposed an improved PTD filtering algorithm combined with the progressive morphological filter, the flow chart is shown in Figure 1. The proposed method includes the following four steps.
[image: Figure 1]FIGURE 1 | Flow chart of the improved filtering algorithm in this paper.
Firstly, the method of elevation histogram is built to remove outliers.
Secondly, the initial potential seed points close to the terrain are obtained by using the opening operation of the progressive morphological algorithm.
Thirdly, the potential seed points are filtered to obtain more accurate ground seed points.
Fourthly, the acquired seed points as the initial seed points to construct the initial TIN, and iterative progressive densification is started to obtain the final ground points.
2.1 Outliers removal
Many point clouds include noise and outliers (Ren et al., 2021) (as shown in Figure 2). Outliers are one of the situations that may cause filtering algorithms to fail (Sithole and Vosselman, 2004). Therefore, this paper introduces a method to remove outliers based on the histogram of point cloud elevation distribution. There are three key steps, including:
(a) The elevation histogram is built and examined by visualizing the distribution of elevation values, and then elevation thresholds were determined to eliminate the lowest and highest tails from the distribution
(b) The outliers missed in the previous step are searched by determining the minimum elevation difference between each point and the surrounding points.
(c) Manually correct errors during outliers’ removal.
[image: Figure 2]FIGURE 2 | Outliers are present in sample11.
2.2 Selecting potential ground seed points
To select potential ground seed points, the irregular point cloud needs to be divided into regular grids. The lowest point elevation value is used as the grid value to form the minimum elevation surface, for which a progressive morphological filtering open operation is performed.
In each opening operation, points with angle and distance above thresholds are marked as non-ground points. Points that are not marked are considered as potential ground seeds. The specific steps are as follows:
A. The grid is divided as shown in Figure 3A. The raw point cloud is divided into uniform grids according to the basic window size. The lowest point in grids (blue point in grids) is selected, and the elevation value of the lowest point is used as the grid value. Since the grid data may have null values, it is necessary to interpolate the grid in eight neighborhoods (Figure 4, with point “P0” as the starting point, and interpolate to the surrounding eight grids). The minimum value of the elevation in the null grid is taken as the average of the elevation sum of the neighboring grids. If the interpolation fails, the elevation value of the grid is assigned to “0”, such as the red points in the grid in Figure 3B. The interpolation process avoids the missing point clouds in places with large slopes due to the lack of laser scanning, which affects the correct selection of subsequent seed points. The minimum elevation surface is obtained after the above operation, and it is used as the input for the subsequent progressive morphological opening operation.
[image: Figure 3]FIGURE 3 | (A) Point cloud grid before interpolation; (B) Point cloud grid after interpolation.
[image: Figure 4]FIGURE 4 | Eight-neighborhood interpolation.
B. Progressive morphological filtering. The minimum elevation surface obtained in the previous step is used to start the progressive morphological filtering, which uses a multi-scale progressive window to perform a progressive morphological opening operation on the ground seed points. In Figure 5, the initial filtering is performed at window size W1. When the height difference hp,1between point “P” and the filtering surface is less than or equal to the height difference threshold hT,1, the classification P is a ground point. hmax(t),1 is the maximum height difference between the ground before filtering and the filtering surface. If hmax(t),1 is less than hT,1, all ground points on the terrain surface are retained. In the second filtering, the window size is increased to W2. If the maximum height difference hmax(t),2 between the previous filtering surface and this filtering surface is smaller than the height difference threshold hT,2, all ground points whose height difference is less than hmax(t),2 from this filtering surface are retained. Similarly, if the minimum height difference hmin (t),2 of the building between the last filtering operation and the filtering operation is greater than hT,2, the building is removed.
[image: Figure 5]FIGURE 5 | Schematic diagram of the progressive morphological filter.
In the xth filtering, the window size is increased to Wk. If the height difference hp,k between a point “N” and the filtering surface is less than or equal to the height difference threshold hT,k, the classification P is a ground point. hT,k is usually the minimum height of buildings in the area.
In each of the above filtering processes, the window size Wk and the height difference threshold hT,k need to be determined. Wk is calculated in both Eqs. 1, 2.
[image: image]
In Eq. 1, k is the number of iterations, w0 is the initial window size, and the final add one is to ensure that wk is an odd number and the window is symmetrical. However, if a study area has very large buildings, Eq. 1 increases the window size too slowly and takes more time. Therefore, a second approach can be used to change the window size by exponential growth, calculated as follows:
[image: image]
The growth rate in this way is much faster than in Eq. 1. It is closely related to the slope of the terrain in the study area, which can be determined by Eq. 3.
[image: image]
In the equation, h0 is the initial height difference, s is the terrain slope, c is the grid size, hmax is the maximum height difference. The relationship between the terrain slope s and the window sizes Wk, Wk-1 and the maximum height difference hmax(t),k is shown in Eq. 4.
[image: image]
A new filter window size and a different elevation interpolation threshold are calculated until the window size is above the preset maximum window size, and points that are not marked are considered as potential ground seed points.
2.3 Seed points filtering
The potential ground seed points generally cannot be directly applied as initial seed points of the PTD algorithm, otherwise, it will lead to type Ⅰ error that cannot be well reduced. For example, Xiangguo and Jixian (2014) use the “Segmentation-Based Filtering algorithm” with type Ⅰ error of up to 62.22%. Nie et al. (2017) use the “Revised PTD filter algorithm” with type Ⅰ error of up to 52.026%.
In the actual processing of progressive morphological filtering, it is difficult to select the optimal parameters to remove these ground points at one time, as steep slopes or building roofs are often missed in the ground points due to the abrupt change of elevation. The analysis of the acquired potential ground seed points reveals that building roofs or high vegetation noise points usually float in clusters on the ground points with large height differences.
Therefore, this paper proposed a seed points filtering method to remove the non-ground points in the potential ground seed points. Considering non-ground points will form larger or narrow triangles, and the aggregated high noise points will form small, locally prominent elevation surfaces. The proposed seed points filtering process mainly has the following principles:
1. Finding the triangular network with the larger side length of the triangular surface piece, and then traversing the vertices, the vertex with the largest elevation is identified as a noise point.
2. The triangular network clusters formed by noise points generally contain narrow triangular facets (the triangular network formed by red noise points and blue ground points in Figure 6), the noise facets can be removed based on these features to obtain more accurate ground seed points. Performing Floodfill algorithm on the triangulation, finding the surrounding adjacent triangulation, and identifying the triangulation without noise points as a cluster (the triangle network formed by the blue ground in Figure 6) until all triangle networks clusters are found.
[image: Figure 6]FIGURE 6 | Schematic diagram of the triangular network.
The ground points obtained are closer to the actual terrain after the above filtering process, and these points are used as seed points of PTD algorithm for progressive densification. Then the next step is to get the ground points.
2.4 Obtaining ground points
When using the TIN model for topographic representation, narrow triangles should be prevented Figure 7A. Therefore, the method of constructing a buffer zone in the literature (Zhao et al., 2016) is introduced in this paper Figure 7B. Proceed in these steps: the seed point cloud is projected into the XY plane corresponding to the seed points, expanding the seed point cloud externally to form a buffer zone, and interpolating uniformly along the buffer zone. This can avoid the loss of the triangular network at the boundary, which causes the points at the boundary to be unavailable for iterative computation (Zhao et al., 2016). The next step is the iterative densification of the triangulation network.
[image: Figure 7]FIGURE 7 | (A) Raw triangle network without a buffer zone; (B) triangle network after adding a buffer zone.
The traditional iterative densification of triangulation networks are performed by stepwise insertion. After determining that the point is ground, insert it into the TIN constructed in the previous step.
However, the insertion of single points is less efficient, and this paper makes a small improvement here by iterating through all the non-ground points at each iteration. The points that satisfy the conditions are inserted into the constructed TIN as ground points at one time and continue to iterate the remaining non-ground points. Depending on the new TIN, calculating the iterator angle and iterator distance, and using the points that meet the conditions as new ground seed points. Repeating the above-mentioned network construction process and iterative process until the number of iterations exceeds the threshold or no new ground points are added to seed points so that obtained seed points contain all ground points. Since there are interpolated points in the first step of gridding and triangular networks iterative densification but these points do not belong to the actual ground, removing these points, the final obtained points are the actual ground points.
3 EXPERIMENTS AND RESULTS ANALYSIS
3.1 Experimental data
The airborne LIDAR sample data provided by the ISPRS Working Group III in 2003 were used for filtering tests.
The eight datasets (four from the urban and four from the village) were acquired by an OptechALTM scanner (Chen et al., 2020). Fifteen samples were extracted from these eight datasets for later quantitative analysis. These 15 samples represent different environments consisting of steep slopes, vegetation, dense buildings, railway stations, multi-story, bridges, tunnel entrances, and quarries (Sithole and Vosselman, 2004). These samples have been corrected by semi-automatic filtering and visual discrimination, and all points have been accurately classified. Each point was marked with a category (Figure 8), where blue points are real ground points and red points are real non-ground points.
[image: Figure 8]FIGURE 8 | Point cloud of sample 12.
3.2 Parameters description
The proposed method requires presetting six parameters, including max building size, initial window size, max terrain angle, number of iterations, iterator angle, and iterator distance.
1) Max building size: The length threshold, which the algorithm can handle buildings not exceeding, is used to define the size of grid cells;
2) Initial window size: Input parameters for progressive morphological filtering, used to control local seed points;
3) Max terrain angle: Slope threshold that decides whether to judge unclassified points by mirroring;
4) Number of iterations: By increasing the number of iterations, some points of steep slope can be iterated to ground points;
5) Iterator angle and Iterator distance: Calculating whether a point is a ground point;
3.3 Results analysis
Three accuracy indexes proposed in the literature (Chen et al., 2007) are used to analyze the accuracy of the algorithm, which include type Ⅰ error, type Ⅱ error, and total error (Table 1).
TABLE 1 | Calculation equation for three types of errors.
[image: Table 1]Type Ⅰ error reflects the ability in retaining ground points. Type II error reflects the ability in removing non-ground points. Total error reflects the balance and practicability of the algorithm. The parameters in (Table 1), “a” and “d” are the number of correctly recognized ground points and non-ground points respectively, “b” and “c” are the numbers of misclassified ground points and non-ground points respectively. Table 2 lists the test results of three kinds of errors of 15 samples provided by ISPRS by this algorithm and the PTD algorithm.
TABLE 2 | Comparison results.
[image: Table 2]The total error of 15 samples for both filters in Table 2 is less than 32.67%. As shown in Figure 9, the type I error (T.I) and total error (T.E) of our method are significantly lower than the classic PTD algorithm. Specifically, among 15 samples, the T. I error of our method is lower than that of the classic PTD algorithm in 12 samples, and the T.E error is lower than that of the classic PTD algorithm in 10 samples (Figure 9, Figure 10). In average, the T. I error and T.E error of our method is decreased by 8.46% and 5.06%. Nevertheless, the T. II error of the classic PTD algorithm is higher than our method in four samples (Figure 11). The above disadvantages of our method are not fatal. Since correcting type II error is less than correcting type I error (Sithole and Vosselman, 2004).
[image: Figure 9]FIGURE 9 | Total error comparison chart.
[image: Figure 10]FIGURE 10 | Type I error comparison chart.
[image: Figure 11]FIGURE 11 | Type Ⅱ error comparison chart.
3.3.1 Filtering results analysis of four samples
In addition, this paper also lists the filtering result of four representative sample data to show the details of filtering, namely Sample11, Sample23, Sample42, and Sample53, and the specific experimental results and analysis are as follows.
The main data features of Sample11 are vegetation and structures located on steep terrain, this type of terrain is generally testable for the filtering algorithm, most filtering algorithms have a large error here. Our method reduces the type I error by 16.81% and the total error by 7.85% compared with the classic PTD algorithm, which reflects the accuracy of the algorithm. Figure 12A is the raw image of the sample, the red point in Figure 12B is the type Ⅰ error, and the blue point in Figure 12C is the type Ⅱ error. In Figure 12B, type Ⅰ error is mainly distributed in a small part of the building area in the marked circle, but in the steep areas (the rectangular part in Figure 12B), our method still accurately identifies ground points.
[image: Figure 12]FIGURE 12 | Filtering results for sample 11: (A) initial point cloud; (B) filtered point cloud (blue points), red points are the type Ⅰ error; (C) filtered point cloud (red points), blue points are the type Ⅱ error.
The main data features of sample 23 are buildings and a small amount of vegetation. There are special closed circular terrains in the buildings, the interiors are ground points, and the boundaries are buildings, which is a test of the algorithm’s ability to judge complex structures. Our method reduces the type Ⅰ error by 10.88% and the total error by 3.4%. As can be seen in the filtering results, the buildings are filtered out, the circular structure in the middle is excluded, and the type Ⅰ error is basically outside the circle. As seen in the rectangular part in Figure 13B, our method can extract most of the road information. Part of the discontinuity is due to the interference of different materials and noise points, but overall, better road information can be obtained.
[image: Figure 13]FIGURE 13 | Filtering results for sample 23: (A) initial point cloud; (B) filtered point cloud (blue points), red points are the type Ⅰ error; (C) filtered point cloud (red points), blue points are the type Ⅱ error.
As the relatively regular topographic structure characteristics of sample 42, the data filtering results of both algorithms are more satisfactory. Our method reduces type Ⅰ error by 7.82% and the total error by 1.22%. As in Figure 14C, the basic feature blocks are distinguished, which provides a good basis for the subsequent filtering judgment, and the filtering effect is ideal.
[image: Figure 14]FIGURE 14 | Filtering results for sample 42: (A) initial point cloud; (B) filtered point cloud (blue points), red points are the type Ⅰ error; (C) filtered point cloud (red points), blue points are the type Ⅱ error.
The data features of sample 53 are mainly discontinuous terrain and steep slopes. Although there are fewer buildings, the terrain structure is more complex, the steep slopes are disconnected, and the buildings are mainly distributed on different steep slopes. Our method reduces the type Ⅰ error by 16.31% and the total error by 15.55%. The filtering results are generally ideal. There are barely any non-ground points in Figure 15B, which is enough to prove that this algorithm has its advantages in retaining ground points in steep areas.
[image: Figure 15]FIGURE 15 | Filtering results for sample 53: (A) initial point cloud; (B) filtered point cloud (blue points), red points are the type Ⅰ error; (C) filtered point cloud (red points), blue points are the type Ⅱ error.
3.3.2 Filtering results analysis of eight filtering algorithms
In addition, the proposed method and eight filters proposed by (Sithole and Vosselman, 2004) are quantitatively evaluated in Figure 16. Figure 16A and Figure 16C show that out of these 15 samples, there are three samples where our method is second lowest and five samples where our method is second lowest. Moreover, our method has 11 samples below the type I error average value, and the total error also has nine samples below the average value.
[image: Figure 16]FIGURE 16 | Results of the eight filters and the proposed method in three types errors: (A) type I errors; (B) type II errors; (C) total errors.
4 DISCUSSIONS
Lidar provides a quick and precise solution for high-precision, large-area data acquisition (Kukko and Hyyppä, 2009), and is increasingly being used as a means of generating DEMs (Hill et al., 2000). DEM is an important terrain model and a basic requirement for many applications. Conventional methods of DEM generation are time-consuming (Polat et al., 2015). As research has advanced, lidar has become a main means for generating DEM. High-precision DEM and DTM play an important role in urban mapping (Lm et al., Zahdi and Nagai, 2021), forest management (Wang et al., 2016; Cai et al., 2019), landslide assessment and other fields (Han et al., 2014). Liu and Lim (2018) proposed a voxel-based morphological filtering algorithm to generate DEM in complex forest areas, and applied it in forest management, so as to make rational planning and utilization of forest and agriculture. Chen et al. (2012) proposed an upward-fusion filtering algorithm to establish an urban DTM, saving a lot of manual collection time. Huang et al. (2021) used DEM as a data source to assess landslides and performed better than hydrological methods in both accuracy and efficiency. However, the point cloud data obtained from LIDAR is discrete and irregular, which requires filtering the raw point cloud data to generate accurate DEM and DTM (Axelsson, 2000).
Therefore, the filtering algorithm proposed in this paper is compared with the widely used PTD filtering algorithm. Through the analysis of 15 samples, it is concluded that this paper has advantages in reducing the T. I error and T.E error. Comparing with the classic PTD algorithm, the DEM and DTM obtained are more accurate.
However, the proposed method contains six parameters that require manual debugging, which may affect the efficiency. The type II error of our method is higher than the classic PTD algorithm in 11 samples (Figure 11). Consequently, future research should aim at automating of the algorithm parameters and the reduction of type II error to make the algorithm more efficient.
5 CONCLUSION
Point cloud filtering is an important part of lidar data processing, and several filtering algorithms have been proposed. Among them, PTD is widely used, but it may not be able to retain ground points in areas with steep terrain. Therefore, this paper proposes an improved PTD filtering algorithm combined with the progressive morphological filter, after obtaining the potential ground seed points, seed points filtering is performed on it. The obtained seed points are closer to the actual terrain.
The experimental results demonstrate that the method performs effectively in reserving ground points in steep areas. Reducing the type Ⅰ error and total error by 8.46% and 5.06% respectively. At the same time, our method shows a great advantage in computational efficiency, the cost time of the classic PTD algorithm is 16.35s and the cost time of the algorithm proposed by Nie et al. (2017) is 102.14s, the cost time of our method is only 2.25s. Therefore, our improved PTD algorithm has a great improvement in accuracy and efficiency. In four representative samples, good filtering results were achieved. Improves the accuracy and efficiency of the PTD algorithm.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
Conceptualization, NC and JZ; data curation, NC, JK, and NW; funding acquisition, NC, YH, and XD; methodology, NC and NW; software, NC and JZ; project administration, NC and XD; supervision, JK and JZ; writing—original draft, NC and NW; writing—review and editing, NC, YH, and NW. All authors have read and agreed to the published version of the manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (Grant No. 52009038) and the Foundation of Hubei Key Laboratory of Blasting Engineering (No. BL 2021-21).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Axelsson, P. (2000). DEM generation from laser scanner data using adaptive TIN models. Int. archives photogrammetry remote Sens.
 Cai, S., Zhang, W., Liang, X., Wan, P., Shao, J., Yu, S., et al. (2019). Filtering airborne LiDAR data through complementary cloth simulation and progressive TIN densification filters. Remote Sens. 11, 1037. doi:10.3390/rs11091037
 Chen, C., Wang, M., Chang, B., and Li, Y. (2020). Multi-level interpolation-based filter for airborne LiDAR point clouds in forested areas. IEEE Access 8, 41000–41012. doi:10.1109/access.2020.2976848
 Chen, Q., Gong, P., Baldocchi, D., and Xie, G. (2007). Filtering airborne laser scanning data with morphological methods. Photogramm. Eng. remote Sens. 73, 175–185. doi:10.14358/pers.73.2.175
 Chen, Z., Devereux, B., Gao, B., and Amable, G. (2012). Upward-fusion urban DTM generating method using airborne Lidar data. ISPRS J. Photogramm. Remote Sens. 72, 121–130. doi:10.1016/j.isprsjprs.2012.07.001
 Glenn, N. F., Spaete, L. P., Sankey, T. T., Derryberry, D. R., Hardegree, S. P., and Mitchell, J. J. (2011). Errors in LiDAR-derived shrub height and crown area on sloped terrain. J. Arid Environ. 75, 377–382. doi:10.1016/j.jaridenv.2010.11.005
 Han, H., Ding, Y., Zhu, Q., Bo, W., Lin, H., Du, Z., et al. (2014). An adaptive surface filter for airborne laser scanning point clouds by means of regularization and bending energy. ISPRS J. Photogramm. Remote Sens. 92, 98–111. doi:10.1016/j.isprsjprs.2014.02.014
 Hill, J. M., Graham, L. A., and Henry, R. J. (2000). Wide-area topographic mapping and applications using airborne light detection and ranging (LIDAR) technology. Photogrammetric Eng. Remote Sens. 66, 908–914. 
 Hu, X., Li, X., and Zhang, Y. (2013). Fast filtering of LiDAR point cloud in urban areas based on scan line segmentation and GPU acceleration. IEEE Geosci. Remote Sens. Lett. 10, 308–312. doi:10.1109/lgrs.2012.2205130
 Huang, F., Cao, Z., Jiang, S. H., Zhou, C., and Guo, Z. (2020). Landslide susceptibility prediction based on a semi-supervised multiple-layer perceptron model. Landslides 17, 2919–2930. doi:10.1007/s10346-020-01473-9
 Huang, F. M., Tao, S. Y., Chang, Z. L., Huang, J. S., Fan, X. M., Jiang, S. H., et al. (2021). Efficient and automatic extraction of slope units based on multi-scale segmentation method for landslide assessments. Landslides 18, 3715–3731. doi:10.1007/s10346-021-01756-9
 Jiang, S. H., and Huang, J. (2018). Modeling of non-stationary random field of undrained shear strength of soil for slope reliability analysis. S0038080617301592: Soils & Foundations. 
 Koch, B., Heyder, U., and Weinacker, H. (2006). Detection of individual tree crowns in airborne lidar data. Photogramm. Eng. remote Sens. 72 (4), 357–363. doi:10.14358/pers.72.4.357
 Kukko, A., and Hyyppä, J. (2009). Small-footprint laser scanning simulator for system validation, error assessment, and algorithm development. Photogramm. Eng. remote Sens. 75, 1177–1189. doi:10.14358/pers.75.10.1177
 Li, Y., Wu, H., Xu, H., An, R., Xu, J., and He, Q. (2013). A gradient-constrained morphological filtering algorithm for airborne LiDAR. Opt. Laser Technol. 54, 288–296. doi:10.1016/j.optlastec.2013.06.007
 Linde, H. (2010). Stream network modelling using lidar and photogrammetric digital elevation models: A comparison and field verification. Hydrol. Process. 22, 1747–1754. 
 Liu, J., Shen, J., Zhao, R., and Xu, S. (2013). Extraction of individual tree crowns from airborne LiDAR data in human settlements. Math. Comput. Model. 58, 524–535. doi:10.1016/j.mcm.2011.10.071
 Liu, L., and Lim, S. (2018). A voxel-based multiscale morphological airborne lidar filtering algorithm for digital elevation models for forest regions. Measurement 123, 135–144. doi:10.1016/j.measurement.2018.03.020
 Massimo, D., Carlo, G., and Martino, B. (2015). Comparative analysis of the differences between using LiDAR and contour-based DEMs for hydrological modeling of runoff generating debris flows in the Dolomites. Front. Earth Sci. (Lausanne). 3. doi:10.3389/feart.2015.00021
 Meng, X., Currit, N., and Zhao, K. (2010). Ground filtering algorithms for airborne LiDAR data: A review of critical issues. Remote Sens. 2, 833–860. doi:10.3390/rs2030833
 Mongus, D., and Zalik, B. (2012). Parameter-free ground filtering of LiDAR data for automatic DTM generation. ISPRS J. Photogrammetry Remote Sens. 67, 1–12. doi:10.1016/j.isprsjprs.2011.10.002
 Najman, L., and Talbot, H. (2011). “Mathematical morphology: From theory to applications,” in Mathematical morphology : From theory to applications . 
 Nguyen, Q. L., Michal, B., Phu, L. A., and Sylwia, S. A. (2018). Accuracy assessment of mine walls' surface models derived from terrestrial laser scanning. Int. J. Coal Sci. Technol. 5 (3), 328–338. doi:10.1007/s40789-018-0218-1
 Nie, S., Wang, C., Dong, P., XI, X., Luo, S., and Qin, H. (2017). A revised progressive TIN densification for filtering airborne LiDAR data. Measurement 104, 70–77. doi:10.1016/j.measurement.2017.03.007
 Pingel, T. J., Clarke, K. C., and Mcbride, W. A. (2013). An improved simple morphological filter for the terrain classification of airborne LIDAR data. ISPRS J. Photogramm. Remote Sens. 77, 21–30. doi:10.1016/j.isprsjprs.2012.12.002
 Polat, N., and Uysal, M. (2015). Investigating performance of Airborne LiDAR data filtering algorithms for DTM generation. Measurement 63, 61–68. doi:10.1016/j.measurement.2014.12.017
 Polat, N., Uysal, M., and Toprak, A. S. (2015). An investigation of DEM generation process based on LiDAR data filtering, decimation, and interpolation methods for an urban area. Measurement 75, 50–56. doi:10.1016/j.measurement.2015.08.008
 Ren, Y., Li, T., Xu, J., Hong, W., and Fu, B. (2021). 'Overall filtering algorithm for multiscale noise removal from point cloud data. IEEE Access 9, 110723–110734. doi:10.1109/access.2021.3097185
 Rutzinger, M., Rottensteiner, F., and Pfeifer, N. (2009). A comparison of evaluation techniques for building extraction from airborne laser scanning. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2, 11–20. doi:10.1109/jstars.2009.2012488
 Shen, J., Liu, J., Lin, X., and Zhao, R. (2012). Object-based classification of airborne light detection and ranging point clouds in human settlements. Sens. Lett. 10, 221–229. doi:10.1166/sl.2012.1826
 Singh, S. K., Raval, S., and Banerjee, B. P. (2021). A robust approach to identify roof bolts in 3D point cloud data captured from a mobile laser scanner. Int. J. Min. Sci. Technol. 31, 303–312. doi:10.1016/j.ijmst.2021.01.001
 Sithole, G., and Vosselman, G. (2004). Experimental comparison of filter algorithms for bare-Earth extraction from airborne laser scanning point clouds. ISPRS J. Photogramm. Remote Sens. 59, 85–101. doi:10.1016/j.isprsjprs.2004.05.004
 Streutker, D. R., and Glenn, N. F. (2006). LiDAR measurement of sagebrush steppe vegetation heights. Remote Sens. Environ. 102, 135–145. doi:10.1016/j.rse.2006.02.011
 Susaki, J. (2012). Adaptive slope filtering of airborne LiDAR data in urban areas for digital terrain model (DTM) generation. Remote Sens. 4, 1804–1819. doi:10.3390/rs4061804
 Wang, R. (2013). 3D building modeling using images and LiDAR: A review. Int. J. Image Data Fusion 4, 273–292. doi:10.1080/19479832.2013.811124
 Wang, Y., Hyyppä, J., Liang, X., Kaartinen, H., Alho, P., Lindberg, E., et al. (2016). International benchmarking of the individual tree detection methods for modeling 3-D canopy structure for silviculture and forest ecology using airborne laser scanning. IEEE Trans. Geosci. Remote Sens. 54, 5011–5027. doi:10.1109/tgrs.2016.2543225
 Wu, B., Yu, B., Huang, C., Wu, Q., and Wu, J. (2016). Automated extraction of ground surface along urban roads from mobile laser scanning point clouds. Remote Sens. Lett. 7, 170–179. doi:10.1080/2150704x.2015.1117156
 Xiangguo, L., and Jixian, Z. (2014). Segmentation-based filtering of airborne LiDAR point clouds by progressive densification of terrain segments. Remote Sens. 6, 1294–1326. doi:10.3390/rs6021294
 Xiangyun, H., Lizhi, Y., Shiyan, P., and Jie, S. (2015). Semi-global filtering of airborne LiDAR data for fast extraction of digital terrain models. Remote Sens. 7, 10996–11015. doi:10.3390/rs70810996
 Yang, B., Wei, Z., Li, Q., and Li, J. (2013). Semiautomated building facade footprint extraction from mobile LiDAR point clouds. IEEE Geosci. Remote Sens. Lett. 10, 766–770. doi:10.1109/lgrs.2012.2222342
 Zahdi, M. W., and Nagai, M. (2021). “An approach for the precise DEM generation in urban environments using multi-GNSS receivers mounted on a mobile platform,” in Measurement . 
 Zhang, J., and Lin, X. (2013). Filtering airborne LiDAR data by embedding smoothness-constrained segmentation in progressive TIN densification. ISPRS J. Photogramm. Remote Sens. 81, 44–59. doi:10.1016/j.isprsjprs.2013.04.001
 Zhang, J., Lin, X., and Ning, X. (2013). SVM-based classification of segmented airborne LiDAR point clouds in urban areas. Remote Sens. 5, 3749–3775. doi:10.3390/rs5083749
 Zhang, J. (2010). Multi-source remote sensing data fusion: Status and trends: International journal of image and data fusion: Vol 1, No 1. Int. J. Image Data Fusion . 
 Zhang, K., Chen, S. C., Whitman, D., Shyu, M. L., Yan, J., and Zhang, C. (2003). A progressive morphological filter for removing nonground measurements from airborne LIDAR data. IEEE Trans. Geosci. Remote Sens. 41, 872–882. doi:10.1109/tgrs.2003.810682
 Zhao, X., Guo, Q., Su, Y., and Xue, B. (2016). Improved progressive TIN densification filtering algorithm for airborne LiDAR data in forested areas. ISPRS J. Photogrammetry Remote Sens. 117, 79–91. doi:10.1016/j.isprsjprs.2016.03.016
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Chen, Wang, He, Ding and Kong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 09 January 2023
doi: 10.3389/feart.2022.1094415


[image: image2]
Analysis of flow field in a blast simulator combined-driven by explosive charge and compressed gas
Zhuo Chen1,2, Huiqi Ren1,2*, Huijun Ning2, Songbai Zhou2, Zhilin Long1 and Kui Huang2
1College of Civil Engineering and Mechanics, Xiangtan University, Xiangtan, China
2Institute of Defense Engineering, AMS, PLA, Luoyang, China
Edited by:
Zizheng Guo, Hebei University of Technology, China
Reviewed by:
Mahar Hamid, Universiti Malaya, Malaysia
Shuxin Deng, Nanjing University of Science and Technology, China
* Correspondence: Huiqi Ren, 201831570129@smail.xtu.edu.cn
Specialty section: This article was submitted to Environmental Informatics and Remote Sensing, a section of the journal Frontiers in Earth Science
Received: 10 November 2022
Accepted: 07 December 2022
Published: 09 January 2023
Citation: Chen Z, Ren H, Ning H, Zhou S, Long Z and Huang K (2023) Analysis of flow field in a blast simulator combined-driven by explosive charge and compressed gas. Front. Earth Sci. 10:1094415. doi: 10.3389/feart.2022.1094415

The flow field characteristics of blast simulators with the explosive-driven method and compression-driven method have been extensively investigated; however, limited effort has been made to the flow field in blast simulators combined-driven by explosive charge and compressed gas. In this paper, the finite volume method governed by the Navier–Stokes equation based on an explosive detonation and k-omega SST turbulence equation was used to analyze the flow field characteristics of blast simulators with three kinds of drive methods, namely, explosive-driven method, compression-driven method, and combined-driven method. The results show that the numerical method could simulate the flow field characteristics of the blast simulators with the explosive-driven method and compression-driven method accurately by comparing to the experimental data. Also, the influence of air turbulence on the explosion flow field cannot be neglected in the case of long running time. It is obtained that the combined-driven method could increase the pressure peak value of shock waves and extends positive pressure duration effectively, owing to the interaction of the shock waves generated from the explosive detonation and the rarefaction wave formed by rupturing the diaphragm. The first overpressure peak value, the second overpressure peak value, and the positive pressure duration obtained by the combined-driven method of 5 kg TNT and 0.3 MPa compressed gas were 1.669 times, 2.172 times, and 2.308 times more than those obtained by the explosive-driven method of 5 kg TNT, respectively. The maximum overpressure and positive pressure duration obtained by the combined-driven method of 5 kg TNT and 0.3 MPa compressed gas were 2.56 times and 1.162 times more than those obtained by the compression-driven method of 0.3 MPa compressed gas, respectively. Moreover, various shock wave environments could be simulated by controlling the charge mass of explosive charge and the initial pressure of compressed gas.
Keywords: combined-driven method, blast simulator, shock wave, numerical simulation, unsteady flow
1 INTRODUCTION
At present, many important economic targets are threatened by typhoons and accidental explosions (Sun and Wang, 2019; Hua et al., 2020). Engineering structures are subject to strong impact loads when faced with such disasters (Li and Ma, 2018; He et al., 2022). A blast simulator is a shock tube that can be used to simulate shock waves on the ground and can perform dynamic impact tests on most ground engineering structures. It is of great significance for the anti-explosive impact protection of ground targets and evaluation of the destructive ability of natural disasters. There are three drive methods to obtain the shock wave for the test, namely, explosive-driven method, compression-driven method, and combined-driven method, by explosive charge and compressed gas (Ren et al., 2014).
Many studies have been carried out on the explosion flow field of explosive-driven blast simulators and similar devices. Li et al. (2019) and Kong et al. (2021) investigated the flow field evolution and the shell response of explosive vessels when subjected to the explosion of a central charge. Wang et al. (2021a) studied the propagation law of explosion waves in an explosion vessel under negative pressure and obtained the explosion wave parameters at different vacuum degrees. It was found that the lower the initial ambient pressure, the faster the propagation speed of the explosion wave. Yao et al. (2012) simulated the dynamic response process of the thick-walled driver tube subjected to internal cylindrical charge explosion with the finite element software ANSYS/LS-DYNA. The paper then investigated the explosion flow field in the tube and the dynamic response of the tube. Stewart (2019) designed a conical shock tube that can simulate a large free-field explosion with a small amount of explosives.
The flow field in compression-driven shock tubes also has been extensively investigated. Mukhambetiyar et al. (2017) numerically analyzed the effects of the initial pressure, tube diameter, viscous boundary, and wall boundary condition on the flow field of the micro shock tube. The thickness and material of the diaphragm also influence the flow characteristics of the shock tube (Schulz and Skews, 2020; Singh et al., 2020; Sardarzadeh and Zamani, 2021). Isaac and Jagadeesh (2020) conducted blast loading experiments on metal plates with a conical shock tube driven by compressed gas. The results showed that the device can be used as an alternate technique to safely carry out impulsive loading experiments. Whalley and Skews (2018) studied the flow field which results from an expansion wave entering a cavity from an upstream tube and the focusing effect which occurs. Luan et al. (2018) simulated the flow field of a shock tube with a small exit nozzle. Dey et al. (2018) used a shock tube to investigate the interaction between the shock wave and three objects, namely, cone, sphere, and circular disc. Barik et al. (2020) used a shock tube and studied the effect of bending pre-strain and pressure on the forming behavior of AA5052−H32 sheets. Gan et al. (2020) demonstrated the advanced blast simulator that could generate a far-field blast environment accurately and suit high-precision and repeatable explosion testing of various building components. Kochavi et al. (2020) designed a blast simulator that could simulate the damage to biological models from the blast environment generated by 3.5 kg of spherical TNT. Diao et al. (2020) investigated the effect of vibration on the dynamic calibration of pressure sensors based on a shock tube system.
The aforementioned studies have played a good role in promoting the study of the flow field of blast simulators. However, the experimental and numerical research projects are limited to the single drive method, and no turbulence model was added to consider the effect of air turbulence on the blast flow field. Ren et al. (2014) designed a large blast simulator and proposed that the blast simulator could accurately simulate various explosion environments with the multi-barrel explosive-driven method, multiple-diaphragm compression-driven method, and combined-driven method by explosive charge and compressed gas. It is believed that the blast simulator combined-driven by an explosive charge and compressed gas could control the positive pressure duration and pressure peak value to simulate the air shock wave generated from the explosion of various weapons by changing the initial pressure and charge mass. However, he did not investigate further the evolution of the flow field in combined-driven blast simulators. From the current research situation, the understanding of the flow field evolution mechanism of the combined-driven blast simulator is not deep enough, and there are few studies on the influence of air turbulence on the blast flow field. In this paper, the Navier–Stokes (NS) equation based on explosive detonation and k-omega SST turbulence equation was used to consider the effects of air turbulence. The flow fields of the blast simulator with three different drive methods were simulated separately by using the finite volume method. The accuracy of the numerical method in simulating the flow field of the blast simulator was verified. The unsteady flow field characteristics in the blast simulator with the three drive methods are analyzed. The influence mechanism of the charge mass and initial pressure of the driver section on the overpressure peak value and positive pressure duration was revealed.
2 COMPUTATIONAL MODEL AND NUMERICAL METHOD
2.1 Computational model
The schematic of the computational model and mesh of the blast simulator is depicted in Figure 1. The explosion chamber of the device is 20 m long and 3 m in diameter, the length of the transition section is 4.5 m, and the experiment section is 30 m long and 2.36 m in diameter. The explosives are arranged in the explosion chamber and then detonated to form a shock wave if using the explosive-driven method. If the compression-driven method is chosen, the explosion chamber and transition section are filled with compressed gas, and the shock wave can be formed by rupturing the diaphragm between the transition and the experiment section. The sum of the explosion chamber and the transition section can be regarded as the driver section. The combined-driven method can be achieved by combining both methods.
[image: Figure 1]FIGURE 1 | Schematic of a computational model and mesh. (A) Computational model. (B) Mesh.
The mesh discretization of the device’s interior and exit areas is carried out. The axis of the closed end of the explosion chamber was defined as the coordinate origin. The inner wall of the blast simulator is modeled as a no-slip boundary on which wall functions are activated for turbulent kinetic energy and specific dissipation rate. A continuous wall function based on Spalding’s law (Spalding, 1961) switching between low- and high-Reynolds numbers is implemented for the turbulent viscosity. The initial values for turbulent kinetic energy and specific dissipation rate in the computational domain are specified as small values approaching 0. The outlet is defined as a non-reflecting boundary. The initial values for pressure and temperature in the computational domain are set to 101,325 Pa and 288.15 K, respectively.
2.2 Numerical method
In this paper, the numerical simulations were performed using the blastFoam solver developed based on OpenFoam (Heylmun et al., 2019). BlastFoam could simulate the activation of energetic materials and support modeling multi-material detonation (Jiang et al., 2022). The N-S equation is composed of the continuity equation, the momentum equation, and the energy equation, which could be expressed by the following formulas:
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where ρ is the mixture density, V is the mixture velocity, z is the axial coordinate, r is the radial coordinate, w is the axial velocity, u is the radial velocity, E is the total energy, h is enthalpy, and p is the pressure. αA and ρA are the volume fraction and density of the air phase, respectively. αT and ρT are the volume fraction and density of the TNT phase, respectively. qr and qz are the respective radial and axial heat fluxes.
The TNT phase includes the solid TNT and detonation product of TNT. The solid TNT adopts the Birch–Murnaghan equation (Murnaghan, 1944), and the pressure of the solid TNT is
[image: image]
where pref is the reference pressure and ρref is the reference density. κ and κ0 are constants, i.e., κ=9.6e9 and κ0=6.6.
The detonation product of a TNT charge adopts the Jones–Wilkins–Lee (JWL) equation of state (Lee and Tarver, 1980), and the pressure of the detonation product is
[image: image]
where V0 is the specific volume; e is the initial specific internal energy; and A, B, R1, R2, and ωT are constants, i.e., A=527.28e9, B=6.3e9, R1=4.71, R2=1.07, and ωT =0.29.
The energy released during the reaction of solid TNT into TNT burst products could be expressed by the following formulas:
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where x is the coordinate of the grid center, xdet is the coordinate of the detonation point, and vdet is the detonation velocity.
The air adopts the ideal gas equation of state (Luccioni et al., 2009), and the pressure of the air is
[image: image]
where γ is the ratio of the specific heat, and p and ρA are the pressure and density of air, respectively.
To simulate the viscous flow field of air, the k-omega SST turbulence model by Menter (1994) is used, which is expressed by the following formulas,
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where k is the turbulent kinetic energy, ω is the specific dissipation rate, μ is the molecular viscosity, μt is the turbulent viscosity, Pk is the generation of turbulent kinetic energy due to mean velocity gradients, and F1 is the blending functions. β1, β2, β*, σk1, σk2, σω1, and σω2 are constants, i.e., β1=0.075, β2=0.0828, β*=0.09, σk1=0.85, σk2=1, σω1=0.5, and σω2=0.856.
The first-order time derivative term adopts the second-order Runge–Kutta method by Spiteri and Ruuth (2002). The flux scheme is the Kurganov scheme by Kurganov and Tadmor (2000). The interpolation scheme from the cell center to the surface center is cubic interpolation. In addition, the gradient scheme is cellMDLimited leastSquares 1.0, the surface normal gradient scheme is corrected, and the Laplacian scheme is Gauss linear-corrected.
3 VERIFICATION OF THE NUMERICAL METHOD
3.1 Verification of the discretization schemes
The one-dimensional shock tube problem is selected to verify the accuracy of the discretization schemes. The JWL equation of state parameters for the detonation product are defined as A=8.545e11, B=2.05e10, ωT=0.25, R1=4.6, R2=1.35, and ρT=1840 kg/m3. The initial condition is
[image: image]
Figure 2 shows the pressure, density, and velocity in space at the moment of 0.012 ms. The numerical solutions agree well with the exact solutions. The results show that the discretization schemes have a good ability to capture the shock and discontinuity.
[image: Figure 2]FIGURE 2 | Comparison of numerical solutions and exact solutions. (A) Pressure. (B) Density. (C) Velocity.
3.2 Verification of the numerical model with an explosive-driven method
As shown in Figure 3, the experiment used the method of the combination of detonating cord and TNT charge. The total length of the detonating cord is 10 m. The mass of the TNT block is 0.2 kg, and the density is 1630 kg/m3. The total mass of the TNT charge is 5 kg. The TNT blocks were evenly arranged on the 5-m detonating cord. The detonation point was located on the left end of the TNT charge and 10 m from the closed end wall of the explosion chamber. The pressure sensor was arranged in the experiment section at 6.8 m from the exit of the transition section. The turbulence and wall boundary layer might affect the flow field of the explosive-driven blast simulator. Case 1 and Case 2 were calculated separately to study the flow field in the blast simulator using the inviscid model and the k-omega SST model under the same 5 kg charge mass.
[image: Figure 3]FIGURE 3 | Combination of the detonating cord and TNT charge.
The overpressure histories of the simulation and experiment are shown in Figure 4, and the overpressure peak value and relative error are listed in Table 1, specifically. The first overpressure peak value of case 1 and case 2 matches well with the experimental result, and the relative errors are 0.7% and 2.8%, respectively. However, compared with the experimental result, the second overpressure peak value is higher and the time for the second shock wave to reach the sensor is faster by case 1, and the relative error of the peak value is 35.5%. The second peak value by case 2 is in better agreement with the test results, and the relative error is just 4.3%, that means the turbulence of air has little effect on the shock wave intensity in a short time. Nonetheless, the air turbulence expends the energy of shock waves and airflow constantly with the increase of time. Therefore, the second overpressure peak value of case 1 is higher than the experimental result. It could be verified that the numerical method in this paper could simulate the flow field of the blast simulator with the explosive-driven method accurately and the addition of the k-omega SST model could effectively improve the accuracy of the calculation.
[image: Figure 4]FIGURE 4 | Overpressure history of the experiment and simulation.
TABLE 1 | Results of the experiment and simulation with the explosive-driven method.
[image: Table 1]3.3 Verification of a numerical model with the compression-driven method
To validate the applicability of the numerical method used to simulate the flow field of the compression-driven shock tube, the results of the simulations and experiments (Wang et al., 2021b) were compared. The shock tube is 2.1 m in length, and both ends are closed walls. The driver section was filled in high-pressure gas, and the driven section was filled in low-pressure gas. The shock wave could be formed by breaking the diaphragm. The initial pressure in the driver section and driven section of case 3 is 0.3595 MPa and 0.0895 MPa, respectively. The initial pressure in the driver section and driven section of case 4 is 0.5687 MPa and 0.0887 MPa, respectively. The initial temperature in the shock tube of case 3 and case 4 is 285 k and 282 k, respectively.
The speed of shock wave at 2.2 ms and 2 ms in case 3, case 4, and experiments are listed in Table 2. The relative error of the wave velocity of case 3 and case 4 is 0.49% and 2%, respectively. Therefore, the numerical method in this paper could simulate the flow field of the blast simulator with the compression-driven method accurately.
TABLE 2 | Results of the experiment and simulation with the compression-driven method.
[image: Table 2]In conclusion, the numerical method in this paper could not only simulate the explosion flow field in a blast simulator driven by explosives but also calculate the flow field in a blast simulator driven by compressed gas. Considering the effects of air turbulence by adding the k-omega SST model could improve the accuracy of the blast flow field effectively. Therefore, the numerical method could be used to simulate the flow field in a combined-driven blast simulator.
4 ANALYSIS OF A FLOW FIELD IN THE BLAST SIMULATOR WITH THREE DRIVE METHODS
As shown in Table 3, 15 cases have been simulated to study the flow field of the blast simulator under three drive methods by using the computational model and numerical method in this paper. The TNT charge was set to a continuous column, and the distance between the closed wall and the charge is 10 m. The diameter of the charge is 40 mm, and the charge could be changed by adjusting the length of the column. The detonation of the TNT charge and the rupture of the diaphragm at t=0 m are observed in cases 11–18. The gauging point 1 and gauging point 2 were arranged in the experiment section. Gauging point 1 is 6.8 m from the exit of the transition section, and gauging point 2 is 5 m from the exit of the experiment section.
TABLE 3 | Initial condition of simulated cases with three drive methods.
[image: Table 3]4.1 Explosive-driven method
Cases 5–7 simulated the flow field of the blast simulator with the explosive-driven method, and three conditions with the charge amount of 3 kg, 5 kg, and 7 kg were selected. Figure 5 shows the time evolutions of overpressure of case 6, Figure 6 shows the time history of the overpressure at the gauging point 1 and gauging point 2 of cases 5–7, respectively. It could be seen that the blast wave was reflected back and forth on the inner wall, and each reflection created a shock wave that propagated to each side. Because of the change in the cross area of the transition section, the left reflected shock wave was formed when the right blast wave reached the transition section. The left reflected shock wave generated a reflected shock wave when it reached the wall of the closed end, and the reflected wave reached the measuring point 1 at 159 ms. Therefore, the third peak appeared on the overpressure–time curve which represents the passage of this shock wave. A right strong shock wave was formed at 21 m after multiple right shock waves passed through the transition section. The strong right shock wave reached probe 1 at 35 ms and formed the first wave peak on the overpressure–time curve. Also, a right reflected shock wave was generated when the left blast wave reached the closed end of the explosion chamber at 18.5 ms. The second peak appeared on the overpressure history when the right reflected shock wave reached the gauging point at 82 ms. Then, a left rarefaction wave was formed after the right shock wave arrived and diffracted at the exit of the device at 89 ms, which caused the pressure inside the device to drop continuously. At last, two left shock waves were formed at the exit of the experiment section and moved toward the interior of the device when the pressure in the blast simulator was lower than the pressure of the external environment. It could be seen that two weak shock waves were propagating upstream at 215 ms, and the fourth and fifth peaks appeared on the overpressure–time curve at measuring point 1.
[image: Figure 5]FIGURE 5 | Time evolutions of case 6 (explosive-driven method). (A) 0.5 ms. (B) 1.5 ms. (C) 3 ms. (D) 8 ms. (E) 18.5 ms. (F) 21 ms. (G) 35 ms. (H) 82 ms. (I) 89 ms. (J) 215 ms.
[image: Figure 6]FIGURE 6 | Overpressure history with the explosive-driven method. (A) Gauging point 1. (B) Gauging point 2.
The positive pressure duration at the gauging point 1 is taken as the sum of the positive pressure duration of the first and second shock waves since the intensity of the third, fourth, and fifth shock waves is weak. It could be obtained that increasing the charge of TNT can improve the peak value and extend the positive pressure duration; however, the difference in the positive pressure duration between case 6 and case 7 is small. This is because the downward section of the first and second shock waves of cases 5–7 is approximate, and the second shock wave arrived at probe 1 when the pressure peak was decreasing to the negative pressure if the TNT charge exceeds 5 kg. Therefore, the positive pressure duration at probe 1 was increased due to improving the velocity magnitude of the first shock wave if the charge mass is higher than 5 kg. The contrast of Figures 6A, B shows that the farther the gauging point from the detonation point, the faster the rarefaction wave reaches the gauging point, the lower the overpressure peak value of the gauging point, and the shorter the positive pressure duration.
4.2 Compression-driven method
Cases 8–10 simulated the flow field of the blast simulator with the compression-driven method, and the initial pressure in the driver section was 0.2 MPa, 0.3 MPa, and 0.4 MPa. Figure 7 shows the time evolution of overpressure of case 9, and Figure 8 shows the overpressure history of cases 8–10 at the probe. It could be seen that the right shock wave and left rarefaction wave were generated by breaking the diaphragm. The overpressure increased rapidly when the right shock wave reached the probes. Then, the right compression wave reached the probes that were formed when the left rarefaction wave passed through the transition section. Therefore, there is a slow rising segment on the overpressure–time curve. A right reflected rarefaction wave was formed when the left rarefaction reached the closed end of the explosion chamber at 72 ms and propagated to the measuring point 1 at 145 ms. A left rarefaction wave reached probe 1 at 187 ms that was subsequently formed when the right shock wave propagated to the exit of the experiment section. Hence, the overpressure from the platform segment at probe 1 decreased constantly to the negative pressure.
[image: Figure 7]FIGURE 7 | Time evolutions of case 9 (compression-driven method). (A) 16 ms. (B) 72 ms. (C) 145 ms. (D) 187 ms.
[image: Figure 8]FIGURE 8 | Overpressure history with the compression-driven method. (A) Gauging point 1. (B) Gauging point 2.
It could be obtained that increasing the pressure of compressed gas could improve the overpressure of the flow field and extend the positive pressure duration in this blast simulator under the compression-driven method. The comparison with Figures 8A, B shows that the closer the location away to the exit of the blast simulator, the shorter the time of the platform segment of the overpressure-time curve, and the shorter the positive pressure duration. However, the overpressure of the platform segment at probe 1 and probe 2 has little change. Hence, it should control the suitable time of the platform segment and positive pressure duration by adjusting the location of the target in the experiment section to simulate the triangle waveform generated by explosion.
4.3 Combined-driven method
Cases 11–19 simulated the flow field of the blast simulator with the combined-driven method, where the charge is 3 kg, 5 kg, and 7 kg, and the initial pressure is 0.2 MPa, 0.3 MPa, and 0.4 MPa. Figure 9 shows the wave system contour on the axis of space-time of case 15, Figure 10 shows the time evolutions of the overpressure of case 15, and Figure 11 shows the overpressure–time curve of case 11–19. The right shock wave and right compression wave generated by breaking the diaphragm were the first to reach probe 1. The dashes in Figure 9 represent the velocity magnitude of the shock wave and reflected shock wave before they met the rarefaction wave. The intensity of the shock waves was improved after the shock waves met the rarefaction wave. The right blast wave reached probe 1 at 37.5 ms and generated the first peak on the overpressure–time curve. The reflected shock wave reached probe 1 at 87.5 ms and formed the second overpressure peak on the overpressure–time curve. At last, the right reflected rarefaction wave and the left rarefaction wave formed from the exit of the experiment section reached probe 1 in return, which caused the overpressure at probe 1 to decrease gradually to the negative pressure.
[image: Figure 9]FIGURE 9 | Wave system contour of space-time of case 15 (combined-driven method).
[image: Figure 10]FIGURE 10 | Time evolutions of case 15 (combined-driven method). (A) 1.5 ms. (B) 15 ms. (C) 37.5 ms. (D) 87.5 ms.
[image: Figure 11]FIGURE 11 | Overpressure history with the combined-driven method. (A) Gauging point 1 (Case 11–13). (B) Gauging point 2 (Case 11–13). (C) Gauging point 1 (Case 14–16). (D) Gauging point 2 (Case 14–16). (E) Gauging point 1 (Case 17–19). (F) Gauging point 2 (Case 17–19).
The comparison with the overpressure histories of measuring point 1 and measuring point 2 in Figure 11 shows that the closer the exit of the device, the lower the overpressure peak value, the shorter the positive pressure duration, and the shorter the slow rising segment. The blast wave had caught up with the shock wave generated by breaking the diaphragm before it reached probe 2 in case 17. Therefore, there is no slow-rising segment on the overpressure history of probe 2. It could be obtained that the pressure peak value is related to the charge mass and the initial pressure of the driver section, and the positive pressure duration could be improved primarily by increasing the initial pressure.
The overpressure and positive pressure duration of cases 5–19 are listed in Table 4 specifically. In contrast to the numerical results of cases 5–10, the explosive-driven method has a shorter positive pressure duration than the compression-driven method; however, it could get the triangle waveform to simulate weapon explosion. In contrast to case 6 and case 15, the combined-driven method increases the first and second peaks by 66.9% and 117.2%, respectively, and the duration of a positive pressure is prolonged by 130.8% under the same 5 kg charge. Comparing case 9 and case 15, the combined-driven method increases the maximum overpressure by 156%, and the duration of a positive pressure is prolonged by 16.2% under the same initial gas pressure of 0.3 MPa. It could be concluded that the combined-driven method can effectively improve the pressure peak value, solve the problem of the short positive pressure duration using the explosive-driven method, and can also make up for the defect of the platform section of the pressure waveform in the experiment section with the compression-driven method. Moreover, various pressure waveforms can be obtained by adjusting the charge and the initial pressure in the driver section to simulate different explosion environments.
TABLE 4 | Results of cases at gauging point 1 with three drive methods.
[image: Table 4]5 CONCLUSION
The present paper validated the effectiveness of the numerical method with the explosive-driven method and compression-driven method and studied the characteristics of the flow field in a blast simulator with three drive methods by using the finite volume method governed by the N-S equation based on the explosive detonation and k-omega SST turbulence equation. The results are as follows:
1) the numerical method and physical model could accurately simulate the flow field characteristics in the blast simulators with the explosive-driven method and compression-driven method. The calculated results are in good agreement with the experimental results. The results show that it is necessary to consider the influence of the air turbulence, owing to the fact that they can reduce the intensity of shock waves and the velocity magnitude of the jet stream constantly with the increase of experimental time in the blast simulator. Therefore, the numerical method can be used to simulate the flow field in a combined-driven blast simulator.
2) The explosive-driven method could improve the pressure peak value of the shock wave in the experiment section effectively by increasing the charge; however, the positive pressure duration is shorter than that of the compression-driven method. The overpressure of the whole waveband and positive pressure duration could be improved by increasing the initial pressure of the driver section with the compression-driven method, but there is a platform segment in the pressure waveform of the experiment section. It should control the suitable time of a platform segment and positive pressure duration by adjusting the location of the target in the experiment section to approximately simulate the triangle waveform generated by weapon explosion.
3) The intensity of the right blast waves was enhanced after they met the left rarefaction wave in the blast simulator with the combined-driven method. Therefore, the overpressure peak value was improved and the positive pressure duration was extended further. Also, the combined drive could make up for the shortages of the explosive-driven method and compression-driven method. The first overpressure peak value, the second overpressure peak value, and positive pressure duration obtained by the combined-driven method of 5 kg TNT and 0.3 MPa compressed gas were 1.669 times, 2.172 times, and 2.308 times more than those obtained by the explosive-driven method of 5 kg TNT, respectively. The maximum overpressure and positive pressure duration obtained by the combined-driven method of 5 kg TNT and 0.3 MPa compressed gas were 2.56 times and 1.162 times compared to those obtained by the compression-driven method of 0.3 MPa compressed gas, respectively. Moreover, the combined drive could simulate various blast environments by controlling the charge and initial pressure.
The current work systematically analyzed the unsteady flow field in the blast simulator with three drive methods, which could provide technical support for the design similar to a shock tube and disaster prevention of engineering structures.
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The excess pore water pressure is main factor affecting the dynamic response of saturated soft clay under traffic loads. Recognize that, cyclic triaxial tests with and without cyclic confining pressure were carried out to study the development of excess pore water pressure of saturated soft clay. The impacts of factors, such as cyclic stress ratio (CSR), loading frequency, and cyclic confining pressure, were analyzed. Excess pore water pressure increases with increasing cyclic stress ratios, while decreases with increasing loading frequencies. Nevertheless, with increasing cyclic confining pressures, the maximum excess pore water pressure increases, while the minimum excess pore water pressure remains unchanged. Besides that, the greater CSR and cyclic confining pressure deliver an increment of both maximum and minimum excess pore water pressure rate. However, the excess pore water pressure rate - time curves coincide under different loading frequencies. Meanwhile, both the normalized maximum and minimum excess pore water pressure rates are linearly proportional with time under different test conditions in logarithmic coordinates. Based on that, both maximum and minimum excess pore water pressure prediction models, relating to the above factors, are proposed, and the predicted results accord well with the measured data.
Keywords: saturated soft clay, cyclic triaxial test, cyclic confining pressure, frequency, excess pore water pressure
1 INTRODUCTION
Many traffic infrastructures have been constructed, especially on soft clay subgrade (Huang et al., 2020; Huang et al., 2020a; Huang et al., 2020b). The traffic loading induced excess pore water pressure not only leads to additional deformation but also results in the degradation of soil strength (Wichtmann et al., 2013; Jiang et al., 2018). Therefore, it is necessary to study the development of excess pore water pressure of soft clay to properly design and plan transportation facilities on soft clay subsoils.
Some researchers have conducted experimental investigations on the development of excess pore water pressure (Hyde and Ward 1985; Hyodo et al., 1992; Hyde et al., 1993; Wang et al., 2013; Ren et al., 2018; Du et al., 2022; Fu et al., 2022), and many empirical formulas to predict excess pore water pressure have been proposed (Nie et al., 2007; Paul et al., 2014; Cary and Zapata, 2016). For example, Ohara and Matsuda (1988) proposed a hyperbolic model to predict the excess pore water pressure, relating to the number of cycles. Reviewing the previous researches, cyclic triaxial tests with constant confining pressure (CCP tests) have been usually employed, in which only cyclic deviator stress was used to simulate the traffic loading. However, it has been widely recognized that the CCP tests are not appropriate for reflecting the real conditions induced by the traffic.
The real traffic-induced stress field acting on the soil elements is composed of a simultaneous cyclic variation of deviator stress, confining pressure, and shear stress (Lekarp et al., 2000). The traffic loading is often simulated with the simultaneous application of the cyclic confining pressure and cyclic deviator stress in laboratory tests, i.e., cyclic triaxial tests with variable confining pressure (VCP tests) (Wichtmann et al., 2007; Rondon et al., 2009; Cai et al., 2013; Gu et al., 2016, 2017). For example, Rondon et al. (2009) found that the deformation of unbound granular materials (UGMs) under CCP tests was underestimated, compared with that under VCP tests. Additionally, both the development of excess pore water pressures and accumulated axial strains of soft clay were influenced significantly by cyclic confining pressure (Cai et al., 2013). Gu et al. (2016) found that the development of permanent volumetric strain and axial strain speeded up with increasing cyclic confining pressure for overconsolidated and normally-consolidated specimens. All these studies indicated that the effect of cyclic confining pressure cannot be ignored.
Besides, the response frequency of soft clay under train loads changes continuously with the train passing (Tang et al., 2008; Gu et al., 2012; Guo et al., 2013; Yang et al., 2018; Zhou et al., 2022). Some experimental investigations, such as those by Matsui et al. (1992), and Guo et al. (2016), have studied the effect of loading frequency on mechanical behaviors of soils under cyclic loading. However, there are conflicting observations regarding this problem. For example, Hyde et al. (1993) conducted CCP tests on Ariake clay and found that the development of excess pore water pressure was independent of frequency. Guo et al. (2016) found that the lower frequency delivered the larger vertical strain. However, the effect of cyclic confining pressure was not taken into consideration in their study. Therefore, the impacts of loading frequency and cyclic confining pressure on the mechanical behaviors of soils under traffic loads need to study in-depth.
This study consists of three parts: firstly, both CCP and VCP tests were carried out under undrained conditions, and the development of excess pore water pressure was evaluated and compared under different cyclic confining pressures, CSRs, and loading frequencies; Then, maximum and minimum excess pore water pressure prediction models were proposed and the effects of cyclic confining pressures, CSRs, and loading frequencies on fitting parameters were analyzed in detail. Finally, the verifications of models were made based on other test data.
2 EXPERIMENTAL PROGRAM
2.1 Test materials
The original clays were sampled about a depth of 28.0–30.0 m beneath the ground surface from Jiangshan Station of Ningbo subway line No. 3 in Ningbo city, China. To eliminate the effect of soil structure and obtain specimens with good homogeneity, the remolded samples were used in this study. Table 1 shows the physico-mechanical indices of the tested clay following MWR (2019, GB/T 50123-2019), indicating that the tested soil was classified as CH (i.e., high plasticity) according to the Unified Soil Classification System (USCS) soil classification method of ASTM (2017).
TABLE 1 | Physico-mechanical indices of the remolded Ningbo clay.
[image: Table 1]2.2 Test procedures
The advanced cyclic triaxle device (i.e., DYNTTS) was employed. The axial deviator stress and confining pressure can vary simultaneously with multiple loading waveforms, such as triangular, sinusoidal, square, and customized wave shapes.
According to MWR (2019, GB/T 50123-2019, 2019), cylindrical specimens (i.e., diameter: 38 mm and height: 76 mm) were prepared and mounted in the triaxle cell. Following this, all of the remolded specimens were saturated at a back pressure of 300 kPa with an effective stress of 20 kPa, until all samples were saturated completely (namely, Skempton’s B value more than 0.95). After that, the specimens were isotropically consolidated. When the drainage volume was less than 100 mm3/h, the consolidation was considered completed (Sun et al., 2015). Finally, considering the low permeability of the tested specimens, cyclic loading was applied under undrained conditions.
To simulate traffic loading as reality as possible, cyclic deviator stress and cyclic confining pressures were applied with a phase difference of zero in semi-sine wave (Cai et al., 2013). For the sake of analysis, the cyclic stress ratio (CSR) is employed (Sakai et al., 2003). CSR is defined as [image: image], where qampl is the amplitude of the cyclic deviator stress, and [image: image] is initial effective mean principal stress. Moreover, parameter η is selected to depict the slope of stress path (Cai et al., 2013; Gu et al., 2016, 2017) as shown in Figure 1, and defined as the ratio of pampl to qampl, where pampl is the amplitude of the cyclic mean principle total stress, and defined as [image: image]. [image: image] is the amplitude of the cyclic axial total stress, and [image: image] is the amplitude of the cyclic confining pressure.
[image: Figure 1]FIGURE 1 | (A) Deviator stress waveform; (B) Confining pressure waveform; (C) Diagram of stress path employed in CCP and VCP tests.
Herein, five CSR values of 0.10, 0.15, 0.20, 0.25, and 0.30 are employed. At a certain CSR, the selection of η values depends on the operation situation of the advance advice in the laboratory. The greater η value leads to the more badly wear of sealing rings of the confining pressure controller, directly causing the instability of the loading waveform. Therefore, for a specific CSR, η = 1/3, 1.0, and 1.5 were employed, in which η = 1/3 represented CCP tests and η = 1.0 and 1.5 represented VCP tests. Additionally, it should be noted that the maximum frequency of the device used in the test is 5 Hz, and the frequency of qampl and [image: image] cannot be controlled independently. Therefore, the frequency of qampl and [image: image] was consistent in tests. Following the researches of Tang et al. (2008), the response frequency of saturated soft clay around the tunnel are high frequency (i.e., 2.5–2.8 Hz) and low frequency (i.e., 0.4–0.6 Hz) around the subway tunnel. Meanwhile, the greater frequency can cause an unstable waveform of cyclic confining pressure. Therefore, combining with the laboratory results, three frequencies of 0.5, 1.0, and 2.0 Hz were employed. Besides, the greater number of cycles can also wear the rubber sealing ring of the axial loading system, resulting in leakage from the triaxial cell. Therefore, all specimens were subjected to 10,000 cycles (Guo et al., 2013; Wang et al., 2020). Table 2 presents the details of cyclic triaxial tests. Among them, the tests of P1–P6 were performed to investigate the effects of CSR, cyclic confining pressure, and loading frequency. The test results of P7 were employed to validate the applicability of prediction models.
TABLE 2 | Summary of cyclic triaxial tests.
[image: Table 2]3 TEST RESULTS
The development of excess pore water pressure of soft clay in CCP and VCP tests are investigated in this study. Further discussions on the test results considering the several factors are detailed as follows, respectively.
3.1 Influence of cyclic confining pressure
Figure 2 presents excess pore water pressure (i.e., u) versus the number of cycles (i.e., N) with different η values. The CSR value is 0.20 and the frequency is 1.0 Hz. The maximum and minimum values of excess pore water pressure per cycle are denoted as umax and umin, respectively. As a whole, both umax and umin generally accumulate at the beginning and then tend to be stable with a gradually decreasing accumulation rate. Generally, at a certain number of cycles, umax is relatively larger under VCP tests comparing with that obtained in CCP tests: the greater amplitude of cyclic confining pressure, the greater maximum excess pore water pressure. For example, when f = 1.0 Hz and CSR = 0.20, umax at N = 10,000 are 59.26 and 75.98 kPa under η = 1.0, and 1.5, respectively, while it is 35.34 kPa under CCP test (η = 0.33). However, umin remains unchanged under CCP and VCP tests. When f = 1.0 Hz and CSR = 0.20, umin are, 29.95, 30.08, and 27.70 kPa at 10,000 cycles under η = 0.33, 1.00, and 1.50, respectively.
[image: Figure 2]FIGURE 2 | Variations of excess pore water pressure with number of cycles under different η for CSR = 0.20 and f = 1.0 Hz.
Recalling Figure 2, the increasing rates of excess pore water pressure are different under different η values. Therefore, the effect of cyclic confining pressure on excess pore water pressure is further analyzed from the perspective of excess pore water pressure rate (i.e., [image: image]). Among that, the parameter [image: image] is defined as [image: image], where T represents loading time and is denoted as T=N/f. For simplicity, the excess pore water pressure rate is normalized to initial effective mean principal stress, i.e., [image: image]. Based on that, the maximum and minimum values of the normalized excess pore water pressure rate each load cycle are denoted as [image: image] and [image: image], respectively. Figure 3 presents [image: image] and [image: image] versus T for different η values at f = 1 Hz with CSR = 0.20. Herein, both [image: image] and [image: image] decrease rapidly and then gradually tend to be zero after about T = 100 s.
[image: Figure 3]FIGURE 3 | Developments of the normalized excess pore water pressure rate versus loading time under different η for CSR = 0.20 and f = 1.0 Hz. (A) Normalized maximum excess pore water pressure rate and (B) normalized minimum excess pore water pressure rate.
3.2 Influence of cyclic stress ratio
Figure 4 presents excess pore water pressure versus the number of cycles with different CSRs under f = 1.0 Hz and η = 1.00. Herein, with increasing of CSR, both umax and umin increase under the same number of cycles. For example, in Figure 4, at the end of 10,000 cycles, the umax are 21.11, 39.10, 59.26, and 85.32 kPa, and umin are 13.41, 20.31, 30.08, and 45.76 kPa at CSR = 0.10, 0.15, 0.20, and 0.30, respectively.
[image: Figure 4]FIGURE 4 | Variations of excess pore water pressure with number of cycles under different CSRs for f = 1.0 Hz and η = 1.00.
To quantify the influence of CSR on excess pore water pressure, both umax and umin at 10,000 cycles (denoted as [image: image], and [image: image], respectively) versus CSRs are plotted in Figure 5. As it is seen, both umax and umin are linearly increasing with increasing CSRs. Therefore, the relationships between [image: image], [image: image] and CSR can be expressed by two linearly increasing functions, as follows:
[image: image]
[image: image]
where e, f, m, and n are fitting parameters. Table 3 summarizes the fitting parameters by using regression analysis and the respective curves are shown as the dotted lines in Figure 5. It is observed that the Eqs 1, 2 have a good prediction capability to [image: image], and [image: image] with high correlation coefficients for all the cases.
[image: Figure 5]FIGURE 5 | Relationships between excess pore water pressures at N = 10,000 and CSRs under different η values. (A) Maximum excess pore water pressure and (B) minimum excess pore water pressure.
TABLE 3 | Fitting parameters under different conditions.
[image: Table 3]Again, taking the test results of η = 1.0 and f = 1 Hz as an example, the relationships between [image: image], [image: image] and T for different CSRs are plotted in Figure 6.
[image: Figure 6]FIGURE 6 | Developments of the normalized excess pore water pressure rate versus loading time under different CSRs for η = 1.00 and f = 1.0 Hz. (A) Maximum excess pore water pressure rate and (B) minimum excess pore water pressure rate.
Herein, both [image: image] and [image: image] decrease rapidly and tend to a steady-state (i.e., 0 value) after a certain number of cycles, implying that most of excess pore water pressure has been accumulated during the beginning few cycles, following that, the surplus pore water pressure rises at significantly slower rates as the test progresses.
3.3 Influence of loading frequency
Figure 7 presents the relationship between excess pore water pressure and the number of cycles for different loading frequencies under CSR = 0.20 and η = 1.5. Herein, both umax and umin generally accumulate rapidly at the beginning and then achieve a stable state regardless of the various frequencies. Additionally, as seen in Figure 7, at the end of tests (i.e., N=10,000), when f = 0.5, 1.0, and 2.0 Hz, the umax are 79.36, 75.98, and 69.86 kPa, while the umin are 32.20, 27.70, and 28.91 kPa, respectively, indicating that the lower loading frequency can deliver the greater excess pore water pressure. The phenomenon is related to the permeability of soft clay. When a low frequency is applied to the specimen, the excess pore water pressure induced in every single cycle has much more time to develop, while the accumulation time of excess pore water pressure is much smaller under greater loading frequency.
[image: Figure 7]FIGURE 7 | Variations of excess pore water pressure with number of cycles under different f values for CSR = 0.20 and η = 1.50.
Again, the relationships between [image: image], [image: image] and T for different loading frequencies under the same test conditions (i.e., CSR = 0.20 and η = 1.5) are shown in Figure 8. Herein, the trends of all curves are similar and most of the test data are concentrated on the same curve, implying that the effects of loading frequency on the development of [image: image] and [image: image] against T can be ignored.
[image: Figure 8]FIGURE 8 | Developments of the normalized excess pore water pressure rate versus loading time under different f values for η = 1.50 and CSR = 0.20. (A) Maximum excess pore water pressure rate and (B) minimum excess pore water pressure rate.
3.4 Modified models for excess pore water pressure considering several factors
Based on many previous researches, some empirical formulas to predict excess pore water pressure were obtained. The previous formulas were established based on the test results of the relationships between several factors and excess pore water pressure, while the researches on excess pore water pressure rate under cyclic loading were few. Besides that, the effect of cyclic confining pressure was hardly incorporated into the previous formulas. Following the research by Hyde and Ward (1985), the relationship between [image: image] and T in a log-log plot can be obtained as follows:
[image: image]
where [image: image]= the normalized excess pore water pressure rate at a unit time; A = the gradient of the [image: image] - [image: image] plot.
However, according to the above test results, several factors, such as CSR, cyclic confining pressure, and loading frequency have different influences on the umax and umin. Thus, based on the Eq. 3, the predicted formulas for umax and umin can be obtained as follows:
[image: image]
[image: image]
where [image: image], [image: image] = the normalized maximum and minimum excess pore water pressure rate at a unit time; A, and a are expressed as the decay rate of normalized maximum and minimum excess pore water pressure rate with time in logarithmic coordinates.
However, Eqs 4, 5 cannot reflect explicitly the effects of cyclic confining pressure and CSR on excess pore water pressure rate. Therefore, it is necessary to modify the parameters of the Eqs 4, 5 (i.e., A, a, [image: image], and [image: image]) considering the impacts of cyclic confining pressure, cyclic stress ratio, and loading frequency.
3.4.1 Influence of frequency on fitting parameters
Figure 9 shows [image: image] and [image: image] versus lgT for different loading frequencies based on the results of Figure 8. As seen, most of the test data are concentrated on the same curve, implying the fitting parameters are independent of loading frequency. The Eqs 4, 5 are taken to fit the test data in Figures 9A,B. Then, the fitting parameters of Eqs 4, 5 are obtained and the fitting curves are shown as red solid lines in Figure 9. It is seen that Eqs 4, 5 have a good prediction capability for maximum and minimum excess pore water pressure with high correlation coefficients. Additionally, the fitting parameters of [image: image], [image: image], A, and a are −0.335, −1.195, −0.943, and −0.815 under different loading frequencies.
[image: Figure 9]FIGURE 9 | Relationships between [image: image] and [image: image] versus [image: image] under different f values for η = 1.50 and CSR = 0.20. (A) [image: image] versus [image: image] and (B) [image: image] versus [image: image].
3.4.2 Influences of cyclic stress ratio and cyclic confining pressure on fitting parameters
Figure 10 plots the relationships between [image: image] and [image: image] with varying η values, in which Figures 10A–D are the results for CSR = 0.10, 0.15, 0.20, and 0.30, respectively. As seen, the [image: image] - [image: image] lines with different η values have identical inclinations. Table 4 summarizes the fitting parameters of Eq. 4 by regression analysis. As seen, although there are some variations in the fitting coefficient A (Eq. 4) for different test conditions, these variations are not related to the CSR and η values for the reason that the standard deviation of A is so small (i.e., 0.0341). Therefore, the fitting parameter A can be represented with the mean value of all A values (i.e., [image: image]). Recalling Table 4, the parameter [image: image] is further studied with CSR and η values. In Figure 11A, the parameter [image: image] is plotted versus η values. As presented, [image: image] increases linearly with η for the different CSRs and can be expressed as
[image: image]
where α and β are fitting parameters. Table 5 summarizes the values of parameters α and β under different CSR values. Likely, the standard deviation of α is 0.066, implying that the parameter α can be regarded as a constant with a mean value, i.e., α=0.498. Additionally, Figure 11B presents the variations of β with CSRs, which can be proposed with a linear function, as follows:
[image: image]
where λ and κ are fitting parameters. The parameters in Eq. 7 are obtained as λ = 3.89, and κ = −1.91, respectively.
[image: Figure 10]FIGURE 10 | Relationships between [image: image] versus [image: image] under different η values for f = 1.0 Hz. (A) CSR = 0.10; (B) CSR = 0.15; (C) CSR = 0.20; (D) CSR = 0.30.
TABLE 4 | Fitting parameters of Eqs 4, 5.
[image: Table 4][image: Figure 11]FIGURE 11 | Determination of fitting parameters. (A) [image: image] versus η and (B) β versus CSR.
TABLE 5 | Fitting parameters of Eq. 6.
[image: Table 5]By incorporating Eqs 6, 7 into Eq. 4, the expression for [image: image] can be proposed:
[image: image]
Figure 12 plots the relationships between [image: image] and [image: image] with varying η values, in which Figures 12A–D are the results for CSR = 0.10, 0.15, 0.20, and 0.30, respectively. At the same CSR value, most of the test data are concentrated on the same curves, implying that the effect of cyclic confining pressure on the [image: image] - [image: image] curve can be ignored. Table 4 also summarizes the fitting parameters of Eq. 5. The fitting curves are also shown as the solid lines in Figure 12. The calculation results match well with the test data for high correlation coefficients. Recalling Table 4, the standard deviation of a is 0.0106, meaning that the variations of parameter a of Eq. 5 can be ignored. Therefore, the parameter a can be represented as the mean value of parameter a, i.e., [image: image]. Besides that, recalling Figure 12 and Table 4, the parameter [image: image] remains unchanged for different η values with the same CSR, implying that the influence of η on the [image: image] can be ignored. Figure 13 depicts the variations of [image: image] with CSRs. Herein, the [image: image] linearly increase with CSR, and can be written as
[image: image]
where b and d are fitting parameters. Using the curve-fitting method, the parameter c and d are obtained as b = 4.00, and d = −2.23, respectively.
[image: Figure 12]FIGURE 12 | Relationships between [image: image] versus [image: image] under different η values for f = 1.0 Hz. (A) CSR = 0.10; (B) CSR = 0.15; (C) CSR = 0.20; (D) CSR = 0.30.
[image: Figure 13]FIGURE 13 | Relationship between [image: image] and CSRs.
Then, setting the Eq. 9 into the Eq. 5 delivers:
[image: image]
3.4.3 Validation of modified models
To validate the accuracy of the proposed excess pore water pressure models (i.e., Eqs 4, 5, the test data for the test conditions, i.e., CSR = 0.25, η = 0.33, 1.00, and 1.50 are employed. Figure 14 plots the variations in normalized excess pore water pressure rate with loading time. Herein, Figures 14A,B depict the development characteristics of maximum and minimum excess pore water pressure rate, respectively. Herein, the predicted values are also displayed as black solid lines by using Eqs 4, 5. As seen, the proposed empirical formula can well reproduce the test data, indicating that the proposed models have a better performance to depict the development of both maximum and minimum excess pore water pressure of soft clay under cyclic loading with cyclic confining pressure.
[image: Figure 14]FIGURE 14 | Relationships between [image: image] and [image: image] versus [image: image] under different η values for f = 1.0 Hz and CSR = 0.25. (A) [image: image] versus [image: image] and (B) [image: image] versus [image: image].
On the other hand, test results from Gu (2012) were taken as an example to validate the applicability of Eqs 4, 5. Among that, the employed CSRs were 0.157, 0.208, and 0.261. For a specific CSR, η values were 1/3, 1.0, and 1.5, respectively. The loading frequency was 0.1 Hz. Taking Eqs 4, 5 to fit the test data, the fitting parameters of Eqs 4, 5 were obtained in Table 6. Figure 15 plots the relationships between normalized excess pore water pressure rate with loading time under CSR = 0.261 and f = 0.1 Hz, in which Figures 15A,B depict the development characteristics of maximum and minimum excess pore water pressure rate, respectively. Herein, the predicted results agree well with the test data under different test conditions for high correlation coefficient. From Table 6, the standard deviations of parameters A and a are small, implying that the effects of CSR and cyclic confining pressure can be ignored. The mean values of parameter A and a can be employed in Eqs 4, 5. Additionally, the variations in [image: image] with η for the different CSRs are similar to Figure 11, and the relationships between the [image: image] and CSRs are similar to Figure 13. It means that the effects of cyclic confining pressure, CSR, and loading frequency on fitting parameters can also be depicted by Eqs 6 and 7 (8), (9), and (10). In conclusion, Eqs 4, 5 can be used to predict the [image: image] and [image: image] under CCP and VCP tests.
TABLE 6 | Fitting parameters of Eqs 4, 5 based on the test results from Gu (2012).
[image: Table 6][image: Figure 15]FIGURE 15 | Relationships between [image: image] and [image: image] versus [image: image] based on test results from Gu (2012). (A) [image: image] versus [image: image] and (B) [image: image] versus [image: image].
4 CONCLUSION
CCP and VCP tests were conducted on saturated soft clay to investigate the development of excess pore water pressure. The effects of CSR, cyclic confining pressure, and loading frequency were studied. The main conclusions can be drawn as follows:
(1) These factors, i.e., cyclic confining pressure, CSR, and loading frequency have different effects on the development of excess pore water pressure. With increasing η, umax increases, while umin remains unchanged. Additionally, the larger CSR can deliver greater both umax and umin. Furthermore, the increase of the umax and umin with decreasing loading frequency is more significant.
(2) Both normalized maximum and minimum excess pore water pressure rates increase with increasing CSR and η at the beginning of tests, and coincide after a certain time. However, the curves of the normalized excess pore water pressure rate - time coincide under different loading frequencies.
(3) The relationships between the normalized excess pore water pressure rate and the loading time are linear under CCP and VCP tests in logarithmic coordinates. Both maximum and minimum excess pore water pressure prediction models are proposed. Nevertheless, the effects of the above factors on fitting parameters A and a can be ignored. [image: image] increases linearly with increasing CSR and cyclic confining pressure, while [image: image] only increases linearly with increasing CSR.
Limited the performance of the test equipment (namely, the applied maximum frequency is 5.0 Hz), only the effect of lower frequency (less than 2.0 Hz) on the development of excess pore water pressure is discussed. Therefore, the applicability of the proposed models needs further study under higher loading frequency conditions and other soils.
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The adsorption capacity of oyster shell powders (SPs) and the adsorption mechanism of heavy metal ions (HMs; i.e., cadmium ions Cd2+ and lead ions Pb2+) on SPs are discussed by means of adsorption kinetics tests, adsorption-desorption tests, scanning electron microscopy and Fourier transform infrared spectroscopy. The influences of seepage velocity, heavy metal types, and SP addition amount/concentration on the adsorption effect of SPs in the treatment of HMs in laterite as well as quartz sand were analyzed. Studies have shown that i) the adsorption of HMs on SPs can be divided into three stages, i.e., the surface adsorption stage, the internal pore diffusion stage, and the equilibrium stage; ii) with the increase in seepage velocity, the effluent concentration of HMs will slightly increase, and the residual amounts at each section of the column generally decrease rapidly with the increase in migration distance; iii) the increase in the concentration of SP solution provides more adsorption points for the adsorption of HMs, and finally, the amount of HMs desorbed from quartz sand is reduced, which also reduces the concentration of HMs in the effluent. Overall, SPs possess high purification efficiency for the HMs of contaminated soils.
Keywords: shell powder, heavy metal ion, adsorption mechanism, static adsorption, dynamic adsorption
HIGHLIGHTS

1 The dynamic adsorption process of HMs on SPs was assessed based on microstructures.
2 Competitive adsorption mechanisms between SPs and laterite were explored.
3 The toxic leaching harmfulness of the solidified HMs in an acidic environment was evaluated.
4 The purification process of contaminated soil by SPs under seepage flow was revealed.
1 INTRODUCTION
Heavy metal ions (HMs) in soils have a long residual period and strong toxicity and easily migrate, which makes heavy metal pollutants easily flow into the food chain and ultimately affect human life and health (Huang et al., 2020a; Huang et al., 2020b; Khirul et al., 2020; Wang et al., 2021; Deng et al., 2022). A large part of the land polluted by heavy metals is cultivated land and accounts for 8% of the total cultivated land in China (Liu, 2015; Yu et al., 2021; Bai et al., 2022a), resulting in the reduction of grain production and the decline of grain quality (Jiang et al., 2018; Huang et al., 2020c; Rodriguez-Arellao et al., 2021; Wang et al., 2022). According to the Bulletin of National Soil Pollution Survey, the total soil that exceeds the Chinese standard of soil pollution is as high as 16.1%. These polluted soils are mainly polluted by inorganic substances; 82.8% of the polluted soils exceed the standard for inorganic substances. Among inorganic pollutants, 7.0% of the soils exceed Cd2+ standards (less than 0.3 mg/kg) and 1.5% exceed the Pb2+ standards (less than 35 mg/kg). Solidification-stabilization is the most effective, extensive and low-cost method for the treatment of heavy metal pollution in soil (Meski et al., 2019).
At present, the most commonly used solidification materials are cement-based materials such as cement and lime (Chang et al., 2020; Hu et al., 2021a; Zhong et al., 2021; Xue et al., 2022). Although these materials have a good solidification effect, they also bring new pollution problems and consume a lot of energy and produce harmful gases such as soot and sulfur dioxide (Xu et al., 2019; Bai et al., 2021a; Hu et al., 2021b). Khan and Jones (2009) studied the method of solidifying copper, iron, zinc and lead ions in the soil by adding organic fertilizer, lime, diammonium phosphate and other solidifying agents to the soil samples of a copper mine. Their research found that lime has clear advantages in reducing levels of copper, iron and zinc, while diammonium phosphate has a clearer effect in reducing the effective lead ion levels as well as the presence of very fine particles in porous media (Cui et al., 2019; Cui et al., 2022a; Bai et al., 2022b). Abdelhafez et al. (2014) showed that bagasse and orange peel biochar can effectively improve the stability, water holding capacity and cation exchange capacity of soil, and bagasse biochar can also effectively reduce the solubility of Pb2+, which can bring the concentration of Pb2+ below the toxic leaching level of the toxicity characteristic leaching process (TCLP). However, the addition of two kinds of biochar will lead to desorption of arsenate and enhance the mobility of arsenic ions, which should be given special attention.
Moon et al. (2013a) used oyster shell powder (SP) and cow bone to make a mixed solution to treat Pb2+ and Cu2+ in soil. The results showed that the leaching rates of Pb2+ and Cu2+ decreased by 99% and 96%, respectively, when a mixed solution of 5% oyster SP and 5% waste bovine bone powder was used for pollutant treatment (Moon et al., 2013b). Torres-Quiroz et al. (2021) treated heavy metal-contaminated soil with oyster SP, zeolite and red mud and evaluated its solidification effect by using the leaching method of toxic characteristics. The results showed that oyster SPs could solidify 82% Pb2+ and 78% Cu2+, while zeolite had a good curing effect on Pb2+. Hong et al. (2010) studied the adsorption effect of oyster SP and calcium hydroxide on Cd2+, which showed that oyster SP is less capable of improving soil pH and net negative charge than calcium hydroxide but better than calcium hydroxide in reducing the extractability of Cd2+. Lee et al. (2018) studied the adsorption effect and adsorption mechanism of oyster SP when adsorbing Cd2+. By analyzing the X-ray diffraction pattern, they found that oyster SP will produce precipitation when adsorbing Cd2+, and precipitation will occur when the adsorption reaction occurs, indicating that chemical adsorption is the main mechanism of Cd2+ solidification by oyster SP. Ahmad et al. (2013) studied the adsorption capacity of oyster SP and calcined oyster SP on antimony in soil, which showed that oyster SP increased the leaching capacity of antimony, while calcined oyster SP decreased the leaching capacity of antimony.
In general, the use of SP as a new adsorption material has also received much attention. However, there are still gaps in the research on the penetration adsorption effect of SPs in porous media and the time-varying effect of SPs on the solidification of heavy metals in soil (Bai et al., 2021b). The following are reported in this paper: i) three kinds of SPs (small particle size SP, calcined SP and natural SP) are preliminarily selected to determine the adsorption capacity and stability of heavy metal pollutants in the adsorption solution and the SPs with the best adsorption effect are determined; ii) for the selected SPs, the adsorption-desorption test and model fitting were carried out, and then the mechanism of adsorption of HMs on SPs was analyzed by scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) spectroscopy; iii) the leaching test and toxicity characteristic leaching test were carried out on contaminated soil to determine the content of leachable HMs in the soil samples and the influence of time and SP amount on the stable solidification of HMs; and iv) through the soil column test, the cleaning process of HMs by SPs under the condition of seepage water flow and the residues of HMs and SPs at different cross sections were analyzed.
2 MATERIALS AND METHODS
2.1 Test materials
Laterite, as the material used in static adsorption tests, contains many clay minerals. Laterite has many micropores, a high specific surface area and a strong cation exchange capacity, and colloidal clay can effectively adsorb HMs in groundwater leachate. The laterite used in this test was purchased from Lingshou County, Hebei Province, China. The specific gravity of the soil is 2.71 (pycnometer test method), the plastic limit is 21.5%, the liquid limit is 57.3% (photoelectric combined liquid-plastic limit tester), and the plastic index is 35.8. The oxide composition of the laterite measured by X-Ray Fluorescence (XRF) is Al2O3 (46.42%), SiO2 (40.7%), Fe2O3 (10.89%), TiO2 (0.77%), K2O (0.67%), CaO (0.4%), MnO (0.09%), SrO (0.04%), and ZnO (0.02%).
Quartz sand is a non-metallic mineral formed by crushing natural quartz stone. Its main component is SiO2 (accounting for more than 99.9%). Quartz sand is stable, hard, translucent and insoluble in water. Quartz sand is used as the matrix for the soil column penetration test in this study and has a particle size range of 0.5 –3 mm, a porosity of 41.54% and a solid particle density of 2.14 g/cm3. The curvature coefficient Cc=1.16, average particle size D50=1.79 mm and the non-uniformity coefficient Cu=1.81 less than 5, which show that the particle size distribution is relatively uniform.
Two kinds of HMs, Cd2+ and Pb2+, which are common and serious soil pollutants, were selected for this study. The Cd2+ solution is prepared by adding cadmium nitrate (Cd(NO3)2) hydrate crystals into deionized water. The Pb2+ solution is prepared by adding lead acetate (Pb(CH3COO)2) hydrate crystals into deionized water.
China has a large output of shells. SPs have a high content of calcium carbonate, and there are a large number of pores in the powder particles. Therefore, SPs have certain advantages in the adsorption of heavy metal pollutants. The oyster SP used in the experiment was obtained from oyster shells in Dalian Bay, Liaoning Province, China, which were crushed and ground. The small SP is obtained by ball milling the oyster SP, and its maximum particle size is 6.5 μm. The particle size is very small, and solid particles are nearly invisible when dissolved in water. As a comparison, two other kinds of SPs (calcined SP and large natural SP) with a maximum particle size of 350 μm were selected for comparison (Li et al., 2017; Fan et al., 2021). Large natural SP was not subjected to grinding, and calcinated SP was subjected to calcination (700°C); the solid particles of these two SPs can be observed in water. According to X-ray diffraction (XRD), the mineral composition of the three SPs is mainly calcite (Figure 1). The small natural SP consists of calcite (76%), dolomite (6%), galena (3%) and microcline (15%); large natural SP consists of calcite (76%), dolomite (6%), galena (3%), and microcline (15%); and calcined SP consists of calcite (96%) and dolomite (4%).
[image: Figure 1]FIGURE 1 | XRD patterns of (A) small, (B) large, and (C) calcined SPs.
2.2 Test apparatus
A magnetic agitator (Model CCJ78-1 produced by the Jintan Co., Ltd, China) was used for the static adsorption test, with a rotating speed of 0–2000°r/min and a controlled temperature range of 0–75°C (Bai X. et al., 2021; Bai et al., 2022a). The purpose is to improve the contact between the particles and the solution and form a stable adsorption state. A turbidimeter was used to measure the turbidity of the SPs in the solution and then convert the corresponding concentration. The turbidimeter is a Hach2100 produced by the American Hach Company, with a measurement range of 0–4000 NTU.
The VP-10 L vacuum suction filter pump produced by Qun’an Experimental Instrument Co., Ltd. and the supporting filter device are used for sample filtration. A TAS-990 graphite furnace atomic spectrophotometer produced by Beijing Puxie General Instruments Co., Ltd. is used to measure the concentrations of Cd2+ and Pb2+, and its absolute sensitivity can reach 10−1−10−5 ng.
Using FTIR spectroscopy, the functional group changes of SPs soaked in deionized water, standard Cd2+ solution and standard Pb2+ solution were analyzed. The scanning range was set at 500 –4000 cm−1, and then the changes in the SPs during the adsorption of Cd2+ and Pb2+ were analyzed (Yakub et al., 2020; Bai et al., 2021a).
The SPs obtained in the experiment were centrifuged, and then the amount of HMs stripped from the disturbed SPs was measured. The L3-6 K low-speed centrifuge produced by Hunan Kecheng Instrument Equipment Co., Ltd. was used. The test speed was set at 4000 r/min, and the centrifugation time was set at 5 min. The supernatant after centrifugation was filtered, and then the concentration of HMs was determined by a TAS-990 graphite furnace atomic-absorption spectrophotometer (manufactured by the Persee General Instrument Co., Beijing, China) after dilution.
2.3 Adsorption kinetics test
Cd2+ and Pb2+ solutions with a concentration of 50 ng/ml were prepared, and the beaker containing the solution was magnetically stirred. The temperature was set at 25°C, and the rotating speed was set at 200 r/min. Then, 0.5 g SP was added to the fully stirred HM solution. The stirring time was at least 30 s and continued until no agglomerated SPs were observed in the solution. Tests were performed three times, and the average value was taken as the final result (Dehghan et al., 2021; Wu et al., 2021).
After the SP was fully dispersed in the solution, samples were taken at predetermined time intervals. An approximately 5 ml sample was taken from the middle of the solution with a pipette gun and then filtered through a 0.45 μm microporous membrane for vacuum filtration to further remove the SPs. The concentration of HMs was then determined.
The SP residue after filtration was taken for the adsorption stability test. To this end, 100 mg was taken for drying and then put into a centrifuge tube, and deionized water was added to reach 30 ml. The mixture was placed on an oscillator (150 r/min) for 1 h and then centrifuged at 4000 r/min for 5 min. The HM concentration in the supernatant was then measured.
2.4 Dissolution test and toxic leaching test method
The dissolution test was used to detect the concentration of HMs after the soil sample was dissolved in deionized water. The toxic leaching test was used to detect the concentration of HMs after the soil sample was washed with a strong acid. Based on the difference between the concentrations of dissolved/leached from the two tests, the ability of soil as well as contaminated soil with SPs to solidify HMs can be analyzed (Bashir et al., 2018; Li et al., 2018; Mehmood et al., 2019).
According to the Chinese test standard “solid waste-extraction procedure for leaching toxicity sulfuric acid and nitric acid method” (State Environmental Protection Administration, 2007a; HJ/T299-2007), 25 g of sample particles was added into 250 ml of mixed sulfuric/nitric solution (i.e., toxic leaching test) for dissolution treatment or deionized water (dissolution test) for comparison. After shaking, 10 ml of solution was placed into a centrifuge tube for centrifugation at 4000 r/min for 5 min. Then, the supernatant was removed and poured into a vacuum suction filtration device for filtration. Thus, the concentration of HMs was determined. For the raw soil, the contents of Cd2+ and Pb2+ in the leaching solution were 0.009 and 0.0176 μg/ml, respectively, which were negligible relative to the contaminated soil sample prepared later.
Cd2+ or Pb2+ (cadmium nitrate tetrahydrate with a mass of 28 g and lead acetate trihydrate with a mass of 32 g) was dissolved in 3500 ml deionized water, and then the solution was added to laterite (mass of 16 kg) in 10 divisions step by step and completely stirred with a mixer (200 r/min) for 5 min. After mixing, the soil samples were dried, crushed and screened (with a 0.074 mm filter) to form contaminated soil samples. Then, the dissolution test and toxic leaching test were carried out. The results showed that the concentrations of HMs in the polluted laterite dissolved with deionized water were 0.622 μg/ml for Cd2+ and 0.461 μg/ml for Pb2+. In fact, the pollution degree of Cd2+ in polluted soil is often higher than that of Pb2+ and therefore deserves more attention. After strong acid leaching, the concentrations of HMs were 20.9 and 11.9 μg/ml for Cd2+ and Pb2+, respectively. The two concentrations were both greater than the limit given by the leaching toxicity criterion (State Environmental Protection Administration, 2007b; GB 5085.3–2007); thus, the samples can be considered hazardous waste.
To investigate the solidification effect of SP on HMs, six samples composed of small-sized SP and contaminated soil with different proportions were selected for the experiment: laterite contaminated by Cd2+ and Pb2+ (soil samples 1 and 2, respectively); laterite contaminated by Cd2+ and Pb2+ mixed with 5% SP (soil samples 3 and 4, respectively); and laterite contaminated by Cd2+ and Pb2+ mixed with 10% SPs (soil samples 5 and 6, respectively). The mixed samples were stirred thoroughly with a stirrer and then placed in the incubator layer by layer. For each layer, deionized water was sprayed evenly to keep the soil sample moist and ensure that the soil moisture content was kept at 20% when the final filling was completed.
Six groups of configured soil samples were subjected to static treatment at room temperature (25°C). The moisture content was measured every 5 days during this period. If necessary, an appropriate amount of deionized water was added to ensure that the moisture content was maintained at 20%. Samples were taken at 0, 1, 7, 14 and 28 days for detection. For this purpose, samples were taken from five measuring points, such as the four corners and the center of the soil sample, and their average values were taken as the final values. The obtained samples were divided into two parts: one part was dissolved in deionized water for the dissolution test, and the other was used for the toxic leaching test. Acid leaching can largely destroy the unstable structure of soil samples, maximizing the release of the adsorbed HMs, while the undecomposed HMs were considered to be in the stable solidified part.
2.5 Soil column test
The adsorption of HMs on SP in porous media was studied by a sand column penetration test. The sample has a diameter of 10 cm and a length of 90 cm. The quartz sand washed with deionized water was put into the oven for drying for 24 h (105°C) to avoid the possible influence of impurities on the results, and loaded into the sand column in layers, and each section of the sand column was loaded in 10 layers. After each layer of sand loading was completed, uniform compactness was ensured by using a compaction hammer.
Before the formal test, deionized water was injected into the sand column through the peristaltic pump at a seepage velocity of v=0.08 cm/s for full flushing. At the same time, the leachate was removed at the lower end of the sand column until the turbidity was less than six NTU, at which point it was considered that the column had been washed clean. HM (Cd2+ or Pb2+) solutions were injected at a certain concentration (C=100, 200, or 400 ng/ml) and seepage velocity (v=0.04 or 0.08 cm/s) from the upper end of the sand column. At the same time, a sampling bottle with a capacity of 30 ml was used at the lower end of the sand column to obtain the effluent at a predetermined time interval (e.g., 30 s). The turbidity of the effluent was measured with a turbidimeter and then filtered with a vacuum suction filter. The content of HMs in the filter solution was determined by a graphite furnace atomic spectrophotometer. After the test, the contaminated sand column was disassembled, quartz sand samples were taken 0, 30, 60 and 90 cm away from the injection surface, and then the residual concentration of HMs was measured.
The peristaltic pump used was a BT600-2 J type produced by Baoding Lange Constant Flow Pump Co., Ltd. The selected seepage velocities were 0.040 cm/s and 0.080 cm/s. The soil column was washed with SP solution at the concentrations of CSP=0, 0.5, 1.0, and 1.5 mg/ml for each seepage velocity. After the completion of the test, the concentration of HMs at each section was also measured, and the residual concentration of SPs was obtained simultaneously.
3 STATIC ADSORPTION, DISSOLUTION AND LEACHING OF HMS BY SPS
3.1 Static adsorption
The adsorption amount of HMs is defined as
[image: image]
where q (μg/g) is the amount of HMs adsorbed per unit mass of SP at adsorption time t (min), C0 is the initial solution concentration (ng/mL), C is the solution concentration during adsorption (ng/mL), V is the solution volume (mL), and m is the mass of the SP (g).
C= [image: image] denotes the equilibrium concentration of HMs in the solution (ng/mL). Figure 2 gives the adsorption capacity of the three selected SPs with time and the standard errors of three parallel tests. For large SPs, the adsorption efficiency of Cd2+ and Pb2+ is the highest in the first stage (e.g., 5 min). Then, the growth of adsorption capacity gradually slowed down and then rapidly declined after reaching a peak. After the decline, there was another plateau that returned to a high level again and slowly reached a stable state. Finally, the adsorption rates reached steady values of 37.61 μg/g and 40.41 μg/g (i.e., 75.22% and 80.82%) for Cd2+ and Pb2+, respectively. The adsorption process of HMs on the large SPs has a large fluctuation due to the limited number of adsorption sites that large-sized SP can provide, coupled with the high energy required for intraparticle diffusion, the smoothness of the curve in the adsorption process is very poor, and the time to reach stability is also long (e.g., 800 min). In addition, the adsorption trend of Pb2+ on SPs is similar to that of Cd2+, but the fluctuation range is also smaller.
[image: Figure 2]FIGURE 2 | Adsorption capacity of small, large and calcined SPs for (A) Cd2+ and (B) Pb2+.
Similar to the large natural SP, for calcined SP and small natural SP, there is a high-efficiency adsorption stage in the first stage, and then the adsorption capacity increases slowly with increasing time with a small fluctuation range. Overall, the adsorption capacity of the small natural SP is better than that of calcined SP. Hence, small natural SP is used as the final purification material.
3.2 Dissolution of HMs
As shown in Figure 3A, with increasing time, the concentration of HMs dissolved from the laterite sample decreases, which indicates that the addition of SP makes it more difficult for HMs to convert to a free state. In the three cases (no SP, adding 5% SP, adding 10% SP), the adsorption processes of Cd2+ and Pb2+ were slightly different, which confirmed that the adsorption mechanism for the two HMs on SP was also different. The concentration of HMs tends to be the same at 28 days, indicating that with increasing time, the inhibition of SP weakens the transformation of HMs to the free state. At 28 days, the amount of HMs dissolved in deionized water was 0.02 μg/ml, which was 3% of the initial concentration.
[image: Figure 3]FIGURE 3 | The dissolved amount of HMs with time: (A) dissolution of HMs and (B) leaching of HMs.
As a comparison, the laterite sample in the dry state (when the moisture content is zero) is also tested with the addition of 5% SP and 10% SP. The test results showed that the concentration of the dissolved HMs after standing for a long time (e.g., 28 days) was almost the same as that of the initial configuration sample. This displayed that there is no adsorption reaction between laterite, SP and HMs in the dry state, indicating that the water content is also a necessary condition for the adsorption reaction.
3.3 Leaching of HMs
The amount of dissolved HMs from the laterite sample after acid leaching treatment decreases with time (Figure 3B). After 28 days of standing, the concentrations of Cd2+ in the three cases (no SP, 5% SP and 10% SP) after acid leaching treatment were 2.34, 1.13 and 0.29 μg/ml, respectively. This decrease in Cd2+ concentration with increasing SP content is because more HMs can be stably solidified by chemical adsorption and intraparticle diffusion, so the concentration of HMs in the leaching solution will be reduced. After that, with the decrease in adsorption sites and the long time required for particle diffusion, the subsequent adsorption rate gradually decreased.
The micropores of laterite grant it a high adsorption capacity, so the concentration of HMs leached is also reduced at 28 days. The ability to solidify HMs can be further improved by adding SP. As shown in Figure 3B, the leachable amount of HMs from the laterite samples after 1 day of standing decreased significantly, and then the declining rate gradually slowed down. In the case of no SP, the leaching concentration of Cd2+ is still higher than the concentration limit of hazardous substances (i.e., 1 μg/ml) (State Environmental Protection Administration, 2007b; GB 5085.3–2007), while the leaching concentration of Pb2+ after standing for 14 days is 2.95 μg/ml, lower than the concentration limit of hazardous substances (5 μg/ml). After adding 10% SP, the Cd2+ leaching concentration was 0.29 μg/ml after standing for 28 days, lower than the concentration limit of hazardous substances (State Environmental Protection Administration, 2007b; GB 5085.3–2007).
Compared with the dissolution test (Figure 3A), the concentration of HMs obtained by the toxicity leaching test is much higher (Figure 3B); that is, there will be more HMs in the acid soil. Hence, the harm of HMs in the low pH environment will be amplified.
3.4 Adsorption mechanism of HMs onto SPs
The adsorption process of HMs onto SPs can be fitted by a quasi-first-order adsorption kinetic model, quasi-second-order adsorption kinetic model and Weber-Morris intraparticle diffusion model (Sarkaya, 2021; Zhou et al., 2021; Cui et al., 2022b), written as follows:
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where qe is the amount of HMs adsorbed per unit mass of SP when the adsorption reaches the equilibrium state (μg/g); K1 is the quasi-first-order adsorption rate constant (min−1); K2 is the quasi-second-order adsorption rate constant (g·μg−1·min−1); K is the intraparticle diffusion rate constant (μg/gmin1/2); and C is a parameter (μg/g).
The quasi-first-order adsorption kinetic model describes the moving/attaching process of ions from the solution to the adsorbent surface, which is characterized as physical adsorption. The quasi-second-order adsorption kinetic model assumes that the adsorption rate is determined by the square value of the unoccupied adsorption vacancy on the adsorbent surface, which is controlled by chemical mechanisms such as electron sharing or electron transfer. The fitting results showed that the quasi-second-order adsorption kinetic model is better than the quasi-first-order adsorption kinetic model (Figure 4 and Table 1), which concluded that there is both physical and chemical adsorption during the process of HM adsorption on SP. It should be noted that the x-axis of the Weber-Morris model is obtained after squaring to ensure that the horizontal coordinates of the two plots are the same and to facilitate comparison.
[image: Figure 4]FIGURE 4 | Particle diffusion model piecewise fitting diagram for different kinetic models: (A) quasi first- and second-order and (B) particle diffusion.
TABLE 1 | Adsorption kinetic model and the fitting parameters.
[image: Table 1]Based on the significance of the particle diffusion model, the curves in the first stage cross the origin, and the adsorption is controlled by surface adsorption, which belongs to a physical process. The second is the internal pore diffusion stage, in which physical adsorption and chemical adsorption are combined, and at this time, the chemical adsorption of Cd2+ is more obvious than that of Pb2+. The third stage is the equilibrium stage, in which the adsorption amount does not change significantly, and the adsorption is in dynamic equilibrium. The fitting curves of the second and third stages are not through the origin, so the adsorption is controlled not only by particle diffusion but also by chemical adsorption.
The higher the intraparticle diffusion rate constant K (Table 1) is, the faster the adsorption rate at this stage. This showed that the surface adsorption capacity of SPs to Pb2+ in the first stage is better than that to Cd2+, and the chemical adsorption of Cd2+ on SPs in the second stage is stronger than that of Pb2+.
Figure 5 shows the SEM of SPs soaked in deionized water (i.e., raw state) and two HM solutions. There are many flocculent structures in the SPs soaked in deionized water. These flocculent structures are attached to the surface of the sheet structure. It is the existence of these flocculent structures that make the SPs have a large number of holes, which produce a large specific surface area and provide a large number of adsorption sites for the adsorption of HMs. As shown in Figures 5B,C, after loading with HMs (Cd2+ and Pb2+), those flocculent structures disappear, and only flaky structures can be observed. This phenomenon occurs because these flocculent structures are stacked by small particles, which are not stable (Bai et al., 2022b). After they adsorb HMs, the original support is destroyed and laid on the surface of the sheet structure. In addition, due to the existence of chemical adsorption, ion exchange occurs between the SPs and solution, resulting in the production of new chemicals, which makes small particles with original flocculent structures accumulate on the surface of the sheet structure.
[image: Figure 5]FIGURE 5 | SEM images of SPs: (A) raw state, (B) loaded Cd2+, and (C) loaded Pb2+.
Comparing Figure 5C with Figure 5B, the flake structure of the SPs adsorbed with Pb2+ is very similar to that of the initial SPs (Figure 5A), while the flake structure of the SPs adsorbed with Cd2+ is more dispersed. This indicates that some lamellar structures of the SPs are broken after adsorption of Cd2+. That is, due to the ion exchange reaction between Cd2+ and the original calcium carbonate of SPs, the original large flake structure is destroyed. This is consistent with the previous experimental results that the adsorption efficiency of Cd2+ is higher than that of Pb2+ (Figure 4) in the second stage of adsorption, which is mainly controlled by the chemical mechanism.
From the FTIR spectroscopy data shown in Figure 6, the characteristic peaks of SPs soaked in Cd2+ and Pb2+ are similar to those soaked in deionized water. This indicated that there is no significant change in the types of functional groups before and after adsorption, but there is a certain difference in their transmittance. For example, the transmittance of the original SPs at the characteristic peaks of 712, 875, 1422, 1799, 2517 and 2874 cm−1 are 63.97%, 34.85%, 10%, 58.08%, 71.26% and 74.90%, respectively, while the transmittance of the SPs soaked in Cd2+ solution is 70.97%, 41.43%, 10.03%, 61.45%, 68.62% and 69.74%, respectively. That is, some of the original chemical bonds in the SPs were destroyed, and an irreversible chemical reaction occurred between HMs and SPs, which once again confirmed that there was a strong chemical adsorption reaction between them.
[image: Figure 6]FIGURE 6 | Fourier transform infrared spectroscopy of SPs soaked with deionized water, Cd2+ and Pb2+ solution.
In fact, both 712 cm−1 and 875 cm−1 are the characteristic absorption peaks of calcium carbonate. The former corresponds to the in-plane deformation vibration of O-C-O, and the latter corresponds to the out-of-plane deformation vibration of CO3. The peak at 1422 cm−1 means that C-O is an antisymmetric stretching vibration peak. In fact, the C-O antisymmetric stretching vibration peak usually appears at 1458 cm−1; that is, it produces a displacement of 36 cm−1 on the benchmark of 1422 cm−1, and the absorption peak becomes wider, which is caused by lattice distortion of calcium carbonate crystals. The peak at 1799 cm−1 represents the C=O vibration peak in calcium carbonate, and the peaks at 2517 cm−1 and 2874 cm−1 do not belong to the characteristic absorption peak of calcium carbonate but instead correspond to the O-H vibration and −CH3 symmetric stretching vibration peaks, respectively. Overall, the above characteristic peaks shows that the SPs are rich in calcium carbonate (de Oliveira et al., 2021; Li et al., 2021; Zhai et al., 2021; Zhang et al., 2021).
4 ADSORPTION OF HMS BY SPS UNDER SEEPAGE FLOW
4.1 Effluent concentration of HMs in the soil column test
Through the long sand column penetration test, the adsorption effect of SP on HM pollutants in large-particle porous media was explored. Figure 7 shows the time-varying curves of the outflow concentrations during the injection of HMs (Cd2+ and Pb2+) under seepage flow (v=0.04 cm/s and 0.08 cm/s). The abscissa is the pore volume (VP), indicating the ratio of the total water flowing through the long sand column to the volume of quartz sand pores. Figure 7 indicates that the breakthrough curves of Cd2+ and Pb2+ solutions are similar; that is, is the curves have a rapid increasing stage and then tend to a steady state. Overall, the outflow concentrations of Cd2+ are slightly greater than those of Pb2+, which indicates that the attachment of Pb2+ to quartz sand is stronger than that of Cd2+. With the increase in seepage velocity (v=0.04→0.08 cm/s), the effluent concentration of HMs will increase slightly (Figure 7). This effect tends to be consistent with the increase in the injected HM concentration (e.g., C=400 ng/ml; i.e., the red curves in Figure 7).
[image: Figure 7]FIGURE 7 | Effluent concentration during sand column pollution of HMs at different injection concentrations: (A) Cd2+ and (B) Pb2+.
Figure 8 shows that the residual amounts of Cd2+ and Pb2+ at each section of the column were very similar after the completion of the seepage test and generally decreased rapidly with increasing migration distance (e.g., 0→30→60 cm). Then, the residual concentration at a greater distance (e.g., 90 cm) is slightly greater than that at the previous distance (e.g., 60 cm), which can be attributed to the accumulation of HM solution due to the existence of a filter screen. Certainly, the residual concentration of Pb2+ is slightly greater than that of Cd2+.
[image: Figure 8]FIGURE 8 | Residual concentration of HMs in each section of the sand column after pollution: (A) Cd2+ and (B) Pb2+.
4.2 Cleaning process of contaminated sand column
During the washing processes of the contaminated sand column with SP, the seepage velocity has little effect on the outflow concentration of HMs. The outflow concentrations of HMs under the two seepage velocities (i.e., v=0.04 cm/s and 0.08 cm/s) are similar in the initial stage (Figure 9 and Figure10) and denote a relatively steady process. The initial concentration of Pb2+ in the effluent is slightly lower than that of Cd2+, where the increase in the concentration of SPs shows a strong adsorption for Pb2+. In fact, the time in the washing process is relatively short, and the time in the dynamic adsorption process (i.e., seepage process) is far from the time required for the second stage adsorption in the particle diffusion model (Eq. 3); that is, only surface adsorption (i.e., physical interaction) occurs between SPs and HMs. Of course, under the present conditions, the SPs injected into the sand column mostly remain in the sand column.
[image: Figure 9]FIGURE 9 | Effluent concentration of Cd2+-contaminated sand column washed by SPs at different seepage velocities: (A) CSP=0 and 0.5 mg/ml and (B) CSP=1.0 and 1.5 mg/ml.
[image: Figure 10]FIGURE 10 | Effluent concentration of Pb2+-contaminated sand column washed by SPs at different seepage velocities: (A) CSP=0 and 0.5 mg/ml and (B) CSP=1.0 and 1.5 mg/ml.
The increase in the SP concentration provides more adsorption points for the adsorption of HMs. At the same time, more SP will be attached to the surface of quartz sand. Finally, the amount of HMs desorbed from quartz sand is reduced, which also reduces the concentration of HMs in the effluent. The penetration processes of the four SP solutions (CSP=0, 0.5, 1, 1.5 mg/ml) are plotted in Figure 9 and Figure 10. Compared with the flushing results with deionized water (i.e., CSP=0), the effluent concentration after adding SP (e.g., 0.5 mg/ml−1.5 mg/ml) clearly decreased in the initial stage of the breakthrough curves and then tended to zero. For example, when the seepage velocity is v=0.08 cm/s, the concentration of Cd2+ solution is C=400 ng/ml, the injected SP concentration is CSP=0.5 mg/ml, and the initial effluent concentration decreases to 282.59 ng/ml (hollow circles in Figure 9A) from 363.65 ng/ml (hollow squares in Figure 9A) and nearly decreases by 22.22%.
4.3 Migration distance under seepage flow
As shown in Figure 11, the increase in seepage velocity (e.g., v=0.04 cm/s→ 0.08 cm/s) reduces the residual content of HMs at different distances from the injection surface after cleaning. This phenomenon is more obvious when using deionized water (i.e., CSP=0) for the flushing test due to the existence of a hydrodynamic effect. The high seepage velocity causes more HMs to attach to the desorbed quartz sand in the solution, which matches the phenomenon of the slightly higher effluent concentration mentioned above. With the addition of SP, the gap between the amounts of HMs desorbed from the quartz sand at the two seepage velocities (v=0.04 cm/s and 0.08 cm/s) is narrowing. On the other hand, some HMs that are not firmly bound to the quartz sand are adsorbed by the SP, while the HMs that are relatively firmly bound to the quartz sand enter the cleaning solution; this adsorption will increase with the increase in SP.
[image: Figure 11]FIGURE 11 | HM residues at each section of the sand column washed by SPs: (A) C=100 ng/ml and (B) C=400 ng/ml.
The previous discussion showed that the adsorption of Cd2+ and Pb2+ on SP is very different in the static adsorption process, but there is no significant difference in the effluent concentration in the seepage adsorption test. The reason is that the contact time between SP and HMs in the flow process is relatively short, and there is only surface adsorption. However, at each section of the sand column, the SP has sufficient contact time with HMs, and further adsorption reactions can occur, resulting in possible differences in the adsorption of Cd2+ and Pb2+ on SP (Figure 11). After the washing test with SPs, the residual concentration of Pb2+ at each section of the sand column is slightly lower than that of Cd2+ (e.g., Figure 11A; blue curves). This phenomenon showed that the adsorption reaction between SP and Pb2+ on the quartz sand at the cross sections is stronger than that of Cd2+. Moreover, as the concentration of SP increases (e.g., C=100 ng/ml→400 ng/ml; Figure 11A), the difference between the residual concentrations of HMs dramatically increases.
According to these characteristics of the migration of SP in the sand column, it is of certain significance to control the migration of pollutants by controlling the seepage velocity, the SP concentration and the soil layer thickness in practical applications.
5 CONCLUSION
The adsorption of HMs (e.g., Cd2+ and Pb2+) on SP can be divided into three stages: the surface adsorption stage, which mainly depends on the fastest adsorption due to physical processes; the internal pore diffusion stage, in which physical adsorption and chemical adsorption are combined; and the equilibrium stage, in which the adsorption amount does not change significantly, and the adsorption is in dynamic equilibrium.
The dissolution amount of HM-contaminated soil is very limited in a neutral environment, and at this time, the addition of SP has little effect. In the acid leaching test, after replacing the laterite with a certain amount of SP, the leaching amount of HMs decreased, which showed that SPs showed stronger adsorption for Cd2+ and Pb2+ in the competitive adsorption between SPs and laterite. In Pb2+-contaminated soil, as long as the standing time is sufficient, the leaching concentration of HMs can reach the national standard regardless of whether the SP is added. In an acidic environment, there are more free HMs, so the harm to the surrounding environment of the soil is higher, and the SP has a greater impact on the concentration of HMs in the leaching solution. Therefore, SPs can play a role in the treatment of heavy metal pollution in soil.
There are certain differences between Cd2+ and Pb2+ in the process of dynamic adsorption. The concentration of Pb2+ in the effluent is slightly lower than that of Cd2+, and the residual concentration of Pb2+ at the cross-section is higher than that of Cd2+. The residual concentration of Pb2+ at the cross-section after washing with SP solution is lower than that of Cd2+. SPs have a better effect on the treatment of Pb2+-contaminated soil than on Cd2+-contaminated soil. Overall, SPs possess high purification efficiency for the HMs of contaminated soils.
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With the increasing demand for engineering construction in the seasonal frozen area and the background of the Belt and Road Initiative, the frozen soil constitutive model should be studied in depth. At present, the constitutive prediction model of frozen silty clay has many problems, such as complex formula, single model application and poor prediction ability. Random forest optimal model hyperparameter input was very difficult. Particle Swarm Optimization (PSO) was used to optimize the parameters of the number of neurons, dropout and batch_size in the Long-term and Short-Term Memory network (LSTM) structure. The optimization results were 61, 0.09 and 95 respectively. The results showed that the strength tended to be stable after 6,9,6,9 and 9 freeze-thaw cycles under initial moisture content = 25, 22.5, 20, 17.5, and 15%, respectively. After 18 freeze-thaw cycles, the strength decreased by 2.66%, 11.85%, 18.83%, 16.79, and 29.02%, respectively. The predicted values of frozen soil binary medium model (BM), random forest model (RF) and PSO-LSTM model were compared with the measured values under different working conditions, and good accuracy was obtained. The R2 of the PSO-LSTM model test set was trained to more than 98%, and RMSE, MAE and MAPE were also trained to the lowest under the same working conditions. The influencing factors of deviator stress of frozen silty clay were given in order from strong to weak: initial moisture content>strain>confining pressure>number of freeze-thaw cycles. The LSTM optimal combination input parameters were searched by PSO, and the parameter adjustment speed of the model for the data learning process of frozen silty clay was greatly increased, which was conducive to the promotion of other soil constitutive prediction models. A new constitutive prediction model of frozen silty clay was developed using PSO-LSTM algorithm. 15 working conditions had been verified, and the optimal model had high accuracy in the constitutive prediction of frozen silty clay, which provided a good reference for the application of frozen soil engineering in cold regions.
Keywords: frozen soil triaxial test, machine learning, constitutive prediction model, comparative analysis, factor analysis
1 INTRODUCTION
The world’s cold regions can be divided by air temperature, snow thickness and frozen soil depth. The distribution area of global frozen soil accounts for about 24% of the total land. Seasonal and intermittent frozen soil regions account for 50.6% and 6.6% of the land area in the Northern Hemisphere, respectively (Zhang et al., 2003), indicating that more than half of the land in the Northern Hemisphere experiences a freeze-thaw cycle every year (Li et al., 2021). The freezing damage of soil around building foundation, road foundation and pipeline is controlled by soil mechanical properties under freezing state. Frozen silty clay is widely distributed in cold regions of the Northern Hemisphere. In order to study the engineering properties of soil in cold regions, it is of great significance to study the constitutive relationship of frozen silty clay. Constitutive model is the key to analyze the stress-strain relationship of frozen soil, and also the basis for studying the stability of landslide (Huang et al., 2020; Li et al., 2022).
Soil elastic-plastic definite solution needs to be solved simultaneously with equilibrium differential equation, geometric equation, deformation coordination equation and known boundary. The constitutive model, as the deformation coordination equation, is an important theoretical basis for analyzing the soil stress-strain relationship. So far the most studied soil constitutive models can be divided into: elastic-plastic constitutive model (Zhang and Liu, 2019; Lai et al., 2010; Wang et al., 2020; Zhang et al., 2020; Zhang et al., 2020; Wang et al., 2021; Yu et al., 2022), nonlinear constitutive model (Yang et al., 2013; Jin et al., 2016; Loria et al., 2017), critical state constitutive model (Wu et al., 1996; Yao et al., 2004; Yang et al., 2010; Yin et al., 2010; Jin et al., 2016; Lai et al., 2016; Jin et al., 2017; Sun et al., 2020), hypoplastic constitutive model (Lai et al., 2014; Mašín, 2015; Chang et al., 2019) and the micromechanical constitutive model (Yin et al., 2010; Yin et al., 2014; Xiong et al., 2017; Qu et al., 2021; Qu et al., 2021; Wang et al., 2021). However, there are some problems in the above soil constitutive model: 1) the stress-strain relationship between frozen soil and thawed soil is proposed based on certain assumptions (Zhang et al., 2022; Yin et al., 2010). 2) Frozen soil and thawed soil models are generally only applicable to one soil type (Zhang et al., 2021). 3) The mathematical formula of stress and strain of frozen soil and thawed soil comes from data fitting, but the model prediction effect is not good (Yin et al., 2011). 4) With the increase of fitting parameters (Yin and Jin, 2021), the constitutive formula of frozen soil becomes increasingly complex.
The stiffness of frozen soil is between soft soil and rock, so a binary medium model can be used to describe the freeze-thaw-compression failure mechanism and stress evolution of frozen silty clay. In terms of the research on the frozen soil binary medium model and freeze-thaw damage mechanism, few articles have done relevant analysis. Zhang et al. (2019) verified the data obtained from the triaxial test of frozen soil through homogenization theory and binary medium theory.
In recent years, frozen soil constitutive theory has been being studied by some methods, such as experimental research, theoretical derivation, formula fitting, numerical simulation of particle flow, and data-driven deep learning. Numerous ML algorithms have been used to study thawing and frozen soil constitutive, such as Evolutionary Polynomial Regression (EPR) (Nassr et al., 2018), Support Vector Machine (SVM) (Zhao et al., 2014; Kohestani and Hassanlourad, 2016), Back Propagation Neural Network (BPNN) (Shahin and Indraratna, 2006; Johari et al., 2011; Rashidian and Hassanlourad, 2014; Stefanos and Gyan, 2015; Lin et al., 2019), radial basis function (RBF) neural network (Peng et al., 2008), recurrent neural network (RNN) (Zhu et al., 1998; Romo et al., 2001), long short-term memory (LSTM) neural network (Zhang et al., 2019; Zhang et al., 2020). Problems such as gradient explosion or gradient disappearance can be better avoided by LSTM neural network. However, the selection of the optimal model input parameter combination is still an urgent problem to be studied. However, for different frozen silty clay datasets, the optimal neuron numbers, dropout probability and batch_size combination corresponding to the minimum stress loss function should be different. Aiming at the problems of difficult parameter adjustment and poor fitting accuracy, a method based on long short-term memory neural network (LSTM) and particle swarm optimization (PSO) is proposed to predict the stress-strain evolution law of frozen silty clay.
The structure of this paper is as follows. In the first part of the experimental study, the stress-strain evolution process of frozen silty clay is qualitatively analyzed by mechanism. In the second part, the binary medium frozen silty clay constitutive model based on the simplification of freeze-thaw damage parameters is studied, and the fitted mathematical formula provides a reference for engineering design. The third part, frozen silty clay constitutive prediction model principle is introduced. In the fourth part, the relationship between the RF model, the frozen soil binary medium model and the PSO-LSTM model and the generalization value of the optimal model are discussed, and the mechanism of the influence of the three factors on the strength of frozen silty clay is deeply analyzed. Finally, this paper summarizes and puts forward the future work plan.
2 MATERIALS
2.1 Test overview
The test instrument adopts the frozen soil dynamic and static triaxial tester FST-250 designed by Xi’an Lichuang Material Testing Technology Co., Ltd. (see Figure 1). The instrument adopts displacement control mode and is mainly composed of triaxial pressure system, XT5718ULT-E2000 cooling water circulating device, data acquisition system, cooling system of testing machine, etc. The temperature control range is -70°C∼+90°C, the temperature control accuracy is 0.5°C, the confining pressure range is 0～40MPa, the accuracy is 1%, and the maximum axial pressure is 250KN.
[image: Figure 1]FIGURE 1 | (A). Experimental device diagram. (B). Experimental device physical diagram.
The microcomputer-controlled electro-hydraulic servo triaxial testing machine for frozen soil is mainly used for dynamic and static triaxial tests of conventional soil and frozen soil. The basic physical properties of the test soil are shown in Table 1. In order to reduce the heterogeneity and dispersion of natural silty clay, 1.25 mm sieve is used to screen out impurities such as plant fiber and gravel of natural silty clay. The distribution of soil with particle size less than 1.25 mm is shown in Table 2. Direct shear test is used to measure cohesion and internal friction angle of soil samples. The liquid limit and plastic limit in Table 1 are measured by LP-100D digital display soil liquid and plastic limit tester. The standard consolidation method is adopted in the consolidation test, and the compressibility factor and modulus are obtained. The maximum and minimum values are obtained from experiments, and the average values are obtained from calculation. According to the liquid plastic limit and particle size distribution, the test soil can be classified as silty clay.
TABLE 1 | Basic physical properties of natural silty clay.
[image: Table 1]TABLE 2 | Particle size distribution of soil.
[image: Table 2]2.2 Soil preparation
The dry soil that has passed through 1 mm sieve is sprayed and mixed with soil according to the initial moisture content (15%, 17.5%, 20%, 22.5%, and 25%). Then the soil samples are sealed with plastic wrap for 24 h. The dry density of soil sample is controlled to 1.62 g/cm3. Soil samples with different water contents are divided into five layers and compacted into a three-part mold with an inner diameter of 61.8 mm and a height of 125 mm. After standing for a certain time, soil samples with different initial moisture contents are demolded. Then, the soil samples are packaged and labelled with plastic wrap. Finally, the soil samples are put into the high and low temperature alternating test chamber TEMP880.
2.3 Freeze-thaw cycles test
The high and low temperature alternating test chamber TEMP880 designed by Shanghai-Huayi Equipment Co., Ltd. is used for the freeze-thaw cycle test. The test chamber is set at -35°C–35°C. The specific temperature time history curve in the high and low temperature alternating test chamber during the experiment is shown in Figure 2 below. The soil samples undergoe 4 h of freezing and 4 h of thawing, that is, a freeze-thaw cycle is performed every 8 h (Teng et al., 2022). Then, the soil samples are packaged with a thin latex sleeve, and place in a constant temperature test chamber with the same design temperature for 24 h after sticking the label. YH-10 aviation hydraulic oil in the triaxial pressure chamber is used to apply confining pressure and maintain temperature stability. Next, the soil samples with sufficient temperature control in the constant temperature test chamber are placed in the triaxial pressure chamber. When the temperature of the soil sample and hydraulic oil is coupled to the design temperature, the design confining pressure is applied for the test.
[image: Figure 2]FIGURE 2 | Temperature variation of soil sample.
2.4 Time scaling principle of freeze-thaw cycle
Because the time scale of soil freezing and thawing process in seasonally frozen soil area is considerably large, the reduced similarity ratio is adopted in the test. The similarity criteria based on the similarity theoretical model are as follows (Guo et al., 2010):
[image: image]
Where L represents the characteristic length, m. [image: image] represents the period of surface temperature change, h a represents the proportional coefficient.
The physical simulation characteristics of frozen silty clay are consistent with the test process and the actual process. The experiment lasted 8 h (4 h of freezing and 4 h of thawing), and the 1-year change process under the action of freezing and thawing cycles was simulated. The similarity calculation process is shown in Table 3:
TABLE 3 | Test time simulation time conversion.
[image: Table 3]2.5 Shear test
Constant deformation loading is adopted during the test, and the shear rate is 1 mm·min-1. The test is terminated when the specimen strain reached 20% or when it failed. At -15°C, Triaxial tests are carried out on frozen silty clay nuder five freeze-thaw cycles, five initial moisture contents and three confining pressures. The change of soil sample stress is monitored in real time and recorded. After the triaxial test, the frozen soil sample is convex in the upper part and has expansion deformation in the radial direction. The frozen silty clay generally presents an oblique crack failure form (Xu et al., 2020; Niu et al., 2022; Zhang et al., 2022).
3 METHODS
3.1 Long short-term memory neural network structure and implementation
Long short-term memory neural network (LSTM) was created primarily to solve the problem of gradient disappearance and explosion. The biggest difference between LSTM and traditional neural network is the introduction of Forget gate, Input gate and Output gate. Another key is the change in the internal state, which is the core of each activated neuron and can be seen as a carrier for adding information or deleting information.
Step 1. Some information is selectively discarded by the forget gate, and LSTM receives the input of [image: image] and [image: image]. And output a number between 0 and 1 to the internal state [image: image].
[image: image]
Step 2. Some information in the internal state is determined to be stored. The input gate determines which values are updated, and then a candidate state [image: image] is built by the input node [image: image].
[image: image]
[image: image]
The original internal state is updated to [image: image] by Eqs 2–4.
[image: image]
Step 3. The output information is determined by the output gate.
[image: image]
Step 4. Based on the output gate and the new internal state, the new hidden layer state [image: image] is output.
[image: image]
where W and b represent the weight and bias, respectively, [image: image] is the weight of [image: image] in the forget gate, and [image: image] is the forget gate bias.
3.2 Introducing dropout to prevent overfitting
L1 and L2 regularization methods are often used in neural networks to prevent model overfitting. Some parameters in the loss function are limited by this method (Jiang et al., 2018; Huang et al., 2020). Neurons and fully connected layers are randomly deleted through Dropout technology to form new samples (Srivastava et al., 2014). The overfitting problem is effectively solved by this sample replacement effect. At the same time, the entire network is no longer very sensitive to the specific weights of neurons. Therefore, the generalization ability of the model has been greatly improved (Huang et al., 2020; Chang et al., 2022).
3.3 Particle swarm Optimization(PSO)-LSTM process
The steps of PSO-LSTM are as follows, and the flow chart is shown in Figure 3.
1) The dataset is divided into LSTM training set, validation set and test set.
2) Initialize the PSO algorithm: parameters such as the number of iterations, inertia weight, learning factor and iteration step range are initialized. Then, the position and velocity of each particle are randomly initialized.
3) The three-dimensional particle swarm composed of Neurons, dropout and batch_size is randomly generated.
4) In each iteration, the LSTM training set is used as the training set, and the PSO optimization set is used as the test set. Therefore, the LSTM prediction process is simulated and the solution (particle) with the smallest prediction error in iterations is selected.
5) When the end condition is reached, the historical optimal solution of the swarm is output. The optimal number of neurons, dropout probability and batch_size are input to the next LSTM prediction. Then MSE is used to evaluate the fitting effect of stress-strain curve of frozen silty clay.,Finally, the optimized prediction results are obtained.
[image: Figure 3]FIGURE 3 | PSO-LSTM process.
3.4 Optimization process analysis
According to the optimization parameters and constraints set above, the particle swarm optimization algorithm operation is performed. The fitness change curve is shown in Figure 4. It can be seen from Figure 4A that when the iteration exceeds 4 times, the fitness value quickly reaches the maximum. Therefore, the optimal solution is selected when the number of iterations (search steps) is 0–4, and the local optimal solution and the global optimal solution are output for each cycle. After 20 iterations, the global optimal solution can be obtained: [Number of neurons in the first layer, dropout, batch_size]=[61, 0.09, 95]. Therefore, PSO-LSTM structure optimization combination parameters are obtained and input.
[image: Figure 4]FIGURE 4 | Optimization process curve (A) Fitness change curve of PSO-LSTM (B) MSE decay curve of PSO-LSTM.
It can be seen from the MSE attenuation curve of PSO-LSTM model in Figure 4B above that when the sample reaches 7.5 epochs, the MSE value tends to be stable. It shows that the validation set of the model has reached a good accuracy at this time. After determining the structural optimal parameters of PSO-LSTM, the weights and thresholds of each model are iteratively trained using the training set to obtain the final model. The test set is used to predict and compare each model (Chang et al., 2020; Huang et al., 2022).
4 RESULTS
4.1 Test results analysis
75 groups of triaxial tests are conducted on frozen silty clay with initial moisture content(IMC) of 25%, 22.5%, 20%, 17.5%, 15%, freeze-thaw cycles (FTC) of 0, 3, 6, 9, 18 times and confining pressure(CP) of 0.1Mpa, 0.2Mpa, 0.3Mpa. It can be seen from Figure 5 that freeze-thaw cycles and confining pressure do not change the strain characteristics of frozen silty clay. With the increase of initial moisture content, there is hysteresis phenomenon in the failure strain of frozen silty clay.
[image: Figure 5]FIGURE 5 | (Continued).
It can be seen from Figure 5 that when the initial moisture content is 22.5% and 25%, the deviatoric stress shows three development stages with the increase of the axial strain: linear elastic growth stage, elastic-plastic development stage, and strain hardening stage. In the linear elastic growth stage, the deviatoric stress is dominated by cementation elements composed of pore ice and soil particles. Due to the strain is small, the pore ice does not crush and melt, and the structure does not have cracks. At this time, the overall deformation modulus is large, and the deviatoric stress increases linearly.
In the elastic-plastic stage, due to the large strain at this time, micro-cracks are generated in the pore ice. Accompanied by the pressure-melting phenomenon at the ice crack, part of the cementation element structure is destroyed and transformed into friction elements. Since the deformation modulus of friction element is smaller than that of cementation element, the overall deformation modulus decreases. The deviatoric stress increases slowly with the increase of axial strain. During the strain hardening stage, the number of cementation elements remains stable, and the friction element, as the main bearing structure, show linear growth trend with the increase of strain.
It can be seen from Figure 5 that when the initial moisture content is 15%, 17.5%, and 20%, the frozen silty clay shows strain softening properties. The pore ice is broken and local shear bands are formed. The number of cementing elements decreases rapidly, the number of friction elements increases, and the integrity of the structural block is destroyed. The soil samples shows strain softening state. And with the decrease of initial water content, the strain softening phenomenon is more obvious. And under the same working condition, different confining pressures do not change the evolution law of deviatoric stress.
4.2 Binary medium constitutive model of frozen silty clay
The simplified frozen soil binary medium model based on damage parameters is shown in formula (8). The symbolic interpretation and derivation process of formula (8) are given (Zhang et al., 2022).
[image: image]
Since the research object in this paper is frozen silty clay, the local strain coefficient c is obtained from the stress-strain curve. The comparison between the fitted value of the formula and the actual test value is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Comparison between the fitting values of the formula and the test results for different confining pressures: (A) FTC=9 (B) FTC=18. Note: Each working condition corresponds to other evaluation indexes (RMSE, MAE, MSE), which are given in the following comparative analysis of random forest model, frozen soil binary medium model, and PSO-LSTM model.
It can be seen from Figure 6 that the theoretical values of the constitutive model of frozen soil binary medium are very close to the measured values under different parameters. In addition, there is a high matching degree in the linear elastic stage, elastic-plastic stage and strain hardening stage of the stress strain curve. Therefore, it is further verified that the model can better simulate the curve relationship between stress and axial strain of silty clay in the low-temperature triaxial test. The process parameters of the binary medium model fitted by the frozen silty clay test are shown in Table 4.
TABLE 4 | Parameters of binary medium model of frozen silty clay.
[image: Table 4]4.3 Optimal model selection
In order to compare the calculation accuracy of the model and select the optimal model, the frozen silty clay binary medium model, random forest model, PSO-LSTM model proposed in this paper and the frozen soil triaxial test are compared and analyzed. The stress sharing curve of the cementation element and the friction element is made by Formula (1), and the specific comparison is shown in Figure7. The deviatoric stress-strain curve under IMC25-FTC18-CP0.2 is shown in Figure 7. It can be seen from Figure 7 and formula (1) that the deviatoric stress curve of frozen silty clay is formed by superposition of the stress sharing curve of cementation element and the stress sharing curve of friction element.
[image: Figure 7]FIGURE 7 | Comparison of model calculated values and test results.
In the linear elastic stage, the evolution trend of deviatoric stress of frozen silty clay is more consistent with the sharing curve of cementation element. At this time, the deviatoric stress shared by the friction elements is less than 0.039 MPa. Therefore, the pore ice inside the cementation element is not crushed and melted in the linear elastic stage. The integrity of cementation element is good, and the cementation element mainly plays the role of bearing force under low temperature triaxial action.
In the elastic-plastic stage, the stress sharing curve of friction element shows a linear growth trend, and the stress sharing curve of cementation element begins to grow slowly. When the strain exceeds 2.7%, the difference between the stress sharing curve of cementation element and the total stress curve gradually increases. In the strain hardening stage, the stress sharing curve of cementation element tends to be stable. It shows that cementation element has yielded and stabilized at this time, and the stress sharing curve of the friction element still maintains linear growth trend. It shows that pore ice in the cemented element is crushed and melted under the action of low temperature triaxial. The local shear bands are formed, and the soil sample presents the failure form of oblique crack. In addition, it can be seen from Figure 7 that in the range of axial strain of 20%, the stress sharing curve of cementation element is always larger than stress sharing curve of the friction element. The peak value of the total stress is also the maximum value of the superposition of the stress sharing curve of the cementation element and the friction element.
It can be seen from Figure 7 that the calculated values of the frozen silty clay binary medium model and PSO-LSTM model are completely close to the test values. The constitutive relation of frozen silty clay can be better simulated by PSO-LSTM model. Because excellent matching degree can be achieved in linear elastic stage, elastic-plastic stage and strain hardening stage. The calculated values of the RF model and the test values show a high consistency in the strain hardening stage, but there is a large difference between the linear elastic stage and the elastic-plastic stage, which indicates that the model has a large error and still needs to be adjusted.
4.4 Model evaluation
Based on the random forest model test set, the stress-strain relationship of frozen silty clay with different moisture content after the 18th freeze-thaw cycles is obtained In the constitutive relation curve obtained by selecting the random forest model, the working condition with lower R2 is only shown in Figure 8. Therefore, the worst fitting condition of random forest model is selected as the test set of PSO-LSTM model. Finally, the universality and applicability of PSO-LSTM model can be well verified.
[image: Figure 8]FIGURE 8 | (Continued).
It can be seen from the results in Figure 8 that the strains corresponding to the maximum deviatoric stress errors of the RF model are 18.18%, 7.92%, 4.79%, and 15.04% under the initial moisture contents of 22.5, 20, 17.5, and 15%. The deviatoric stresses corresponding to the RF model are 6.16, 6.50, 5.76, and 2.07 MPa respectively, and the deviatoric stresses corresponding to the test are 5.80, 6.10, 5.45, and 2.41MPa respectively. The errors are 5.8%, 6.1%, 5.38%, and 16.4% respectively. Therefore, the trend of the random forest model curve is consistent with that of the test curve, but there is always a large deviation in the whole evolution process of the partial stress. The evaluation indexes of the initial training set and test set of the RF model are significantly different, and the training set is more excellent. It shows that RF model has over-fitting phenomenon in the training process, and the unsatisfactory test results are generated. Therefore, cross-validation is added to avoid overfitting. In the end, the maximum error of the model is still 16.4%.
The maximum error of PSO-LSTM model is only 1.56% under IMC20FTC18CP0.3 working condition. Compared with RF, the predicted value of the PSO-LSTM model constructed in this paper fits better with the actual measured value, and the relative error is smaller and more stable.
As can be seen from Figure 8, the evolution of deviatoric stress under each condition can be well simulated. The constitutive relationship predicted by the random forest model will have fluctuation segments, and it is prone to the problem of low strain sensitivity. The PSO-LSTM model can well simulate the evolution trend of deviatoric stress in each working condition.
Analysis of the data in Table 5 shows that the R2 of the deviatoric stress prediction data of the frozen silty clay obtained by the RF model, the binary medium model and the PSO-LSTM model are all above 94%. Therefore, in the process of iterative training, the internal test laws of initial moisture content, freeze-thaw degradation effect and confining pressure are well excavated, and more reasonable constitutive prediction values are output. However, compared with the RF model and frozen soil binary medium model, the R2 obtained by the PSO-LSTM model reaches 98.44%. At the same time, MSE and MAE are the lowest, which are 0.0078 and 0.01778 respectively, indicating that the model prediction effect is the best. The evaluation index of the initial moisture content of 25 is only shown in Table 5. Therefore, the evaluation index of the model test set under other conditions is given in the following Figure 9.
TABLE 5 | Evaluation indicators of RF, theoretical calculation, PSO-LSTM model prediction and real data.
[image: Table 5][image: Figure 9]FIGURE 9 | RF model and PSO-LSTM model evaluation index.
It can be seen from Table 6 that the accuracy of the optimal model under each working condition is above 90%. It can be seen from the comparison model that the accuracy of the PSO-LSTM model in each working condition is higher than that of the RF model. At the same time, RMSE and MAE errors are lower than RF model in all conditions, which is enough to show that the optimal model can well simulate the constitutive relation of frozen silty clay in all conditions.
TABLE 6 | Evaluation indicators of RF and PSO-LSTM model prediction and real data.
[image: Table 6]The evaluation indicators of the RF and PSO-LSTM models on the validation set and the test set are relatively consistent, so the evaluation indicators of the validation set are omitted here. At the same time, the RF model and the PSO-LSTM model have not been fitted. In addition, the R2 of PSO-LSTM for frozen silty clay constitutive prediction in the test set are all greater than 0.99. At the same time, RMSE, MSE and MAE are the smallest under each water content working condition, and they are the best in all networks. The better fitting accuracy and prediction performance of this model have been fully proved, and it is very accurate for the constitutive prediction of frozen silty clay. It also provides a new method for the prediction of frozen silty clay constitutive model.
5 DISCUSSION
5.1 Effect of freeze-thaw cycles, confining pressure and initial moisture content on strength of frozen silty clay
As shown in Figure 10, the strength tends to be stable after 6, 9, 6, 9, and 9 freeze-thaw cycles at initial moisture content of 25, 22.5, 20, 17.5, and 15%, respectively. After 18 freeze-thaw cycles, the shear strength of frozen silty clay decreased by 2.66%, 11.85%, 18.83%, 16.79, and 29.02%, respectively. Under the same confining pressure, the shear strength of frozen silty clay decreases first and then tends to be stable with the increase of freeze-thaw cycles. With the increase of freeze-thaw cycles, the bearing structure of frozen silty clay changes from initial coarse particles and pore ice to more deteriorated fine particles and pore ice. That is, the positions of the pore ice in frozen silty clay are occupied by more fine particles. On the one hand, the thickness of pore ice is reduced, and thin pore ice is more likely to expand cracks under low temperature triaxial stress. On the other hand, the unfrozen water film on the particle surface shows lubrication effect. And with the increase of freeze-thaw cycles, the rolling friction and sliding friction between particles increase more, which makes the shear strength decrease more obviously. Under a certain confining pressure, the rolling friction and sliding friction between particles tend to be stable after 6 and 9 freeze-thaw cycles. So the connection, arrangement and stress history of the soil particles are changed by the freeze-thaw cycles. This deterioration effect decreases with the increase of freeze-thaw cycles and tends to be stable after a certain number of freeze-thaw cycles (6 or 9 times).
[image: Figure 10]FIGURE 10 | Three dimensional changes of confining pressure, initial moisture content and strength under different freeze-thaw conditions.
As shown in Figure 11, the deviatoric stress of frozen silty clay increases with the increase of confining pressure. This is very consistent with the actual project. And with the increase of the initial moisture content, the effect of confining pressure on the strength increase is no longer obvious. This is because in the third stage, the stress sharing curve of the friction element shows a linear growth trend. The stress sharing of the cemented element keeps the yield stable, and with the increase of the confining pressure, the strength of the cemented element for the yield stability is also greater. When the optimum moisture content is reached, the pore ice of cementation element tends to be saturated. At this time, with the increase of the initial moisture content, the expansion of the cracks generated by the thin pore ice is not obvious. Therefore, the influence of the confining pressure on the yield stability of the cemented element is gradually reduced.
[image: Figure 11]FIGURE 11 | Three dimensional changes of freeze-thaw cycles, initial moisture content and strength under different confining pressures.
As shown in Figure 12, the strength of frozen silty clay is the highest near the initial moisture content of 20%. With the increase of freeze-thaw times and the decrease of confining pressure, the strength of frozen silty clay decreases. Therefore, the most unfavorable working condition is IMC15-FTC18-CP0.1, and the highest strength working condition is IMC20-FTC18-CP0.3.
[image: Figure 12]FIGURE 12 | Three dimensional changes of freeze-thaw cycles, confining pressure and strength under different initial moisture content.
Compared with Figures 10, 11, it is obvious that the strength difference of frozen silty clay is the largest under different initial moisture content. That is, the initial moisture content has greater influence on the strength of frozen silty clay (Cao et al., 2022; Teng et al., 2022). This is because the effects of freezing and thawing and confining pressure on the connection and arrangement of soil particles and the stress history are not as significant as the initial moisture content. The bearing structures of soils with different initial moisture contents are quite different. As a result, the difference of pore ice thickness is large, and the difference of crack germination and expansion mode is increased. On the other hand, the difference of rolling friction and sliding friction between frozen silty clay particles under different initial moisture content is large, resulting in a large difference in shear strength.
5.2 Frozen soil structure model
The structural composition of unsaturated frozen soil (Teng et al., 2022) which influences factors of soil particle and pore ice force and soil strength change process is shown in Figure 13 below.
[image: Figure 13]FIGURE 13 | Influencing factors of soil particle and pore ice force.
The structural model of frozen silty clay can be seen in Figure 14. According to the concept of the binary medium model (Zhang et al., 2022), cementation element is a stable ice-soil skeleton composed of clay particles and pore ice. The deformation modulus of cementation element is large, and it usually shows better integrity in case of small deformation. Under triaxial stress or low temperature, the pore ice inside the cemented element may be crushed and melted. Even soil particles can be broken. Local shear bands are gradually formed under deviatoric stress. At the same time, the cementation element transforms into the friction element.
[image: Figure 14]FIGURE 14 | Structural model of frozen silty clay.
There are a large number of cemented elements and friction elements in the frozen silty clay. And under the action of triaxial stress and low temperature, cementation element is gradually transformed into friction element. The strength characteristic difference of frozen soil is closely related to the quantity difference between cementation elements and friction elements.
The cementation element plays a major role in linear elastic stage, and the stress sharing curve of friction element can be ignored. In the elastic-plastic stage, the bearing capacity of the cementation element reaches the yield stability and continuously transforms into the friction element. During the strain hardening stage, the stress sharing curve of the cementation element remains stable, and the stress sharing curve of the friction element continues to increase linearly.
5.3 Contribution weight analysis of stress-strain curve of frozen silty clay
Compared with confining pressure and freeze-thaw cycles, the initial moisture content has the greatest influence on the evolution trend of deviatoric stress. Therefore, machine learning method is used to study the importance of features. It provides a new method for the study of the contribution weight of different factors to frozen silty clay constitutive curve. The contribution weight of deviatoric stress is shown in Figure 15.
[image: Figure 15]FIGURE 15 | Distribution of feature importance.
The contribution weight of the four factors to the deviatoric stress can be seen from the importance map of random forest characteristics. According to the above experimental study, the trend of the stress-strain relationship curve will be changed by the different initial moisture content. The state of frozen silty clay before the failure will be determined by the initial moisture content, and the position of peak strain will also be changed. With the increase of initial moisture content, the failure stage changes from strain softening to strain stabilization, and then to strain hardening. At the same time, the failure stress will also lag. This also verifies the strong connection between the moisture water content and the stress evolution law.
In a certain range (IMC = 25, 22.5, 20, 17.5, 15%, FTC = 0, 3, 6, 9, 18 times, CP = 0.1, 0.2, 0.3 MPa), the influence factors of frozen silty clay stress from strong to weak are: initial moisture content > strain > confining pressure > freeze-thaw cycles. The contribution of confining pressure to the stress evolution law is small, which is because the freezing depth of the seasonal frozen area is less than 2 m. Therefore, the gradient and range of the confining pressure setting in this paper are small, so the contribution weight is small.
5.4 Comparison and promotion of frozen silty clay binary constitutive model, RF model and PSO-LSTM model
Although the binary constitutive model of frozen silty clay has obtained a good prediction effect. And the reference formula is provided, which is beneficial to the application in practical engineering. However, there are some shortcomings in the model. For example, the binary constitutive model of frozen silty clay in this paper is only suitable for the fitting of the constitutive relationship under the condition of IMC=25%, but it can not achieve a good fitting effect for the IMC=22.5%, 20%, 17.5%, and 15%. Therefore, the formula fitting model still needs to find the constitutive formula of similar curve law. The formula fitting software 1STOPT can also be used to perform a random search of constitutive relations. But some parameters in the formula cannot be explained mathematically and physically. Therefore, in-depth research and promotion are limited.
Based on the shortcoming that the above model is applicable to a single working condition, the RF model is established in this paper. The RF model can be applied to all initial moisture content conditions, but the model prediction accuracy is not satisfactory.
The PSO-LSTM model is established in this paper to solve the problems of the above models. There are many advantages, such as high prediction accuracy, wide application range, and no need to propose based on certain assumptions. The LSTM optimal combination input parameters are searched by PSO, and the parameter adjustment speed of the model for the data learning process of other soil types is greatly increased, which is conducive to popularization. Therefore, it is only necessary to carry out frozen soil triaxial tests of different soil types in various regions. PSO-LSTM model has extremely high accuracy in constitutive prediction, which can provide reference for frozen soil engineering application in cold regions.
Moreover, the deep learning algorithm has a strong fitting ability for multiple operating conditions and multiple factors. The data driven deep learning method will have an excellent fitting effect for more dimensional sample data. For other soil types, the triaxial test data are imported, and the high-precision constitutive relation curve can be obtained by modifying the training set.
In the Code for Design of Soil and Foundation of Building in Frozen Soil Region, the characteristic value fa of foundation bearing capacity is selected based on temperature and soil type. Only four types of frozen soil with ground bearing capacity characteristic values at -3°C∼-0.5°C are given in the specification. However, it is not suitable for saline frozen soil and frozen peat soil, and a large number of experiments need to be carried out to revise the specification. Therefore, the optimal model proposed in this paper has important generalization significance.
That is, a more comprehensive reference table of characteristic values of frozen soil bearing capacity is given by carrying out different working conditions tests on soils in various regions. The working conditions that have not been tested (IMC=16, 19, 21, 24%, FTC=12, 15 times, CP=0.05, 0.15, 0.25, 0.35Mpa) are predicted by the PSO-LSTM model to demonstrate the advantages of the model. As shown in Figure 16, the predicted strength law is consistent with the actual situation. It provides a new method for the constitutive study of frozen soil engineering in cold regions, and provides a favorable reference for the strength of remolded soil in seasonal frozen regions. Therefore, it is of great significance to carry out the model study in this paper.
[image: Figure 16]FIGURE 16 | Prediction of unknown working conditions by PSO-LSTM model.
Random forest and PSO-LSTM can provide a new method for frozen soil constitutive research. The constitutive model of frozen soil is developed based on mathematical skills, which can deeply learn the data of frozen soil triaxial test. Machine learning model has strong nonlinear mapping ability, and is not limited by frozen soil constitutive formula In the process of deep mining of multi-dimensional large sample data, there is usually a better fitting effect. Therefore, machine learning shows extremely high accuracy and wide applicability in frozen soil constitutive model prediction. It can be used to modify the characteristic value fa of foundation bearing capacity of the Code for Design of Soil and Foundation of Building in Frozen Soil Region.
6 CONCLUSION
The study of constitutive model is of great significance to the construction of frozen soil engineering. In this paper, 75 sets of experiments are carried out, and a comparative study of the constitutive models of frozen silty clay is carried out. The following conclusions are drawn:
1) Under the same confining pressure, the shear strength of frozen silty clay decreases first and then tends to be stable with the increase of freeze-thaw cycles. The strength tends to be stable after 6, 9, 6, 9, and 9 times freeze-thaw cycles at initial moisture content of 25, 22.5, 20, 17.5, and 15%, respectively. After 18 freeze-thaw cycles, the shear strength of frozen silty clay decreased by 2.66%, 11.85%, 18.83%, 16.79, and 29.02%, respectively.
2) Compared with RF model and frozen soil binary medium model, the R2 obtained by the PSO-LSTM model reaches 98.44%. At the same time, MSE and MAE are the lowest, which are 0.0078 and 0.01778 respectively, indicating that the model prediction effect is the best. In the process of iterative training, the internal test laws of initial moisture content, freeze-thaw degradation effect and confining pressure are well excavated, and more reasonable constitutive prediction values are output.
3) In a certain range (IMC = 25, 22.5, 20, 17.5, 15%, FTC = 0, 3, 6, 9, 18 times, CP = 0.1, 0.2, 0.3 MPa), the influence factors of frozen silty clay stress from strong to weak are: initial moisture content > strain > confining pressure > freeze-thaw cycles. Tongming et al., 2021, Yuanming et al., 2010.
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The finite element model of a new staggered story isolated structure is established. Using the time-history analysis method, the dynamic response state of the structure at each time step is calculated by integrating the acceleration time-history data step-by-step. Three different types of seismic waves (ordinary seismic wave, near-fault impulse seismic wave, far-field quasi harmonic and long-period seismic wave) are input respectively for dynamic time history analysis. The result indicates that the new staggered story isolated structure has a good shock absorption effect under the action of three different types of seismic waves. There are certain differences in the shock absorption effect under the three kinds of ground motions. The seismic response under ordinary ground motions is minimal, but the seismic response of the structure increases in response to far-field quasi harmonic and long-period ground motions and the near-field fault pulse ground motions. Meanwhile, the inter-story shear force, inter story acceleration, inter-story displacement, damage, and the energy input are all increasing, However, compared with the aseismic structure, the inter-story shear force is reduced by 48%, the inter-story acceleration is reduced by 23%, the inter-story displacement is reduced by 48%, and the energy dissipation rate of the isolated layer is 65%. In addition, the isolated bearing is in good condition during occasional earthquakes under normal ground motion. However, the bearing exceeds the permissible range during near-fault impulse ground motion and far-field harmonic and long-period earthquakes. Therefore, special consideration should be given to the area where the far-field harmonic and long-period ground motion are involved.
Keywords: new staggered story isolated structure, long period earthquake, finite element analysis, earthquake response, shock absorption performance
1 INTRODUCTION
In recent years, the new staggered story isolated structure, a new form of isolated structure built on the basis of the base isolated and mid-story isolated systems, has become one of the research hotspots in the field of disaster prevention and mitigation. The isolated layer of the base isolated structure and the mid-story isolated structure is positioned on a specific structure layer. Different from the above two kinds of isolated systems, the isolated story of the new staggered story isolated structure is divided into two parts. The isolated story of core tube part is located at the bottom of the core tube, forming a similar to base isolated mode, the isolated story of the frame part is located in the middle of the structure, forming a similar to mid-story isolated mode. However, the isolated layer of the new staggered mid-story isolated structure is located on different layers of the structure (Liu et al., 2022; Zhang et al., 2022). The new staggered story isolated structure has been implemented in practical projects. For instance, after the Istanbul earthquake, a hospital was strengthened with a new staggered story isolated structure (Erdik et al., 2018).
It is known to all that earthquakes occur frequently all over the world. Therefore, the research on isolated structures has been increasing. The base isolated structure has experienced three developments, each of which is an important improvement (De Luca and Guidi, 2019). The base isolated structure can successfully safeguard buildings during powerful earthquakes (Losanno et al., 2021) and lessen the seismic response of structures (Cancellara and De Angelis, 2016; Hayashi et al., 2018; Park and Ok, 2021; Pérez-Rocha et al., 2021; Qahir Darwish and Bhandari, 2022; Clemente et al., 2021). Jose et al. (2021) compared and evaluated the response of the aseismic structure and the base isolated structure under earthquakes, and demonstrated that the structure had a strong shock absorption effect when using the base-isolated structure. In addition, researchers have researched a range of isolated bearings and discovered that most isolated bearings cannot only reduce the inter-story shear force and inter-story acceleration of the structure, but also control the displacement of the isolated layer of the structure (Castaldo and Tubaldi, 2018; Fu et al., 2019; Shan et al., 2020; Shang and Hu, 2020; Forcellini and Gallanti, 2018). Various isolated bearings have various damping effects on the structure, which can effectively reduce the earthquake response (Behzad Talaeitaba et al., 2021; Van-Thuyet, 2021; Ali et al., 2022; Wu et al., 2022). Recently, Öncü-Davas (2022) has investigated the optimization of a nonlinear foundation isolated system under near-fault earthquakes. Rostami (2021) investigated the lateral load distribution of static analysis of the base isolated building frames subject to far-fault and near-fault ground motions through three scaling methods. It is found that the inter-story shear force of the structure will be underestimated, and the lateral force formula of the LRBs base-isolated structure is determined. Kamble (2022) discovered that the base-isolated structure under three-dimensional ground motion had a favorable effect on shock absorption. The findings of the study show that significant reduction in the lateral displacement and acceleration of the S-system is achieved by base isolating the building. In addition, the S-system’s vertical responses are reduced despite the isolated being ineffective in the vertical direction. The method of machine learning has significance for the research of seismic isolated, and it has a high sensitivity rate prediction accuracy to put forward the early warning of disaster. (Guo et al., 2022a; Chang et al., 2022). Guo et al. (2022b) used numerical simulation method to effectively study how to solve the disaster under different circumstances.
The development of the base isolated structure has taken a long period, and it has been widely used all over the world. However, the adaptability of a mid-story isolated structure is greater than that of a base isolated structure (Li et al., 2022). However, the development period for a mid-story isolated structure is relatively short, and thus the research is relatively insufficient. Therefore, Zhang (Liu et al., 2021) suggested a semi-analytical solution of mid-story isolated structural system considering the bending deformation and shear deformation of the structure. In addition, Chang and Zhu (2011) discovered that both the superstructure and the substructure have good shock absorption effect (Loh et al., 2013). Liu et al. (2018) discovered that viscous fluid dampers can effectively enhance the seismic performance of mid-story isolated structures. Moreover, the application of mid-story isolated structure in the reinforcement of existing structures can effectively lower the seismic response of structures (Li et al., 2014; Faiella et al., 2020; Ma et al., 2020; Saha and Mishra, 2021; Hur and Park, 2022). Use machine learning methods to predict the occurrence of disasters in different environments. (Huang et al., 2020a; Huang et al., 2020b; Huang et al., 2020c).
Because the period of the isolated structure is extended, it is easy to generate a substantial seismic response as a result of resonance under the action of long-term ground motion. Liao et al. (2001) utilized the ratio of peak ground motion velocity to peak acceleration (PGV/PGA) to determine whether the ground motion is long-term ground motion, and studied the seismic response of 5-story and 12-story frame structures under near-field long-term ground motion and ordinary ground motion. The results show that the near-fault earthquake results in much more damage than the far-field earthquake. In addition, Minagawa and Fujita (2006) and other researchers discovered that the natural vibration period of the structural system was prolonged by setting the isolated layer, but increased the seismic response was larger under long-period ground motion. Cheng et al. (2021) investigated the seismic energy response of two typical long-period ground motion single degree of freedom (SDOF) systems. In addition, Zhou et al. (2018) investigated the distinction between the absolute acceleration spectrum and the pseudo acceleration spectrum based on the hysteretic restoring force of the structure, as well as the pseudo acceleration spectrum of long-period earthquake. Moreover, Hu et al. (2018) proposed a three segment curve model that combines the calibrated seismic factors with a random simulation program, and verified it by comparing it to the seismic simulation. (Guo et al., 2021); Huang et al. (2022) improved the accuracy of disaster prediction, use machine learning methods to predict and monitor the occurrence of disasters (Jiang et al., 2018; Chang et al., 2020). (Pytel et al. (2016) studied the influence of different factors on seismic activity. Mashinskii (2019) studied the unusual behavior of rock inelasticity, thereby deepening the understanding of the propagation and attenuation of seismic waves in the real environment.
According to the above analysis, at present, most of research focus on the base isolated structure and the mid-story isolated structure. However, there are fewer studies on the new staggered story isolated structure. In addition, previous research mainly focus on the seismic response of isolated structures during conventional earthquakes, while the impact of long-period ground motions has received less attention. Furthermore, compared to ordinary ground motions, the damage caused by long-period periodic ground motions to high-rise buildings with a large natural vibration period is more severe. But in China’s seismic code design, there is no provision for controlling the damage caused by long-period ground motions to high-rise structures. Therefore, it is of great significance to examine the seismic response of the new staggered story isolated structure under long-period ground motions.
In this paper, the seismic response of a new staggered story isolated structure under ordinary ground motion, near-fault impulse ground motion, and far-field harmonic long-period ground motion is studied. The damping effect, structural damage, structural energy consumption, and the response findings of the isolated bearing of the innovative staggered story isolated structure under three different ground motions are obtained. It is expected to provide a reference for the design and research of the new staggered story isolated structure.
2 MATERIALS AND METHODS
2.1 Project overview
The seismic fortification grade of a new staggered story isolated structure is class B with the seismic fortification intensity of 8°. The basic seismic acceleration is designed as 0.20 g, and the seismic group is designed as group II. The building site is defined as class III. The building, whose plane size is 26 m × 26 m, with 20 floors in total, adopts frame-core tube structure, and a floor height of 3 m. The frame isolated layer is positioned on the third level of the frame structure, whereas the middle core tube is located at the bottom of the core tube. Figure 1 compares the aseismic structure, the base isolated structure, the mid-story isolated structure, and the new staggered story isolated structure. Figure 2 depicts the three-dimensional finite element model of the structure. The sectional dimensions of the structure can be seen in Table 1. The concrete strength of the frame column and beam is C40, and all reinforcement models are HRB400. The thickness of the concrete cover is 50 mm. Shear walls are simulated by thin-shell elements with a concrete thickness of 250 mm.
[image: Figure 1]FIGURE 1 | Structure diagram: (A) aseismic structure, (B) base isolated structure, (C) mid-story isolated structure, (D) new staggered story isolated structure (The blue part represents the core tube, the red part represents the frame, and the shadow part represents the isolated bearings).
[image: Figure 2]FIGURE 2 | 3D diagram of new staggered story isolated structure.
TABLE 1 | Frame section parameters.
[image: Table 1]2.2 Modeling
The finite element analysis software ETABS is utilized to assess the isolated design of frame core tube structure. Extract the column bottom reaction at the isolated bearing under the working condition of standard value of gravity load using the ETABS software, and estimate the number and model of isolated bearings according to the total horizontal yield force being 2% of the column bottom reaction under standard value of gravity load. LRB1000 is utilized for the core tube, while LRB600 is used for the frame. The parameters of isolated bearings are provided in Table 2 below, and their arrangement is depicted in Figure 3.
TABLE 2 | Parameters of isolated bearing.
[image: Table 2][image: Figure 3]FIGURE 3 | Layout of isolated bearing.
2.3 Earthquake wave selection
The seismic fortification intensity is set to degree 8, and the basic acceleration value of the earthquake is set to 0.2 g. Meanwhile, the site category is class 2, and the seismic group is designed as group III. The ground motion criteria are selected as follows: the average period of ground motion acceleration spectrum Tr and PGV/PGA values are used as the basis for distinguishing ordinary ground motion from long-period ground motion. When Tr >2 s and PGV/PGA>0.2, it is long-period ground motion, otherwise it is ordinary ground motion. Table 3 contains information regarding the selected near-fault impulse ground motion, the far-field harmonic long-period ground motion, and the ordinary ground motion.
TABLE 3 | Basic information of three types of earthquake motion.
[image: Table 3]Each of the three types of ground motion have unique characteristics. Figure 4 depicts the acceleration response spectrum of ground motion and illustrates that the peak value of the acceleration spectrum of ordinary ground motion occurs between 0.3 s and 0.4 s, and that when the structural period is about 2 s, the acceleration spectrum value is less than 10%–20% of the peak value. The spectrum of the near-fault impulse ground motion acceleration response is essentially identical to the spectrum of the ordinary ground motion acceleration response. When the structural period is greater than 2 s, the peak value of the near-fault impulse ground motion acceleration response spectrum is greater than that of the ordinary ground motion acceleration response spectrum.
[image: Figure 4]FIGURE 4 | Acceleration response spectrum of three types of ground motion.
The acceleration response spectrum of the far-field harmonic like long-period ground motion differs significantly from that of the other two ground motions. Due to the appearance of harmonic like components, the acceleration spectrum of the far-field harmonic like long-period ground motion would reach its maximum value between 3 and 6 s during the structural period, resulting in an obvious “double peak” phenomenon. The near-fault impulse ground motion and the far-field harmonic long-period ground motion have a greater impact on long-period structures, which requires special consideration.
3 ANALYSIS OF THE SHOCK ABSORPTION EFFECT
3.1 Structural seismic response
The finite element models of the aseismic structure and a new staggered story isolated structure are developed. By integrating acceleration time-history data at each time step, the time-history analysis approach determines the dynamic response state of the structure at each time step. Three different types of seismic waves (ordinary seismic wave, near-fault impulse seismic wave, far-field quasi harmonic and long-period seismic wave) are input respectively for dynamic time history analysis under 8° moderate earthquake (peak acceleration of 20 0cm/s2). Under three earthquake motions, the seismic response, energy dissipation, and structural damage of a new staggered story isolated structure are determined.
3.1.1 Modal period
Table 4 compares the results of the first three modal periods for the aseismic structure and the new staggered story isolated structure. It can be seen from Table 4 that the period of the first three steps of the new staggered story isolated structure is greater than that of the aseismic structure.
TABLE 4 | The first three modal periods of aseismic structures and new staggered story isolated structures.
[image: Table 4]Before isolated, the fundamental period of the structure is 1.069 s, while after isolated, the basic period of the structure is 2.434 s. It is a structure with a long natural vibration period and a significant response to a long-period earthquake. Therefore, it is necessary to select the long-period seismic wave for nonlinear time history analysis and compare it to nonlinear time history analysis under ordinary seismic wave.
3.1.2 Basal shear force
The finite element models of the aseismic structure and the new staggered story isolated structure are developed. Three different types of seismic waves (ordinary seismic wave, near-fault impulse seismic wave, far-field quasi harmonic and long-period seismic wave) are input respectively for dynamic time history analysis under 8° moderate earthquake (peak acceleration of 200 cm/s2).
Table 5 depicts the base shear force comparison between the new staggered story isolated structure and the aseismic structure. Figure 5 demonstrates that, compared to the aseismic structure, the base shear force of the new staggered story isolated structure is reduced under three different types of earthquakes, but not under some long-period seismic waves.
TABLE 5 | Energy consumption of new staggered story isolated structure.
[image: Table 5][image: Figure 5]FIGURE 5 | Comparisons of base shear force between the aseismic structure and the new staggered story isolated structure.
3.1.3 Inter-laminar shear force
Figure 6 depicts a comparison of the story shear force between the new staggered story isolated structure and the non-isolated structure under the action of three different types of seismic waves (ordinary seismic wave, near-fault impulse seismic wave, far-field harmonic and long-period seismic wave). Figure 6 demonstrates that the new staggered story isolated structure has a damping effect under the action of three different types of earthquakes, and that the isolated effect of the core tube below the frame isolated layer of the new staggered story isolated structure is superior to that of the frame. The seismic response of aseismic structures in the presence of far-field harmonic long-period ground motion and near-fault impulse ground motion is greater than that of ordinary ground motion. The seismic response of the new staggered story isolated structure under far-field harmonic long-period ground motion and near-fault impulse ground motion is greater than that of the ordinary ground motion. Compared with the aseismic structure, the story shear force of the new staggered story isolated structure is reduced, and the shear force of the frame below the frame isolated layer is more than that of the core tube. During the far-field harmonic long-period ground motion, the inter-laminar shear force is greater than that under the near-fault pulse long-period ground motion.
[image: Figure 6]FIGURE 6 | Comparisons of inter-story shear force between aseismic structure and new staggered story isolated structure: (A) comparison of inter-story shear force of aseismic structure under near-fault pulse-like ground motion (B) comparison of inter-story shear force of aseismic structure under far-field harmonic like long-period ground motion, (C)comparison of inter-story shear force of new staggered story isolated structure under near-fault pulse-like ground motion, and (D) comparison of inter-story shear force of new staggered story isolated structure under far-field harmonic like long-period ground motion.
3.1.4 Inter layer acceleration
Figure 7 illustrates the comparison of story accelerations between the new staggered story isolated structure and the aseismic structure under the action of three different types of seismic waves (ordinary seismic wave, near-fault impulse seismic wave, far-field harmonic and long-period seismic wave). According to Figure 7, the new staggered story isolated structure has certain damping effect under the action of three types of earthquakes. In the new staggered-story isolated structure, the acceleration of the core tube beneath the frame-isolated layer is greater than that of the frame part. Under the action of far-field harmonic long-period ground motion and near-fault impulse ground motion, the accelerations of the frame part and the core tube part under the frame isolated layer of the new staggered story isolated structure are greater than those of the aseismic structure. The seismic response of aseismic structures in the presence of the far-field harmonic long-period ground motion and near-fault impulse ground motion is greater than that of the ordinary ground motion. The seismic response of the new staggered story isolated structure under the far-field harmonic long-period ground motion and near-fault impulse ground motion is greater than that of the ordinary ground motion. Among them, the inter-layer acceleration under the far-field harmonic long-period ground motion is greater than that under the near-fault pulse long-period ground motion.
[image: Figure 7]FIGURE 7 | Comparisons of story acceleration between aseismic structure and new staggered story isolated structure: (A) acceleration comparison of aseismic structure under near-fault pulse-like ground motion (B) acceleration comparison of aseismic structure under far-field harmonic like long-period ground motion, (C) acceleration comparison of new staggered story isolated structure under near-fault pulse-like ground motion, and (D) acceleration comparison of new staggered story isolated structure under far-field harmonic like long-period ground motion.
3.1.5 Story displacement
Figure 8 depicts a comparison of the story displacement between the new staggered story isolated structure and the aseismic structure under the influence of three distinct types of seismic waves (ordinary seismic wave, near-fault impulse seismic wave, far-field harmonic and long-period seismic wave). Figure 8 demonstrates that under the influence of three types of earthquakes, the new staggered story isolated structure has a certain damping effect. In the new staggered story isolated structure, the displacement of the core tube below the frame isolated layer is greater than that of the frame part. Among them, the inter-layer displacement of the frame component beneath the frame isolated layer is greater than that of the aseismic structure. Under the influence of the far-field harmonic long-period ground motion and near-fault impulse ground motion, the acceleration of the frame part and the acceleration of the core tube part under the frame isolated layer of the new staggered story isolated structure is greater than that of the aseismic structure. The seismic response of aseismic structures in the presence of the far-field harmonic long-period ground motion and near-fault impulse ground motion is greater than that of the ordinary ground motion. The seismic response of the new isolated structure with staggered stories is stronger under the far-field harmonic long-period ground motion and near-fault impulse ground motion is greater than that of the ordinary ground motion. The inter-layer displacement under far-field harmonic like long-period ground motion is greater than that under near-fault pulse long-period ground motion.
[image: Figure 8]FIGURE 8 | Comparisons of inter-story displacement between aeismic structure and new staggered story isolated structure: (A) comparison of inter-story displacement of aseismic structure under near-fault pulse-like ground motion (B) comparison of inter-story displacement of aseismic structure under far-field harmonic like long-period ground motion, (C) comparison of inter-story displacement of new staggered story isolated structure under near-fault pulse-like ground motion, and (D) comparison of inter-story displacement of new staggered story isolated structure under far-field harmonic like long-period ground motion.
3.2 Damage evolution of structures under different types of ground motions
The damage nephogram of the core tube was retrieved for comparative analysis in order to evaluate the damage evolution of the new staggered story isolated structure under varied ground motions, as well as three different types of ground motions were selected. From Figure 9–11, it can be observed that under the influence of ordinary ground motion, the damage to the bottom of the structure is not obvious, and the majority of the structure is in normal working condition. However, the damage of the core tube caused by far-field harmonic ground motion gradually accumulates over time, extending upward from the base of the structure and producing more damage. It demonstrates that in the middle and later stages of the long-period ground motion, it is simple for structural damage to accumulate.
[image: Figure 9]FIGURE 9 | Energy time history diagram of a new staggered story isolated structure under ordinary ground motion.
[image: Figure 10]FIGURE 10 | Energy time history diagram of a new staggered story isolated structure under near-fault impulse ground motion.
[image: Figure 11]FIGURE 11 | Energy time history diagram of a new staggered story isolated structure under far-field harmonic long-period ground motions.
3.3 Structural energy consumption
From Figures 12–14, it is evident that under the action of three types of ground motions, the input energy, the damping energy consumption, and hysteretic energy consumption of the near-fault pulse type ground motion and the far-field harmonic long-period ground motion grow more rapidly than that of the ordinary ground motion. The energy input of the structure reaches its peak more quickly under the ordinary ground motion, whereas the energy input of the near-fault pulse type ground motion and the far-field harmonic long-period ground motion is more than that of the ordinary ground motion.
[image: Figure 12]FIGURE 12 | Energy time history diagram of a new staggered story isolated structure under ordinary ground motion.
[image: Figure 13]FIGURE 13 | Energy time history diagram of a new staggered story isolated structure under near-fault impulse ground motion.
[image: Figure 14]FIGURE 14 | Energy time history diagram of a new staggered story isolated structure under far-field harmonic long-period ground motions.
Table 5 compares the energy dissipation impact of the new staggered story isolated structure. Under the influence of three different types of seismic waves, it is evident that the new isolated construction with staggered stories has played an effective role in structural energy dissipation. Long-period earthquakes require more attention because the input energy of the near-fault pulse type seismic wave and the far-field harmonic long-period seismic wave is greater than that of the ordinary seismic wave.
4 RESPONSE OF THE ISOLATED BEARING
Structural dynamic time history analysis under the peak acceleration of the seismic wave of 400 cm/s2.
4.1 Maximum displacement of the isolated layer
Under time-history working conditions, the maximum horizontal displacement of the isolated bearing is equal to the envelope value of the three seismic waves. According to the code for seismic design of buildings GB50011-2010, this value cannot exceed the lesser of 0.55 times of the effective diameter or 3 times of the entire thickness of the rubber bearing. In this paper, the isolated bearings of LRB600, and LRB1000 are employed, hence the minimum bearing displacement is 600 × 0.55=330 mm.
Define the envelope value of the load combination under seismic working conditions, and extract the envelope value of the horizontal displacement of the isolated bearing under time history working conditions of three distinct types of seismic waves. Figure 15 demonstrates that the bearing displacement under the action of a ordinary seismic wave meets the standard, whereas the bearing displacement under the action of a near-fault layer impulse seismic wave and a far-field harmonic long-period seismic wave significantly exceeds the standard value.
[image: Figure 15]FIGURE 15 | Support displacement.
4.2 Tensile stress of isolated bearing
In accordance with the provisions on the maximum tensile stress limit value of the rubber isolated bearing in article 12.2.4 of the code for seismic resistance, the tensile stress of the isolated bearing must not exceed 1 MPa during earthquakes. Figure 16 depicts the pressure for computing the minimal surface pressure. It can be seen from Figure 16 that among the time history conditions of three different types of seismic waves, the maximum tensile stress of the bearing under the action of the ordinary seismic wave meets the requirements, whereas the maximum tensile stress of the bearing under the action of the far-field harmonic long-period seismic wave and the near-fault pulse type seismic wave exceeds the limit.
[image: Figure 16]FIGURE 16 | Maximum tensile stress of abutment.
4.3 Check the compressive stress of the isolated bearing
In general, 2 times of the reference surface pressure can be used as the limit for the maximum surface pressure of the bearing. The structure described in this study is a class B structure, hence the reference surface pressure is 12 MPa, and the limit value of the maximum surface pressure is 24 MPa. Figure 17 illustrates the calculated value of the maximum surface pressure of the bearing and reveals that under the influence of three distinct types of seismic waves, the maximum compressive stress of the bearing under the action of the ordinary seismic wave satisfies the requirements of the specification, whereas the majority of the maximum compressive stress of the bearing under the influence of the far-field harmonic long-period seismic wave and the near-fault impulse seismic wave exceeds the limit.
[image: Figure 17]FIGURE 17 | Maximum abutment compressive stress.
5 DISCUSSION
In this paper, the finite element analysis software ETABS is used to analyze the long-period seismic response of a new staggered story isolated structure. The seismic response analysis and the damage of the seismic structure are investigated from the perspectives of the seismic wave selection, damping effect index, structural damage, energy dissipation, and the response of the isolated bearings. Under the long-period ground motion, it is concluded that the new staggered story isolated structure has a good seismic isolated effect.
Through the research of this paper, further research can be carried out in the following aspects:
(1) In this paper, the seismic response analysis of the new staggered story isolated structure under different types of the ground motion input is primarily based on numerical analysis, Sugimoto et al. (2016) and different parameter settings may lead to certain errors in the results. To verify the analysis results presented in this paper, shaking table tests with the input of the long-period ground motion can be carried out in the future.
(2) Currently, the majority of studies focuses on the base foundation isolated structures and the mid-story isolated structures (Bhandari et al., 2019; Faiella and Mele, 2020) Few studies have been conducted on the new staggered story isolated structure, and the response of this structure to long-period ground motion has also received little attention. This paper reveals that the new staggered story isolated structure has a good shock absorption effect under the action of the long-period ground motion, but that structural damage and bearing overrun are significant under the long-period action.
(3) The largest isolated bearing employed in this paper has a 1000 mm diameter. It remains to be determined if the damage to the core tube, the maximum tensile stress, and the maximum compressive stress of the isolated bearings can be reduced by increasing the diameter and altering the layout of the isolated bearings beneath the core tube (Fakih et al., 2021; Thakur et al., 2021).
(4) The influence of the vertical ground motion on the structure is not examined in this research (Quaranta et al., 2022; Wang et al., 2022). In fact, seismic waves are multi-dimensional. If some of these factors are disregarded, the result of the shock absorption effect may be deviated. At present, there are a few studies on this topic, and the follow-up research can be expanded using the new staggered story isolated structure.
(5) In this paper, the seismic response analysis of the structure is performed with a rigid foundation assumption. In practice, the interaction between the structure and soil presents a challenge. Domestic and international scholars have conducted numerous studies on this issue. No uniform result has been reached as to whether the interaction effect of soil and structure on the seismic response of an isolated structure is increased or decreased (Askouni and Karabalis, 2022; Zhang and Far, 2022). The interaction between soil and structure in high-rise seismically isolated structures subjected to long-period ground motion has not yet been investigated.
(6) From a vast amount of seismic data for a particular ground motion, long-period seismic activity is selected and input into the structure for seismic response analysis (Shuoyu et al., 2021) However, the seismic response study must include both natural and artificial waves, as required by the applicable analysis. Therefore, it is necessary to investigate the theoretical basis and synthesis method of the artificial combination of long-period seismic waves.
6 CONCLUSION
In this paper, the seismic response models of the aseismic structure and the new staggered story isolated structure are developed. Three forms of ground motions are input into the nonlinear response analysis, and the discrepancies between the seismic response laws of this two kinds of stucture under different ground motions are explored. The following conclusions are obtained:
(1) Compared to the aseismic structure, the new staggered story isolated structure has a greater effect on shock absorption when subjected to three distinct types of seismic waves.
(2) There are certain differences in the shock absorption effect under the three kinds of ground motions; The seismic response under ordinary ground motions is smaller, whereas the seismic response under the near-field harmonic long-period ground motion and the near-field fault pulse type earthquake are larger; Meanwhile, the inter story shear force, inter story acceleration and inter-story displacement are increased. Therefore, the damage and the energy input are also increased.
(3) Under rare earthquakes, the isolated bearing is in good condition under the ordinary ground motion. However, the bearing exceeds its limit under near-fault impulse ground motion and far-field harmonic and long-period earthquakes. Consequently, special attention should be given to the region where the far-field harmonic and long-period ground motion are involved.
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In this study, finite element and finite difference methods were used for numerical calculations. The law of slurry diffusion in the inclined plane cracks is summarized in this study. Further, the equation describing the diffusion of slurry with time-varying viscosity in the plane fracture with dip angle was derived, and the mathematical model of slurry diffusion control equation and improved entropy clustering algorithm were developed. Thus, the law of slurry diffusion with time-varying viscosity in an inclined plane fractured rock mass was studied in detail, and the control equation obtained was modified to improve the prediction accuracy of diffusion of slurry with time-varying viscosity. By applying the model to actual working conditions, the results highlighted that the improved entropy clustering algorithm could more accurately describe the relationship between the factors influencing slurry diffusion and the slurry diffusion radius. The improved entropy clustering algorithm model can adjust the weights of the factors influencing the slurry diffusion in the diffusion control equation, which leads to a more flexible and more accurate slurry diffusion control equation.
Keywords: time-varying viscosity, diffusion control equation, numerical simulation, improved entropy clustering algorithm, finite element method
INTRODUCTION
Surface disaster (landslide, groundwater degradation and etc.) would be induced by human activities (Meng et al., 2020; Zhang et al., 2021a; Zhang et al., 2021b; Domínguez-Cuesta et al., 2021; Medina et al., 2021). For example, a large number of landslides in the Three Gorges Reservoir area in China, have been reactivated by reservoir impoundment since 2003 (Guo et al., 2020). To avoid different surface disasters, tunnel engineering has been widely used around world. Grouting technology is widely used in various tunnel engineering projects, especially in construction involving rock and soil materials. The use of grouting technology can effectively alter the mechanical structure of rock and soil, thus, making them more stable to meet the requirements of construction. However, the differences in the environmental factors affecting the construction projects lead to greater challenges during the operation of the grouting construction project, such as the change in the diffusion pattern of cement slurry, the incomplete slurry grouting, and the problem of slurry leakage along the joint. This can have a serious impact on the expected outcome of the grouting construction technology and interfere with the stability of the rock and soil. Therefore, several researchers in India as well as globally are no longer studying the grouting diffusion mechanism.
Sand and water inrush lead to some common geological disasters in underground systems with rich aquifers, which seriously threaten the safety of construction personnel and construction projects (Mu et al., 2020). Grouting has been proven to be an effective means of controlling the leakage of the water-rich soft stratum (Zhang et al., 2016; Li et al., 2020; Niu et al., 2020). The mechanical properties and impermeability of the stratum to be injected can be effectively improved by grouting to ensure that the stability of surrounding rock and water inflow during the excavation of the underground engineering projects meet the design requirements. Grouting reinforcement is realized by the effective diffusion of slurry (Zhang et al., 2017). The grouting reinforcement is effective if the slurry can diffuse to the boundary and then solidify. However, grouting in geotechnical engineering has the characteristics of concealment and stratum complexity, and its rule of slurry diffusion is still unclear.
In the past, the grouting seepage theory has paid too much attention to the grout flow and process. It is assumed that the injected medium is rigid, and the grout does not produce elastic deformation or plastic deformation during the seepage in the internal pores of the injected medium. Moreover, it does not consider the coupling effect between the stress field and the seepage field in the grouting process and does not exhibit the characteristics of grouting diffusion. In recent years, the studies on grouting diffusion theory considering the effects of fluid-solid coupling have gradually increased, but they have certain limitations. Researchers analyzed the coupling effect of stress and seepage fields in the grouting process (Guo et al., 2016; Hu et al., 2020). The coupled model analyzed the time-varying viscosity of the slurry during the grouting process and its influence on the diffusion radius of the slurry. Other researchers established a mathematical model considering the dynamic changes in the physical parameters such as porosity, permeability, and pore compression coefficient (Wu et al., 2018; Bauer et al., 2020). This model forms a basis for better understanding the numerical simulation of fluid-solid coupled grouting in heterogeneous strata. However, the ideal conditions have been assumed in the above research studies; therefore, the applications of the study results are limited (Śliwiński and Zachariasz 2004). The common fact about these models is that they can accurately describe the law of slurry diffusion under certain conditions. However, the model is not flexible enough and cannot be applied under complex working conditions. At present, the grouting diffusion model does not consider the permeability parameters, slurry performance index, and construction process parameters of the injected coal and rock mass to describe the law of slurry movement and diffusion range. The grouting diffusion theory is too simplified to be effectively followed for the construction process and can only be used as a reference.
In order to solve the problem of poor suitability of the existing grouting diffusion model, this paper optimizes the grouting diffusion model with the improved entropy clustering algorithm (Li et al., 2020), comprehensively considers the time variation of slurry viscosity, crack angle, grouting pressure, time and water pressure parameters, and obtains a flexible slurry diffusion governing equation. Finally, the model is verified by the engineering case of water gushing grouting plugging project in Caojiatan Coal Mine.
DIFFUSION MECHANISM OF GROUTS BASED ON THE IMPROVED ENTROPY CLUSTERING ALGORITHM
Model design
The diffusion model for the grout with time-varying viscosity in fractured rocks was developed based on the following assumptions and preconditions:
(1) The slurry is an incompressible homogeneous isotropic fluid, so the slurry is isotropic, that is, the constitutive equation of the slurry in all directions is the same.
(2) The grouting is a continuous process; therefore, the continuity equation is applicable.
(3) The grout flows slowly within the fracture zone, implying laminar flow throughout the domain except for points close to the grouting hole.
(4) The flow pattern of the grout remains unchanged in the grouting process. Therefore, the grout can be rationally modeled as a kind of Bingham plastic fluid.
(5) The viscosity of the grout varies with time, which can be expressed as an exponential function. Further, there is no change in the yield value of the Bingham fluid during the grouting process.
(6) No-slip condition is observed on the wall surface during the grout flow in the fracture, implying that the flow rate of the slurry up and down the wall is approximately equal to zero.
(7) The fracture wall is impermeable to water. Therefore, the particles are not absorbed in the grout leading to no variation in the opening of the fracture.
The assumptions (1–3) are the basic assumptions for grout flow, indicating that both the continuity and Navier-Stokes (N-S) equations are applicable. The assumptions (4, 5) are obtained from the changes in the viscosity of the grout with time. The assumptions (6, 7) are also applicable to most strata.
Diffusion equation for time-varying viscosity of grouts in the planar fractures
The grouting of plane fracture rock mass with dip angle can be idealized as the continuous injection process and diffusion flow of grout through boreholes in parallel planes with constant opening, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of grout diffusion in a plane fractured rock mass.
Figure 1 is a simplified model of the intersection of the plane formed by the fracture centerline with the borehole. Under normal conditions, the borehole and the fracture intersect at a small vertical angle or a large angle. The central line of the fracture and the borehole form a simplified model, where the opening of the fracture is d, and the borehole radius is R0. A rectangular coordinate system x1-x2-x3 was established by considering the intersection point of the drill hole axis, and the middle line of the fracture as a coordinate origin O, wherein the direction of the axis x3 is opposite to that of gravity, and the axes x1 and x2 are horizontal with the direction determined by a right-hand rule. The outer normal directions of the borehole axis and the fracture plane are represented by the unit vectors m and n, which intersect the x1 axis by α and β, respectively, where α is the dip angle of the fracture (0°≤ α ≤ 90°) and β is the dip angle of the borehole (0°≤ β ≤ 90°). In addition, a rectangular coordinate line x-y-z was established at the origin O of the coordinate system. The z-axis is consistent with the direction of the normal line n outside the fracture plane, the x-axis is consistent with the direction of the fracture tendency, and the y-axis is determined by the right-hand rule. The angle between the major axis of the ellipse where the borehole intersects with the fracture and the x-axis is denoted by θ. When m × n = 1, θ = 0, which means that the borehole is perpendicular to the fracture surface. In this study, the case when m × n = 0 is not considered, i.e., the special case where the borehole is parallel to the fracture is not considered.
The grout begins to flow under the action of grouting pressure. With an increase in the diffusion time, the shear force of the grout is in balance with other forces such as pressure and gravity, and the flow stops. According to the N-S equation:
[image: image]
where u is the fluid flow velocity, p is the pressure, ρ is the fluid density, and µ is the dynamic viscosity of the fluid. Eq. 1 can be divided into four parts, with the first part being the inertial force factor, the second part being the pressure, the third part being the viscous force, and the fourth part being the other forces of the slurry. From Eq. 1, it can be observed that when the inertial force of the grout is balanced with the grouting pressure, viscous force, and external force, the grout stops spreading.
The stoppage of the grout flow indicates that the components of stress at any point in the grout are balanced, as given by Eqs. 2, 3:
[image: image]
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In the Eqs. 2, 3, fx and fz, represent the horizontal gravity components of the slurry on the x-axis and y-axis; namely,
[image: image]
Since the fracture width is fixed, the gravity component of grout on the z-axis is not considered, i.e., the acting force in the y direction is considered to be balanced. ρ is the density of grout (g/cm3), and g is the acceleration of gravity. Therefore, when the flow along the y-axis is balanced, the grout flows along the x and z axes in the plane are given by Eqs. 5, 6.
[image: image]
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In Eqs. 5, 6, the flow velocities of the grout in the x direction is vx, and the z direction is vz. p is the grouting pressure.
When the gravity in the z direction is zero, the slurry flows horizontally, and the equation is simplified as,
[image: image]
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When the grout stops flowing, the shear stress is 0, i.e.,
[image: image]
[image: image]
Based on the improved entropy-clustering algorithm (Mu et al., 2019), the initial shear force required to drive the flow of the slurry, namely, the yield shear force, is mainly considered in the constitutive equation of the slurry given by Eq. 11.
[image: image]
Where τ represents the shear stress, τ0 denotes the yield shear stress, µ is the viscosity, and γ represents the rate of shear. Since the viscosity of the grout is time-dependent and follows the exponential function given by [image: image], the constitutive equation of the Bingham fluid can be modified to Eq. 12.
[image: image]
where the values of the coefficients A and k depend on the composition of the grout with time-varying viscosity. The constitutive relation in Eq. 12 is employed in the subsequent theoretical calculations.
As a flow core exists for the fluid flows in pipes or fractures, the influence of the flow core is also taken into account in the proposed diffusion model. Therefore, the flow core regime is assumed to be identical at different sections, and the height of the flow core ae is expressed as,
[image: image]
where R represents the maximum diffusion size, rc denotes the radius of the grouting hole, Pc is the effective grouting pressure, Pw denotes the hydrostatic pressure of the fracture, and τ0 is the yield shear stress.
The influence of gravity should be properly considered for the inclined fractures. The slurry density is denoted by ρ. The rectangular coordinate system for horizontal fractures can be rotated by a fracture inclination angle of α, and a new coordinate system is obtained, for which the azimuth angle is represented by θ. The schematic flow model of the grout in the fracture is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Unidirectional flow of the grout in an inclined fracture.
The major equations are established based on the fundamental equations of motion of viscous fluids, i.e., Eq. 14 and the continuity equation of incompressible fluid flow (Qing-biao et al., 2018).
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For an incompressible fluid, its velocity is independent of x during the laminar flow, i.e., [image: image] considering the infinite z-axis and no borders in the direction that limit the slurry flow. As [image: image] and [image: image], we arrive at [image: image] and [image: image]. If the gravity of the slurry is considered, one can write [image: image]; thus, accounting for the time-dependency of [image: image]. The equation of motion of the fluid flow inside the inclined fracture is expressed as Eq. 16.
[image: image]
As the Bingham fluids have flow cores, the flow section is divided into three parts for calculating flow velocity, namely, upper, central, and lower zones. Then, the average velocity‾v can be evaluated as follows:
1. Under the boundary conditions [image: image], the flow velocity profile above the fluid core on the cross-section can be derived by taking the integral from Eq. 6.
[image: image]
Subsequently, by imposing the boundary condition v (a/2) = 0, a solution to Eq. 17 can be obtained as follows:
[image: image]
where Eq. 18 highlights the velocity distribution in the upper area.
2. Flow velocity profile below the fluid core on the cross-section
Following the procedure as given in the previous step, the flow velocity at [image: image] under the boundary condition [image: image] is evaluated as:
[image: image]
3. Flow velocity profile of the fluid core on the cross-section
The flow velocity within the fluid core is uniform. According to the fluid velocity equations for the upper and lower areas, the fluid velocity equation at any point from the fluid core is calculated as,
[image: image]
4. The average flow velocity of the grout on the cross-section is computed as follows:
[image: image]
The average velocity is obtained by evaluating the integrals provided in Eq. 11 and some simplifications and is expressed as Eq. 22.
[image: image]
5. The flow volume q of the moving grout in a two-dimensional fracture is calculated by,
[image: image]
Eq. 24 is obtained by transforming Eq. 23 from the Cartesian coordinate system to the polar coordinate system by imposing the boundary condition p (x = r0) = p0.
[image: image]
Eq. 24 represents the relationship between the pressure drop Δp and the diffusion radius r, flow volume q, and the fracture opening a.
ANALYSIS OF THE SLURRY DIFFUSION MECHANISM
During the process of grouting, pressure can be formed in the porous media, which leads to the seepage of the slurry. Under external pressure, the balance of the original stress field of the injected medium is lost, and the stress is redistributed. At the same time, the injected medium framework shows the percolation effect, which leads to a change in the porosity of the medium. Therefore, there are changes in the permeability coefficient of the injected medium and the permeability field of the porous medium. The percolation effect has a significant influence on the slurry diffusion.
When the slurry diffuses in the injected medium, the solid particles in the slurry are filtered out and attached to the skeleton due to the blocking effect of the injected medium, thereby leading to a reduction in the density of the slurry, increase in the density of the injected medium, and reduction in the porosity, which is known as the permeability effect (Feng et al., 2019; Niu et al., 2020). The seepage effect usually exists in the sandy soil, normally consolidated cohesive sandy gravel soil, and other porous media, which plays a very important role in the slurry diffusion.
According to the previous studies (Zhang et al., 2016; Cui et al., 2020), the relationship between the velocity of slurry entering the void and the porosity considering the percolation effect is expressed as,
[image: image]
In Eq. 25 φ is the porosity of the injected medium and u the flow velocity of the slurry. u0 is the initial velocity of slurry injection, r0 is the size of the grouting hole, and r is the diffusion radius of the slurry front.
According to the slurry constitutive equation, the diffusion of slurry considering the percolation effect is expressed as follows.
[image: image]
In Eq. 26, λ is the percolation coefficient and δ is the cement particle content of slurry in the void.
According to the initial stress and displacement boundary conditions, the temporal and spatial variations in the cement particle are obtained by Eq. 27.
[image: image]
The space-time variation in the porosity of the injected medium is given by,
[image: image]
In Eq. 28, ω is the initial cement particle content of the slurry and φ0 is the initial porosity of the injected medium. According to Darcy’s law (Wang et al., 2020), the radial grouting pressure distribution model is given by,
[image: image]
In Eq. 29, k0 is the initial permeability coefficient of the injected medium and β is the function parameter.
ENGINEERING TEST
Overview
The Caojiatan minefield is located in the west-central of the Yushin phase I mining area. The total area of the minefield is 109.28 km2. The first stage of the minefield is about 12.55 km long, 3.03 km wide, and covers an area of about 37.28 km2. The inclined shafts are employed for future development, and the bottom elevation of the main and auxiliary shafts is about +958.8 m.
The main inclined shaft is dipped at an angle of 12° and obliquely extended for 1,674 m. Its corresponding tunnel is 5.8 m wide and 4.1 m high, and the sidewall is 1.2 m high. The rubble stone thick layers of 0.5 m and thick C40 concrete of 0.2 m lie at the bottom of the tunnel.
The auxiliary inclined shaft is dipped at an angle of 5.5° and obliquely extended for 3970 m. Further, its pertinent tunnel is 6.0 m wide and 4.8 m high, and the sidewall is 1.8 m high. The rubble stone thick layers of 0.5 m and thick C40 concrete of 0.3 m lie at the bottom of the tunnel.
The water flows into the shafts at the rate of 160 m³/h when the main and auxiliary inclined shafts were drilled into the red soil layer and bedrock sections. Figure 3 shows the water leakage characteristics of the borehole in the 510 m–670 m section of the roadway.
[image: Figure 3]FIGURE 3 | Groundwater leakage before and after grouting, (A) Water flowing out of a single hole placed at 510 m–670 m segment, with a rate of up to 60 m3/h before grouting, (B) Characteristics of leakage after grouting.
Technical plan for the engineering test
The segment at 1,200–1,235 m of the auxiliary inclined shaft was chosen for the grouting tests. The mid-deep (5–16 m) displacement grouting and plugging technology were adopted for the study. Initially, a hole was drilled to discharge water and reduce pressure, followed by the blockage and drainage of water in a concentrated manner. After backfill grouting at the cavity of the borehole wall (especially the bottom plate), the deep sand layer was washed and replaced by the grout to form a deep impermeable zone. Finally, the shallow layers were properly grouted.
Two pilot holes were drilled for the main and auxiliary inclined shafts for sampling before drilling grouting holes on the ground to locate aquifers in the sand layers and weathered bedrocks in the target section. Later, water pressure tests were conducted in the pilot holes of the weathered bedrocks to determine their permeability characteristics. The water injection tests were conducted following the Code of Water Pressure Test in Borehole for Hydropower and Water Resources Engineering (DL/T5331–2005) as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Diagram of the borehole structure of the pilot holes.
The water pressure test was accompanied by fracture cleaning. The test pressure was about 80% of the grouting pressure but not higher than 1 MPa. The water pressure test was carried out for 30 min (excluding the fracture cleaning time), and the water flow was measured and recorded every 5 min. The water flow at the maximum pressure was used for calculating Eq. 30.
[image: image]
where q is the permeability (Lu), Q denotes the water flow flux (L/min), L is the length of the test section (m), and P is the ground pressure (MPa).
The curtain grouting holes were arranged in three rows on each side, and the holes were 1.5 m away from each other in each row and line. The holes were about 145 m deep. Five rows of interconnected grouting holes were arranged at depths of 510 m and 670 m in the main shaft, and at depths of 1,200 m and 1,450 m in the auxiliary shaft. The rows were spaced 1.5 m apart, and the holes in each row were spaced 0.8–1.0 m apart. There were nine holes in each row at a depth of 20–25 m, with an average depth of 22.5 m.
The drilling load consisted of a total of 711 curtain grouting holes and 45 underground grouting holes arranged for the main shaft. Further, 1,071 curtain grouting holes and 45 underground grouting holes were organized for the auxiliary shaft as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Plan layouts of the curtain grouting holes of the main and auxiliary shafts.
Based on the stratification and in situ situation, the ground grouting holes were drilled to a depth of 145.0 m, and the diameter of the surface hole was 133 mm. When the shaft reached the loose soil layer, a Φ108 mm surface casing for wall protection runs in, and a Φ94 mm drilling bit was used to drill to the final horizon. The interconnected grouting holes in the tunnels were 20.0–25.0 m deep, and the diameters of the holes ranged from 42 to 94 mm.
According to the Eqs. 28, 29, after thoroughly considering the geological conditions, the grouting process is designed as Figure 6.
[image: Figure 6]FIGURE 6 | Flowchart of the grouting process.
The grouting pressure is the pressure obtained during the grouting tests that can ensure the expected grouting effects for a typical stratum. The overall pressure is calculated by,
[image: image]
where PZ represents the overall grouting pressure (MPa), PQ denotes the pressure at the grouting hole (MPa), H is the length of the grouting section (m), rgrout is the grout density (g/cm3), and Pw is the water inflow pressure (MPa).
Analysis of the results
The water inflow in the test section reduced from 44 m³/h to 4 m³/h, i.e., by 40 m³/h, and the reduction was 91%, which was within the expected value of 90%. The overall water yield for the section above 1,420 m declined by 30 m³/h.
The water yield was measured at regular intervals, and the measured data on 30 Dec 2020, was as follows, Y1:1,170 m, 33 m³/h; Y2:1,200 m, 33 m³/h; Y3:1,235 m, 37 m³/h; and Y4:1,420 m, 128 m³/h. The water yield for the 1,200–1,235 m section was reduced by 40 m³/h, i.e., up to 91%, and the overall water yield for the section above 1,420 m was reduced by 30 m³/h, i.e., up to 19%, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Trends of reduction in the water yield after groutin.
CONCLUSION
Based on the time-varying viscosity model of the fluid and the fluid balance equation showing the time-varying viscosity of the slurry, a single inclined plane fracture grouting diffusion model was established in this study. The final grouting diffusion characteristics can be predicted using the finite difference method under the conditions of known grouting pressure, initial yield stress, and fracture parameters. The model is suitable for grouting prediction of fractured rock mass and layered channel, which can be used for grouting reinforcement of fractured rock mass and sealing engineering of water inrush in tunnel.
The final grouting diffusion characteristics can be predicted at the single inclined plane fracture when the grouting rate is constant. This study developed the model highlighting variational characteristics of slurry velocity under plane fracture, the model highlighting the changes in slurry pressure with diffusion radius under constant grouting rate, and the model highlighting the changes in slurry diffusion radius with the time-varying viscosity of the slurry, which can help in the prediction of the changes in the slurry diffusion radius with time under fixed grouting rate and grouting pressure. The results of the physical tests and the engineering verification studies indicate that the proposed methodology can effectively estimate the grouting characteristics of the plane fractures. In the engineering project verification, based on the working conditions at the Caojiatan coal mine, the improved entropy fusion algorithm was used to calculate the example considered in this study, and the curtain grouting method was used to block the underground water inflow, which led to a good plugging effect. The engineering practice has proved that the estimation of slurry diffusion by the improved entropy fusion algorithm can more accurately describe the relationship between the grouting time and the diffusion radius of the slurry with time-varying viscosity and can theoretically guide the relevant grouting projects. According to this result, the team will pay more attention to the study of grouting diffusion mechanism of viscosity time-varying slurry in the case of large dip angle fracture and complex fracture in the future research.
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The Himalayan alpine canyon area is characterized by complex engineering geological conditions and abnormal internal and external dynamic geological processes. Severe slope disturbance disasters can be caused by engineering disturbances. In this study, field investigations and theoretical analyses were performed to determine the formation mechanism, spatial distribution law, and controlling factors of engineering disturbance disasters in the Himalayan alpine and canyon areas. A total of 396 engineering disturbance disasters were identified within the scope of the 2,800-km survey line. A geographic information system and mathematical statistical analysis were used to analyze the correlation between engineering disturbance disasters and factors such as the slope, slope aspect, elevation, peak ground acceleration, distance from fault, distance from river, rainfall, lithological changes, and historical earthquake effects. The statistical analysis indicates a good power-law and exponential distribution between the engineering disturbance disaster concentration and the slope and distance from the river, respectively. The slope and distance from the river are the two most important factors in determining the spatial distribution of engineering disturbance disasters; the other factors also influence the distribution to some extent. These factors affect the quality of the slope rock and soil mass, affecting slope stability. The main form of engineering disturbance in the study area is slope cutting. The direct result (increase in slope) and secondary result (decrease in rock mass quality caused by unloading rebound) of slope cutting are the most important factors inducing engineering disturbance disasters. Based on previous research results, factors in engineering disturbance disasters in alpine and canyon areas were evaluated, and the distribution of disturbance disasters along the China–Nepal Railway was predicted. The study area was divided into extremely high-(13.6%), high-(30.4%), medium-(34.1%), and low-susceptibility (22.0%) areas. The research results can provide a theoretical basis for prevention and treatment of engineering disturbance disasters in Himalayan alpine valley areas.
Keywords: engineering disturbance disaster, spatial statistical analysis, disaster concentration, China-Nepal Railway, Tibetan Plateau
1 INTRODUCTION
The complex coupled geological environment of “five highs” (high altitude, high stress, high intensity, high ground temperature, and high water pressure) and “four poles” (extremely intense terrain cutting, extremely active tectonic activity, extremely complex lithological conditions, and extremely significant historical seismic effects) in the study area leads to extremely complex engineering geological conditions. Disasters caused by engineering disturbances frequently occur in this area (Zhan et al., 2018; Li et al., 2021a; Li et al., 2021b). Engineering disturbance disasters on highway slopes in deep canyons and mountainous areas pose a significant threat to the safety of highways and towns in the region and result in significant casualties and economic losses each year (Guzzetti et al., 2012; Tu et al., 2020; Zhang et al., 2020). The newly built China–Nepal Railway begins in Shigatse City in Tibet in the east and ends in Kathmandu, the capital of Nepal (Huang, 2020; Chen, 2021; Meng, 2021). To reduce engineering disturbance disasters caused by engineering construction, a detailed analysis of the distribution law of engineering disturbance disasters is required.
An engineering disturbance disaster is caused by construction or operation of a project, resulting in destruction of rock and soil mass, which endangers lives and the environment. Many researchers have studied the mechanism of engineering disturbance disasters, the risk of a single engineering disturbance disaster, and the impact of engineering construction on the natural environment (Qi et al., 2002; Chen et al., 2012; Troncone et al., 2014; Chang et al., 2015; Yu et al., 2017; Luo et al., 2018; Wang et al., 2018; Qingyun et al., 2019; Luo et al., 2020; Zhang et al., 2020; Wang et al., 2021). Zou et al. (2021) and Qi et al. (2010) analyzed the distribution regularity of seismic landslides in detail and derived statistical laws. The distribution law (development law) of engineering disturbance disasters has not been adequately studied. Previous research indicates that engineering disturbance disasters have a formation mechanism similar to that of natural geological disasters. The frequency of disasters has increased with engineering activities in the study area, but their intensity has decreased somewhat (Zhang et al., 1990).
The susceptibility assessment methods can be divided into deterministic methods and non-deterministic methods. The deterministic method is mainly based on the mechanical principle of disaster and quantitative method. For example, a fast physically-based model based on infinite slopes theory (Medina et al., 2021). The main non-deterministic model are information model, evidence weight model, certainty coefficient model, frequency ratio model, logistic regression model, support vector machine model, random forest model, artificial neural network model and other susceptibility evaluation models (Wang et al., 2019; Tang et al., 2021; Akinci et al., 2021; Wang et al., 2021; Wu et al., 2020; Sun et al., 2020; Bragagnolo et al., 2020). The principles of these susceptibility evaluation models fall into two categories: statistics and machine learning. And machine learning can be divided into statistical machine learning and reinforcement learning. Because its principles are similar, there is no essential difference in susceptibility evaluation models based on statistics and statistical machine learning; However, reinforcement learning evaluation methods do not show obvious advantages in prediction results, and the prediction results are poorly interpretable (Akinci et al., 2021). So, this paper adopts the information model (a typical statistical-based susceptibility evaluation model) as the evaluation method.
The distribution law of engineering disturbance disasters was examined in this study. We performed a spatial statistical analysis of 396 engineering disturbance disasters in the study area and quantitatively measured the impact of different factors. From the research results, the distribution of engineering disturbance disasters along the China–Nepal Railway was predicted using an information model.
2 GEOLOGICAL SETTING OF STUDY AREA
The study area and the proposed China–Nepal Railway (China section) are located in the south of Shigatse City; the geological background of the south of Shigatse is briefly introduced based on field investigation data and other research. With the movement of the Himalayas in the study area, the Indian plate has continued to squeeze the Eurasian plate, resulting in strong crustal uplift and river incision, which in turn results in denuded, mountainous, sedimentary landforms, and valley erosion. The highest altitude in the study area is 8,848.84 m (southern part of study area); the lowest altitude is 1,478.05 m (northern part of study area). The valley of southern Tibet, which has a relatively flat terrain, is a mid-altitude region. Tectonic uplift and river cutting were the final driving forces for high undulation.
The field survey route passes through two secondary tectonic units, the Brahmaputra suture zone and Himalayan orogenic belt, from the north (east) to the south (west). The northern part of the study area is the collision contact zone between the Indian and Eurasian plates, the Brahmaputra suture zone (ITSZ). The southern part contains the South Tibet Detachment Fault (STDS), dominated by detachment and extension. The study area has four active faults: the Xietongmen north–south active fault (XTMF), northern Himalayan normal fault (BXMLYF), Canda concealed fault (CDF), and Dajiacuo–Pekucuo north–south fault (DPF), and a large-scale thrust nappe structural system comprising the Himalayan thrust nappe (MHT) (Table 1). According to a survey, three of these are seismic faults and two are Holocene inactive faults (Meng, 2021).
TABLE 1 | Fracture properties in study area.
[image: Table 1]The Tibetan Plateau is a geological museum located in China. From the 1:200,000 geological map of Shigatse City (Figure 1), we observe that the strata in the study area vary from Sinian to Quaternary deposits. The lithology primarily includes sandstone, shale, limestone, slate, schist, granite, and Quaternary deposits. Ophiolite is exposed locally, consistent with the field investigation results. The lithology of the exposed strata along the survey line changes rapidly, with alternating sedimentary, metamorphic, and magmatic rocks.
[image: Figure 1]FIGURE 1 | Geological map of the study area. F1, JiaGang–DingJie fault; F3, DangReYongCuo–DingRi fault; F4, DingRi fault; JLR, Gyirong River; PR, PengQu River; XBR, XiaBuQu River; NCR, NianChu River.
Except for the Nyalamu hydrological observation station, the average annual rainfall in the study area is generally less than 500 mm; most areas have approximately 300 mm of rainfall, as shown in Figure 2. The annual rainfall is relatively low and concentrated from June to September; thus, slope instability occurs frequently during the flood season. With the low annual precipitation in the northern part of the study area, the vegetation on the slope is mostly sparse herb plants. In the southern part of the study area, the climate is humid and the temperature is suitable; the vegetation is mostly dense shrubs and tall trees. When the slope stability analysis was performed, it was impossible to clarify whether the root-splitting effect of the plants or the slope protection effect had a primary role; thus, the type of slope vegetation was not considered as a factor.
[image: Figure 2]FIGURE 2 | Monthly average and cumulative rainfall at hydrological stations in Tibet.
Under the action of strong crustal uplift and river incision, many V-shaped valleys developed in the study area; many steep slopes were formed on both sides of the rivers, including the Brahmaputra and its tributaries, the Pengqu, Gyirong, and Xiabuqu rivers. A field investigation indicated that the road and river are mostly parallel or intersect at a low angle and are affected by artificial slope cutting. Thus, the slopes on both sides of the road are relatively steep; the Pengqu and Gyirong rivers have a similar parallel relationship with the China–Nepal Railway, which is beneficial to project construction but provides terrain conditions for engineering disturbance disasters.
3 DATA AND METHODS
This study investigated and statistically analyzed engineering disturbance disasters on the slope along national highways, including G318, G219, and the main roads leading to the border areas (Yadong, Zhangmu, and Gyirong Ports) in the Himalayas. Since September 2020, several field inspections of more than 40 days have been conducted along the national highways in the Himalayas and the valleys. Based on a field survey, supported by remote sensing interpretation, detailed investigation and analysis of 396 engineering disturbance disasters along the National Highway on the Tibetan Plateau were performed. The altitude, lithology, slope height, slope angle, slope aspect, joint fissure, and vegetation distribution characteristics of the disasters were determined. The disaster distribution is shown in Figure 4.
Field investigations are primarily aimed at small-scale disasters (length, width, and height generally less than 100 m). Limited by the resolution of satellite and aerial images (30 m), remote sensing interpretation can only identify large-scale disasters (QuickBird, SPOT5, WorldView). For typical engineering disturbance disasters, unmanned aerial vehicles were used to capture images of the disaster points, and a three-dimensional model of the slope was established to further analyze the slope stability. Several engineering disturbance disasters clustered at one site without boundaries that could be discerned were recorded as one disaster. Thus, the engineering disturbance disasters considered in this study were slightly fewer than the actual engineering disturbance disasters that occurred in the area.
In this study, engineering disturbance disasters primarily refer to geological slope disasters including landslides, collapses (rock falls, rock avalanches), unstable slopes, and debris flows. As this study focuses primarily on the distribution regularity of engineering disturbance disasters, different types of disasters are considered as engineering disturbance disasters for a unified analysis. Collapse disasters are the most frequent, followed by unstable slopes, landslides, and debris flows. Collapse disasters can be further divided into rockfalls and rock avalanches, among which rock falls account for 90%. The frequency and volume of rockfalls follow a normal distribution. This study focuses primarily on engineering disturbance disasters caused by moving soil and rocks; that is, disasters caused by slope cutting and stacking and bridge and tunnel construction. Engineering disturbance disasters can be further divided into rock slope, soil–rock mixture slope, and soil slope engineering disturbance disasters (in descending order of frequency). Most engineering disturbance disasters in this area are caused by unloading rebounds triggered by slope cutting (Figure 3).
[image: Figure 3]FIGURE 3 | (A,B) Rock slope engineering disturbance disaster; (C,D) soil–rock mixture slope engineering disturbance disaster; (E,F) soil slope engineering disturbance disaster.
From the basic information of disaster points, ARCGIS geographic information system (GIS) software was used to quantitatively analyze the spatial distribution regularity of engineering disturbance disasters; data analysis software was used to fit the distribution law. The data sources and resolutions used in the study are presented in Table 2.
TABLE 2 | Source and resolution of data.
[image: Table 2]With regional differences in the geographical environment, the mechanisms of geological disasters in different regions are complex; disaster susceptibility factors may be controlled by local and geological characteristics. We analyzed the spatial distribution characteristics of engineering disturbance disasters, clarified the spatial relationship between disasters and geological background and inducing factors, and determined the development regularity of engineering disturbance disasters through statistical analysis. To complete a reliable susceptibility map, comprehensive exploration of the relationships between potential influencing factors is essential for understanding and recognizing the key conditioning features of hazard formation and for the construction and operation of the China–Nepal Railway project.
According to the field investigation and previous research, nine evaluation factors were selected as indicators: elevation, gradient, slope aspect, lithology, rainfall, distance from river, distance from fault, intensity of historical earthquake impact, and seismic peak acceleration (the influence of the distance from the highway and engineering disturbance intensity factors were not considered because engineering disturbance disasters are almost all distributed within 30 m on both sides of the highway, mostly caused by cutting slopes, and have essentially the same intensity). Spatial distribution statistics were produced using the index of engineering disturbance disaster concentration (EDDC), expressed as the number of engineering disturbance disasters for each category (Qi et al., 2010). A greater EDDC indicates that a slope is more prone to disasters.
4 DISTRIBUTION CHARACTERISTICS OF ENGINEERING DISTURBANCE DISASTERS
To obtain the distribution of engineering disturbance disasters, we first analyzed the potential relationship between engineering disturbance disasters and geological background and inducing factors to determine the influence of geological environmental factors. Through statistical analysis of engineering disturbance disasters (396) in Shigatse City, it was observed that engineering disturbance disasters are concentrated in the three ports of Yadong, Zhangmu, and Gyirong (Table 3). The EDDC values for these ports are 153.3, 76.0, and 88.2, respectively, which are far greater than the disaster density elsewhere in Shigatse City.
TABLE 3 | EDDC in Shigatse City and three major ports.
[image: Table 3]4.1 Engineering disturbance disaster distribution with topographic factors
Evaluation factors describing slope morphology such as elevation, slope, and aspect are particularly effective in predicting the spatial distribution of geohazards (Fabbri et al., 2003). Thus, the relationship between common disaster-related factors such as elevation, slope, and aspect and engineering disturbance disasters was considered.
Elevation is a commonly used evaluation factor, primarily because it has a significant influence on topographic attributes, which explains the spatial variability of different landscape processes such as the zonal distribution of vegetation with an increase in altitude. It also has an impact on weathering intensity, rainfall, and terrain relief (Ding et al., 2016). Figure 4 shows the correlation between engineering disturbance disasters and EDDC and slope elevation. The 3,800–4,800 m range has the largest area, followed by 4,800–5,800 m, 2,800–3,800 m, and 1800–2,800 m. Most of the engineering disturbance disasters occurred at 3,800–4,800 m elevation, accounting for 61.3% of the total, as shown in Figure 4B. However, for elevations between 1,800 and 3,800 m, the EDDC is relatively high, significantly exceeding the disaster density of other elevations. This is consistent with the distribution characteristics of seismic landslide disasters in the Qin Ba Mountain area and Ludian, which are concentrated in areas with low elevation (Zhao, 2020; Zou et al., 2021). In lower-elevation areas, the relative elevation difference of the slope is large and the weathering is strong, resulting in more fragmented rock masses. Figure 5 shows the elevation change curve along the Chinese section of the China–Nepal Railway; the elevation fluctuates significantly, providing a terrain basis for the occurrence of disasters.
[image: Figure 4]FIGURE 4 | (A) Elevation map of the study area; (B) Relationship between engineering disturbance disaster distribution and elevation.
[image: Figure 5]FIGURE 5 | Elevation change along China–Nepal Railway.
According to the Mohr–Coulomb strength failure criterion and the effective stress principle, interaction of the slope angle, internal friction angle, cohesion strength, and rock and soil permeability controls the stability of the slope. Steep slopes correspond to higher shear forces, which directly affect slope instability (Niefeslioglu et al., 2008). Figure 6 shows the relationship between engineering disturbance disasters and EDDC and slope gradient. Most of the slope gradients are in the range of 0°–40°; several are in the range of 50°–90°. In Figure 6B, it is observed that the number of engineering disturbance disasters exhibits a linear growth trend with increasing slope, unlike the trend with coseismic landslides (Zou et al., 2021). The number and slope of coseismic landslides generally satisfy a Gaussian distribution because the number of natural slopes and the slope (depending on the natural angle of repose and cohesive strength of the rock mass) also satisfy a Gaussian distribution (Qi et al. al., 2010; Zou et al., 2021). After statistical analysis, Zou et al. (2021) concluded that the cumulative disaster density of Ludian earthquake landslides obeyed the Weibull distribution. In this study, we observed that EDDC has a good exponential distribution relationship with an increase in the slope (exponential distribution function F = .6073e1.1333x, R2 = .9835). Thus, we can conclude that although the occurrence mechanism of natural slope disasters and engineering disturbance disasters is the same, their distribution laws are considerably different.
[image: Figure 6]FIGURE 6 | (A) Slope gradient map of the study area; (B) Relationship between engineering disturbance disaster distribution and slope.
Aspect has a considerable impact on slope stability; it affects rainfall intensity, vegetation, and temperature, affecting the weathering intensity (Kalantar et al., 2017). Figure 7 shows the relationship between aspect and engineering disturbance disasters and EDDC. The area of each slope direction is evenly distributed. The areas of the four slope types are essentially the same; the sunny-slope area is slightly larger. With the gradual transition from shady slopes to semi-shady, semi-sunny, and sunny slopes, the number of engineering disturbance disasters and EDDC both increase. The EDDC and aspect have a linear distribution (distribution function F = .0143 + .004x, R2 = .9952). The occurrence of engineering disturbance disasters is also affected by aspect, indicating a multi-factor coupling effect.
[image: Figure 7]FIGURE 7 | (A) Slope aspect map of the study area; (B) Relationship between engineering disturbance disaster distribution and aspect.
4.2 Engineering disturbance disaster distribution with seismological factors
The China Earthquake Administration (http://www.cea.gov.cn/) produced a peak acceleration map of ground motion in China, indicating the horizontal acceleration corresponding to the maximum value of the response spectrum of ground motion acceleration in the region, reflecting the intensity of earthquakes in the region. The seismic factor is an important indicator of slope failure; it indicates the slope stability in two ways. 1) Earthquakes disturb the slope and reduce the strength of the rock mass, and 2) they are an important inducing factor. Under the action of seismic waves, a series of changes occurs, such as the slope resonance and pore pressure increase. With an increase in the earthquake peak acceleration, the number of engineering disturbance disasters and EDDC both increase, as shown in Figure 8. The EDDC distribution indicates a quadratic function. With an increase in PGA, the number of engineering disturbance disasters increases significantly.
[image: Figure 8]FIGURE 8 | (A) PGA map of study area; (B) Relationship between engineering disturbance disaster distribution and PGA.
Figure 9 shows the relationship between engineering disturbance disasters and EDDC and distance from the fault. From the EDDC curve, there is no apparent correlation between EDDC and distance from the fault. Specifically, the distance from the fault has minimal influence on whether the slope is catastrophic; thus, the fault distance is not considered in predicting the distribution of engineering disturbance disasters.
[image: Figure 9]FIGURE 9 | (A) Distance from fault map of the study area; (B) Relationship between engineering disturbance disaster distribution and distance from fault.
From GIS and mathematical analysis, considering all earthquakes with a magnitude greater than Mw3.0 from 1970 to 2020 (https://www.usgs.gov/) and the energy intensity and density of historical earthquakes, we established a distribution map of historical earthquake influence intensity in the study area (Figure 10A). The impact distribution map is consistent with historical earthquakes. The influence of historical earthquakes on the slope is primarily manifested in the deterioration of rock mass quality. However, from Figure 10B, it can be seen that there is no significant correlation between historical earthquake effects and EDDC. We conclude that the impact of historical earthquakes on engineering disturbance disasters is relatively low; thus, the impact of historical earthquakes was not considered in predicting the distribution of engineering disturbance disasters.
[image: Figure 10]FIGURE 10 | (A) Historical earthquake effect map of the study area; (B) Relationship between engineering disturbance disaster distribution and historical earthquake effects.
4.3 Engineering disturbance disaster distribution with geological factors
The strength and permeability of rock masses vary with lithology; many researchers consider lithology as the decisive factor controlling slope stability (Yalcin et al., 2011; Peruccacci et al., 2012). With the complex engineering geological conditions and rapid lithological changes in the study area, the stratum lithology was divided into engineering geological rock groups to better analyze the distribution law of engineering disturbance disasters. According to the strength characteristics of different rock types, the strata in the study area were divided into five groups (Table 4): hard magmatic rock (I), hard sedimentary rock (II), relatively hard metamorphic rock (III), soft sedimentary rock (IV), and Quaternary soft sediments (V).
TABLE 4 | Specific division principle of stratigraphic lithology.
[image: Table 4]Figure 11 shows the stratigraphic lithological distribution in the study area. The lithology in the southern part of the study area (the three ports) is primarily slate and granitic gneiss, which are shallow metamorphic rocks that retain some features of the original rock. In the northern part of the study area, the lithology is primarily sandstone, limestone, and shale, with a low degree of metamorphism. A small area contains granitic outcrops. Figure 11B shows the correlation between engineering disturbance disasters and EDDC and lithology. The number of disasters is relatively large, except for the soft sedimentary rock group. Relatively hard metamorphic rock has the most disasters, accounting for 34.2% of the total; there is no apparent correlation between EDDC and rock strength. The EDDC is larger in the relatively hard metamorphic rock group and Quaternary soft sediments, reaching .05923 and .03314, respectively.
[image: Figure 11]FIGURE 11 | (A) Lithological map of the study area; (B) Relationship between engineering disturbance disaster distribution and lithology classification.
4.4 Distribution of engineering disturbance disasters with other factors
In the deep-cut canyon area of the Himalayas, the river system is closely related to slope disasters. Lateral erosion and undercutting of the river destroy the stress balance of the slope body, producing stress concentration at the foot of the slope, which is prone to shear failure (Zou et al., 2021). Figure 12 shows the relationship between engineering disturbance disasters and EDDC and distance from the river. The EDDC exhibits power-law distribution (distribution function F = .09921*x−1.5717, R2 = .9464). Engineering disturbance disasters are concentrated in the first and second groups. In the first group, the EDDC reaches .1007; in the third group, the EDDC rapidly decreases to .0064. Few engineering disturbance disasters occurred beyond the third group, indicating that the distance from the river has a significant influence on the occurrence of engineering disturbance disasters.
[image: Figure 12]FIGURE 12 | (A) Distance from river map of the study area; (B) Relationship between engineering disturbance disaster distribution and distance from river.
Based on data from hydrological stations in the Tibetan region downloaded from the China Meteorological Administration (http://www.cma.gov.cn/), Kriging interpolation was performed on the rainfall data to obtain a rainfall contour map for Tibet, which was graded using the natural discontinuity method. Rainfall in the study area gradually increased from north to south; the number of engineering disturbance disasters also gradually increased. Figure 13 shows the relationship between engineering disturbance disasters and EDDC with rainfall. With an increase in rainfall, the distribution of EDDC indicates a linear function. With an increase in rainfall, the number of engineering disturbance disasters increases sharply. Water primarily affects slope stability in two ways: 1) through deterioration of rock and soil strength: the ice-splitting effect of water reduces the strength of rock and soil, and 2) through increased pore water pressure on the weak structural plane, reducing its shear strength.
[image: Figure 13]FIGURE 13 | (A) Rainfall map of the study area; (B) Relationship between engineering disturbance disaster distribution and rainfall.
5 SUSCEPTIBILITY ZONING OF CHINA–NEPAL ENGINEERING DISTURBANCE DISASTERS
5.1 Evaluation factor selection principle
Engineering disturbance disasters result from coupling of various factors. To analyze the correlation between the distribution law and different background factors, EDDC was introduced as a measurement factor. Through spatial statistical analysis, we observed a close correlation between the distribution of engineering disturbance disasters in alpine valleys and elevation, slope, slope aspect, PGA, rainfall, distance from river, and lithology (Table 5). Fault activity and earthquakes have less impact on engineering disturbance disasters owing to their long time scale. Thus, the distance from the fault and the impact of historical earthquakes were not considered in predicting the distribution of engineering disturbance disasters along the China–Nepal Railway.
TABLE 5 | Summary of the relationship between engineering disturbance disasters and influencing factors.
[image: Table 5]5.2 Information model
An information model is a statistical method for predicting the distribution of spatial events based on relevant parameters and hazard relationships (Sarkar et al., 2006). It is a statistical analysis and prediction method often used to evaluate susceptibility to geological disasters. The measured parameters of the geological environment of a deformed or damaged slope are converted into information values reflecting the slope stability and extended to adjacent areas according to the analogy principle (Yin and Yan, 1988). The calculation is expressed as
[image: image]
where [image: image] represents the amount of information provided by the combination of factors such as [image: image] for engineering disturbance disasters; [image: image] represents the probability of engineering disturbance disasters with the combination of factors [image: image]; and [image: image] represents the probability of engineering disturbance disasters and is essentially a conditional probability. A positive or negative information value represents the degree of correlation between a certain evaluation factor and a disaster event. A higher information value indicates a stronger correlation (Yan, 1988). To prevent an evaluation factor from having disproportional weight, the min–max normalization method was used to standardize information values from 0 to 1.
5.3 Susceptibility assessment results
A grid calculator was used to superimpose each evaluation factor grid in ArcGIS to obtain the information value of each grid. The natural discontinuity method was used to divide the study area to obtain a susceptibility zone map for engineering disturbance disasters along the China–Nepal Railway (Figure 14). The study area was divided into extremely high-, high-, medium-, and low-susceptibility areas, accounting for 13.6%, 30.4%, 34.1%, and 22.0%, respectively. The extremely high-susceptibility areas are concentrated in Gyirong Town. The reasons are presented as follows: 1) The China–Nepal Railway in the Gyirong County section is almost parallel to the Gyirong River. With strong downward erosion of the river, the slope gradient on both sides of the river is relatively high, which results in deflection of the principal stress of the slope body and produces a stress concentration at the foot of the slope. 2) The lithology of Gyirong Town is primarily metamorphic rocks, such as schist, gneiss (primarily granitic gneiss), and slate, which have low strength, high brittleness, and weak weather resistance. 3) Gyirong Town is 2,800 m above sea level. Affected by the warm and humid air flow of the Indian Ocean, the area has abundant rainfall, lush vegetation, and strong weathering. The high-susceptibility areas are primarily distributed in Dingri and Dingjie Counties. The reasons are presented as follows: 1) In the Dingri and Dingjie County sections, the China–Nepal Railway is relatively close to the river and intersects with the Pengqu River at a low angle; 2) the lithology in this area is primarily sedimentary rocks, mostly shale, sand shale, and mudstone. With the strong tectonic activity and relatively high rainfall in this area, the vegetation is developed and the weathering effect is strong, resulting in fragmentation of the rock mass in this area and reduced shear strength. The evaluation results indicate that the distribution of engineering disturbance disasters is controlled by coupling of factors such as slope, distance from the river, and elevation.
[image: Figure 14]FIGURE 14 | Susceptibility zoning map of engineering disturbance disasters along China–Nepal Railway.
6 DISCUSSION
In recent years, researchers have extensively studied the spatial distribution regularity of natural and secondary earthquake disasters. However, research on engineering disturbance disasters is still in its infancy. Human engineering activities have only extended to the Himalayan alpine valley area in recent years. To protect the ecological environment, human lives, and property in this area, multi-scale and multi-level research on engineering disturbance disasters is required. This study investigated engineering disturbance disasters on the main highway slope in the Himalayan Canyon area. From investigation of the engineering geological characteristics of this area, spatial statistical analysis of the development law of engineering disturbance disasters was conducted. The relationship between engineering disturbance disaster distribution and geological structure, earthquake intensity, lithology, elevation, characteristics of geological bodies, and climate environment changes along the China–Nepal Railway was predicted using the engineering geological analogy method. The research results provide a theoretical basis for the prevention and control of road–slope engineering disturbance disasters in plateau canyons. The spatial statistical analysis revealed that the distribution of engineering disturbance disasters generally decreases with an increase in distance from the river, and the probability of engineering disturbance disasters in the adjacent river area increases significantly. The EDDC and distance from the river exhibit a good power-law distribution. The rock mass on both sides of the river is always extremely broken because the strong tectonic movement of the Tibetan Plateau results in strong undercutting of the river, subjecting the bank slope to severe erosion. Thus, the distribution law is different from the distribution law of natural disasters (Zou et al., 2021). The EDDC also has a good exponential distribution with an increase in slope. The slope directly determines stability. A larger slope gradient produces greater shear stress on the slope, reducing slope stability. No noticeable correlation was observed between EDDC and distance from the fault; the EDDC at different distances from the fault may have been affected by the slope gradient and distance from the river (Figure 15). The main inducing factor of engineering disturbance disasters is engineering disturbance; the slope cutting, unloading, and vibration in engineering construction significantly reduce the strength of the rock mass, shielding the influence of faults and earthquakes. Chen et al. (2019) analyzed the impact of land use and land cover change on landslide susceptibility, and concluded that human engineering activities have become the main factors affecting landslide susceptibility, which is consistent with the conclusions of this paper. The essence of the problem is the size of the time scale. The EDDC decreases rapidly with an increase in elevation. At elevations less than 3,800 m, the density of engineering disturbance disasters is relatively high and roughly at the same frequency, primarily owing to the influence of terrain factors and weathering intensity. The relationship between the slope aspect and EDDC is linear, but its variation range is small; thus, the slope aspect has a slight influence on the distribution of engineering disturbance disasters. The EDDC is greatest in metamorphic rocks such as slate and granitic gneiss, and it depends on the strength, permeability, and weathering resistance of the rock itself; the rock strength directly determines the slope stability. The slope, distance from the river, and elevation have a large influence on the distribution of engineering disturbance disasters. Geological disasters are non-linear problems; in future research, a fractal model and fractal dimension theory can be introduced into the spatial statistical analysis of disasters, and the spatial distribution law of engineering disturbance disasters can be studied using existing analysis methods.
[image: Figure 15]FIGURE 15 | Percent passing area of six units of (A) distance from fault system vs distance from river and (B) slope gradient.
The EDDC reflects the quality of regional engineering geological conditions; thus, it is an important indicator for site selection of major projects. Based on the research results, the selection principle of engineering disturbance disaster evaluation indicators in alpine valley areas was determined, and an engineering disturbance disaster susceptibility evaluation system was constructed. Field investigations indicated that although the frequency of engineering disturbance disasters is high, the intensity is low. For some unstable slopes, although an engineering disturbance destroys the stability of the slope, the scale of the disaster is somewhat reduced, consistent with the results of Zhang (1990). We were inspired to reduce the risk of large-scale disasters by actively inducing multiple small-scale disasters. The investigation revealed that the slope structure also influences the failure form of the slope. For example, with the development of discontinuous surfaces, block slopes tend to fail in the form of rock falls and rock avalanches under the effect of engineering disturbances. Eluvium, colluvial, and collapsing accretion layers of slopes tend to produce many shallow landslides and rock falls; slopes with weak structural planes often experience numerous rock block falls.
7 CONCLUSION
A complete database of 396 engineering disturbance disasters was established from field investigations and interpretation of remote sensing data. Engineering disturbance disasters can be primarily categorized as rock falls, landslides, rock avalanches, and complexes. The relationships between engineering disturbance disasters and geological background, distance from rivers, seismological factors, and lithology were analyzed. Accordingly, the distribution of engineering disturbance disasters along the China–Nepal Railway was predicted. The analysis and prediction results are summarized as follows:
(1) The EDDC exhibits a good exponential distribution with an increase in the slope gradient and distance from the river. Engineering disturbance disasters occur at distances from rivers of less than 4 km and gradients greater than 60°. Compared with the gradient and distance from the river, there is no significant correlation between engineering disturbance disasters and faults, historical earthquake effects, and slope aspect. With an increase in PGA and rainfall, the EDDC exhibits a parabolic increase, indicating that these two factors have an important influence on the distribution of engineering disturbance disasters.
(2) The slope gradient and distance from the river are the two most important factors controlling the spatial distribution of engineering disturbance disasters. Lithology, PGA, rainfall, and slope aspect are closely related to rock mass quality and have an effect on the distribution regularity. The unloading and rebounding effects caused by erosion of the river and slope cutting have an important effect on slope instability. Slope cutting significantly increases the slope gradient and significantly reduces the strength of the rock mass. Engineering disturbance has become an extremely important inducing factor that controls the distribution of engineering disturbance disasters.
(3) From spatial statistical analysis of engineering disturbance disasters, an evaluation factor selection system for engineering disturbance disasters in alpine and canyon areas was constructed, and the distribution of engineering disturbance disasters near the China–Nepal Railway was predicted. The study area was divided into extremely high-, high-, medium-, and low-susceptibilty areas, accounting for 13.6%, 30.4%, 34.1%, and 22.0%, respectively. Extremely high- and high-susceptibilty areas are concentrated in Gyirong Town, Dingri County, and Dingjie County. This is related to the geological background of engineering disturbance disasters, confirming previous research results.
(4) The field investigation indicated that although engineering disturbances induce disasters and increase their frequency, they reduce their scale and provide new concepts in terms of preventing large-scale disasters in the future. The EDDC reflects the engineering geological conditions of a region; thus, it can provide a basis and reference for site selection and route selection of major projects.
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Underground construction will have more or less adverse effects on adjacent existing buildings with more and more existing buildings above ground. However, this situation has only been reported by a small number of researchers. In view of this, this article takes the existing airport line shaft and horizontal passage project in the western suburb of Beijing Metro Line 12 as the background to study the impact of the construction of subway station and shaft passage on the adjacent existing railway. Based on the above project reality, under the action of pavement load, the effects of different parameters (the distance between the surface measuring point and the middle line of the transverse passage and the substep of construction loading sup step) on the surface settlement and track deformation of the shaft and cross-passage through the existing railway are studied by numerical analysis method. The calculation results show that the construction method of shaft and cross passage is reasonable. The comprehensive reinforcement measures of subgrade, rail and hole are effective, effectively controlling the deformation of subgrade and rail within the standard value (surface settlement ≤60 mm, rail deformation ≤6 mm). In addition, the numerical simulation data can better represent the actual situation as a whole.
Keywords: subway station, cross-passage, under-passing, existing railway, influence analysis
1 INTRODUCTION
Traffic congestion in big cities is becoming more and more serious with the development of urbanization. The development of rail transit has become the main means to solve urban traffic congestion to alleviate urban traffic pressure (Jin et al., 2018; Yang and Wang, 2020; Chang et al., 2021; Dong et al., 2021; Zhang, 2022). With the development of urban construction and the construction of underground engineering, especially in the urban central areas with dense surface buildings and complex underground pipelines, underground construction will inevitably disturb the rock and soil mass and cause stratum deformation (Huang et al., 2020a; Huang et al., 2020b; Chang et al., 2020; Huang et al., 2020c). When the deformation reaches a certain degree, it will cause the surface buildings to settle, tilt and even crack. In serious cases, it will also affect the life safety of relevant personnel and the normal use of buildings, resulting in a very bad social impact (Chen et al., 2015; Qian et al., 2019; Chang et al., 2021; Ramadan et al., 2021). In order to minimize the adverse effects of shaft and tunnel excavation on strata and buildings, the surface settlement, deformation and shaft tunnel excavation must be deeply studied and effectively predicted (Zhang et al., 2019; Tu et al., 2020; Wang, 2021; Zhou et al., 2021; Lan et al., 2022). When necessary, measures such as grouting reinforcement (Hu et al., 2021), large pipe shed and small pipe advance support (Zhang et al., 2018a) are adopted to reasonably control the surface settlement and deformation caused by subway construction. The environmental impact caused by underground construction has become a hot issue in the field of underground engineering in recent years. However, the cases of underground construction on adjacent existing railways are generally rare, and are only reported by a few researchers (Yang, 2019; Yang et al., 2020; Wu et al., 2022) Nowadays, some researchers not only control the impact of the construction itself, but also from strengthening existing buildings to reduce deformation and settlement (Liu, 2014; Zhang et al., 2018; Tao and Rao, 2022). This “two-pronged” approach has been paid attention to and affirmed in many aspects. Therefore, it is worth studying how to reduce the influence of the cross-passage of the underground shaft and the construction of the station on the adjacent existing railway, avoid the risk and make the cross-passage of the underground shaft and the station safer and more efficient in the process of construction.
Based on the background of Sijiqing Station of Beijing Metro Line 12, which is adjacent to the existing Xijiao Airport Railway, this paper designs the construction scheme and technical measures for the shaft and horizontal passage of Sijiqing Station to pass through the existing Xijiao Airport Railway. Based on the above project reality, the effects of different parameters (the distance from the surface measuring point to the middle line of the cross-passage and the distance of the construction loading sup step) on the surface settlement and rail deformation of the existing railway shaft and cross-passage are studied by means of numerical simulation, model test and theoretical calculation. The variation law of differential settlement between reinforced and unreinforced areas of the subway station main structure is studied during the construction of the shaft transverse passage and station main structure. It also reveals the trend characteristics of the vertical settlement curve of the left and right rail of the subway station during the construction of the horizontal passage of the shaft and the main structure of the station. In addition, through the comparative analysis of the corresponding numerical simulation and on-site monitoring data during the construction of the shaft and cross passage, this paper examines the consistency between the simulation results of the project and the actual settlement by ANSYS finite element software.
2 STUDY AREA AND MATERIALS
2.1 Engineering background
Sijiqing Station of Beijing Metro Line 12 is located on the south side of the intersection of West Fourth Ring Road and Zizhuyuan Road (Xingshikou Road). It is arranged in the north-south direction along the west side of West Sihuan Auxiliary Road, which is an underground double-layer single-column double-crossing island station. The plan is shown in Figure 1. The effective platform width of Sijiqing Station is 12 m, and the main structure is 309 m long and 21.30 m wide. The absolute elevation of the rail roof at the mileage in the center of the station is 30.788 m, and the buried depth of the station is 8.3 m.
[image: Figure 1]FIGURE 1 | Plane sketch map of Sijiqing Station.
The PBA underground excavation method is adopted in the construction of the main body of the station, with a total of four temporary construction shafts and transverse passageways (Figure 1, Figure 2). There are 3 entrances and exits, 2 wind pavilions, 2 safety exits, 1 barrier-free entrance, and 1 cooling tower attached to the station. Both ends of the station are in the section of mining law. From the engineering geological map of the station and the transverse passage (Figure 3), it can be seen that the ground elevation of the shaft and the transverse passage is 53.3–54.3 m, and the buried depth of the vault of the horizontal passage is 5.6–6.5 m. The base bearing layer of the shaft and transverse passage are on pebble ⑦, and the eigenvalue of foundation bearing capacity is 400 kPa. The shafts are all located on the west side of the station. Between the shaft and the main body of the station, there is the airport railway in the western suburbs, and the horizontal passageway goes through the airport railway in the western suburbs. Among them, the airport railway in the western suburbs is a single-rail non-electrified railway, roughly running from north to south. The railway is 43 kg/m rail, jointed line, concrete pillow, ballast thickness is about 0.4 m.
[image: Figure 2]FIGURE 2 | Relationship between the new structure and existing railway line.
[image: Figure 3]FIGURE 3 | Geological condition of Sijiqing Station, shaft, and cross passage.
The cross-passage is to be shallowly buried through the western suburb airport railway (the buried depth of the cross-passage is 5.6–7.1 m) due to the construction shaft is very close to the existing western suburban airport railway (the distance between the sideline of the shaft and the center line of the railway is 9.5–11.6 m). In the process of tunnel construction under the existing railway, the maximum stratum deformation caused by construction generally occurs in the middle line of the tunnel. The ground deformation is transmitted upward, and the roadbed, and rail are deformed together (Figure 4) (He et al., 2015). The construction of the shaft and cross-passage of Sijiqing Station will certainly affect the normal use of the airport railway in the western suburbs. Therefore, to meet the requirements of the existing railway roadbed and rail deformation control values (Table 1) (China Railway Cooperation, 2014; China Railway Cooperation, 2019), the technical measures of line reinforcement and stratum reinforcement (Wang et al., 2019; Li et al., 2022; Nakajima et al., 2022), as well as reasonable construction methods of shafts and cross-passageways should be adopted (Song et al., 2018; Lu et al., 2019; Wu et al., 2019; Zhang et al., 2021; Ma et al., 2022).
[image: Figure 4]FIGURE 4 | Ground deformation transfer path during tunnel excavation under-passing railway line.
TABLE 1 | Control value index of roadbed and rail of existing railway line.
[image: Table 1]2.2 Existing railway reinforcement measures
According to the risk grade of the project, past experience, actual site conditions, and relevant technical literature (Feng and Wang, 2000), the track, roadbed, and roof strata are strengthened with the idea of “reinforcement before construction, integral reinforcement of track roadbed, advance support of shaft transverse hole.”
2.2.1 Spubgrade grouting
Firstly, drill holes with a drill, and insert the hot rolled seamless steel pipe with an outer diameter of 42 mm and a thickness of 3.25 mm. The length of the steel pipe was adjusted according to the grouting depth, and then the pipe was arranged and drained at a distance of 2 m along the road direction. Small catheters can be used in reverse with each other, and no grouting is required within 2 m of the subgrade height. The roadbed reinforcement is shown in Figure 5. In this study, the No. 1 and No. 2 shafts and cross-passage (the shafts and cross-passage are collectively referred to as passages, the same below) were reinforced 50 m along the direction of the railway line. Passageways 3 and 4 were reinforced for 45 m along the railway line. Along the direction of the vertical railway line, the railway centerline is reinforced by 6 m on each side (Table 2).
[image: Figure 5]FIGURE 5 | Railway subgrade strengthening cross-section.
TABLE 2 | Subgrade grouting scope (m).
[image: Table 2]2.2.2 Rail
The four construction passageways of Sijiqing Station all need to be reinforced by roadbed and rail. Rail reinforcement is discussed by taking the construction area of channel 1 as an example (channels 2, 3, and 4 are similar). Rail reinforcement sets up supporting piles with a diameter of 1.25 m on both sides of the construction channel. The distance between the edge of the pile and the outer edge of the channel structure is about 2 m, and a total of four supporting piles are arranged at each channel. A crown beam is arranged on the supporting pile, and an I40b I-steel beam is arranged on the crown beam (that is, the crossbeam is supported on the crown beam). Along the direction of the line, the crossbeam is cyclically interspersed between the existing sleepers with a spacing of 0.6 and 1.2 m, with an average spacing of 0.9 m I45b I-steel longitudinal beams are arranged along both sides of the line on the crossbeam, which are arranged in a bundle and connected with the crossbeam with U-shaped bolts. The track reinforcement layout in the construction area of Channel 1 is shown in Figure 6 and Figure 7.
[image: Figure 6]FIGURE 6 | Rail reinforcement arrangement plane layout of No.1 passageway construction area.
[image: Figure 7]FIGURE 7 | Rail reinforcement arrangement longitudinal section of No.1 passageway construction area.
2.2.3 Tunnel
The roof arch of the first floor of each transverse passage is reinforced by deep hole grouting. A total of 14 holes are arranged along the arch (the distance between the holes is about 60 cm), the angle between the hole and the excavation direction of the transverse channel is 6°–27°, and the longitudinal length is 10–12 m. The range of grouting is 1.5 m on the outside of the primary branch and 0.5 m on the inside. The deep-hole grouting pressure is controlled at around 0.5–0.8 MPa according to the formation conditions, and the arch deep-hole grouting reinforcement profile is shown in Figure 8. The side of the shaft near the Xijiao railway is reinforced by advanced grouting with a small conduit.
[image: Figure 8]FIGURE 8 | Cross section of cross passage deep-hole grouting strengthening.
2.3 Construction of shaft and cross-passage
Sijiqing Station is excavated from four horizontal channels in two directions, with a total of six small pilot holes. In the process of underground excavation construction, it is carried out strictly in accordance with the eighteen-character principle of “pipe advance, strict grouting, short excavation, strong support, early closure, and diligent measurement,” so as to achieve advanced technology, safe adaptation, reasonable economy, convenient construction and ensuring quality. The structural design meets the requirements of strength, stiffness, stability, durability, and so on (Li et al., 2005; Ponomarev and Zakharov, 2015).
2.3.1 Shaft
Shaft construction is carried out by the inverted hanging shaft wall method (Liu et al., 2015) in accordance with the principle of “partial excavation, excavation with support.” The contour of the shaft is 5.3 × 7.6 m, and the headroom is 4.6 × 6.9 m. The initial support adopts C25 concrete with hanging net injection. The initial support thickness is 0.35 m, during which one pin of the grid steel frame is erected every 0.75 m. A small pipe grouting is set at a horizontal spacing of 0.5 m on the side of the well wall near the railway to reinforce the stratum. Shaft construction in strict compliance with the principle of “digging eighteen characters” policy, timely grouting behind the initial support, to ensure construction safety. The earthwork of the shaft is excavated by manual excavation. The shaft is excavated by manual dig, part ① is firstly excavated, steel mesh toward soil is set after excavation completion, the lattice steel frame of part ① is erected, the connecting steel in quincunx layout (1 × 1 m spacing) is laid, steel mesh back to the soil is set. The lap joint length of steel mesh is 15 cm. Then, shotcreting was carried out to close primary support. Part ② of the shaft is excavated, and the primary support of part ② is the same as part ①. When the primary support of part ② is closed the next cycle of excavation will be carried out. The partial excavation procedure is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Construction procedure of shaft excavation.
2.3.2 Cross-passage
Pilots and steps are adopted to excavate cross-passage (Tan et al., 2021; Xu et al., 2021). Temporary bottom sealing is done when the shaft is excavated to 1.5 m below the inverted arch of each pilot. The horse head gate lattice steel frame will be chiseled out when the arch advanced small pipe grouting and deep hole grouting at the first layer pilot are completed. The first layer pilot is excavated by the bench step method, and the corresponding primary support is carried out till to sealing the end of the first pilot. Then, the other four pilots are constructed. Stagger back and forth 8 m for each pilot till to the fifth pilot end sealing. The construction procedure of shaft and cross-passage is listed in Table 3.
TABLE 3 | The construction procedure of shaft and cross-passage.
[image: Table 3]3 METHODS
3.1 Calculation model
Aiming at the construction of the No.1 shaft and cross passage of Sijiqing Station through the airport railway, according to the relevant basic data, the ANSYS finite element analysis software is used to establish a three-dimensional construction model to simulate different construction conditions. The initial condition of three-dimensional calculation is that the new project has not yet been constructed, and it is considered that the existing airport railway in the western suburbs and its ancillary structure and stratum are in a state of deformation and stability. Considering the spatial effect in the construction process, three-dimensional calculation and analysis are used to model the excavation area of the new section and the structure of the existing line. The three-dimensional structural model is shown in Figure 10. The range of the model is limited in this calculation in order to ensure the sufficient calculation accuracy of the three-dimensional model and minimize the convergence time. The upper boundary of the model is taken from the surface, and the lower boundary is 40.0 m below the surface. The width of the model is 40 m (8D ∼ D is the width of the horizontal channel) and the longitudinal length is 60 m. The distance between the bottom of the shaft and the lowest edge of the model is 13 m, the buried depth of the cross-passage is 7.1 m, and the vertical distance between the edge of the shaft and the center line of the track is 9.5 m. The cross-section of the shaft is 5.3 × 7.6 m, and the depth is 29 m.The origin of the model coordinates is located at the upper left corner of the shaft edge. The positive direction of the X-axis of the coordinate is the transverse channel excavation direction, the negative direction of the Y-axis is the shaft excavation direction, and the Z-axis direction is the cross-passage width. The model adopts lateral constraints around and vertical constraints at the bottom, and the surface is a free surface. The unit type is Solid185. The primary support of the shaft is C25 with 0.35 m thickness, and small pipe grouting is carried out 2 m below the ground surface to strengthen the ground soil at the side close to the existing railway. The cross-passage is excavated dividing into five layers. Arch top strengthening soil is simulated as an equivalent soil with 1.5 m thickness along 180° scope. In this paper the artifacts deformation is studied as small deformation, and it is considered that there is no separation between components, so it is considered as continuum model. The railway strengthening, small pipe grouting strengthening, and deep hole grouting strengthening are realized by increasing material physical and mechanical parameters.
[image: Figure 10]FIGURE 10 | Calculation model of shaft and cross passage. (A) is a model for whole ground soil; (B) is the shaft, cross-passage under-passing existing railway.
3.2 Parameter determination and excavation process simulation
The stratum element filling layer, round gravel layer, and pebble layer are divided based on the geological prospecting report and related technical data. The corresponding physical and mechanical parameters are shown in Table 4, and the parameters of shafts, horizontal channels, and solid materials are shown in Table 5.
TABLE 4 | Ground soil parameters.
[image: Table 4]TABLE 5 | Shaft and passage structure material parameters.
[image: Table 5]The software numerical simulation stage is divided into 18 stages and 109 load sub-steps according to the construction plan. There is footage for every 2 m of the cross-passage for excavation, and a cycle for the advance of the small conduit and deep hole grouting every 8 m. The specific steps of each construction stage are shown in Table 6.
TABLE 6 | Construction procedures in numerical simulation.
[image: Table 6]4 RESULTS AND DISCUSSION
4.1 Stratum subsidence
Combined with the characteristics of the project, five typical steps are analyzed in the numerical calculation results of the stratum, which are: 1) the construction of the first level guide tunnel runs from below through the airport railway, 2) the construction of the second level guide tunnel runs from below through the airport railway, 3) the construction of the third-floor level guide tunnel runs from below through the airport railway, 4) the construction of the fourth-floor level guide tunnel runs from below through the airport railway 5) the construction of the fifth-floor level guide tunnel runs from below through the airport railway.
The ANSYS finite element simulation results were extracted to obtain the stratum vertical displacement cloud map (Figure 11) when the vertical shaft and cross-passage pass through the guide tunnel at each layer of the existing railway after railway reinforcement. According to the cloud image analysis, the maximum vertical displacement of surface settlement caused by the construction process is the area on both sides of the track at the midline position of the cross-passage when the transverse passage passes under the existing line. With the increase in the horizontal distance between the two sides of the cross-passage, the settlement amount becomes smaller and smaller, and the maximum surface settlement amount is -7.3 mm. The settlement deformation of the strengthened area is small, while the settlement of the unstrengthened area is obvious in the surface settlement cloud diagram of the area where the midline track of the transverse passage is located. On both sides of the rail boundary, the settlement is basically unchanged. There is an upward uplift state on the left side, which is affected by the boundary and can be ignored. There is a large amount of surface settlement in the area under the middle line of the cross-passage, and the settlement gradually decreases with the increase of the distance between the two sides of the middle line of the cross-passage (Guo et al., 2018; Jiang et al., 2018; Zhang et al., 2018a; Yu and Geng, 2019). When the second layer guide tunnel is excavated through the existing line, it has little influence on the surface settlement and track settlement. The settlement produced at this time is basically the settlement caused by the surface and rail when the first layer of the guide tunnel is excavated through the existing line. The cloud map of the ground settlement is caused by the cross-passage passing through.
[image: Figure 11]FIGURE 11 | Ground surface settlement cloud chart of pilots under-passing existing railway line.
In a word, the vertical displacement cloud images of steps 1–5 are symmetrically distributed relative to the center line of the cross-passage. The surface settlement is getting larger and larger with the construction and excavation of the cross-passage. The maximum vertical displacement values of steps 1 to 5 are −7.3, −33.44, −33.129, −36.533, and −40.866 mm, respectively, which do not exceed the standard values of monitoring and measurement (surface subsidence ≤60 mm). It shows that the construction is safe after taking reinforcement measures.
4.2 Surface subsidence curve
The surface settlement curve of monitoring section Ⅱ (Figure 12) is shown in Figure 13 when the guide tunnel of each layer is constructed through the existing line. It can be seen from the figure that the surface subsidence of monitoring section Ⅱ caused by the excavation of each layer is an axisymmetric distribution across the middle line of the channel. The surface subsidence is larger in the range of 0–15 m on both sides of the centerline of the cross-passage, which is about 3–4 times the width of the transverse channel, and the settlement curve is similar to the typical Peck settlement curve. When the guide tunnel of each layer is excavated through the existing line, the maximum settlement position of the monitoring section Ⅱ occurs at the middle line of the cross-passage, and the maximum settlement and settlement of each step are shown in Table 7. It can be seen from the table that the surface subsidence of monitoring section Ⅱ accounts for the largest proportion in the stage of excavation and sealing of the first layer guide tunnel, followed by the excavation of the second layer guide tunnel. The excavation of a three-layer guide tunnel to five-layer guide tunnel has little influence on the surface. Figure 12 instantaneous subsidence curves of DB-08-01 and DB-08-02 surface survey points at the middle line of the cross-passage are shown in Figure 14. The surface monitoring point is in a state of uplift when the palm face of the cross-passage excavation does not pass through the existing line. The reason for this is that the deep hole grouting (pressure 0.5–0.8 MPa) is carried out before the t cross-passage is excavated, which makes the surface uplift (Zhang et al., 2018a; Zhao et al., 2021). When the guide hole of the first layer of the cross-passage is excavated through the existing line (that is, step 1), the settlement value of the DB-08-01 monitoring point is −4.56 mm, accounting for about 76.305% of the total settlement. The settlement value of the DBMI 08-02 monitoring point is −5.361 mm, accounting for about 53.87% of the total settlement. The sudden change of settlement will occur at the monitoring point of step 1 and step 2, and the change of the settlement curve of the monitoring point from step 3 to step 5 is not obvious.
[image: Figure 12]FIGURE 12 | Points arrangement of site ground surface settlement monitoring for 1# shaft and passage.
[image: Figure 13]FIGURE 13 | Ground surface settlement curve of cross Section 2 during pilots under-passing existed railway line.
TABLE 7 | Statistic value of ground surface settlement of monitoring Section 2.
[image: Table 7][image: Figure 14]FIGURE 14 | Settlement curve of monitoring points.
4.3 Rail settlement deformation
Through the numerical simulation of the shaft and cross passage construction, the final settlement monitoring curve simulation results of the left and right tracks of the Xijiao airport railway are obtained as shown in Figure 15. The maximum settlement values of the left and right rails caused by the shaft and the cross-passage passing through the airport railway are located in the center of the cross-passage. The maximum height difference between the left and right rails is 0.1955 mm, which does not exceed the allowable limit (≤6 mm). Figure 16 shows the settlement curve produced by the left rail during the construction of each cross-passage through the existing line. It can be seen from the diagram that when each layer of the guide tunnel is constructed under the existing line, the main settlement occurs in the excavation of the first layer guide tunnel, and the settlement value is -3.98 mm. The maximum difference between the settlement value generated by steps 2 to 5 and that generated by step 1 is 0.33 mm. To sum up, the track settlement mainly occurs in the excavation of the first layer guide tunnel during the excavation of the shaft and transverse passage, and the settlement is symmetrically distributed on both sides of the middle line of the transverse channel (Gao et al., 2022; Faustin et al., 2018; Auvinet-Guichard, G et al., 2010). This result may be due to the settlement caused by the excavation of the first and second-floor guide tunnel, and the reverse support force on the surface after the support reduces the influence of subsequent guide tunnel excavation.
[image: Figure 15]FIGURE 15 | Rail settlement curve.
[image: Figure 16]FIGURE 16 | Left rail settlement curve during pilots under-passing existed railway line.
Cloud diagram of track and subgrade settlement after reinforcement of existing line, as shown in Figure 17. The maximum settlement value of the track and subgrade after the reinforcement of the existing line appears at the position where the cross passage passes through the track of the existing line, and the farther from the two sides of the cross passage, the smaller the settlement of the track and subgrade. However, the total settlement did not exceed the allowable deformation of the track. The maximum settlement occurred at the center line of the right rail cross passage of the track, with a value of -5.10 mm.
[image: Figure 17]FIGURE 17 | Cloud chart of track and subgrade settlement after reinforcement.
4.4 Comparison of numerical simulation results with field monitoring data
The simulation results of monitoring section Ⅰ, monitoring section Ⅱ, and monitoring point DB-08-02 are compared with the field monitoring data. The corresponding numerical simulation and field monitoring data are shown in Figure 18, Figure 19, and Figure 20 respectively. The measured and numerical simulation values of the final surface settlement of section Ⅰ and section Ⅱ are the largest in the center of the transverse passage, and the settlement is larger in the range of 0–15 m on both sides of the center of the transverse passage. The trend of the field monitoring result is similar to that of the numerical simulation settlement curve. In the process of construction, the construction plan will be adjusted in time according to monitoring data and feedback. Therefore, the measured data will fluctuate slightly. But on the whole, the numerical simulation data are in good agreement with the field monitoring data. The numerical simulation of the monitoring point DB-08-02 and the maximum settlement value of the field monitoring occurred after the completion of the excavation of the transverse passage. The maximum settlement value of numerical simulation is -9.352 mm and the maximum settlement value of on-site monitoring is -9.68 mm, which all meet the requirements of settlement monitoring and control standards. In addition, the two curves have a sudden change of settlement when the excavation face passes under the monitoring point. The changing trend of the two curves in the construction process of the shaft and transverse passage is roughly similar.
[image: Figure 18]FIGURE 18 | Comparison of ground surface settlement values between numerical analysis and site monitoring for Section 1.
[image: Figure 19]FIGURE 19 | Comparison of ground surface settlement values between numerical analysis and site monitoring for Section 2.
[image: Figure 20]FIGURE 20 | Comparison of settlement values between numerical analysis and site monitoring for point DB-08-02.
5 CONCLUSION
Through the numerical simulation analysis, it is verified that the construction scheme of the shaft and transverse passage under the existing railway of Beijing Metro Line 12 Sijiqing Station and the reinforcement measures for the existing railway are reasonable. Some revelations can be obtained from it for reference for similar projects in the future.
1) The overall construction of “reinforcement before construction, integral reinforcement of track roadbed and advance support of shaft transverse hole” is feasible. The calculation results show that construction scheme has little disturbance to the stratum and the existing railway, and the effect is good. Chang et al., 2021, Feng and Wang, 2000, He, 2015, Huang et al., 2020, Railway Cooperation, 2014, Railway Cooperation, 2019, Zhang et al., 2018b, Zhang et al., 2018c.
2) The stratum subsidence is mainly caused by the construction of the first-layer guide tunnel of the cross-passage (about 54% of the total settlement) and the construction of the second-layer guide tunnel (about 41% of the total settlement). The influence of the construction of the third to fifth-floor guide tunnel is relatively small. This may be due to the settlement caused by the excavation of the first and second floor guide tunnel, and the reverse supporting force on the surface after the support reduces the impact of the subsequent excavation of the guide tunnel.
3) The surface subsidence of monitoring section II caused by excavation of each layer is axisymmetric distribution across the middle line of the channel. The surface subsidence is larger in the range of 0 — 15 m on both sides of the centerline of the cross-passage, which is about 3 - 4 times the width of the transverse channel. The settlement curve is similar to the typical Peck settlement curve. In addition, the subsidence curve of Xijiao Airport Railway track is similar to the ground subsidence curve, but the settlement value is smaller.
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Rainfall is the main influencing factor causing slope erosion, landslide, and instability in loess; thus, it is vital to comprehend the process of rainfall erosion on various slope surfaces and water penetration inside the slope. In this paper, the loess sample is from Heifangtai in Gansu Province, and triaxial shear tests were conducted on loess with roots under varying water contents to evaluate the slope-reinforcing impact of roots. The slope surface erosion process was analyzed using a soil moisture sensor and matric suction meter to monitor the variation of matric suction in the middle slope and slope foot in response to varying precipitation levels. The numerical simulation approach is utilized to analyze the fluctuation of slope stability under the effect of varying rainfall intensities and humid heat, and the analytical solution of the safety factor is compared to the model solution. The results indicate that the shortest generation time for bare slope runoff is 6 min, whereas the greatest generation time for the Bermuda grass slope is 12 min; the shorter the period, the less water penetration and the simpler it is to reach the slope erosion stage. The slope’s rise increases runoff velocity, strengthening water resistance on the slope surface. When the test slope is 30°, the maximum mass of scouring sediment on the bare slope is 15.2 g from 24 to 36 min, compared to 14.7 g from 24 to 36 min when the test slope is 60°. The amount of scouring reduces as the slope increases. The slope safety factor declined from 3.51 to 2.84 after 24 h of heavy rain, and the loss rate accelerated as the rainfall intensity increased.
Keywords: slope scouring, rainfall intensity, matrix suction, safety factor, slope stability
1 INTRODUCTION
The dichotomy between infrastructure construction and environmental conservation has become more pronounced with China’s development. Simultaneously, the original structure of soil mass and original vegetation have been lost, resulting in a significant number of exposed soil slopes and rock slopes that cause serious water and soil loss and environmental imbalance (Huang et al., 2018; Xin and Lin, 2020; Xie et al., 2021; Li et al., 2022). Traditional slope protection can effectively reduce the instability and erosion of the slope surface. However, the protective effect will be significantly weakened as the strength of the material structure decreases (Yu-Liang et al., 2020; Liu and Han, 2021; Zhang et al., 2022a). Traditional slope protection offers numerous advantages over vegetation protection technologies. Widespread use of environmental protection technologies can lessen the environmental effect of highway building (Bai et al., 2017; Yanguang and Xiaoxia, 2018; De Yong et al., 2020; Fu et al., 2020) and improve the ecological environment (Yi, 2012; Saifuddin and Normaniza, 2016; Yan et al., 2021). The soil structure is loose and broken in loess regions, and water loss is significant. In the loess region, it is vital to restore the natural environment, avoid landslides and debris flows, and regulate soil erosion.
Rainfall infiltration is an essential factor in inducing landslides (Dwivedi and Shrivastava, 2019; Huang F. et al., 2022; Zhang et al., 2022b; Lee et al., 2022; Yang et al., 2022). Up to 90% of slope instability can be attributed to landslides, water, and soil loss caused directly or indirectly by natural rains. The environment strongly influences the occurrence of landslides, and the likelihood of their occurrence may be predicted by selecting representative samples and models (Huang et al., 2020a; Huang et al., 2020b; Huang Fao. et al., 2022; Chang et al., 2022; Liu et al., 2022). During rainfall, slope vegetation can reduce slope runoff, with the reduction increasing with the extent of the plant covering (Baofu et al., 2016; Zhang M. et al., 2020). Planting can reduce the pore water pressure to improve the shear strength of soil and reduce the permeability of soil (Indraratna et al., 2006; Ng et al., 2013; Kokutse et al., 2016; Temgoua et al., 2016); which can improve the stability of the ecological slope and prevent shallow landslide (Xu et al., 2015; Wang, 2019). It is demonstrated that the roots can improve soil shear resistance (Schwarz et al., 2010; Naghdi et al., 2013; Kokutse et al., 2016), and the water content of the soil with roots and length density of roots can be utilized as indications of slope stability. (Osman and Barakbah, 2006; Lou et al., 2020). Wang et al. (2020) conducted comparative experiments on the impacts of herbaceous plants on slope protection and slope stability analyses in 2020. Likitlersuang et al. (2014) found that the root system helps to reduce rainwater infiltration, retard the rise of the water table and increase the shear strength of the soil. In terms of the scouring test, the area of the local scouring area is dependent on scour hole size, topography, hydraulic parameters, scouring procedure, etc. (Sui et al., 2006; Farhoudi and Shayan, 2014; Petersen et al., 2015; Lin and Jiang, 2019; Xiao et al., 2021), and scour evolution can be estimated with empirical methods (Wei et al., 2018).
In conclusion, much research has been undertaken on scouring tests in embankment, revetment, and bridge, with a primary emphasis on observing and predicting hydraulic parameters, scour depth, and so on. (Zhang S. et al., 2020; Orr et al., 2020; Wienberg et al., 2020; Wang et al., 2021). Few scholars, in contrast, conduct experimental research on the evolution law of vegetation slope scour features and combine experimental with numerical simulation to determine the stability of the ecological slope. In terms of experimental research, due to the regional specificity of loess (Inal and Yiitolu, 2012), the selection of plant species needs to correspond to local conditions. Few reports on the vegetation slope protection test in Heifangtai (Qiang et al., 2016; Li et al., 2021). The numerous factors affecting the erosion and stability of ecological slopes can be analyzed using comparative field surveys and outdoor experiments.
In this study, the erosion quantity and slope erosion of an ecological slope with diverse plants under rainy circumstances are evaluated by combining experiment and numerical simulation. Monitoring the slope volume moisture content and matric suction with sensors yields the changing slope erosion sediment and matric suction law. The numerical simulation parameters are derived from the triaxial shear test results, which are more accurate than the empirical formula calculation; also, the indoor test may produce favorable scouring circumstances and enhance the test’s practicability and dependability. Moreover, PLAXIS 3D and geo studio 2012 are used to simulate the change of slope safety factor during rainfall infiltration. The slope’s analytical solution expression is developed and compared to the model solution in order to validate the accuracy of the numerical simulation results.
2 STUDY AREA AND MATERIALS
The research area is located in the northwest interior with a dry environment and little annual precipitation. Recent years have had an average temperature of 9.9°C, with the lowest temperature reaching -18.2°C and the highest temperature reaching 36.8°C (Zhang and Wang, 2017). The average precipitation is 287.6 mm, from 178.8 to 431.9 mm. Time distribution is irregular, and the average annual evaporation is 1593.4 mm. Since precipitation is significantly less than evaporation, it is difficult for rainwater to permeate the ground and generate groundwater. Hence the natural moisture content of Heifangtai loess is often below 10%. The primary sources of groundwater in Heifangtai are irrigation water and rainfall infiltration. (Xu et al., 2012; Rqz et al., 2016; Xing et al., 2017).
The groundwater level has risen dramatically since the penetration of irrigation water and rains, which recharges the groundwater. Due to the high water sensitivity and structure of loess, an increase in water content would soften the soil, reducing its mechanical strength, destroying the particle structure of the soil skeleton, dissolving soluble salts, and diminishing the cementation degree. Under gravity and precipitation, the soil layer of the landslide mass continually creates tension cracks and subsidence zones at the rear border of the slope, and irrigation water penetration is further intensified, laying concealed hazards for the landslide’s occurrence. A map of the geographical location of the study area is shown in Figure 1. The test soil is derived from naturally deposited loess in Heifangtai, which is Q3 Malan loess. The loess has a natural moisture content of 3.2%, a dry density of 1.29 g/cm3, a relative particle density of 2.63, a plastic limit of 17.8%, and a liquid limit of 23.7%. According to the classification of foundation soil in the Code for Design of Building Foundation (GB50007-2011), the loess is silt. According to the screening technique, the mass of soil particles smaller than 0.005 mm represents 16% of the entire mass, 0.005–0.05 mm represents 60% of the total mass, and greater than 0.05 mm represents 24% of the whole material.
[image: Figure 1]FIGURE 1 | Location map of the study area.
3 METHODOLOGY
During this research, experiments and numerical simulations were adopted(Abedi-Koupai et al., 2020; Vishweshwaran and Sujatha, 2021; Voinov et al., 2021), triaxial shear tests were conducted under varying water contents and root contents of soil containing roots, as well as testing on the anti-scour capability of slopes under varying slope protection vegetations. The soil moisture sensor and matric suction meter were used to monitor the change of matric suction in the middle slope and slope foot under varying rainfall intensities in order to analyze the slope surface erosion at varying rainfall timings (Zhang Y. et al., 2020; Likitlersuang et al., 2020; Wang et al., 2021). In terms of numerical simulation, the PLAXIS 3D is used to model the water infiltration law of slope and the change of slope stability under the influence of vegetation, and the analytical solution and numerical simulation solution are derived for comparison.
3.1 Triaxial shear test
The test soil is collected from the loess that has accumulated naturally at the base of the Heifangtai slope. According to the geological survey, the loess is the Q3 Malan loess. The loess has a natural moisture content of 3.2%, and its original volumetric moisture content was 3.7%. The dry density of the soil mass is 1.29 g/cm3, and the relative density of the particles is 2.63. The plastic and liquid limits of the soil mass are 17.8% and 23.7%.
The distribution of particles is 14.1% for the size less than 0.005 mm, 77.8% for particles with sizes 0.005–0.075 mm, and 8.1% for particles with sizes greater than 0.075 mm. According to the classification of foundation soil in the Code for Design of Building Foundation (GB50007-2011), the loess is silty soil. After being crushed, sieved, and dried in the natural air, the soil is formed into test samples with varied moisture contents ranging from 8% to 18% along a 2% gradient and four triaxial samples with the same moisture content. As shown in Figure 2A,B, triaxial tests are conducted on the samples under confining pressures of 50 kPa, 75 kPa, 100 kPa, and 125 kPa. Since the pace of soil consolidation under natural circumstances is sluggish, the unconsolidated and undrained condition is used to shear the sample at a rate of 0.8 mm/min. By charting the strength envelope of the Mohr Circle, soil cohesion (c/α) and the internal friction angle(φ) can be determined.
[image: Figure 2]FIGURE 2 | (A) Triaxial sample preparation devcie (B) triaxial sample.
3.2 Slope scouring test
3.2.1 Early slope maintenance
As shown in Figure 3A,B, the slope size is 145 cm×95 cm×15 cm, and the size of each test area is 60 cm×30 cm×15 cm. The slope is adjustable through the side bracket. The slope is built up layer by layer, considering regional plant-growing circumstances. The sand gravel layer with a thickness of 2 cm is the lowest layer, followed by the fine sand layer with a thickness of 1 cm, and then the soil layer. A sufficient amount of fine sand is applied to the topsoil layer to increase the soil’s water retention. The basic parameters of soil are obtained through the triaxial test and physical and mechanical test; then, the soil is evenly spread on the slope model and uniformly compacted to ensure compactness. A specific foam board separates each planting area on the slope, and a specified number of holes are provided for soil moisture sensors to assess the water content at various slope positions. Bonding the foam board to the contact surface of the slope using neutral glass glue ensures that the side and bottom of the slope remain impermeable, directing all runoff to the slope surface. Manila grass, Bermuda grass, and Evergreen were planted from left to right on the experimental slope. The instrument for watering and healing is a tiny sprinkler. Before plant germination, a plastic film with the high-light transmission was applied to the slope’s surface. When the plants reached a height of over 3 cm, the plastic sheet was removed until the growth exceeded the requirements of the test.
[image: Figure 3]FIGURE 3 | (A) Manually watering lope (B) Preliminary maintenance of slope.
3.2.2 Scour test model
The growth of plants is shown in Figure 4A. Under different rainfall intensities, the erosion resistance tests of vegetation slopes and bare slopes are carried out respectively, and the rainfall, runoff, rainfall duration, water flow and sediment amount are measured and recorded; as shown in Figure 4B, the erosion process is also described through recording site phenomena and photos.
[image: Figure 4]FIGURE 4 | (A) Initial growth of slope (B) Layout of slope sensors.
3.2.3 Rainfall devices and materials
The rainfall simulation devices mainly include spray, nozzle, needle, and suspension. The nozzle-type rainfall device is used in this experiment, as shown in Figure 5A below. The number of rainfall sprinklers is twelve, and their horizontal and vertical spacing is 26 cm and 37 cm, respectively. Before replicating the rainfall test, the on-site rainfall test must be conducted to check that the nine sprinklers can produce rainfall simultaneously and cover the whole test area. The rainfall simulation system comprises mainly a hand-operated water pressure pump, a tap water pipe, a sprinkler, a water tank, a runoff collection bottle, etc. Furthermore, a soil humidity sensor, an industrial USB-to-RS485 conversion device, a mobile phone, a stopwatch, a scale, a shovel, plastic film, an electronic scale, and a thermometer are required, as well as the appropriate interior physical and mechanical test equipment. The slope settings are shown in Figure 5B–D
[image: Figure 5]FIGURE 5 | (A) Rainfall device (B) 30° slope (C) 45° slope (D) 60° slope.
3.2.4 Test procedure

1) The simulation test device shall be placed, and the slope surface arranged according to the test design scheme. Considering that the solidification effect will increase with time, the arranged slope surface will be placed for 3 days first, and then the scouring test shall be carried out to ensure the testing effect.
2) At the same height as the slope’s lower side and the slope’s surface, a lower opening is designed to make the rainwater flow into the runoff collection bottle. The rainfall device is parallelly set to the slope test model; The runoff collection bottle is placed at the bottom of the slope to ensure the accuracy of rainwater collection. The liquid level is recorded using the manual booster pump before the rainfall starts.
3) Adjust the manual pressure pump and prepare the experiment.
4) Start the flushing test, shake the handle of the booster pump at a constant speed, keep the sprinkler head rainfall uniform, and record the liquid level of the booster pump at the end of each rainfall.
5) The rainfall time under each working condition is approximately the same, different rainfall intensities are used for the test, and the water quality in the runoff collection bottle is collected every 15 min.
6) Wait for the soil in the collected rainwater to settle, pour out the upper clean water and put the remaining mixture into the oven to dry and weigh.
3.2.5 Hydrological parameters of rainfall test
During the rainfall simulation test, six rain gauges were randomly placed around and in the centre of the slope as the measuring points to calculate the uniformity of rainfall on the simulated slope. Before the simulated rainfall test, the pre-rainfall test was carried out, and the corresponding rainfall uniformity coefficient was calculated to be 0.945, which meets the requirement of rainfall uniformity coefficient K ≥ 0.8 for the field rainfall simulation test. By adjusting the rainfall intensity of the sprinkler, the sprayed rainwater can evenly cover each slope surface, and the actually measured rainfall intensity is 3.6 mm/(min * m2).
3.3 Determination of soil moisture content and slope erosion
As illustrated in Figure 6A,B, the water content monitoring device is a soil moisture sensor, and the matric suction monitoring device is a vacuum gauge tensiometer instrument that can measure the soil matric suction (b). In this test, 485 high-precision soil moisture monitor is used to measure the real-time change of the volume water content of the slope, with a range of 0%–100% and an accuracy of ±0.5%–1%. The monitoring meter is buried 8 cm deep at the top, bottom, and center of the slope. The tensiometer is filled with water and lets to stand overnight prior to measurement. Several sets of data are collected for verification purposes, then recorded after the sensor measurement criteria have been satisfied. As the change in substrate suction lags after the change in rainfall, stable values of substrate suction are measured after rainfall as experimental data to minimize experimental errors. The data acquisition card records and collects the test data.
[image: Figure 6]FIGURE 6 | (A) vacuum gauge tensiometer (B) layout of moisture sensor.
3.4 Numerical simulation
3.4.1 Basic theory of software hygrothermal coupling

1) Water balance
The water balance of the loess slope can be expressed as:
[image: image]
Where: [image: image] is the amount of water leaking into the soil mass in the slope (mm), [image: image] is the rainfall (mm), [image: image] is vegetation interception (mm), R is runoff (mm), [image: image] is the increment of soil layer water storage (mm), E is the evapotranspiration (mm).
Vegetation interception can be estimated by the empirical formula. The empirical model can predict the runoff on the slope, and the calculation formula is:
[image: image]
Where [image: image] is the potential water-holding capacity of soil mass (mm).
2) Water evapotranspiration
The evapotranspiration includes the actual evapotranspiration of soil mass and the actual evapotranspiration of vegetation. When there is the vegetation on the slope, the influence of vegetation on soil mass water evaporation should be considered. Vegetation transpiration accounts for a large proportion of the total water evaporation, which is characterised by dynamic changes. The actual slope evaporation is calculated as follows:
[image: image]
Where: [image: image] is the actual evaporation on the slope (mm/d); [image: image] is the leaf area index of vegetation, which is defined as the leaf area of plants covered on each square meter of slope area.
The actual transpiration of vegetation is related to root characteristics and the root water limit function of plants. The calculation formula is:
[image: image]
Where: [image: image] is the actual transpiration of vegetation (mm/d), PRU is the transpiration function related to vegetation characteristics, S [image: image] is the limit function of water absorption of vegetation root.
[image: image]
Where [image: image] is the total length of vegetation root (m), [image: image] is the current root node length (m), [image: image] is the contribution area of the current root node (m2).
The water absorption of the root is usually considered by adding a sink term to the unsaturated soil pore water transport equation (Hopmans and Bristow, 2002; Raats, 2007; Maayar et al., 2009), as follows:
[image: image]
Where [image: image] is plant transpiration rate, [image: image] is plant shape function; [image: image] is the Feddes formula, as shown below:
[image: image]
Where [image: image] is the soil suction at the anaerobic point. When the suction is lower than the anaerobic point, the water absorption of root is weak due to insufficient oxygen supply; [image: image] is the decreasing point of root water absorption; when the soil suction is higher than [image: image], it becomes more and more difficult for roots to absorb water from the soil due to the increase of soil suction; [image: image] is the wilting point of plants. When the soil suction is lower than this value, plant roots cannot absorb water from the soil, resulting in plant wilting.
3) Hygrothermal coupling
Under the atmospheric environment, the moisture change of soil slope is mainly affected by rainfall and evaporation. Water transfer includes the seepage of liquid water and the diffusion of gaseous water, a typical coupled process of moisture and heat. This paper adopts geo studio 2012 VADOSE/W and SLOPE/W module coupling analysis.
The temperature of the soil surface can be estimated by Wilson formula:
[image: image]
Where, [image: image] is the soil surface temperature (°C), [image: image] is the air temperature on the soil surface (°C).
Soil heat flux is calculated as follows:
[image: image]
Where [image: image] is the average temperature of the next month; [image: image] is the average temperature of the previous month.
The radiation method is adopted to estimate potential evapotranspiration. The commonly used Hargreaves method is the 1985 Hargreaves formula as follows:
[image: image]
Where the unit of PE is mm/d;[image: image]、 [image: image] is the highest and lowest temperature°C respectively; [image: image] is the net solar radiation value mm/d.
The thermal conductivity of unsaturated soil is calculated as follows:
[image: image]
Where [image: image] is the thermal conductivity of unsaturated soil; For unfrozen coarse-grained soil, [image: image] =o.7 [image: image]; For nonfrozen fine-grained soil, [image: image] = [image: image]; For frozen soil, [image: image] = [image: image] is the saturation degree of soil.
4) Analytical solution of safety factor for slope under rainfall
Combined with Fredlund’s shear strength theory of unsaturated soil mass summarised, the effective shear strength index corrected by single point area stress is used to express the shear strength index of soil mass with root. The analytical solution of the safety factor is as follows:
[image: image]
Where [image: image] is the effective cohesion of soil mass, [image: image] is the shear resistance of the root system, which is expressed by the increment of soil cohesion, [image: image] is the effective internal friction angle of soil mass, [image: image] is the slope angle, [image: image] is the pore gas pressure of unsaturated soil, [image: image] is the pore water pressure of unsaturated soil on the slope, [image: image] is the angle at which the shear strength of unsaturated soil changes with the suction of the soil matric, [image: image] is the vertical wetting front depth of vegetation slope, [image: image] is the weight of soil.
3.4.2 Soil parameters and boundary conditions

1) Soil parameters
This paper adopts the non-isothermal flow equation coupled with heat and moisture, and transpiration and evaporation boundary conditions are set. At the same time, PLAXIS 3D and geo studio 2012 are used to simulate the loess slope, and the stratum is divided into three layers, namely, RA soil with roots, RAA soil without roots affected by roots, and SS soil not affected by roots. The soil parameter are determined by the test results; as shown in Figure 7A and Figure 7B, the root layer of vegetation is considered as an independent layer of surface homogeneous composite soil.
2) Hydraulic characteristics of soil mass
[image: Figure 7]FIGURE 7 | (A) Values of soil parameters under different water contents (B) Values of soil parameters under different root content change.
Compared with the soil area without roots, the soil area with roots maintains the matric suction for a long time, and the required volumetric water content under the same matric suction is small. As shown in Figure 8A,B, the saturated permeability coefficient of soil mass in the RA soil with roots area is 0.875 mmh−1, and the desaturated permeability coefficient is 1.5 m−1. For soil mass in the RAA soil without roots affected by roots area, the saturated permeability coefficient is 1.235 mm·h−1, and the desaturated permeability coefficient is 1.6 m−1. The saturated permeability coefficient of soil mass in the SS soil not affected by roots area is 1.595 mm·h−1, and the desaturated permeability coefficient is 1.7 m−1.
3) Boundary conditions
[image: Figure 8]FIGURE 8 | (A) Relationship between volumetric water content and matric suction. (B) Relationship between X-conductivity and matric suction.
Considering the maximum rainfall interception rate of plant stems and leaves is generally 4.58%–5.61% (Link et al., 2004), the maximum rate is determined as 5.61% in the model. The groundwater head height of the model is set as 3 m, the side and bottom are impermeable boundaries, and the slope surface is the rainfall boundary. The rainfall intensity is respectively designed as light, moderate, and heavy rain according to the national 24-hour rainfall classification standard, and the rainfall lasts for 24 h. As the slope soil layer distribution shows in Figure 9A, the slope height is 10 m, the slope is 45°, and the model length in x direction, y direction and z direction is 25, 8, and 17 m. The sloping grid is divided into 20589 units and 34859 nodes, as shown in Figure 9B.
[image: Figure 9]FIGURE 9 | (A) soil stratification of slope model (B) grid division of slope model.
The type of the slope soil mass is sandy loam, and it can be divided into three layers; the surface layer is the soil mass with roots in the RA area, with a thickness of 1 m; The second layer is the soil mass in the RAA area without root system, but is affected by the root system, with a thickness of 2 m; The third layer is the soil mass in SS area, which is the soil mass below the root affected area. The slope surface is set as the climate boundary, and the depth of plant action in the climate boundary is assumed to be 1 m. Setting the bottom boundary condition of the model as the constant temperature can make the temperature field inside the slope tend to dynamic equilibrium.
4 RESULTS AND DISCUSSION OF TEST AND NUMERICAL SIMULATION
4.1 Triaxial shear test results
Adding a root system can/significantly minimize the strain-softening effect and concurrently increase soil shear strength metrics compared to the absence of a root system (Hallett, 2010; Pollen-Bankhead and Simon, 2010; Park et al., 2021; Su et al., 2021). The closer the sample is to the optimum moisture content, the more pronounced the root reinforcement effect is. Under varying water contents, the deviatoric stress change curve of the sample reveals that, under different strains, the sample achieves a peak value and subsequently decreases quickly to a given residual strength, exhibiting apparent strain-softening features. Comparing the change curves of the water content of 8% and 10%, as depicted in Figures 10A,B, it reveals that as the water content increases, the peak value of residual strength increases, and its occurrence is delayed. When the water content is 14%–17%, the strain-softening phenomenon is weakened, and the peak strength can be kept stable. During ecological slope protection, the soil moisture content should be close to optimal to realize the maximum root reinforcement (Kolodny and Joffe, 1939). Figure 10C demonstrates an ideal root system layout. Because it is difficult to adjust the angle of the root system, this test only analyzes soil stress and strain under horizontal, vertical, and mixed root distribution. The results indicate that the mixed root distribution may achieve the best performance; the mixed arrangement of roots demands the largest stress for the same strain and has the greatest resistance to deformation, followed by the vertical and horizontal root distributions. The sample strength with the root system is better than without the root system.
[image: Figure 10]FIGURE 10 | (A) Change curve of 8% rootless sample (B) Change curve of 10% rootless sample (C) Change curve of samples with different root distribution methods.
4.2 Scour test results
4.2.1 Effects of plant species and slope gradient on slope runoff
Slope runoff is a complicated change of precipitation water infiltration. The first runoff generation time reflects the link between soil water infiltration and slope runoff and is measured from the commencement of rainfall to runoff generation (Chen, 1997; Miyata et al., 2010; Loáiciga and Johnson, 2018; Mei et al., 2018). For bare slope, manila grass, Bermuda grass, and perennial grass, the runoff generation time is 6, 9, 12, and 10 min, respectively. The shorter the runoff production time, the lower the water infiltration, and the greater the slope’s susceptibility to runoff, leading to slope erosion. Taking the slope gradient of 30° as an example, the rank of runoff generation time is Bermuda grass>Evergreen>Manila grass. The experiment demonstrates that planting herbage at the onset of rainfall can provide sufficient time for rainfall infiltration to effectively prevent rain from splashing on the slope surface, thereby delaying the runoff generation time on the slope surface and inhibiting slope surface runoff and splash erosion. Adjusting the side slope and the support to perform scouring tests under varying slopes allows for measuring the runoff generation time under varying slopes.
4.2.2 Erosion of slope surface under different plant species and slopes
The change of soil mass on the vegetation slope surface is roughly similar during the rainfall scouring process. At the initial stage of 0–2 min, the surface soil mass maintains integrity, with no damage, or runoff. At 2–5 min, it forms a small water pit at the rainwater dripping place, and the integrity of the surface soil mass is still intact, and without rainwater runoff. At 6–7 min, the area of the water pit becomes larger, and the local rainwater collection area gradually appears, with multiple catchment pits on the slope surface. At 8–9 min the water pit area continues to increase. Here, the soil particles are blown off, a small area of local slope surface runoff begins, and the runoff rainwater becomes relatively turbid. Researchers have compared the situation of the gradient of 30°, 45°, and 60°, and found that the steeper the gradient, the shorter the runoff generation time. Besides, the earlier the rain appears turbid, the earlier the rain changes from turbid to clear as well.
4.2.3 Variation of slope scouring amount under different plant species and slopes
As shown in Figure 11A; Figure 11B, when runoff begins to occur on each slope, the rainwater is collected in the runoff collection bottle at an interval of 12 min. Thereafter, the rainwater in each period is left for 24 h, then the sediment is dried and weighed after pouring the upper clean water. Therefore, the sediment quality of each vegetation slope tends to increase with increasing slope. The scour test was performed at 30°, 45°, and 60°. Figure 12 shows the change in sediment quality of the slope under different plant species and gradients during different periods. Because of soil humidification, the moisture content of soil continues to increase. Within 24–36 min, the structure of soil particles became rapidly destroyed, and soil cohesion decreases. The water content of soil particles increased to saturation due to rainwater collection. With the slow loss of sediment on the slope, the sediment content in the water gradually decreased in the later period, and the water gradually changed from turbid to clear.
[image: Figure 11]FIGURE 11 | (A) Turbid runoff sampling (B) runoff sedimentation samples.
[image: Figure 12]FIGURE 12 | Sediment quality of slope surfaces with different vegetations (A) 30° (B) 45° (C) 60°.
4.2.4 Variation of cumulative scouring amount under different plant species and slopes
Within a certain slope range, the larger the slope, the stronger the rainfall scouring capacity, and the greater the cumulative scouring amount of the slope, i.e., the slope has a positive correlation with slope scouring (Figure 13). Notably, an increase in gradient increases the slope runoff velocity, destroying the original slope flow pattern. Besides, the formation of rhombic waves on the undulations of the slope interferes with rainwater scouring, hence strengthening the slope water resistance.
[image: Figure 13]FIGURE 13 | Variation of cumulative scour amount of different plants (A) 30° (B) 45° (C) 60°.
4.3 Determination results of soil moisture content and slope erosion
4.3.1 Analysis on change of soil matric suction
As illustrated in Figure 14, the changing trend of soil matric suction first reduces and then stabilizes under continuous rainfall. The reduction rate of matric suction is different under different rainfall intensities. As shown, in the first 5 h of rainfall, the soil matric suction does not significantly change under light, moderate, and heavy rain but rapidly decreases under heavy rain (Figure 14). Within 5–22 h after rainfall, the decrease of soil matric suction under heavy rain and rainstorm becomes faster than that under light rain and moderate rain. At 18–28 h, the soil matric suction decreases to the minimum value, with no apparent change afterward. In the test, the stable value of matric suction is the maximum in light rain, and the minimum in a rainstorm, indicating that the greater the rainfall intensity, the faster the rainfall infiltration rate is, and the more sufficient the rainfall infiltration.
[image: Figure 14]FIGURE 14 | (A) Change of soil matric suction at the slope top (B) Change of soil matric suction at the slope foot.
4.3.2 Analysis of slope erosion at different times
With the extension of rainfall time in Figure 15, the slope erosion damage gradually intensifies. In splash erosion, raindrops fall to the soil surface to slap and splash the surface soil, forming mud crusts on the soil surface and filling pores of the soil surface with soil particles. As a result, the permeability of the surface soil decreases, providing favorable conditions for slope runoff. With continuous rainfall, the moisture content of the surface soil gradually increases to a saturation state, runoff appears on the slope, and small runoff ditches are formed at weak places on the slope surface. Under continuous shear force, the runoff ditches are gradually connected to form erosion ditches, gradually expanding and deepening. With the deepening of the erosion ditch, the soil mass on both sides begins to collapse under the action of water force and small tension cracks; consequently, the slope soil mass appears to slide instability with the increase of the cracks.
[image: Figure 15]FIGURE 15 | Slope erosion at different times (A) Soil erosion in splash erosion stage (B) Soil erosion in sheet erosion stage (C) Soil erosion in gully erosion stage.
4.4 Numerical simulation results
4.4.1 Seepage simulation analysis
In the process of rainfall infiltration, the moisture content of the soil profile becomes stratified, which can be generally divided into saturation area, transition area, conduction area, and wet area from top to bottom (Bodman and Colman, 1944). Under different rainfall intensities, the infiltration depth of the loess slope model presents the rule of maximum slope toe, large slope top platform, and minimum slope middle. With continuous rainfall, the wetting front gradually moves downward, and water content along the depth decreases nonlinearly, whereas that in the area close to the wetting front decreases rapidly. When rainfall time is similar, the greater the rainfall intensity, the deeper the infiltration depth. When rainfall intensity is less than the saturation permeability coefficient, the downward pushing depth of the wetting front is significantly affected by the rainfall intensity (Figure 16). The volumetric water content of the surface soil does not change after reaching a stable value but does not reach the saturated water content. Of note, the final volumetric water content of the surface soil depends on the rainfall intensity and the hydraulic parameters of the soil. For the same rainfall time after the critical point, an increase in rainfall intensity causes the moist front to move downward at a uniform speed, with a deeper depth, and faster speed.
[image: Figure 16]FIGURE 16 | Cloud chart of pore water pressure (A) cloud chart of pore water pressure at initial stage, (B) cloud chart of 1 h pore water pressure, and (C) cloud chart of 4 h pore water pressure.
4.4.2 Numerical simulation of the slope stability factor
At the initial rainfall stage, there is no shear stress zone inside the slope. As time goes on, the increment of deviatoric strain first changes significantly at the foot of the slope, and discontinuous plastic areas appear in the slope, followed by areas with large strain at the top of the slope, as shown in Figure 17A; Figure 17B. As shown in Figure 17C, after 4 h of rainfall, a continuous stress deformation zone is formed in the slope’s middle, toe and top, soil cementation capacity is weakened, and the safety factor of the slope decreases. In the case of water inundation, the loess will disintegrate when exposed to water, wetting, softening and reducing its strength, at which point the slope will be damaged due to the collapsing nature of the soil. Under different rainfall intensities, the change of slope safety factor shows a rapid downward trend; it decreases to 2.84 under heavy rain within 24 h and to 3.35 and 3.18 under light rain and moderate rain, respectively. As shown in Figure 18, the gap of slope safety factor under different rainfall intensities increases with the extension of rainfall time, and the decline rate of safety factor increases with the rainfall intensity.
[image: Figure 17]FIGURE 17 | Cloud chart of slope shear strain (A) cloud chart of shear strain at initial stage, (B) cloud chart of 1 h shear strain, and (C) cloud chart of 4 h shear strain.
[image: Figure 18]FIGURE 18 | Variation of slope stability factor.
4.4.3 Analytical solution of slope stability factor
4.4.3.1 Parameter determination of analytical solution of slope safety factor
in RA, RAA and SS areas, the soil mass weight at different depths is 16.6 kN/m3, 16.9 kN/m3 and 17.2 kN/m3, respectively; The effective shear strength parameters of rooted soil and rootless soil are from laboratory triaxial tests. The rainfall intensity is light, moderate, and heavy, lasting for 24 h. The soil mass calculation parameters in each region are shown in Table 1.
TABLE 1 | Parameter values of analytical solution of slope.
[image: Table 1]4.4.3.2 Comparison of analytical solution and model solution of slope safety coefficient
Figure 19 shows that the model solution is larger under light rain than the analytical solution. With the increase of rainfall, their gap gradually decreases. The model solution is larger than the analytical solution at the initial stage of moderate rain, and the model solution is smaller than the analytical solution 15 h later. The analytical solution under heavy rain is always smaller than the model solution, their gap increases with the increase of rainfall, and the maximum difference between the analytical solution and the model solution is 0.06 under continuous heavy rain. The reason for this discrepancy is related to the values of the parameters of the model, and the accuracy can be improved by calculating the specific parameters at different moments in time and substituting them into the analytical solution.
[image: Figure 19]FIGURE 19 | Comparison between analytical solution and model solution.
5 CONCLUSION

1) When the water content is low, the stress-strain curve of the sample shows obvious strain-softening characteristics. With the increase in the water content, the strain-softening phenomenon gradually weakens.
2) The steeper the slope is, the shorter the runoff generation time is, the earlier the rain appears turbidity, and the earlier the rain changes from turbidity to clarity. With the loss of sediment on the slope, the sediment content in the water gradually decreases in the later period, and the water body slowly changes from turbid to clear; In the test, the stability value of matric suction is the maximum in light rain and the minimum in heavy rain.
3) With the deepening of the erosion ditch, the soil mass on both sides begins to collapse under the action of water force and small tension cracks. With the increase of the cracks, the slope soil mass appears to be sliding instability.
4) Under different rainfall intensities, the safety factor of slope decreases with the rainfall, and the decreasing rate increases with the rainfall intensity (Link et al., 2004; Wang et al., 2020).
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Since there is no precedent for the use of slotted shield tunneling in the large section of high-speed railways in China, the relevant technological accumulation and systematic research achievements are few. Therefore, this paper provides theoretical support for loess tunnel construction decision-making through the study of slotted shields and is expected to promote the mechanization and even intelligent construction of a high-speed iron-loess tunnel. Taking the Luochuan tunnel of the Xiyan high-speed railway as the engineering background, this paper uses the numerical simulation software packages of ANSYS and FLAC3D to study the tunnel deformation (surface settlement, vault settlement, tunnel bottom uplift, and horizontal convergence) caused by the slotted shield construction in three different buried depths of 30, 40, and 50 m surrounding rock. The deformation law and mechanical characteristics of a cutter shield construction of large cross-section loess tunnels under the influence of different buried depths are put forward. Results showed that 1) the mutual interference between the working procedures can be significantly reduced by inserting the cutting tool into the soil instead of the advanced tubule before excavation; 2) the settlement in the upper part of the longitudinal axis of the tunnel is the largest; the greater the depth of the tunnel is, the smaller the surface settlement is; and 3) the horizontal deformation of the arch waist and foot of the tunnel under different buried depths is symmetrically distributed into the tunnel during the whole process of slotted shield tunneling.
Keywords: large cross-section, loess tunnel, slotted shield, construction, different buried depths, support, tunnel deformation
1 INTRODUCTION
At present, the number and mileage of tunnels are increasing with the continuous growth of the mileage of high-speed railways in China. The construction method, construction technology, and construction machinery of high-speed railway tunnels have made great progress, for example, the opening of the Yinxi high-speed railway, Baolan high-speed railway, and Zhengxi high-speed railway has accumulated valuable experience for the construction of the loess tunnel of high-speed railways in our country. However, due to the large cross-section of high-speed railways and the particularity of the loess stratum, the loess tunnels built at the present stage are constructed using traditional mining methods (Birk et al., 2010; Xue et al., 2018; Zhang et al., 2018; Wang et al., 2019). So far, there is no precedent for the construction of slotted shields in a loess tunnel. There is no systematic research on the application of a shield method in high-speed railway tunnels, and there is little experience that can be used for reference (Jiang et al., 2017; Yang, et al., 2020; Niu et al., 2021; Weng et al., 2021; Zhu, 2021; Mei et al., 2022).
Compared with the common loess tunnel construction methods such as the three-step method and CRD method, the slotted shield method can make full use of the advantages of the shield method and mining method (Liang et al., 2016; Wang et al., 2019; Zhou et al., 2020; Hong et al., 2021; Xu et al., 2021; An et al., 2022). In other words, before excavation, the cutters were inserted into the soil instead of the advanced small pipe for pre-support, and the follow-up excavation and support work were carried out under the protection of the shield shell, which can significantly reduce the mutual interference between the various processes. The slotted shield is suitable for strata with low water contents and certain self-stabilization, and the strata with a stable palm surface can be maintained by dewatering or grouting (Wu et al., 2014; Min et al., 2015; Song et al., 2019; Dai et al., 2020). After the effective demonstration, the slotted shield construction is more suitable for the long loess tunnels in the Xiyan high-speed railway, the Xikang high-speed railway, and the Xishi high-speed railway.
At present, research on slotted shield construction of loess tunnels is relatively few. Some scholars and experts have discussed the large-scale mechanized construction of loess tunnels and the construction idea, application prospect, and working principle of the slotted shield. Sun (2017) took the pre-slotting construction of the Hongliangying large cross-section loess tunnel as the background to study the mechanized construction of the weak surrounding rock. The support parameters of pre-lining are analyzed by numerical simulation methods to provide reference for the design and construction of similar projects. Wang and Guo (2020) explained that based on the background of the Xiyan high-speed railway project, the construction technology of the shield and mining method is integrated according to the engineering characteristics of a loess tunnel, and the idea of slotted shield construction is put forward. The Informa ionization of mechanized construction of loess tunnels is explored based on 5G to promote the development of intelligent construction technology of loess tunnels. Bai (1996)stated that by introducing the structure and working principle of the half-section cutter shield, this paper discusses its application prospect in underground engineering construction. Guo and Deng (1997) explained that through the field measurement, it is proven that the half-section cutter that inserts the shield has good technical performance and high economic benefit, so it is worth popularizing and using on a large-scale mechanized construction. Deng and Yang (1997) stated that by analyzing the slotted shield scheme of an expressway tunnel, the characteristics and working principle of each component of the slotted shield are introduced in detail.
In this paper, based on the background of the Luochuan tunnel of the Xiyan high-speed railway, the construction deformation of a large cross-section loess tunnel with a slotted shield under different buried depths is analyzed and discussed by using the numerical simulation method. It is expected to provide a reference basis for the mechanized and intelligent construction of high-speed railway tunnels in the later stage.
2 BACKGROUND
The Luochuan tunnel of the Xiyan high-speed railway (Xi’an to Yan’an) was originally designed for slotted shield construction. The tunnel is located in Houston Township, Luochuan County, Yan’an city, Shaanxi Province, with a total length of 4140.43 m (mileage DK194 + 759.57 ∼ DK198 + 900). It is a single-hole double-track large cross-section loess tunnel. The tunnel passes through the loess beam plateau. The topography of beam tablelands is flat, and the gully around the plateau is well developed. The entrance of the tunnel is located on a loess beam slope with a gentle slope of about 30°. The slope is densely covered with shrubs, and there is water in the gully below it. The exit is located on the loess plateau with dense vegetation, especially apple trees. The loess beam above the tunnel is complete, and gullies are developed on both sides. The whole tunnel is shallowly buried with a depth of 80.64 m. The vertical and cross sections of the tunnel are shown in Figures 1, 2.
[image: Figure 1]FIGURE 1 | Profile of the Luochuan tunnel.
[image: Figure 2]FIGURE 2 | Tunnel lining section.
The tunnel passes mainly through the Neocene and Middle Pleistocene aeolian strata, and the sequence from the top to bottom is as follows: Quaternary Upper Pleistocene clayey loess (Q3eol), Quaternary Upper Pleistocene paleosol (Q3el), Quaternary Middle Pleistocene clayey loess (Q2eol), and Quaternary Middle Pleistocene paleosol (Q2el). The main physical and mechanical parameters of each stratum are shown in Table 1.
TABLE 1 | Mechanical parameters of the ground soil.
[image: Table 1]3 METHODS
3.1 Construction method of a slotted shield tunnel
3.1.1 Structure composition of a slotted shield tunnel
The plug-in shield is mainly composed of the main engine, the rear matching trolley, and the lining matching trolley, and its schematic diagram is shown in Figure 3. The main engine is mainly composed of the cutter, racks, retaining plates, propulsion cylinders, connecting tail plates, buckets, and scrapers; rear supporting equipment is used for shotcreting, bolting, and installing a steel arch frame for initial support; the lining matching trolley is used for laying the waterproof board and secondary lining. The length of the slotted shield machine studied in this paper is 7.2 m, the length of the notch (the distance between the upper cutter and the bottom cutter) is 1 m, and the shape of the notch is oblique bearing. The thickness of the shield shell is 0.2 m, the propulsion stroke of the cylinder is 0.6 m, and the excavation footage is 0.6 m. The excavation is divided into the upper and lower steps, in which the height of the upper and lower steps is 7.6 and 5.4 m, respectively. The excavation is divided into the upper and lower steps, in which the height of the upper and lower steps is 7.6 and 5.4 m, respectively.
[image: Figure 3]FIGURE 3 | Structure of a slotted shield.
3.1.2 Construction procedure for a slotted shield tunnel
The shield machine pushes out all the cutters to pre-support the soil to be excavated in front to prevent the excavation face from collapsing. First of all, the circumferential excavation of the arch soil is carried out, and a retaining block should be dug where there is a retaining plate. When the upper step soil is excavated 0.6 m forward, all the insert cutter oil cylinders are recovered, and the frame is pulled back to the initial state; then, the lower step soil is excavated. The aforementioned steps are repeated. When the shield tail clearance is 0.6 m, the spray mixing bridge device sets up side wall anchors, erects section steel frames, and hangs nets to spray concrete to the design thickness. After the initial support reaches the design strength, the lining trolley is used to lay the water discharge board and secondary lining. In other words, the construction procedure of a cutter shield is as follows: construction preparation—introduction of all cutters—excavation up steps—frame follow-up, introduction of all cutters—excavation down steps—after supporting equipment for initial support—lining supporting the trolley laying waterproof board, and pouring secondary lining (Jiang et al., 2018; Chang et al., 2020; Huang et al., 2020; Huang et al., 2020; Huang et al., 2020).
3.2 Construction process simulation method of a slotted shield tunnel
The slotted shield method is used in a loess tunnel for the first time. To effectively verify the deformation law of the tunnel surrounding rock during the construction of a cutter shield, ANSYS combined with FLAC3D finite element software is adopted in this paper and was used to realize tunnel model building and grid division, and FLAC3D was used to complete calculation and post-processing. After establishing the numerical model of cutter shield construction, the construction deformation law is studied under the condition of different burying depths (30, 40, and 50 m).
3.2.1 Basic assumption

(1) The soil is assumed to be homogeneous, continuous, and isotropic, and the calculation model is an elastic–plastic constitutive model.
(2) The soil parameters in the model are selected according to the geological survey report and relevant specifications.
(3) The initial stress field only considered the gravity stress field, ignoring the influence of the surrounding rock tectonic stress field and groundwater.
(4) The shield shell is a thin shell structure of an isotropic linear elastic material.
3.2.2 Model material parameters and boundary conditions
The surrounding rock section of class V of the Xiyan Luochuan tunnel is 2531 m long, accounting for 61.1% of the total length of the tunnel. Therefore, this paper takes the surrounding rock of grade Ⅴa as the research background. According to the tunnel geological survey report and reference (Enterprise standard of China Railway Corporation, 2014; Profession Standard of The People’s Republic of China, 2016), the calculation model parameters and unit types of the grade Va surrounding rock are shown in Table 2.
TABLE 2 | Model parameters for the grade Va surrounding rock.
[image: Table 2]The left and right sides of the model are X-direction constraints, the front and rear are Y-direction constraints, and the bottom of the model is Z-direction constraints. According to Saint-Venant’s principle, excavation only causes stress redistribution in a certain range around the tunnel. To reduce the influence of the boundary effect, the calculated boundary on the left and right sides of the tunnel is 3–5 times the total span of the tunnel, and the calculated boundary at the bottom of the tunnel is more than two times the total height of the tunnel, and the upper boundary of the tunnel is the free surface of the upper surface. When the buried depth is 30 m, the size of the tunnel model is 150 m × 120 m × 50 m, and the total number of units is 76,800; when the buried depth is 40 m, the size of the tunnel model is 150 m × 120 m × 60 m, and the total number of units is 76,800; when the buried depth is 50 m, the size of the tunnel model is 150 m × 120 m × 70 m, and the total number of units is 85,200. Under the condition of different buried depths, the size of the model and its elements are given in Table 3.
TABLE 3 | FEM model meshing.
[image: Table 3]Considering the influence of boundary conditions on the calculation results, the monitoring measurement is carried out at the longitudinal intermediate section of the tunnel. After the completion of the construction simulation, the displacement data on the measuring points are extracted, and the deformation analysis is carried out. The arrangement of the measuring points in the monitoring section is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Layout of measuring points in the monitoring section.
3.2.3 Construction process simulation
Assuming that the cutters are all pushed out and the propulsion stroke is 0.6 m, this construction flowchart is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Construction sequence diagram of a slotted shield.
The construction process is simulated by ANSYS engineering simulation software, which is as follows.
After the displacement and speed are cleared, the cutter is pushed forward one stroke to activate the external imported (0 mm–0.6 m) shell unit. The cutter is pushed forward one more stroke, the external import (0 mm–1.2 m) shell unit is activated, and the previous shell unit is assigned to be empty. At the same time, the upper bench soil is excavated, and the footage is 0.6 m. Then, the supporting equipment would be used for initial support and that of the supporting trolley for lining was for waterproof boards and secondary lining.
After the excavation of the upper step is completed, the cutter is pushed forward one more stroke, the external import (0 m–1.8 m) shell unit is activated, and the previous shell unit is assigned to be empty. Then, the excavation of the lower steps is carried out while continuing to dig up the steps.
When the active external shell unit is 0–7.2 m, the shield mainframe will enter the soil to be excavated after several cycles. The initial support will be carried out immediately when the cutter is to be pushed forward for one stroke and there is a 0.6 m gap at the end of the shield. After introducing the cable element of a side wall anchor, the beam element of the section steel frame, and the beam element of locking the anchor pipe, the solid element is used to simulate the shotcrete process until the end of the shield construction. The schematic diagram of the cutter shield construction is given in Figure 6.
[image: Figure 6]FIGURE 6 | Sketch map of slotted shield tunneling.
4 RESULTS AND DISCUSSION
For slotted shield construction, the surface subsidence, vault subsidence, tunnel bottom uplift, and horizontal convergence of the grade Va surrounding rock when the buried depth is 30 m, 40 m, and 50 m are studied. The surrounding rock deformation law of a slotted shield tunnel under different buried depths is studied.
4.1 Influence of construction on surface subsidence
From the curve of the land subsidence trough (Figure 7), it can be seen that the shape of the land subsidence trough with different buried depths is basically similar, and its influence range increases with the increase in the tunnel depth. The maximum surface subsidence occurs in the upper part of the longitudinal axis of the tunnel. Therefore, when the depth of the tunnel is 30 m, 40 m, and 50 m, the maximum surface settlement is –18.74 mm, −16.49 mm, and −13.76 mm, respectively. These data show that with the increase in the tunnel depth, the influence of soil loss on the surface decreases with the increase in the tunnel depth. In other words, the larger the buried depth of the tunnel is, the smaller the surface subsidence deformation is (Hu, 2011; Yang et al., 2015; Cao et al., 2018).
[image: Figure 7]FIGURE 7 | Ground surface settlement trough curves in different tunnel buried depths.
4.2 Influence of construction on a vault subsidence and tunnel floor uplift deformation
The vertical displacement cloud map of the surrounding rock of the tunnel under different buried depths is shown in Figure 8. According to the cloud map of vertical displacement of the surrounding rock, the distribution law of vertical displacement of the surrounding rock is similar with different burial depths.
[image: Figure 8]FIGURE 8 | Vertical displacement cloud map of different buried depths. (A) Vertical displacement cloud map of 30 m buried depth; (B) vertical displacement cloud map of 40 m buried depth; and (C) vertical displacement cloud map of 50 m buried depth.
The deformation curves of a tunnel vault settlement and tunnel bottom uplift under different buried depths are given in Figures 9 and 10. As can be seen from the figure, with the approach of the excavation face, the subsidence at the vault of the study section and the uplift deformation at the bottom of the tunnel gradually increased. The deformation rate is also accelerated during the excavation of the cross-section because the insertion of the shield shell acts as a pre-support for the excavated soil; the settlement of the surrounding rock at the vault and the uplift deformation of the tunnel are restricted, and the deformation rate decreases significantly (Li and Zhu, 2013; Qi, et al., 2018; Zhou et al., 2018; Zhao et al., 2019; Zhang et al., 2020; Ge et al., 2022; Luo et al., 2022). After the excavation of the research section is completed, the excavation operation near the palm face has little effect on the settlement and deformation of the surrounding rock of the study section, which is due to the temporary support of the shield shell. As the shield tail leaves the research section, the supporting effect of the shield shell also disappears. At this time, the initial support should be carried out immediately (Li et al., 2017; Han, et al., 2018; Aydan and Hasanpour, 2019; Liu et al., 2019; Li et al., 2020; Mu et al., 2021). After the support reaches the design strength, the settlement of the surrounding rock and the deformation rate of the bottom uplift of the tunnel will be further reduced, and the final deformation tends to be stable.
[image: Figure 9]FIGURE 9 | Tunnel arch top settlement curve.
[image: Figure 10]FIGURE 10 | Tunnel bottom heaving curve.
The vault settlement and bottom uplift of the tunnel under different buried depths are shown in Table 4. With the increase of the burial depth, the settlement of vault and the uplift of tunnel bottom increased, and the deformation of uplift is larger than that of the vault. For example, when the buried depth is 30 m, the uplift at the bottom of the tunnel is 41.12 mm, the settlement of the vault is –26.68 mm, and the uplift deformation is 54.1% more than the settlement of the vault. When the buried depth is 40 m, it is 20.8% more; when the buried depth is 50 m, it is 15.3% more. It can be inferred that the deformation of the two tends to be close with the increase in the buried depth of the tunnel.
TABLE 4 | Tunnel arch top settlement and bottom heaving.
[image: Table 4]4.3 Influence of construction on the horizontal convergence deformation of a cave body
Under different burial depths, the horizontal convergence displacement cloud map in the surrounding rock of the tunnel is shown in Figure 11. The distribution law of horizontal displacement of the surrounding rock is similar under the condition of different burial depths, according to the cloud map of horizontal displacement of the surrounding rock.
[image: Figure 11]FIGURE 11 | Horizontal displacement cloud map of different depths. (A) Horizontal displacement cloud map of 30 m buried depth; (B) horizontal displacement cloud map of 40 m buried depth; and (C) horizontal displacement cloud map of 50 m buried depth.
The horizontal displacement at the left and right arch waist of the tunnel and the horizontal displacement at the left and right arch feet are shown in Figures 12, 13. Under different burial depths, the horizontal deformation of the surrounding rock at the arch waist and foot presents a convergent deformation to the tunnel during the whole excavation process. The horizontal deformation and deformation rate of the surrounding rock at the arch waist and arch foot increased sharply with the vicinity of the excavation face. During the excavation of the cross section, the horizontal deformation of the surrounding rock at the arch waist and foot is constrained, and the decrease of the horizontal deformation rate of the surrounding rock is due to the pre-supporting effect of the insertion of the shield shell on the excavated soil (Ye et al., 2017; Zhou, et al., 2019; Fang et al., 2021; Tang, et al., 2021). As the shield tail is far away from the research section, the support of the shield shell disappears, resulting in a sharp increase in the horizontal deformation of the surrounding rock (Liu et al., 2019; Wang et al., 2020; Cao et al., 2021). After the initial support reaches the design strength, the horizontal deformation rate of the surrounding rock at the arch waist and foot of the study section decreases and finally tends to be stable.
[image: Figure 12]FIGURE 12 | Horizontal displacement curve of an arch waist. (A) Horizontal displacement curve of the tunnel left arch waist; and (B) horizontal displacement curve of the tunnel right arch waist.
[image: Figure 13]FIGURE 13 | Horizontal displacement curve of an arch foot. (A) Horizontal displacement curve of the tunnel left arch foot; and (B) horizontal displacement curve of the tunnel right arch foot.
Under the condition of different buried depths, the horizontal displacement values of the left and right arch waist and arch foot of the tunnel are shown in Table 5. It can be seen from the table that the horizontal displacement around the cave shows a trend of uniform distribution on both sides. The number of deformations increases with the increase of buried depths. The horizontal deformation rate of the surrounding rock of the study section is accelerated with the proximity of the excavation face.
TABLE 5 | Horizontal displacement values of the tunnel arch waist and foot.
[image: Table 5]After tunnel excavation, the stress field of the surrounding rock will be readjusted. Under the load, the surrounding rock will undergo a transition from elastic to plastic. When plastic deformation occurs in the surrounding rock, the surrounding rock will become loose, and the bearing capacity will decline, which will affect the stability of the tunnel, and even lead to tunnel instability. Therefore, attention should be paid to the analysis of plastic deformation of the surrounding rock. The cloud diagram is shown in Figure 14, and the analysis results are shown in Table 6.
[image: Figure 14]FIGURE 14 | Distribution of the plastic zone for different burial depths. (A) Distribution of the plastic zone at a burial depth of 30 m; (B) distribution of the plastic zone at a burial depth of 40 m; and (C) distribution of the plastic zone at a burial depth of 50 m.
TABLE 6 | Plastic area and volume at different burial depths.
[image: Table 6]It can be seen from Figure 14 that with the construction of the tunnel, the distribution trend of the surrounding rock plastic zone also gradually changes. Under different burial depths, the distribution of the surrounding rock plastic zone of the tunnel shows a symmetrical growth trend, the plastic zone at the arch shoulder and invert gradually decreases, and the plastic zone at the arch foot changes from a point to a sharp corner, with a maximum value.
When the buried depth of the tunnel increases from 30 m to 40m, the area and volume of the surrounding rock plastic zone increase from 29.64 m2 to 59.28 m3 to 193.17 m2 and 386.33 m3, respectively, with an increase rate of 84.7%. When the burial depth increases to 50 m, the area and volume of the surrounding rock plastic zone increase to 280.39 m2 and 560.78 m3, with an increase rate of 89.4%. It can be seen that the greater the burial depth of the surrounding rock, the more obvious the growth trend of the area and volume of the surrounding rock plastic zone of the tunnel, and the more likely it is to be damaged.
The maximum and minimum principal stress nephograms of shotcrete under different burial depths are extracted from the calculation results, as shown in Figure 15, and the analysis results are shown in Table 7.
[image: Figure 15]FIGURE 15 | Cloud chart of maximum and minimum principal stresses of shotcrete at different burial depths. (A) Maximum principal stress of shotcrete with a burial depth of 30 m, and (B) minimum principal stress of shotcrete with a burial depth of 30 m. (C) Maximum principal stress of shotcrete with a burial depth of 40 m, and (D) minimum principal stress of shotcrete with a burial depth of 40 m. (E) Maximum principal stress of shotcrete with a burial depth of 50 m, and (F) minimum principal stress of shotcrete with a burial depth of 50 m.
TABLE 7 | Maximum and minimum principal stress of a research section with different burial depths.
[image: Table 7]It can be seen from Figure 15 that the minimum principal stress of shotcrete with a burial depth of 30 m is located at the arch foot, and its value is 4.61 MPa; the maximum principal stress is located at the arch foot, and its value is 2.8 MPa; the minimum principal stress of shotcrete with a burial depth of 40 m is located at the arch foot, and its value is 5.5 MPa; the maximum principal stress is located at the arch foot, and its value is 3.27 MPa; the minimum principal stress of shotcrete with a burial depth of 50 m is located at the arch waist and arch foot, and its value is 6.24 MPa; the maximum principal stress is located at the arch foot, and its value is 3.53 MPa.
5 CONCLUSION
Based on the results obtained from this study, we can draw the following conclusions:
(1) After the slotted shield inserts the cutter into the soil instead of the advanced small conduit for pre-support before excavation, the subsequent excavation and support work can be carried out under the protection of the shield shell, which can significantly reduce the mutual interference between the various processes. In the construction process, the maximum settlement occurs in the upper part of the longitudinal axis of the tunnel, and the greater the burial depth, the smaller is the surface settlement deformation.
(2) The vertical displacement distribution of the surrounding rock and the surrounding rock with different buried depths are similar. The greater the burial depths of the tunnel, the greater are the sinking of the vault and the uplift of the tunnel bottom. The uplift deformation at the bottom of the tunnel is always larger than that of the vault, but the deformation tends to be close with the increase of burial depths.
(3) The horizontal deformation of the arch waist and foot of the tunnel under different buried depths presents a symmetrical deformation to the tunnel in the whole slotted shield tunneling. Also, the greater the depth, the greater is the horizontal deformation around the tunnel.
(4) With the progress of tunnel excavation, the influence on the distribution of the surrounding rock plastic zone under different burial depths is distributed in a positive direction, and the maximum value appears in the plastic zone at the arch foot of the tunnel, so the construction risk at the arch foot is high, and the arch foot should be reinforced in time during the construction process. The maximum principal compressive stress value under different burial depths is less than the compressive strength of C25 concrete 12.5 MPa. Considering the interaction of a reinforcement mesh and steel frame, the initial tensile strength is greatly improved, so the tensile stress damage is not considered.
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As a prominent component of the construction field of sponge cities, ecological concrete is an essential tool to reach the goals of green, low-carbon living and sustainable development. A quantitative summary of the preliminary research on ecological concrete infrastructure in sponge city architecture is needed. Therefore, CiteSpace and VOSviewer were applied to perform a comparative analysis of the number of papers, countries, institutions, core authors, literature co-citations, research hotspots, and future trends in ecological concrete in the sponge city construction industry. The results show that the number of papers on ecological concrete is increasing, the research collaboration between domestic and foreign authors is relatively single, and there is insufficient interdisciplinary integration between institutions and the phenomenon of “relatively independent research.” The number of papers published in the field of ecological concrete construction has been on the rise, reaching more than 100 in each of the last 10 years, with China and the United States contributing more to the scientific output of the field. To meet the needs of global environmental protection and resource conservation, the theme of “promoting comprehensive resource conservation and recycling” will continue in the future, making concrete a feature of green, low-carbon, sustainable development and other areas of environmental protection in the construction field.
Keywords: ecological concrete, VOSviewer, CiteSpace, visual analysis, sponge city building field
1 INTRODUCTION
Due to the rapid development of science and technology, environmental pollution, ecological damage, resource shortage, and flooding caused by the exploitation of land resources and rapid urbanization have seriously affected the quality of the global living environment and the stability of the ecosystem (Ji, 2017; Cohen., 2011; Pandey., 2015; Sayne., 2011; Chourou., 2011; Upadhya and Persson, 2015; Li at el., 2022). Currently, the construction industry consumes the primary source of energy and mineral resources in the world (Shi and Liu, 2019). It is also a major cause of environmental pollution. The energy consumption of the construction industry accounts for about 30–40% of the world’s energy consumption (Abdallah at el., 2016). Faced with such a dilemma, the upgrading of the construction industry has been initiated, and a green, environmentally friendly and sustainable development path has been adopted. Just as an understanding of the mechanical properties of gas hydrate reservoirs is fundamental to the commercial exploitation of gas hydrate (Tang et al., 2022), we need to have a general understanding of the applications of the construction industry if we are to improve the construction industry.
Therefore, there is an urgent need to explore and build sustainable development models for the construction industry to change the status quo of high resource consumption and severe environmental pollution. As a result, the construction industry is facing a tough test in its development, with environmental pollution and natural damage evident in concrete, the most widely used construction material. China collects a total of 50×109 tonnes of raw materials such as sand and gravel, limestone and clay each year, most of which is used in the production of concrete or cement, according to the data. Such a large collection directly leads to changes in the natural form of the mountain and the original posture of the riverbed, resulting in deepening natural disasters such as landslides and soil erosion. In addition, cement production emits many polluting gases, harmful substances that further endanger our ecological environment. Therefore, the development of new green concrete will be our main task from the past to the long future.
The concept of “ecological concrete” has been proposed, but the concept of ecological concrete is unclear, and there is no clear normative definition. In this paper, we can summarize it as green concrete, sustainable concrete, and environmentally friendly concrete. It consists of cement, coarse aggregate, and admixture, and is made by a particular process of construction. It has a unique structure that coexists with plants, alleviates biocontainment, expands green space, reduces environmental load and is in harmony with the ecological environment. Ecological concrete has a variety of functions that ordinary concrete does not. In other words, it is how concrete production can reduce energy consumption and environmental pollution while using materials, provided humans can maintain a good ecological environment. At the same time, due to its unique structure, ecological concrete has excellent water permeability and purification performance, allowing rainwater to infiltrate into the ground to reduce the frequent and severe urban flooding in recent years, thus coping with natural disasters caused by rainfall (Chen et al., 2016; Mo et al., 2016). As a hydrophilic material, ecological concrete has received a lot of attention, not only in the concrete industry, but also in many fields such as ecology and environmental protection, with great potential application value. It ushered in a period of development opportunities in sponge city construction projects such as water and sewerage, ecological restoration and governance. Ecological concrete has become the “infrastructure” in the construction field of sponge cities”.
Due to rapid urbanization, land use changes, and rapid socio-economic development processes, surface water flooding is now considered the most severe water-related problem in many major cities in China. 2014 saw the introduction of “sponge cities” in the People’s Republic of China, which will address urban surface water floodings and related urban water management issues, such as purification of urban runoff and attenuation of peak runoff, and water conservation (Chan et al., 2018). It is envisaged that practices will enhance natural ecosystems, provide more aesthetically pleasing spaces for people to live and work in urban environments, and improve urban habitats for birds and other organisms through nature-based solutions. As a natural life support system, the sponge city is important to support ecological civilization construction (Saravanan et el., 2019). It allows cities to flexibly adapt to environmental changes and cope with natural disasters caused by rainwater (Cai et al., 2016; Chen et al., 2016; Li et al., 2017; Shen et al., 2020). In addition, it can adjust the urban ecological balance and achieve human-water harmony (Hu et al., 2016). Therefore, sponge cities’ urbanization construction depends on the “infrastructure.” The plasticity, spatial expressiveness, texture and shape of ecological concrete, which is richer than the artistic effects of stone, is an essential technical support for building sponge cities.
With the proposal and promotion of green ecological sustainable development, urban construction projects are increasingly focusing on environmental protection and conservation while ensuring material requirements. Ecological concrete consists of cement, coarse aggregates, and additives, and is made using specific construction techniques. It has a unique structure that co-exists with plants, alleviates biological isolation, expands green spaces, reduces environmental load, and harmonizes with the ecological environment, contributing to the construction and development of sponge cities.
Ecologic concrete has been developed in some European countries since the 1940s. Due to technical limitations, the scope of its application is exceptionally constrained. Ecological concrete was added to the road during paving in 1970 and worked well, but was damaged by freezing and thawing a decade later. Ecological concrete was also used in the United States in 1979 for the construction of parking lots, permeable sidewalks and plazas. The built-up car park met standards for use in terms of strength and water penetration, and was generally well received by nearby residents. Nearly half of all tennis courts in France are built of ecological concrete. Japan is a country with many applications of ecological concrete. In the 1990s, the Ecological Concrete Engineering Society (Okaka., 2000; Tanaka., 1998) began studying plant-based concrete. In 2001, Japan’s “Advanced Science and Technology Research Center” applied porous concrete to the river bank protection (Sun et al., 2021).
Nowadays, ecological concrete needs unique material selection and proportioner design. Nitendrea (Palankar et al., 2015) uses steel scrap residue from steel production to replace traditional aggregate, and it is proven to achieve good results in improving concrete strength. Yu et al. (2015) used slag powder, lime powder, and other parts to replace cement as cementitious materials and achieved good results in terms of strength and durability. Mizuriaev et al. (2015) discussed the composition of general porous concrete and suggested the replacement of ordinary silicates with alkali metal silicates and non-expanding clays. These all show the continuous exploration and innovation in constructing sponge cities abroad.
Since the late 1990s, China began to study ecological concrete. Wu (1998) first proposed high-performance concrete with good environmental coordination performance. Xu et al. (2002) used specific concrete and seed mixture formula to protect and afforest rock slopes and published the patented technology of China Three Gorges University—CBS Vegetation Biotechnical Slope. Wei et al. (2005) developed vegetation concrete highway slope protection technology that combines masonry protection and ecological protection. Lawn plants were planted on the porous concrete slopes to achieve the highway greening effect. In Shanghai Huangpu River Ecological Slope Protection Demonstration Project (Chen et al., 2007), ecological concrete is used to build ecological slope protection along the Huangpu River. The results showed that the plants grew vigorously, the water and soil conservation were excellent, and the bank slope was safe and stable. It can be seen that ecological bank protection has essential functions such as flood control, drainage, and water diversion and ecological, environmental protection, and leisure functions (Huang and Xie, 2017). Wu et al. (2018) discussed the application of ecological concrete in constructing sponge cities. They studied the impact of the water-to-cement and bone-to-cement ratios on the compressive strength, water permeability and frost resistance of ecological concrete, providing theoretical guidance for engineering applications. Zhang (2018) studied the performance of planted concrete slope protection, and the results show that the erosion resistance and stability of the slope after grown concrete slope protection are improved. Yu (2018) studied the closure reverse filtration characteristics of ecological concrete on topsoil and the effect of two slope protection methods on its adsorption and decontamination capacity through rainfall stimulation tests.
Therefore, the inadequacy of ecological concrete compensation applied to sponge cities is discussed by reviewing ecological concrete research in the sponge city domain in a timely manner. This paper quantifies research in the ecological concrete area from 2000 to 2021. It analyzed the literature results retrieved by Web of Science (WoS) by combining CiteSpace, VOSviewer, and other visualization software. Then, the final aim is to comprehensively elucidate the essential background, research status, hot spots, and trends of global sponge city ecological concrete in terms of annual publications, significant countries, research institutions, scholars, and co-cited journals, to provide a reference for future research and practice of sponge city ecological concrete construction.
2 DATA SOURCES AND RESEARCH METHODS
In this paper, the analysis of the prevalence trends, domain distribution, and keyword factors of ecological concrete through core inclusion in the WoS database based on bibliometric analysis methods and information technology such as literature analysis software was carried out. WoS database is a subscription system that provides citation search services. Users have access to multiple databases that refer to interdisciplinary studies and can explore specialized subfields in depth (Wang et al., 2014; Yi et al., 2016).
2.1 Data sources
To obtain a comprehensive overview of the latest advances and trends in ecological concrete research in the field of the sponge city construction industry, the search steps were as follows: the search time was set from 1999-12-31 to 2021-12-31, with “ecological concrete” as the topic and TS (subject) = (“Ecological concrete OR Eco-concrete OR Green concrete OR pervious concrete OR Environmental friendly concrete OR Sustainable concrete”) as search criteria for advanced search, a total of 25353 documents were obtained, the research direction was selected as Construction Building Technology, and the article type was set as Article or Review, a total of 5300 articles were accepted.
2.2 Research methods
Currently, commonly used knowledge graph analysis software including VOSviewer, CiteSpace, etc. Are used to clearly and accurately analyze development trends, research fronts, research hotspots, and other related issues in a particular knowledge domain. CiteSpace uses the hot word analysis function to draw the knowledge map in the scientific area, and intuitively displays the research hotspots and development trends in a particular stage (Chen and Chen, 2005; Zhao et al., 2012; Chen et al., 2015; Li and Chen, 2016; Chen, 2017). VOSviewer is a software developed by Van Eck and Waltman at Leiden University in the Netherlands for constructing and visualizing econometric networks. It can build networks for journals, researchers, keywords, and publications based on co-citation, coupling, and co-authorship relationships (Waltman et al., 2010). This paper uses VOSviewer and CiteSpace software to analyze the number of published articles, publishing institutions, literature sources, core author groups, research hotspots, and future trends. Table 1 is the inclusion and exclusion criteria for the selected literature.
TABLE 1 | Inclusion criteria and exclusion criteria.
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3.1 Overview of research characteristics in the field of ecological concrete construction
In this paper, we analyze the number of papers published in the field of ecological concrete construction and the major source journals.
3.1.1 Analysis of the number of papers published in the field of ecological concrete construction
Statistics on the number of publications over the years provide insight into the development of the field. These data statistics assess an essential indicator of the popularity of academic research over time. Table 2 shows that the number of papers on ecological concrete is on the rise, with more than 100 papers published in the construction field since 2011. The average annual production of academic papers shows a rapid growth trend, indicating that research on green building projects is gaining importance globally, and sustainability goals are driving the green building movement. Green building projects originating from the green building movement are achieving unprecedented success because it provides a quantifiable measure of people’s efforts towards sustainable development. The development of ecological concrete is an emerging field, that is, keeping up with construction efforts while significantly contributing to green (Zhang and Wen, 2008). Advances in global environmental protection have driven the development of ecological concrete, which has gradually become the focus of the current construction industry, and related literature studies have been increasing. This area will remain a research hotspot in the future as the demand for ecological concrete increases.
TABLE 2 | Annual distribution of articles on ecological concrete documents from 2000-2021.
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Statistics on the distribution of high-frequency journals of ecological concrete application literature in various countries are useful to understand the activities of ecological concrete research institutions and to grasp the distribution of journals in the field of ecological concrete. After analyzing the distribution characteristics of high-frequency journals, Figure 1 shows the top ten journals that publish research articles related to this field, and it can be found that “Construction and Building Materials”, “Cement and Concrete Composites”, “Journal of Materials in Civil Engineering”, “Journal of Building Engineering”, “Materials and Structures”, “Journal of Sustainable Cement-based Materials”, “Case Studies in Construction Materials”, “ACI Materials Journal”, “Energy and Buildings” have paid much attention to the research on ecological concrete buildings, which has supported the field. Most primary source journals are concentrated in top journals in JSR I. Thus, it can be seen that although ecological concrete started late in the construction field, the attention of scholars and professional, authoritative journals from all walks of life has gradually increased with the keen global hope for the construction industry. From Table 3, the distribution of the aforementioned journals shows that research on ecological concrete is mainly focused on energy, environment, and ecology, and the discipline is exceptionally comprehensive.
[image: Figure 1]FIGURE 1 | 10 major research journals of ecological concrete.
TABLE 3 | Distribution of high-frequency journals in the field of ecological concrete research.
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Analyzing the relationship between the number of papers published and the research results in the field of ecological concrete can provide research direction in this field and reflect the theoretical basis and practical value of cooperation in the research field to a certain extent, which can better highlight the Frontiers of research in the area (Xie et al., 2020). Interaction among scientists has long been the essence of scientific practice (Melin and Persson, 1996). Most stages of the research process involve a great deal of communication: scientists talk to each other; In short, they communicate and collaborate.
Models of Sino-foreign cooperation have emerged in a number of fields, including education and tourism. Similarly, in ecological city construction, Sino-foreign cooperation has been successful. De et al. (2013) identified the conditions for Sino-foreign cooperation in ecological cities, studied the organization of Sino-foreign cooperation, and constructed a typology of Sino-foreign cooperation in ecological knowledge cities. Their development has a critical impact on improving a region’s competitiveness in globalization (Ovalle et al., 2004; OECD, 2005). It requires robust organizational capacity to build such a foundation with broad participation from public and private players, academia and the wider community.The influx of high-tech knowledge usually comes from abroad, and promoting science and technology is also a key factor in the success of eco-towns.Hence, success is most likely to be achieved through collaboration within a solid consultation framework and exchange between individual scientists and institutions.
Collaborative analysis can be done specifically in terms of regions, institutions, and authors. When ecological concrete forms a systematic study in the construction industry, it facilitates the development of ecological concrete and forms a unique model and framework for ecological concrete research.
3.2.1 Analysis of major issuing countries and regions
From Figure 2, it can be seen that the Peoples of China, the United States, Australia, India, Canada, England, Malaysia, Spain, France, and Germany are the top 10 countries with the highest number of published works on ecological concrete. The top 10 high-profile countries for eco-concrete are spread across Asia, Europe and North America. Of these, China ranked first with 1,308 publications, followed by the United States with 808 and Australia with 414, while the remaining countries did not have more than 400 publications, with China, the United States and Australia accounting for 47.7 percent of the total. China and the United States have a large number of scientific achievements in the field of ecological concrete and are the leading publishers and strong promoters of ecological concrete research in construction (Hu and Milner, 2020).
[image: Figure 2]FIGURE 2 | Regional distribution of countries with high ecological concrete issuance.
To compare the changes in the number of articles issued by each country over time, Table 4 was created according to three time phases. As seen in Table 4, the Top 10 high-issuing countries of ecological concrete in the three phases were distributed in Europe, Asia, and North America. In phases 1 and 2, Canada and the United States are in the first place in terms of the number of publications, respectively.
TABLE 4 | Distribution of top 10 countries with high publication volume of ecological concrete in 3 phases.
[image: Table 4]In stage 3, China jumped to No. 1, which is related to the “sponge city” strategy proposed and implemented in China. The “sponge city” concept was first proposed in the “2012 Low Carbon City and Regional Development Science and Technology Forum” in 2012. Sponge City” concept in 2013, General Secretary Xi Jinping, in the “Central Urbanization Work Conference” speech, stressed the “construction of natural storage, natural infiltration, natural purification of sponge cities” in 2015, the introduction of the “guidance on promoting the construction of sponge cities” policy on China constructive guidance on the construction of sponge cities (Liu et al., 2017). The large-scale structure of concrete ecological projects and the large amount of state funding for scientific research have resulted in the output of a large number of scientific papers. Forming an ecological concrete system requires a lot of practice and time, and consuming human, material and financial resources is also a big concern. Therefore, it can be obtained that ecological concrete is mostly developed in highly productive and relatively developed areas. On the one hand, this is due to that the research of ecological concrete was first proposed and carried out by European countries. On the other hand, it’s due to the limited level of industrial development and weak scientific research in Africa, South Asia, and Southeast Asia, which do not pay much attention to this field.
Figure 3 shows the map of countries where ecological concrete is issued in the construction field. The more lines there are between countries, the more cooperation there is between countries. The thicker the lines are, the closer the cooperation is. The map clearly shows that the countries with more issuances cooperate more closely with other countries. Peoples r China, United States, Australia, India, Canada, England, Malaysia, Spain, France, and Germany play a linking role in the field of ecological concrete construction and have more cooperation with each other. However, many subject groups in other countries lack horizontal communication and cooperation, and they work independently with great limitations, which is not conducive to knowledge sharing in the field of ecologic concrete and limits the quantity and quality of research to a certain extent, which is not conducive to the formation of a unique global research model and framework of ecological concrete.
[image: Figure 3]FIGURE 3 | Mapping of the distribution network of issuing countries and regions.
3.2.2 Analysis of major issuing scientific institutions
The analysis of global research institutions is an indispensable part to grasp the research priorities and trends of ecological concrete. Figure 4 shows that, in terms of issuing institutions, Wuhan Univ, Southeast Univ, Arizona State Univ, Swinburne Univ Technol, Khon Kaen Univ, Hong Kong Polytech Univ, Wuhan Univ Technol, Xian Univ Architecture & Technol, China Bldg Mat Acad, and Univ Ghent are the top 10 major research institutions. Considering that the application of ecological concrete needs industrialized technology revolution and government policy support, the future development needs more extensive participation of other institutions to realize the innovation of the whole chain of the industry, academia, and research. Individuals and institutions need to form more core groups, indicating that research groups mostly lack horizontal communication and cooperation, which is not conducive to knowledge flow and sharing in ecological context. The lack of a core group has led to limitations in the quality and level of research table 5.
[image: Figure 4]FIGURE 4 | 10 major research institutions of ecological concrete.
TABLE 5 | Distribution of ecological concrete research institutions from 2000-2022.
[image: Table 5]3.2.3 Analysis of major high-yielding authors
In bibliometric research, quantitative analysis of authors can not only discover and analyze the foremost representative scholars in the field of ecologically specific research, but also reflect the academic contributions of authors in this field. The journals published by key authors play a fundamental role in this area of research and are an essential basis for measuring the formation of research communities. According to Price’s square root law, the number of publications of the least productive author should be equal to 0.749 times the square root of the number of publications of the highest influential authors (Li et al., 2013). The core author with the highest publication frequency is Caijun Shi, who has published 102 papers. As shown in formula (1):
[image: image]
Where M is the minimum number of papers to identify the core authors; Nmax is the number of documents published by the author with the most significant number of articles.
The integer calculation can identify authors with a publication volume greater than or equal to 8 as core authors in the field. According to Lockart’s law, when the proportion of authors with eight publications is about 60% of the total number of authors, it can be determined that a core group of authors in the field has been created (Wang and Wang, 2007). The core group of ecological concrete authors is listed in Table 6. It can be seen that 72 authors have published more than eight papers (including eight documents), and the total number of articles issued is 888. Authors who have published more than eight papers account for 8.11% of the total number of authors, which indicates that the core authors of ecological concrete in the construction domain are not yet formed.
TABLE 6 | Number of key authors and publications of ecological concrete from 2000-2022.
[image: Table 6]Author collaboration network mapping was generated by VOSviewer software for core author group analysis. As in Figure 5, the size of the circles indicates the number of posts, and the thickness of the lines indicates the connections between authors who work closely together.
[image: Figure 5]FIGURE 5 | Collaborative network mapping of research authors in the field of ecological concrete construction.
It will be seen that the field of ecological concrete in architecture has only recently started to form several core groups of authors, which are the leading groups in the study of ecological concrete structures. Still, a large-scale author collaboration network has yet to form. In addition, most of the author collaborations are between domestic and foreign authors, and between foreign and domestic authors. It can be seen that with the global attention and promotion of ecological concrete, although its development is highly valued, the cooperation between authors is still weak. In the future research and development process, cooperation and mutual assistance between authors in different countries should be emphasized.
3.2.4 Co-citation analysis of literature on ecological concrete construction industry
To better explore the knowledge base and evolution of research in the field of ecological concrete buildings, this paper conducts a co-citation analysis of the literature related to the area of ecological concrete structures (Li and Chen, 2016), and uses CiteSpace to conduct co-citation analysis of the 5300 acquired documents, derives the top five papers in terms of co-citation frequency, and obtains a co-citation analysis table of ecological concrete literature to find its highly cited literature and understand. Critical results in this area have been obtained. The basic information of the top five positively mentioned literature in this area is shown in Table 7.
TABLE 7 | Top five highly cited literature for research in the field of ecological concrete construction.
[image: Table 7]Gartner (2004) discusses the practicality of replacing silicate cement with industrial byproducts such as blast furnace slag and fly ash, and identifies the durability of concrete made from such cement. Duxson et al. (2007) discusses current and future developments in sustainable cement production. Meyer (2009) introduced some of the cementitious materials that replace Portland cement and found that significant progress has been made worldwide in replacing aggregates with renewable materials, the most important of which are recyclable aggregates, including scrapped glass, tires, plastics, and by-products from paper and other industries, and summarized recent progress in improving the situation where concrete, in general, is not particularly environmentally friendly or does not meet sustainability requirements. Environment et al. (2018) presents eco-efficient cement as an industrially viable solution.
4 RESEARCH HOTSPOTS AND FRONTIER ANALYSIS OF ECOLOGICAL CONCRETE
The analysis of frequency keywords is more limited as a hotspot for identification research. In this paper, the clustering analysis of keywords can deepen the keyword co-occurrence relationship and calculate a set of keywords with a closer connection to form a topic cluster containing multiple groups of words and further study the topic structure in the field of ecological concrete construction (Callon et al., 1991; Law and Whittaker, 1992).
4.1 Research hot topic analysis
To further explore the analysis of research hotspots in ecological concrete construction, this paper analyzes keyword clusters as well as keywords through Figure 6 and Table 8. The 14 groups are divided into two parts.
[image: Figure 6]FIGURE 6 | Clustering mapping of research keywords in the field of ecological concrete construction.
TABLE 8 | High frequency keywords in the field of ecological concrete.
[image: Table 8]The first category of hot topics includes clusters such as #1 life cycle assessment, #12 sustainable design model, and #14 multi-scale computational model, which can be summarized as some methods, performance models, and evaluation systems based on the research of ecological concrete. “Construction”, “Design”, “Model”, “Pore structure ", “Pore structure”, and “Life cycle assessment” are the keywords of this section.
In China, based on research on recycled concrete technology, life-cycle assessment has been used to establish a whole-life-cycle environmental and economic performance assessment system for recycled concrete, analyzing, adjusting and setting key processes (Tian, 2012). A sustainable design model is a design that can be used on material structures to optimize the mix of building materials and reduce CO2 emissions. Choi et al. (2016) eveloped a sustainable design model for SRC composite structures, which was used to comprehensively analyze changes in CO2 emissions during construction of the building. Multiscale computational models are a method for multiscale modeling of interfacial connections in concrete structures. Gong et al., 2018 proposed a multi-scale simulation of visible mechanical damage to concrete caused by mixed microporous pressure. The combination of new models provides many new ideas for the study of ecological concrete (James et al., 2009; Jahn et al., 2012; Abson et al., 2017), and the integration of different models, disciplines, and fields is instructive for the development of ecological concrete in the construction field. Models can predict performance, and accurate models can reduce the number of experiments, shorten the experimental cycle, save time, cost, and materials, contribute to environmental protection, and enable new research topics and hot issues in the field to emerge and develop towards industrialization.
The second category of themes can be summarized as specific directions for the development of ecological concrete with the clusters #2 ultra- High-performance concrete、#3 recycled concrete aggregate、 #4 pervious concrete、#5 thermal properties、#6 3 days printing、#7 foamed concrete、#8 Glass cullet、#9 sodium chloride、#10 bfrp bar (Basalt fiber reinforced polymer (BFRP) bars)、#11 steel corrosion、#13 plastic waste these.
Due to the construction and development of railroads, highways, mines, and water conservancy projects (Andrew, 1990; Bennett, 1991; Cohen-Fernández and Naeth, 2013; Shao at el., 2014), a large number of exposed rock slopes and fragile banks slopes have been formed (Bengtsson at el., 2000; Zeng et al., 2020; Walia et al., 2017; Zeng et al., 2019). Affected by natural climates such as rainfall, weathering, and dry-wet cycles, the slopes are prone to runoff, resulting in a large amount of soil erosion (Caro et al., 2014; Handa et al., 2019). In this case, ecological concrete can meet the primary responsibilities of concrete and ecological conservation of biodiversity. Compressive strength, porosity, PH value, and vegetation properties affect its mechanical properties because when porosity is too high, good permeability promotes the decomposition of hydrates and reduces strength, while admixtures will inevitably affect durability (Wu et al., 2005; Wang et al., 2022). With the increasing demand for environmental protection and conservation, ecological concrete has attracted more and more attention (Zhang and Wen, 2008; Xiang et al., 2020). Previously, ecological concrete was mostly used in slope protection where the alkaline environment restricted the growth of plants (Shi et al., 2011; Wang et al., 2019; Wasim et al., 2022), so fly ash, silica fume, and rice hull ash are applied in vegetation concrete to replace cement and Portland cement to reduce the alkalinity of the internal environment while maintaining strength.
An essential technological breakthrough in ecological concrete is the reuse of waste concrete (Yu and Yu, 2009), and recycled concrete is a joint research topic in developed countries. So far, this has been done using recycled aggregates and waste materials such as corn cobs, shells, glass fragments, fabric and plastic waste, rather than ordinary aggregates made from recycled concrete. Pervious concrete has been increasingly used to reduce water runoff and improve water quality near sidewalks and parking lots, with high performance requirements, often with external admixtures such as silica fumigants and high-efficiency water dewatering agents to improve its performance. Foam concrete has high strength-to-weight ratio and low density, among other things. Its use reduces static loads on structures and foundations, which is beneficial for energy savings and reduces labor costs during construction. Amran et al., 2015 examines the composition, fabrication techniques and properties of foam concrete, providing a comprehensive insight into possible applications of foam concrete in today’s construction industry.
Due to the rapid development of ecological concrete, it has become a trend to combine technical and common concrete. 3D printed concrete combines 3D printing and concrete, and there are still many challenges in the level of technology and processing. 3D printed concrete is a new type of digitally manufactured concrete, with the addition of technology to increase shape complexity and reduce the use of materials in concrete, which is more environmentally friendly but lacks rheological and hardening properties. Numerical simulation and machine learning, an emerging method combined with ecological concrete construction, is an inevitable trend in concrete development (Jiang et al., 2018; Chang et al., 2020; Huang et al., 2020).
To promote the mass use of ecological concrete for the sustainable development of the world (Kim and Park., 2016; Gao et al., 2020; Faiz et al., 2022; Kong et al., 2022), researchers need to continue their efforts to realize the industrial production of ecological concrete table 8.
4.2 Analysis of research knowledge evolution
Emergent words, which can provide researchers with the latest evolution and direction of the discipline, refer to a sudden increase in the citation frequency of a particular document within a certain period. A larger number of citations indicates that many related studies have appeared. Thus, the recent emergent nature represents a research Frontier. Using the mutation detection algorithm of CiteSpace V, information on emergent words is obtained, as shown in Figure 7. After analysis, this period can be divided into three points in time. By tracing these emergent words, we can find that they are closely related to ecology and that the protection of the global environment and sustainable development have been the primary goals in the world since the last century, even now and in the future (Jacobs, 1999).
[image: Figure 7]FIGURE 7 | Summary of Ecological concrete mutation words.
Since 2000, concrete has been required not only to meet the requirements of being a structural material, but also to minimize load and negative impact on the global environment and contribute to global sustainability. Gupta et al., 2021 is focused on developing green self-compacting concrete using industrial by-products such as foundry waste sand, coal bed ash, waste tire rubber, copper slag and waste glass as acceptable aggregates substitutes.These industrial by-products have great potential for use in self-compacting concrete, leading to sustainable development. The reuse of waste concrete (Yu and Yu, 2009) is an essential technological breakthrough in the field of ecological concrete. There are many studies on the effect of waste concrete as recycled aggregate on the performance of recycled concrete (Chen et al., 2013; Zhang et al., 2018). Zou and Cao (2020) used waste concrete with different strengths to make regenerate aggregates and study their properties. In addition, attention has been paid to the resource utilization of industrial waste through innovative disposal methods, one of which is its use as a filling material or volcanic ash for concrete production. Ji et al. (2021) and Liu et al. (2021) prepared corn cob aggregate ecological concrete by mixing broken corn cob particles into recycled mortar. Xie et al. (2021) and Liu et al. (2020) prepared ecological concrete using volcanic stone as coarse aggregate with different porosity. Murugan et al. (2020) used shells as a substitute for granite aggregate. Olofinnade et al. (2018) used waste glass in concrete to achieve sustainable benefits of reducing solid waste and greenhouse gas emissions. Javali et al. (2017) proposed using aluminum slag and granular iron slag as partial replacement materials for cement and natural sand, respectively, to develop ecological concrete. The research on recycled aggregates has important implications for energy saving and emission reduction, as well as a new innovative direction for ecological concrete.
Since 2011, the concept of “life cycle” has been emerging. The basic idea of a life-cycle assessment is that all environmental burdens associated with a product or service must be assessed, from the raw material all the way through to waste disposal. When the need for raw concrete materials shifted to the study of recycled materials, it entered the “life cycle” category. The Life Cycle Assessment (LCA) is the only environmental assessment tool that avoids a positive rating that only includes the measurement of the transfer burden. Life-cycle assessment can provide recommendations for the optimal design of ecological concrete processes, suggesting strategies and policies for industrialization of recycled concrete that are consistent with national conditions, taking into account the issues that need to be addressed in the promotion of ecological concrete. After 2016, it can be concluded from the emergent words such as lightweight aggregate concrete, high strength, and permeable pavement that the development of ecological concrete tends to mature with the improvement of the economy and technology, and there are higher requirements for other properties other than the basic performance, such as light aggregate concrete and high strength permeable pavement. Lightweight aggregate concrete is characterized by its light weight, high strength, thermal insulation, fire resistance and good seismic performance, as well as its good deformability, low modulus elasticity and low shrinkage creep. It can be used in industrial and civil construction, among other projects, and has the advantage of reducing the weight of structures and saving material consumption. Permeable pavement makes porous concrete in cold climates to solve freeze-thaw and crack resistance problems. It can be seen that the development of ecological concrete in the construction sector is getting better, and the transition from ordinary ecological concrete to high-performance ecological concrete is just around the corner.
5 CONCLUSION
In this paper, we use the Web of Science core database as a data source and perform a statistical and visual analysis of the ecological concrete related literature in the field of sponge city construction from 31 December 1999 to 31 December 2021 with the help of CiteSpace and VOSviewer software. The study was conducted in a variety of aspects, such as number of publications, discipline type, core country, institution, authors, etc. The combination of clustering, keyword, and emergence analysis is used to effectively reflect the current status, hot spots, and frontiers of ecological concrete research in construction with high research reliability. However, sampling also lacks representability due to many imperfections in the literature. Thus, the literature mainly reflects information collected from dominant groups, and these issues still have to be overcome to obtain the most accurate data possible.
1) The research of ecological concrete is mostly concentrated in relatively developed regions, while relatively backward regions are in the state of “relatively independent research”, without core groups between individuals and institutions, which indicates that most research groups lack horizontal communication and cooperation, which is not conducive to the flow and sharing of knowledge in the field of ecological concrete. Strengthening cooperation among different subjects and directions is the key to interdisciplinary integration, and strengthening research cooperation is the key to the development of ecology.
2) Combining emerging methods such as methodological models, numerical simulations, and machine learning with ecological concrete to establish certain ecological concrete assessment systems, integrating different models, subjects, and different fields is the future trend that can increase the application of ecological concrete in construction and make it develop towards industrialization and popularization.
3) Different types of waste are used in place of cement or aggregates to make ecological concrete. In the future, there will be more diversity in alternative cement materials, innovation of more environmentally friendly ecological concrete technologies based on waste-resolved and recycled aggregates, and promotion of recycling of global construction waste in ecological concrete. Australia’s water resources: from use to management, 2007, Abdallah et al., 2016, Bengtsson et al., 2000, Chourou, Cohen, 2011, De Oliveira Andrade et al., 2018, Environmental Change Disasters and Security, 2011, Harris, 2008, Li et al., 2022, Liu et al., 2000, Owaid et al., 2013, Pandey, 2015, Saravanan et al., 2019, Sayne, 2011, Sergey et al., 2015, Shao et al., 2014, Tanaka, 1998, Vieira et al., 2016.
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To examine the strength and mechanical characteristics of self-compacting tailings, a direct shear test was conducted under various consolidation states and moisture contents to determine the cohesion and internal friction angle of the tailings. The degree of cohesion and the internal friction angle of unsaturated tailings increased initially before declining as the moisture content rose. The maximum cohesion and internal friction angle were reached when the moisture content was around 14%. When combined with the Coulomb shear strength formula and the tailings self-weight compaction model, the expressions for the active pressure and passive pressure of tailings at any height on the lateral restraint were obtained. An improvement in cohesion and the internal friction angle of unsaturated tailings was seen with increased consolidation stress, which became stable when the consolidation stress was greater than 1 MPa. The limited equilibrium method was used to establish the three-dimensional mechanical equilibrium of the cemented body. A strength model of cementation at the open stoping stage with subsequent filling was developed after the three-dimensional strength analytical model of cementation in step 1 was modified. The difference between the design value and the measured value was 0.2 MPa. The strength of the one-step cemented backfill design, as well as the design and erection of the backfill retaining wall, was supported technically and theoretically by this study.
Keywords: self-compacting tailings, cemented filling, strength model, active pressure, passive pressure
1 INTRODUCTION
The demand for mineral products in the national economy has continued to rise with China’s rapid industrialization and technological development, while production of solid waste, mullock, and tailings has also increased significantly. Long-term resource use and development can cause irreversible damage to the environment and the ecosystems that produce the natural resources. The idea of “green” development calls for the mining industry to develop in ways that utilize resources wisely, include recycling, and focuses on environmental protection. Promoting research and development on mine filling technology is therefore crucial (Zhang, 2014). According to the modern mining concept that “lucid waters and lush mountains are invaluable assets,” mine filling is frequently used as a supporting technology for green mining (Qiao et al., 2011; Chen et al., 2013; Qi et al., 2019). This satisfies the national directives.
Tailings are a structurally porous medium that is commonly used as the primary mine filling material (Edraki, 2014; Wu et al., 2016). Under pressure, tailings are easily deformable and the relationship between their compaction characteristics and the pressure of the overburden is nonlinear. Digital image technology was used by Cao et al. (2012) to examine the displacement development and evolution of sand compression under confinement. They stated that the displacement isolines were axisymmetrically distributed and that the sand displacement field resembled a parabola. Studies by Zhao (2020), Aursudkij B (2009), Wang and Qiao (2016a), Tian (2020), Li (2021), and Fall M (2005) showed that under conditions of unidirectional stepwise compression, the axial plastic strain of sand and tailings gradually increased. Because the characteristics of the early stage appeared more rapidly than the gradual changes of the late stage, stabilization was achieved. In their research on the density-compressibility of sand and tailings, Tian (2020) and Zhang et al. (2020a) showed that density had a significant impact on compressibility: as the material’s density improved, the compressibility increased. As Wu (2018) and Zhang et al. (2020b) noted, the confining pressure had a more significant impact than density on the compression characteristics of tailings. By examining the correlation between the density of the bulk material and the pressure, Wang et al. (2016b) and Han (2019) reported that the density increased as a power function with increases in pressure.
The self-compacting lateral expansion and tailings flow would invariably create active pressure (lateral pressure) on the structures (retaining walls and cement bodies), which could increase the stability of the structure. Several researchers, including Song (2020), Li (2017), and Yuan (2011), directly monitored the active pressure of tailings acting on a retaining wall. With increasing stability, the pressure on the backfilled retaining wall showed a nonlinear growth relationship with filling height. The pressure of earth on the retaining wall was simulated by Xiao (2020) using the discrete element method, and the pressure on the retaining wall was shown to have a nonlinear growth relationship with the increase in height. Wang (2015) and Wang et al. (2016b) performed a theoretical derivation for calculating the tailings lateral pressure and found a linear growth relationship between tailings active pressure and filling height. The effect of tailings active pressure on the stability of a cemented body was assessed by Cao (2015), (2017), (2018), Yang et al. (2018), Liu (2005), and others. These authors treated the tailings active pressure as a linear distribution. Through experimental research on the lateral pressure of rigid earth walls, Dou (2017) demonstrated that the lateral pressure coefficient improved with the increase of soil compression deformation. Cai (2020) investigated the factors influencing the lateral pressure coefficient and discovered that as the soil’s relative density increased, the lateral pressure coefficient value of sandy soil of the same particle size gradually increased. With increasing particle size, the lateral pressure coefficient for sand at the same density decreased. Yu (2020) suggested a nonlinear calculation method for the static earth pressure coefficient of coarse-grained soil based on a nonlinear distribution law of earth pressure. Gao et al. (2022) analyzed the layered cement tailings backfill using PFC 3D simulation. Cabalar (2021) ran tests to determine the characteristics of how waste rock powder inclusion affected consolidation at varying rates. The results showed a substantial decrease in compression index (cc), swelling index (cs), initial void ratio (eo), and volumetric compressibility (mv) and an increase in the coefficient of consolidation (cv) up to about 25%. Zhou (2020) showed that the cubic compressive strength, axial compressive strength, splitting tensile strength, and plastic modulus of solid concrete with self-compacting iron tailings all decreased with an increase in the iron tailings powder replacement rate.
The current tailings flow characteristics are adequately distinguished by active pressure (Zhai et al., 2010; Li et al., 2020). The distribution law and the factors affecting the influence of active pressure on tailings and other bulk media have been the subject of numerous studies, but some inconsistency still exists in the research. The effect of the self-compacting behavior of tailings on their physical and mechanical properties has been disregarded, which causes errors in the calculation and faulty designs of backfill retaining walls, ore pillars, and fillers. Previous studies have not adequately explored the relationship between height under self-gravity stress and physical and mechanical properties of tailings backfill such as porosity, water content, cohesion, and internal friction angle. A specific theoretical reference can be provided from the physical and mechanical characteristics of self-compacting tailings to facilitate secondary mining of lost pillars or residual pillars left over from initial mining.
In this paper, the relationship between cohesion and internal friction was assessed using the consolidation test and the direct shear test, and the angle of tailings and consolidation stress at various moisture contents were examined. A model of the strength of a cemented tailing body was constructed using this information as a foundation. The model offers some technical assistance and theoretical guidance for the design and construction of the backfill retaining wall and the one-step cemented backfill cube. In addition, this study provides a foundation for future research on the stability of the entire stope as well.
2 MATERIALS
Unclassified mine tailings were selected as the test material, and their basic physical and mechanical parameters are shown in Table 1. The grading of unclassified tailings is shown in Table 2. The gradation curve of tailings particles is shown in Figure 1. From the results of grading tests, it can be calculated that the effective particle size is 0.0381 mm, the continuous particle size is 0.0674 mm, the average particle size is 0.1116 mm, and the control particle size is 0.1414 mm.
TABLE 1 | Basic physical parameters of unclassified tailings.
[image: Table 1]TABLE 2 | Gradation of unclassified tailings.
[image: Table 2][image: Figure 1]FIGURE 1 | Grading curve of unclassified tailings.
3 METHODS
3.1 Direct shear test under conditions of lateral limit consolidation
The tailings backfill was compressed under its own weight to yield a certain density, so the self-compacting behavior was simulated under conditions of confining compression and the shear strength indicators (cohesion and internal friction angle) were determined by a direct shear test (Chen et al., 2014). The main part of the direct shearing instrument was the shearing box, which was divided into a fixed upper box and a movable lower box. For the test, the tailings sample was put into the shearing box, a normal compressive stress was applied to the sample first, and then a horizontal shear force was applied to the lower box for shearing. The shear stress of the sample was obtained by determining when the shear plane between the upper and lower boxes failed. The shear strength, cohesion, and internal friction angle of the backfill tailings were then determined according to Coulomb’s law.
3.2 Test design
The strength characteristics of tailing sand were determined by the direct shear test under uniaxial compression and consolidation conditions (Liang et al., 2018; Ming et al., 2016; Jiang et al., 2018). The tailing sand filling in the extraction area had been left in place for a sufficient time. The water content of the tailing sand filling in the different extraction areas varied because of the different dewatering conditions, while the self-compacting tailing sand filling was in a non-saturated state. The water content of the non-cementing tailing sand filling was generally below 20%. The pore water in this range existed in the form of combined water and capillary water, which could not be dewatered by compression. In accordance with the pore ratio, the initial water content of the specimen was configured, and the prepared specimen was put into a plastic bag for 24 h to ensure that the moisture was evenly distributed, and then it was put into the configured ring knife. A specimen with a bottom area of 30 cm2 and a height of 2 cm was formed. The consolidation test was carried out over a range of pressures: 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, and 1.2 MPa. The loading time was defined for a compression deformation of ≤.01 mm. The specimens were put into a ZJ-type strain-controlled straight shear apparatus (Figure 2) after consolidation, and positive stresses of 0.1, 0.2, 0.3, and 0.4 MPa were applied from left to right. The shear stress at a shear rate of 0.8 mm/min was obtained by direct rapid shear without drainage. Three parallel tests were carried out for each group, and the means of the test data were recorded as the final results (Figure 3).
[image: Figure 2]FIGURE 2 | ZJ strain-controlled direct shear instrument.
[image: Figure 3]FIGURE 3 | Shear plane after disassembly by the direct shear test.
3.3 Shear strength index change pattern
Water content and consolidation stress are important factors affecting the shear strength index of tailing sand (Lin et al., 2019). Different water contents and consolidation pressures led to significant differences in the shear strength index of tailing sand Under each consolidation pressure on the confined tailings, the normal stress and shear stress were linearly regressed according to the Coulomb formula. As an example, direct shear test data were collected from tailings at 0% water content under a consolidation stress of 0.1 MPa. The abscissa represented normal stress, while the ordinate showed the shear stress, and a linear regression was performed (Figure 4).
[image: Figure 4]FIGURE 4 | Shear strength line of tailings with 0% moisture content under the consolidation stress of 0.1 MPa.
4 RESULTS
4.1 Shear strength index in relation to moisture content
The relationship between cohesion and angle of internal friction and moisture content is shown in Figures 5, 6. The cohesion and internal friction angle of unsaturated tailing sand followed a variation law of increasing then decreasing with increasing moisture content. The cohesion and internal friction angle of tailing sand were the highest at a moisture content of about 14%. When the moisture level was <14%, the cohesion and internal friction angle increased with increasing of moisture content; however, when moisture content was >14%, the cohesion force and the internal friction angle decreased with increasing moisture. The decreasing range gradually increased, until the angle of internal friction was the same (Zhang et al., 2021). The increasing water content of the tailing sand indicated that it had reached saturation. The high moisture content of the tailing sand triggered the alternative pore structure that resulted in a reduction in its ability to withstand shear. The water content had a significant impact on the particle viscosity of the tailing sand and the pore water pressure, which also changed the shear strength index.
[image: Figure 5]FIGURE 5 | Relationship between cohesion and moisture content.
[image: Figure 6]FIGURE 6 | Relationship between internal friction angle and moisture content.
When the moisture content in the tailing sand was low (0%–6%), water could be adsorbed by the particles. With a large amount of air and a small amount of liquid in the pore structure, the viscosity and pore water pressure of the tailing sand particles were lower and the cohesion and internal friction angle were relatively small. When the moisture content increased from 6% to 14%, the pores were partially filled with water, increasing the ratio of liquid to gas in the pores and the thickness of the water film on the particles. The higher water content increased the pore water pressure within the tailing sand skeleton, while its density gradually increased. The pore water linked the tailing sand particles together, thus improving cohesion and the internal friction angle. A high water content (>14%) increased the pore water pressure even further, while the water film became thinner as the pore water tension decreased. The viscosity between the tailing sand particles gradually weakened, which resulted in decreased shear strength. When the moisture content was increased even more, including the combined water in the pores, the tailing sand particles were separated by free water, and their ability to withstand shear was weak.
4.2 Relationship between shear strength parameters and consolidation stress
Combined with the consolidation test results, the relationship between cohesion and internal friction angle and consolidation stress is shown in Figures 7, 8. In Figures 7, 8, the cohesion and internal friction angle of unsaturated tailing sand generally showed an increasing variation law with the application of consolidation stress, and the increasing proportion of particles in contact with each other increased the contact area. The cohesion force and internal friction angle of tailing sand increased significantly in the early stages of consolidation stress during the whole compressive consolidation process. However, the cohesion force and internal friction angle showed a smaller growth trend with improvement in consolidation stress, which indicated that the tailing sand had become denser and more difficult to compress and consolidate. The cohesion and internal friction angle changed the most during the first stage of consolidation stress (0.1 MPa). Because the tailing sample before the first stage consolidation stress was in a naturally loose state, the pore volume between particles was the largest, and the cohesion and internal friction angle were the smallest. The cohesion and internal friction angle decreased rapidly when subjected to the first stage of compressive stress. Contacts between particles continued to increase, and the friction state was strengthened, so that the shear strength of the first stage 0.1 MPa consolidation changed the most. With increasing consolidation stress, the solid particles continuously migrated and were squeezed, causing the particle contact area to increase. The meshing effect between the particles was strengthened, while the friction and resistance between them increased, making it harder for the particles to move. The shear stress required to produce shear damage increased, and the shear strength of the tailing sand increased together with the cohesion and internal friction angle. The shear strength parameter of the tailing sand was basically in a stable state at 1 MPa pressure with the increase in consolidation stress. The development of cohesion and internal friction angle of the tailing sand was very low, reflecting the fact that the tailing sand sample was very dense. The change in pore volume was lower and tended to be stable, along with the cohesion and internal friction angle.
[image: Figure 7]FIGURE 7 | Relationship between cohesion and consolidation stress.
[image: Figure 8]FIGURE 8 | Relationship between internal friction angle and consolidation stress.
4.3 Self-compacting strength properties of tailing sand
When the moisture content was equal, the shear capacity of the tailing sand increased as consolidation stress increased. The ultimate shear strength at the time of damage was increased due to the strengthening of the compressed particles linked to the tailing sand. The shear strength index followed a characteristic power function with increasing consolidation stress (Figures 6 and 7). In order to describe the relationship between cohesion, internal friction angle, and overburden stress (consolidation stress) of tailing sand under the different moisture content states utilized, a power function was constructed (Eq. 1):
[image: image]
The relationship between cohesion, c, and overlying consolidation stress is shown in Eq. 2:
[image: image]
The relationship between the angle of internal friction, φ, and the overlying consolidation stress is shown in Eq. 3:
[image: image]
where c is the cohesion of the tailing sand under consolidation stress in MPa; φ is the internal friction angle in degrees of the tailing sand under consolidation stress; σv is the consolidation stress on the tailing sand in MPa; σm is the critical stress when the tailing sand is stable, under a pressure of 1 MPa; vc and vφ are the coefficients related to compressive consolidation; zc and zφ are the coefficients related to initial pore space; uc is the cohesion force in MPa related to initial cohesion; and uφ is the internal friction angle in degrees relative to the initial internal friction angle.
Wu et al. (2018) constructed a relationship between the vertical consolidation stress of the water-bearing tailing sand and the depth of burial height as:
[image: image]
Substituting Eq. 4 and 2 into Eq. 3, we obtain the cohesion of the tailing sand, the angle of internal friction, and the height of burial depth as a function of:
[image: image]
4.4 Tailing side pressure
Restricting the flow of tailings and carrying the lateral pressure was one of the key functions of the cemented body for filling an empty field. Tailings side pressure was employed as active pressure. In Figure 9, the maximum principal stress, σ1tailing, was the weight of the overlying tailings on the tailings unit at any height on the contact surface between the tailings and the cemented backfill. The minimum principal stress, σ3tailing, was the stress between the tailings and the cemented backfill, i.e., the lateral pressure of the tailings to the cemented backfill. It was assumed that the unit body on the contact surface between the tailings and the cemented backfill was in a limit equilibrium state under the stress conditions of σ1tailing and σ3tailing. Then, in a Cartesian coordinate system composed of normal stress and shear stress, the strength curve of the unit body was tangent to the stress Mohr circle, as shown in Figure 10.
[image: image]
[image: Figure 9]FIGURE 9 | Tailings active pressure diagram.
[image: Figure 10]FIGURE 10 | Limit equilibrium analysis of active state of tailings.
In the right triangle, ABO’, in Figure 10, AB is trigonometrically related to O'A to obtain Eq. 7:
[image: image]
The aforementioned equation was simplified and organized by using the following trigonometric relationships (Eq. 8):
[image: image]
Eq. 7was simplified into Eq. 9:
[image: image]
The angle between the slip plane of the tailings and the maximum principal stress action surface (horizontal plane) is 45°+φ/2, and the limit equilibrium condition of the tailings active pressure state is simplified to Eq. 10:
[image: image]
The resultant active pressure of tailings at any height, h, on the contact length, L, gives the lateral restraint as Eq. 11:
[image: image]
When the lateral restraint was displaced or rotated relative to the direction of the tailings packing body under the action of an external force, the tailings packing body was squeezed, resulting in a tendency to upward sliding failure. When the horizontal stress exerted by the outside was greater than the vertical self-weight stress of the tailings and becomes the maximum principal stress, the tailings were compressed in the horizontal direction and their damage was affected by the resistance of the shearing force of the tailings. The tailings were in a passive state, and as the relative displacement of the confinement constraint increased, the horizontal stress of the tailings increased accordingly until the shear stress on the sliding surface reached the shear strength of the tailings. Consequently, the tailings were in a passive limit equilibrium state as shown in Figure 11. The angle between the slip plane of the tailings and the maximum principal stress action surface (vertical plane) was 45°+φ/2, and the angle between the slip plane and the horizontal plane was 45°-φ/2.
[image: Figure 11]FIGURE 11 | Limit equilibrium analysis of tailings in the passive state.
The ultimate equilibrium condition of the passive pressure of the tailings is shown in Eq. 12:
[image: image]
The resultant passive pressure force of tailings at any height, h, on the contact length, L, with lateral restraint is given by Eq. 13:
[image: image]
We provided a detailed analysis and discussion of the law of the self-weight compaction of tailings (the relationship between tailings density and height) (Edraki 2014). Thus, the variation in the relationship between tailings density and height satisfies a power function as shown in Eq. 14. Tailings density increased with increasing height, and the growth rate decreased.
[image: image]
The relationship between the bulk density of the tailings and the height is as follows:
[image: image]
In
[image: image]
where i, j, and l are constants related to the tailings density, a and d are compressibility constants, ε0 is the porosity in the natural loose state of tailings, and g is the acceleration of gravity.
5 DISCUSSION
5.1 Strength model of cementitious body at the empty field stage with subsequent filling
In the continuous mining method with subsequent filling in an empty field, a II-step mine room was mined under a I-step colluvial artificial ore pillar. The I-step colluvial artificial ore pillar possesses a certain bearing capacity and has self-supporting strength, and in a stable state, it supports a certain exposure area and self-supporting height under its own self-supporting strength (Yang et al., 2018; Li et al., 2021a; Li et al., 2021b). The I-step colluvium was subjected to the most unfavorable state of a II-step mine room excavation exposure on one side, while the other side faced the active pressure effects of non-colluvial tailing sand (Liu et al., 2022). A three-dimensional analytical model of the self-supporting strength of the cemented fill in the most unfavorable state was established in the literature (Han et al., 2019; Liu et al., 2019) as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Schematic diagram of the mechanical model of I-step cemented filling.
In Figure 12, the limit equilibrium method was used to establish the three-dimensional mechanical equilibrium of the cemented body:
[image: image]
In Eq. 17:
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It can be deduced that
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The two coefficients in Eq. 19are
[image: image]
The influence of the tailings on the stability of the cemented body under pressure was increased under ideal conditions within height h0 (the influence of the tailings cohesion and internal friction angle with the depth of burial on the active pressure and the effect of the cemented body on the fracture of the tailings were ignored). Therefore, the results of the derivation of tailings active pressure in which the cohesion and internal friction angle change with the burial depth under the aforementioned pressure conditions were used to modify the three-dimensional strength model of the cemented body in step I (Edraki 2014; Guo et al., 2019), and the cohesion of the cement in step I was calculated. When φ = 5°∼45°, both parameters in Eq. 20 are approximately equal to 1. Therefore, Eq. 19 can be simplified to
[image: image]
The corrected result of the uniaxial compressive strength of the cemented body in step I is shown in formula (22):
[image: image]
The corrected result of the shear strength of the cemented body in step I is shown in formula (23):
[image: image]
The parameters in the formula are as follows:
[image: image]
In
[image: image]
In the formula, Ccemented is the cohesive force required for the self-supporting strength of the cemented filling body in MPa; σc(cemented) is the uniaxial compressive strength required for the self-supporting strength of the cemented filling body in MPa; τcemented is the shearing strength required for the self-supporting strength of the cemented filling body in MPa; γ is the bulk density of the cemented backfill in MN/m3; γ1 is the bulk density of the loose rock overlaying the top of the cemented backfill in MN/m3; γ2 is the bulk density of the surrounding rock on the sidewall of the cemented backfill in MN/m3; changed bulk density of self-compacting tailings in MN/m3; F is the resultant force of the non-cemented tailings on the lateral active pressure of the cemented backfill in MN; Ns is the force of the surrounding sidewall rock on the cemented backfill in MN; α is the backfill body sliding angle in degrees; θ is the sliding angle of the side rock in degrees; f is the general hardness coefficient of the side rock; H is the height of the cemented backfill in m; HA is the height of the cemented backfill on the potential slip surface in m; W is the contact width between the cemented backfill body and the sidewall surrounding rock in m; L is the contact length of the cemented backfill body and the self-compacting tailings in m; c(h) is the tailings cohesion that varies with burial depth and height in MPa; and φ(h) is the internal friction angle of tailings that changes with the height of burial depth in degrees.
5.2 Industrial validation
5.2.1 Industrial test scheme
To overcome the effects of high dilution rate, high loss rate, and low mining efficiency of the thick, gently sloping ore bodies in the Dahongshan Copper Mine, a two-step empty field was adopted on the lines B49-54 of the I2 and I3 ore bodies in the middle section of 285. The backfill mining method provided continuous mechanized mining without pillars in the panel. The ore body in this panel was relatively regular, high-grade, and continuous. A certain amount of engineering has been invested, which was more convenient for industrial testing and better reflects the advantages of continuous mechanized mining. The plan view of the continuous mining scheme is shown in Figure 13. (1), (2), and (4) show the one-step mine stopes that were cemented and filled, as shown in Figure 14.
[image: Figure 13]FIGURE 13 | Continuous mining plane diagram.
[image: Figure 14]FIGURE 14 | One-step stoping and subsequent cemented filling.
To confirm the effects of the lateral pressure of the mine house self-compacting tailings on the cemented ore pillar in the aforementioned stopes, the cemented ore pillar of the second section B 49–51 in the middle section of 285 was selected as the test stope with on-site real-time tracking and monitoring of vertical pressure. In order to eliminate the need to place the pressure cell under the surrounding rock, a #9 pressure cell (TGH type pressure cell) was embedded at a horizontal distance of about 5 m from the retaining wall. The pressure cell was placed on the bottom 500 mm, and a #10 pressure cell was embedded in the 35 m cemented body (Figure 15).
[image: Figure 15]FIGURE 15 | Schematic diagram of pressure cell embedding.
5.2.2 Industrial test results
The strength design of the cemented body in step I in the section adopted the revised formula (19), and the design of the cemented body strength model (for convenience called the original strength design) was carried out by ignoring the cohesive force and the internal friction angle and only considering the compression conditions. Based on the mine filling system and filling multiplier, the layer height was set at 10 m for calculation, and the relationship between strength and height was found to be inversely related. In the mining sequence (2), the cemented ore pillar in the second section of B49–51 in the middle section of 285 was the filling design of the test stope, as shown in Table 3. The relationship between the measured compressive stress of the #9 pressure cell and time is shown in Figure 16, and the relationship of the measured compressive stress of the #10 pressure cell with time is shown in Figure 17. The acquisition time was counted from the beginning of the packing of the cemented ore column.
TABLE 3 | Strength design of B49–54 line cements in the middle part of 285.
[image: Table 3][image: Figure 16]FIGURE 16 | Curve showing changes in #9 pressure cell monitoring data with time.
[image: Figure 17]FIGURE 17 | Curve showing changes in #10 pressure cell monitoring data with time.
The trend of the measured pressure values of the #9 and #10 pressure cells with time were consistent. The vertical stress of the cemented filling body increased with the improvement in filling height. The strength of the cemented body was designed by utilizing the modified step I filling strength model, and the safety factor was 1.2. In the revised design, the strength at the bottom of the cemented ore pillar of line 49–51 in Section II was 2.06 MPa, and the measured maximum vertical pressure at the bottom was 1.82 MPa. The designed strength according to the layer height of 35 m was 1.36 MPa, and the actual measurement of the maximum vertical pressure at the corresponding height was 1.17 MPa, which means that the measured value of the cemented pillar strength was less than the design strength.
By comparing the design value of this model with the empirical model of the Anqing Copper Mine and the model of Liu Zhixiang, it can be seen that the design value of the Anqing Copper Mine model was lower than the measured value, which is quite dangerous in practical terms. In addition, the calculated value of the Liu Zhixiang model is obviously larger than the design value of the model in this paper, which is significantly different from the measured value. The model in this paper not only returned a design value in a reasonable range but also provided a safety space, which enhanced its practical advantages.
5.3 Development direction
Artificial intelligence is the future development direction of the mining industry, and engineering mechanics is necessary in mining engineering. Therefore, using an artificial intelligence algorithm to solve practical problems of engineering mechanics is one of the current goals of mining engineering development. If the artificial intelligence algorithm can be integrated into the scientific research of mining engineering, a large number of complicated test processes will be saved, and the results will be safer and more reliable. The machine learning models have higher LSP performance than general statistical and heuristic models due to their high AUC accuracy and reasonable LSI distribution features (Huang et al., 2020a). The ultimate purpose of strength design is to ensure the safety of underground mining. It is also crucial for predicting the instability and failure of pillars. There are various methods of prediction, such as deep learning (Huang et al., 2020b), semi-supervised learning (Huang et al., 2020c), and unsupervised learning (Chang et al., 2020). In the next stage, the research focus will be on the development of a prediction model for the strength of cemented backfill in various mining methods, to find out which machine learning algorithm can best reflect the strength law of cemented backfill.
6 CONCLUSION
Unsaturated tailings exhibit a first-order increase in cohesive force and internal friction angle that decreases with increasing moisture content; the maximum cohesive force and internal friction angle were observed at 14% moisture content. When the consolidation stress was greater than 1 MPa, the cohesive force and internal friction angle tended to be stable and increased with consolidation stress. The analytical model of a cemented body’s three-dimensional strength was altered, and the cemented body’s cohesive force correction result was resolved. The cemented backfill’s uniaxial compressive strength was then measured. In the second section of the B49–51 line of the I2 and I3 ore bodies in the middle of section 285 of the Dahongshan Copper Mine, the research findings were used to produce cemented pillars. The measured results of the ore pillar’s vertical stress and the cemented body’s strength value, which has been adjusted for the tailing self-compaction law, differed only slightly. At about 0.2 MPa, the difference was under control. The modified strength model is reasonable, ensures individual safety, and can increase mining production efficiency, as demonstrated by the industrial application.
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New staggered story isolated structure is a new type of isolated system. This paper explores the failure mode of a new staggered story isolated structure with the increment dynamic analysis (IDA) method. On the basis of a finite model of a new isolated structure with staggered stories, a failure criterion for isolated structure was established. The findings indicate that the new staggered, isolated structure has good collapse resistance. When the story angle limit is 1/100, the primary structure will fail before the isolated layer in the event of a strong earthquake, and failure typically happens at the base of the structure where components with a higher bearing capacity should be used. Under the impact of the P-δ effect, the upper isolated layer is more prone to failure than the lower isolated layer. The upper isolated layer may have a tensile stress exceeding 1MP and a horizontal displacement exceeding 385 mm, which may lead to the risk of structural overturning. Therefore, higher strength supports should be selected for the weak position of the isolated layer.
Keywords: isolated structure, failure criterion, failure mode, IDA, failure path
1 INTRODUCTION
The new staggered story isolated structure is a type of multi-layer isolated structure derived from the foundation isolated structure and the inter-story isolated structure. The study found that, compared with general seismic structures, when a high-rise building is equipped with a seismic isolated layer, the upper structure above the seismic isolated layer has high seismic resistance as a seismic isolation structure, which can greatly reduce the risk of physical damage to the building(Sueoka et al., 2004; Tsuneki et al., 2008; Becker et al., 2015). The traditional isolated structure designates a particular layer as the isolated layer, while the new staggered story isolated structure distributes the isolated layer in different layers of the structure. The new staggered story isolated system is applicable to the frame-core tube structure, and its most notable feature is to ensure the coherence of the core tube part. The isolated bearings of the new staggered story isolated structure are not arranged on the entire isolated layer but staggered in two isolated layers with different heights. The base isolated layer of the core tube is positioned at the base of the structure, while the upper isolated layer of the frame is located in the middle of the primary structure. Figure 1 shows the model schematic diagram of the traditional frame-core tube structure and the new staggered story isolated structure.
[image: Figure 1]FIGURE 1 | The model schematic diagram: (A) Traditional frame-core tube structure, (B) new staggered story isolated structure.
Currently, the isolated system has been widely used in engineering (Kelly, 1990; Faiella and Mele, 2020) and unique architectural structures (Whittaker et al., 2018; Zhou et al., 2018). It is proved that the isolated structure has a good aseismic performance by comparing the structural response of the isolated structure and aseismic structure under ground motions (Pant and Wijeyewickrema, 2012; Tavakoli et al., 2015). Several scholars have compared the structural responses of different types of seismic isolators under ground motions and discovered that different types of isolators have distinct control effects on seismic responses (Derham et al., 1985; Castaldo and Tubaldi, 2018; Shan et al., 2020). Taha Nazarnezhad et al. (Nazarnezhad and Naderpour, 2021) focused on the vulnerability of base isolated structures under near-fault ground motion and found that structural damage was induced mostly by excessive floor acceleration. Ye et al. (2009) optimized the Calvin model to simulate the collision behavior of the base-isolated structure under near-fault ground motion and discovered that the excessive flexibility of the isolation system may result in the base-isolated structure. Zhuang et al. (Haiyang et al., 2014) evaluated the seismic response of the isolated structure considering the SSI effect through a shaking table test and found that the SSI effect would diminish the isolated efficiency of the isolated layer. Kim et al. (2018); Kim and Kang, (2018) investigated the isolated performance control of high-rise inter-story isolated structures. Several optimization methods have been proposed to evaluate the structural response of isolated structures subjected to the combined effects of ground motion and wind (Wang et al., 2012; Loh et al., 2013; Zhao et al., 2019). Zhou et al. (2016) proposed a simplified model that can be utilized for inter-story isolated structures and analyzed the influence of the isolated layer on the reduced structural response at various heights, revealing that the lower the isolated layer, the greater the effect. Chang et al. (Chang and Zhu, 2011) obtained the vulnerability curve of the inter-story isolated structure using dynamic inelastic time-history analysis with random samples, and the analysis demonstrated that the inter-story isolated structure possessed superior response characteristics than the RC structure. Liu et al. (2022); Zhang et al., (2022) compared the new staggered story isolated structure with the traditional seismic isolated structures and found that its seismic performance is better than that of the inter-story isolated structure and that the structural stiffness is reduced when considering the SSI effect.
The partial or weak layer failure mode typically causes structural collapse, which leads to the failure of the anti-collapse performance of the structure to fully play, rendering it unable of effectively resisting the impact of earthquakes or other effects. Therefore, it is crucial to identify the failure modes of structural systems, control and reinforce them (Song et al., 2017). Failure modes of structures are mostly addressed using dynamic incremental analysis (IDA) as a subfield of reliability theory (Zhou et al., 2013; Yan and Xu, 2018; Güneş and Ulucan, 2021; Pan et al., 2021). Shoma Kitayama et al. (Kitayama and Constantinou, 2019) employed Push over method to determine the collapse resistance of isolated structures. Through the study of different structural models, it is found that compared with the traditional push over method, the IDA method has higher accuracy in evaluating the seismic demand and capacity of the structure(Navideh et al., 2012; Ahmadi et al., 2020; Shafigh et al., 2021). On the basis of the IDA method, a vulnerability assessment of super high-rise structures is conducted, and a combined control scheme is developed to control the structural inter-story displacement (Zheng et al., 2015; He and Lu, 2019). For the isolated structure, it has been determined that the failure of the structure typically happens in the isolated layer (Zhang et al., 2018; Shi and Du, 2021) or weak spots of structures below the isolated layer (Tan et al., 2020). Liu et al. (Jin et al., 2020) calculated and analyzed the dynamic reliability of the inter-story isolation system to determine the total failure probability of the structure. Du Yongfeng et al. (Du et al., 2018) utilized the non-linear Pushdown analysis method to study the vertical continuous collapse mechanism of the base isolated structure. They compared the failure rates of the isolated layer and the superstructure and discovered that the isolated layer was more prone to failure. Castaldo et al. (2015) proposed a method for evaluating the reliability of base isolated structures based on single/bidirectional displacement limit states. Tan et al. (2017) studied the failure modes of isolated continuous girder bridges subjected to strong ground motion by using the weighted rank sum ratio method combined with the established three-dimensional finite element bridge model. For the failure mode optimization scheme of wood structures, it was determined that the material properties of wood (Franke et al., 2015) and structural stress (Huan et al., 2018) should be taken into consideration.
Scholars have extensively employed the IDA approach to analyze the failure modes of various structures systematically, but there is no relevant research on the failure modes of new staggered story isolated structures. The ground motions with different spectral characteristics will induce the dispersion of IDA analysis results. Therefore, ten ground motions that are in good agreement with the response spectrum of the seismic specification are selected to limit the difference in the study results. After determining the failure mode of the new staggered story isolated structure, the weakest failure mode of the new staggered story isolated structure is optimized by reinforcing the isolated layer and weak components to enhance the seismic performance of the new staggered story isolated structure. The conclusions of the study will provide an urgent theoretical basis for seismic isolation design in areas with potential earthquake hazards and promote the development of seismic isolation design methods and the improvement of seismic isolation measures for high-rise building structures.
2 MODEL OF NEW STAGGERED STORY ISOLATED STRUCTURE
2.1 Structural design
The model structure under investigation is an 18-story frame-core tube structure. According to the requirements of Code for Seismic Design of Buildings (Ministry of Housing and Urban-Rural Development (2010), Code for Design of Concrete Structures (Ministry of Housing and Urban-Rural Development (2010), and Technical Specification for Concrete Structures of Tall Buildings (Ministry of Housing and Urban-Rural Development (2010), YJK is used for seismic structure design. Seismic fortification intensity of 8° (.2 g). The base isolated layer is positioned at the bottom of the core tube, while the upper isolated layer is positioned in the seventh layer of the structure. The height of the isolated layer is 1.6 m. The concrete grade of the beam, column, plate, and shear wall is C40, and the protective thickness of beam and column is 20 mm. The plan of the structure is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | The plan of the structure(mm).
The column section size is 800 mm × 800 mm in 1–10 layers, 700 mm × 700 mm in 10–18 layers, the beam section size is 750 mm × 350 mm, the connecting beam is 700 mm × 350 mm, and the thickness of the shear wall of the core tube is 250 mm. After seismic isolated design, the major structure according to 7° (0.15 g) seismic isolated fortification reinforcement design and the longitudinal reinforcement and stirrup of the beam, column, and shear wall is HRB400, the rest of the reinforcement using HPB300. Figure 3 depicts the structural model elevation and isolated bearing layout strategy.
[image: Figure 3]FIGURE 3 | The structural elevation and isolated bearings layout.
2.2 Structural modelling
Structural failure is a highly complex dynamic response process due to the presence of many strong non-linear factors. The softening effect of concrete is the primary cause of structural failure and even collapse. The elastoplastic damage constitutive model of concrete is found to be superior at capturing the complex post-negative peak behavior of concrete. In this paper, a double scalar elastoplastic damage constitutive model of concrete is used to simulate and express the failure modes of structures subjected to ground motion, and the expressions are as follows:
[image: image]
where [image: image] and [image: image] are stress and strain, respectively; [image: image] is the initial elastic stiffness tensor; [image: image] is the unit tensor; [image: image] is the plastic strain tensor; [image: image] is the damage tensor and can be decomposed into
[image: image]
where [image: image] and [image: image] are the damage variables under tension and compression, respectively; [image: image] and [image: image] are the projection tensors of the damage variables, which are obtained from the effective stress through spectral decomposition.
Parameters of lead-rubber isolated bearings are listed in Table 1. LRB700 bearings are selected for the structure and arranged at the base of the core tube and the seventh layer of the frame, respectively. The seismic isolated bearing meets the design standard that the compressive stress of the structure under gravity load is less than 15 MPa. The ratio of the average response spectrum value of the ground motion combination to the standard response spectrum value in the first-order period is considered to be between 0.8 and 1.2. Abaqus was utilized for the non-linear analysis of the structure, fiber beam elements were utilized for the beam and column, layered shell elements were utilized for the shear wall, and Connector elements were utilized for vibration isolated bearings. The constitutive model of concrete, reinforcement and isolated bearings are shown in Figure 4. Linear dynamic analysis is performed on the structural model established in ABAQUS, and the structural modal periods and modal participation factors are obtained, as shown in Table 2.
TABLE 1 | Parameters of lead-rubber isolated bearings.
[image: Table 1][image: Figure 4]FIGURE 4 | Material models: (A) Reinforcement, (B) Isolated bearings, (C) Concrete.
TABLE 2 | Structural Modal periods and modal participation factors.
[image: Table 2]The behavioral model in Figure 5 clarifies the design process. By reading the structural model file in YJK, a three-dimensional geometric model of the structure is generated (Model_Nodes.inp, Model_Elements.inp). Then read the design result file to record the component section, material and reinforcement information, and finally output the inp model data file (Model_Sections.inp, Model_Material.inp, Model_Boundary.inp et al.) that can be read by ABAQUS through model processing. The generated model is solved by implicit algorithm and explicit algorithm in two steps in ABAQUS. The first step is to submit the Model.inp to the ABAQUS/IMPLICIT module for static analysis under the action of gravity. The second step is to read the new model file generated by the calculation results of the first step and submit the Model_xpl.inp for dynamic analysis under the action of ground motion in the ABAQUS/EXPLICIT module.
[image: Figure 5]FIGURE 5 | Behavioral model.
3 FAILURE CRITERION
3.1 Failure criterion of isolated layer
The failure criteria of an isolated layer are the horizontal shear deformation and vertical stress limits specified in the Code for Seismic Design of Buildings (GB 50011-2010).
1) When the horizontal displacement of the isolated layer surpasses the lesser of 0.55 times the effective diameter of the smallest bearing in the isolated layer and 3 times the entire thickness of the rubber, the isolated layer fails.
The horizontal displacement failure threshold of LRB700 isolated layer is obtained
[image: image]
2) When the compressive stress of the isolated layer surpasses 30 MPa, which is considered the failure of the isolated layer, the vertical stress of the rubber isolated bearing exceeds the limit. Considering the internal damage of rubber under tension and the overturning risk of the major structure following the tensile stress of the isolated bearing, the tensile stress of the isolated bearing should not exceed 1 MPa.
3.2 Failure criterion of major structure
In structural design, the limit value of the story drift must be addressed to avoid excessive story drift of the building structure and additional bending moment that will lead to the collapse of the structure. The structure is allowed to exhibit apparent non-structural displacement, but the displacement value must be controlled within a safe range in the normal limit state of the building. By controlling the limit value of the story drift, the effect of external impact force on the stiffness of high-rise buildings can be effectively avoided. The failure of the structure is triggered by the gradual accumulation of member failures. For the reinforced concrete members, displacement angle between structure layers can be utilized as an evaluating criterion. When the story drift of the major structure reaches the elastic-plastic story drift limit, the major structure fails. As far as the applicability of this specific high-rise frame-core tube structure is concerned, its limit state threshold refers to the relevant regulations on story drift in the “Code for Seismic Design of Buildings” (GB 50011-2010). Specifically, Table 3 shows the limit state thresholds of story drift at different performance levels in the IDA-based seismic vulnerability analysis of high-rise frame-core tube structures. In this paper, the elastic-plastic story drift limit is set at [image: image].
TABLE 3 | Limit state of story drift at different performance levels.
[image: Table 3]4 STUDY ON FAILURE MODES BASED ON IDA METHOD
4.1 Selection of ground motion
The selection of ground motion has a significant effect on the calculation results of IDA method for structural failure. According to the response spectrum stipulated in Code for Seismic Design of Buildings (GB 50011-2010) as the target spectrum, 15 ground motions were selected, and the peak ground acceleration (PGA) of ground motions was distributed over a broad intensity range, as shown in Table 4. The corresponding period of the selected ground motion is in good agreement with the main mode shape, and the shear force at the bottom of the structure is 70%–130% of the mode-superposition response spectrum method, and 80%–120% of the average value. The amplitude modulation method is utilized to modulate ground motion. The amplitude modulation step is 0.1 g, and the peak acceleration is 1.0 g.
TABLE 4 | Ground motions.
[image: Table 4]4.2 Failure mode
4.2.1 Failure of isolated layer
The failure analysis of the isolated layer is divided into two parts: the base isolated layer and the upper isolated layer. The maximum horizontal displacement of the base isolated layer corresponds to the maximum horizontal displacement envelope value of the isolated layer at the base of the core tube, while the maximum horizontal displacement of the upper isolated layer corresponds to the maximum horizontal displacement envelope value of the isolated layer at the frame part. Under ground motion, the maximum surface pressure and minimum surface pressure of an isolated layer correspond to the minimum vertical stress and maximum vertical stress of all isolated bearings of the isolated layer, respectively. Figure 6 depicts IDA curves of horizontal displacement of base isolated layer and IDA curve of horizontal displacement of upper isolated layer. The end point of IDA curve of single ground motion is PGA when the horizontal displacement of isolated layer exceeds 385 mm. Figure 7 depicts the maximum and minimum vertical stresses of the base isolated layer, while Figure 8 depicts the maximum and minimum vertical stresses of the upper isolated layer. Positive stress is tensile stress, and the negative stress is compressive stress. The IDA curve representing the maximum vertical stress of an isolated layer caused by a single ground motion ends at the PGA corresponding to a vertical stress exceeding 1 MPa.
[image: Figure 6]FIGURE 6 | Horizon displacement of isolated layers: (A) Base isolated layer, (B) Upper isolated layer.
[image: Figure 7]FIGURE 7 | Base isolated layer: (A) Maximum vertical stress, (B) Minimum vertical stress.
[image: Figure 8]FIGURE 8 | Upper isolated layer: (A) Maximum vertical stress, (B) Minimum vertical stress.
The allowable structural-load-carrying capability of rubber bearing decreases as horizontal shear deformation increases. The IDA curves reveal that the horizontal displacement of the upper isolated layer is typically greater than that of the base isolated layer, indicating that the upper isolated layer is subject to a greater horizontal shear force than the base isolated layer under ground motion and is therefore more susceptible to fail.
The calculation of vertical stress of isolated layer reveals that the upper isolated layer and the base isolated layer do not exceed the vertical compressive stress limit of isolated bearing, and that the maximum compressive stress, 13.07 MPa, is located in the upper isolated layer. According to the IDA curves of the maximum vertical stress of the two isolated layers, the isolated bearings are consistently under pressure for the majority of ground motions. As the ground motion PGA increases, tensile stress will arise in some bearings of the isolated layer, and there is a risk of overturning and collapse of the structure. Comparing the IDA curve of maximum vertical stress of the base isolated layer and the upper isolated layer reveals that tensile stress and tensile stress exceeding limit are more likely to occur in the upper isolated layer under the same ground motion, indicating that structural-load-carrying capacity failure of the upper isolated layer is more probable than that of the base isolated layer.
Through comprehensive comparison of IDA curve of horizontal displacement and the IDA curve of vertical stress of the isolated layers under different PGA ground motions of the new staggered story isolated structure, the upper isolated layer is more prone to failure than the base isolated layer. After the interlayer deformation of the structure due to ground motion, the upper isolated layer is no longer perpendicular to the direction of gravity, and the component force of gravity in the direction parallel to the floor slab acts as the lateral force of the floor under the influence of P-δ effect.
4.2.2 Failure of major structure
The core tube of the new staggered story isolated structure is separated from the frame below the upper isolated layer, whereas above the upper isolated layer they are connected by beams, therefore the primary structure’s story drift is considerably different below the upper isolated layer. Using the IDA curve of maximum story drift of the core tube and the IDA curve of maximum story drift of the frame, the major failure modes of the new staggered structure are analyzed. Figure 9 depicts the IDA curves of the maximum horizontal story drift of a major structure. The IDA curve of the maximum story drift of the major structure caused by a single ground motion terminates at the corresponding PGA where the displacement angle exceeds 1/100.
[image: Figure 9]FIGURE 9 | Maximum story drift of major structure: (A) Frame, (B) Core tube.
The comparison of the IDA curves maximum story drift of the frame and the core tube indicates that the frame of the new staggered story isolated structure is more likely to be destroyed before the core tube under strong ground motion. Typically, the probability of the maximum story angle of the frame part appearing at the bottom layer is 61.3%, and the probability of appearing near the upper isolated layer is 14.6%. The probability of the maximum story angle of the core tube appearing at the bottom layer is 74% because the base isolated layer is set at the bottom of the core tube, which lessens the stiffness of the bottom of the core tube.
The major structure failure mode of the new staggered story isolated structure shows that the structural failure usually occurs at the bottom of the whole structure and the frame near the upper isolated layer. The new staggered story isolated structure has unique structural characteristics, that is, only the frame above the upper isolated layer is connected with the core tube, forming a structural characteristic similar to that of the inter-story isolated structure. Therefore, when seismic damage reaches the failure criterion of the core tube, the frame part connected above the upper isolated layer will also be damaged accordingly.
When a major structure fails, Table 5 displays the corresponding ground motion, PGA, horizontal displacement of isolated layers, maximum vertical stress, and minimum vertical stress of isolated layers. When the primary structure of the new staggered story isolated structure fails, the vertical stress and horizontal displacement of the isolated layer are typically still within the limit range. When the horizontal displacement of an isolated layer exceeds the limit, the tensile stress of isolated layer will also exceed the limit. Therefore, the failure of the major structure of the new staggered story isolated structure is prior to the failure of the isolated layer. Therefore, structural design should be given further consideration.
TABLE 5 | Failure of major structure.
[image: Table 5]4.3 Weakest failure mode
As can be seen from the table of major structure failure, when the PGA of most ground motion hits 1.0 g, the major structure and isolated layer are severely deformed and damaged. When isolated layer failure and major structure failure occur under GM1, the PGA is at its minimal. Therefore, the failure mode under GM1 is the weakest failure mode.
Under GM1, the damage of the new staggered story isolated structure is shown in Figure 10. As seen in the diagram, the damage to structural components is concentrated in the area beneath the upper isolated layer of the structure. With an increase in ground motion PGA, the damage increases and the structural-load-carrying capacity lost, resulting in the collapse of the major structure. Table 6 depicts the failure path of this model for the new staggered story isolated structure under GM1. The failure of the isolated bearing is mainly due to the overrun of displacement and tension and compression stress. The failure mode of the isolated bearing in the damage path is mainly due to the overrun of the tensile stress. The first digit in the table represents the floor where the component is located. The second digit of the number is the type of the component: B represents the beam, C represents the column, I represents the isolated bearing, and S represents the shear wall. The third digit represents the plane position of the floor on which the member is located, which can be confirmed by the plane node number of the column component and shear wall component, as shown in Figure 11. For instance, column No. 20 on the first floor is designated as 1C20, while the beam between column No. 20 and column No. 15 on the second floor is designated as 2B15-20.
[image: Figure 10]FIGURE 10 | The damage of the new staggered story isolated structure: (A) Tensile damage, (B) Compressive damage.
TABLE 6 | Failure path.
[image: Table 6][image: Figure 11]FIGURE 11 | Plane node number.
5 FURTHER RESEARCH
In this paper, IDA method is used to identify the failure mode of the new staggered story isolated structure. Based on this, further research can be carried out in the following aspects:
1) According to the analysis of the failure mode of the new staggered story isolated structure, the optimization of the structure can be divided into two categories: major structure optimization and isolated layer optimization. According to the optimization of the failure mode of the inter-story structure, selecting materials with greater strength for the major structure can effectively optimize and reduce the failure probability of the structure (Dezfuli and Alam, 2013; Jin et al., 2020).
2) The insufficient supporting capacity of the frame beneath the upper isolated layer is identified as the primary cause of the failure of the major structure. Therefore, raising the upper isolated layer area of the new staggered story isolated structure is greatly beneficial to the bearing capacity and collapse resistance of the structure. For instance, a large chassis frame structure is designed below the upper isolated layer to expand the area of the upper isolated layer, making the structure more inclined to the layer isolated structure and ensuring the stability of the lower structure (Charmpis et al., 2012; Zhang et al., 2021).
3) In this paper, the failure modes of the new staggered story isolated structure are analyzed but the failure modes of the inter-story isolated structure and the base isolated structure are not compared. The new staggered story isolated structure is a new type of isolated structure developed based on inter-story and base isolated structures. Whether its failure probability is better than other isolated structures in the face of large earthquakes remains to be studied and verified.
6 CONCLUSION
In this paper, a new staggered story isolated structure model was established, and the failure mode of the new staggered story isolated structure was identified by using the IDA method based on the failure criteria of the major structure and the isolated layer. By analyzing the failure mode of the major structure of the new staggered story isolated structure, the failure mode of the isolated layer, the weakest failure mode and the corresponding damage and failure paths, the following conclusions are drawn:
1) The new staggered story isolated structure has a high collapse resistance and the structure can maintain good structural performance under most of the ground motion.
2) The unique double isolated layer ensures the integrity of the core cylinder and dampens structural response. It is found that the upper isolated layer is prone to internal tensile stress under the influence of the P-δ effect, resulting in the failure of the isolated layer. Below the upper isolated layer, the frame part of the structure is separated from the core tube part, rendering the core tube incapable of restricting the displacement of the frame, hence increasing the likelihood that the frame part below the isolated layer will fail.
3) Comparing the horizontal displacements of isolated layers, the displacement of the upper isolated layer is greater than that of the base isolated layer, indicating a greater probability of failure. The tensile stress of the upper isolated layer may exceed the limit, and there is a risk of the structure overturning under severe strong ground motions.
4) The failure of the structure is concentrated in the bottom and upper isolated layer of the structure, with multiple weak positions of the upper isolated layer. In the structural design, the weak point of the structure should be strengthened.
5) For the failure modes of the new staggered story isolated structure, two distinct optimization modes are proposed. Increase the thickness of the core tube shear wall beneath the upper isolated layer and focus on improving the cross-section size of the bottom frame beam column, and improve the bearing capacity of the structure. Increasing the area of the upper isolated layer can effectively enhance the collapse resistance and stability of the structure.
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The anti-slide pile is one of the most used measures in landslide control globally. Following its application, various structures have been developed. In this paper, we analyze the anti-slide pile structure development process and extract two development paths. One path is aimed at improving the applicability. The second path starts from an in-depth study of pile–soil interactions. However, these two paths share a single design concept: The anti-slide pile provides direct resistance to maintain landslide stability, that is, the anti-slide pile and the landslide body are thought to be confrontational sides. We here propose developing and utilizing the landslide body in anti-slide pile design. Accordingly, the confrontation relationship between the anti-slide pile and the landslide body can be changed while shifting away from the view that the landslide body is only a hazard. On this basis, we also design a novel structure: An arm-stretching-type anti-slide pile. The simulation verification results show that this novel structure works well in realizing the proposed design concept. Compared with the commonly used wholly buried pile, the safety factor of the landslide controlled by the novel structure is improved by 43.56%. This study promotes the design concept of anti-slide pile developing from the existing slide–resist single mode to the slide–self-stabilize–resist compound mode.
Keywords: anti-slide pile, development path, design concept, landslide body development and utilization, arm-stretching-type anti-slide pile
1 INTRODUCTION
In landslide control, three main methods have been adopted: Unloading by modifying the ground surface geometry, draining by constructing surface and subsurface drainage facilities (Godt et al., 2009; Chen et al., 2021a; Medina et al., 2021; Fang et al., 2023), and resisting by installing continuous or discrete retaining structures, such as walls or anti-slide piles (Hassiotis et al., 1997; Ausilio et al., 2001; Chen et al., 2020; Liu et al., 2021). Anti-slide piles offer many advantages in practical applications (Wang and Zhang, 2014; Al-Defae and Knappett, 2015).
First, the sliding resistance of an anti-slide pile is strong and its setting site is flexible. According to different landslide control situations, an anti-slide pile can be set at different sites, thus ensuring it can be set at the site that has the best sliding resistance effect. Both its high strength and flexibility significantly improve the anti-slide pile’s applicability and effectiveness (Guo et al., 2021; Xie et al., 2021). Second, the construction process for anti-slide piles is simple, fast, and does not require special equipment. The construction process is usually mechanized or semi-mechanized. Third, during an excavation process, it is easier to acquire the formation lithology and assess the underground water situation more clearly (Zhao et al., 2019). Based on the acquired information, the survey design can be adjusted in a timely fashion, which is more suitable for the demands of landslide control.
The anti-slide pile is an effective measure in landslide control (Hassiotis et al., 1997; Chen et al., 2021b; Lei et al., 2021) that has broad applicability and great economic benefits (Zhang et al., 2018). Since its first use, it has been applied widely in landslide control around the world (Li et al., 2012; Song et al., 2012; Liang et al., 2014; Zhang and Wang, 2016; Zhang et al., 2017).
Given its broad applicability, the anti-slide pile’s structure has been developed accordingly, and many types have been introduced (Zhao et al., 2017). The original structure is the single pile, and until recently has been the most widely used. This structure is used mainly for small- or medium-scale landslides (Xie et al., 2021). When controlling for landslides with large thrust, however, the use of the single pile for stabilization requires a particularly large sectional dimension. To control landslides with large thrust, the combination pile is better for stabilization (Xiao et al., 2017; Liu et al., 2018), and many kinds of combination piles have been developed. Anchor anti-slide piles are mainly used to control medium-scale landslides and to control slides in areas with limited available space (Huang et al., 2020). If the anchorage condition does not exist, the anchor anti-slide pile cannot be used. The structure of the prestressed-pile provides another choice for stabilization. Prestressed-pile is notable because its prestressed cables are settled vertically in the back tensile part of the pile, and, because of the special setting, its retaining performance can also be improved (Chen and Zhao, 2016). During in-depth study of pile–soil interactions, the pile–soil coupling effect has been examined. On the basis of these previous achievements, Zheng et al. (2013) designed a surrounding pile–soil anti-slide structure.
In this paper, from a broad view of the anti-slide pile structure development process, we studied the evolution of anti-slide pile structures and extracted two development paths. Following these two structure development paths, we also discussed typical structures individually.
The design concept of an anti-slide pile determines its structure, and this structure, in turn, determines the effectiveness of the pile in landslide control. We have concluded that the two determined structure development paths have a shared single design concept: The anti-slide pile provides direct resistance to maintain landslide stability; that is, the pile that resists and the landslide body that slides are two confrontational sides. To control landslides with anti-slide piles, we point out that the positive role of the landslide body itself should be developed and utilized in anti-slide pile design. According to this new concept, we have designed a novel structure. This study promotes the concept of anti-slide pile design through the existing slide–resist single mode to the slide–self-stabilize–resist compound mode.
2 ANTI-SLIDE PILE STRUCTURE DEVELOPMENT
2.1 Original structure
The single pile is a primitive anti-slide pile structure. Given its simple structure, clear mechanical behavior, and prominent control effect, it quickly became popular and has been used widely in landslide control projects since it was introduced. According to a given force situation, the single pile can be divided into three types: The cantilever pile, wholly buried pile, and embedded pile (Chow, 1996; Xiao et al., 2017). Figure 1 shows the three types of single pile.
[image: Figure 1]FIGURE 1 | Single pile. (A) cantilever pile; (B) wholly buried pile; (C) embedded pile.
The single pile is still widely used, but its limitations are also evident. Because of its structure, the single pile cannot sufficiently resist bending and has a limited rigidity. As a result, the pile’s top and body experience large deformations in the horizontal direction under a landslide thrust (Smethurst and Powrie, 2007), and it is difficult to control these deformations. Therefore, when a single pile is used in a large landslide thrust control project, it must have a large cross section to ensure its ability to control sliding. Two significant problems will follow if the pile’s cross-section area increases.
(i) The consumption of building materials will increase significantly, which results in a higher engineering investment.
(ii) A large section excavation easily induces the risk of landslide failure, which is hard to control.
2.2 Structure development
Compared to other landslide control measures, such as anti-slide retaining walls, drainage ditches, and the roasting method (i.e., a soil improvement technique), the single pile offers prominent advantages. It has a strong anti-slide ability, can be constructed quickly, offers site-setting flexibility, produces few disturbances to the original landslide body, and is highly reliable (Xie et al., 2021). Although technological problems exist in the application of a single pile, it has been widely used because of these prominent advantages (Bellezza and Caferri, 2018). As a result of its widespread use, many types of anti-slide pile structures have been developed.
We studied the anti-slide pile structure development process from a broad perspective and determined that there are two paths of development. In the beginning, the development focused on promoting the applicability of the anti-slide pile, extending its range of application. The typical structures of the combination pile, anchor anti-slide pile, and prestressed-pile were designed following this development path. Over the course of further study focused on pile–soil interactions, the pile–soil coupling effect was considered in the anti-slide pile structure design. At this time, the typical pile–soil coupling structure first appeared, which was designed to make the pile and the soil work together to resist landslide thrust.
2.2.1 Improving the applicability of the anti-slide pile
2.2.1.1 Combination pile
As noted earlier, in a large thrust landslide control project, a single pile structure will perform insufficiently in its bearing capacity and will perform poorly in the technological economy (Shen et al., 2017; Guo et al., 2020). To address these insufficiencies, the combination pile was introduced. The combination pile combines single piles using connecting beams (which can include one, two, or more beams). Because of the different methods of combination, there are many forms of the combination pile. Typical combination piles are the door-frame-type pile, steel-frame-type pile, and h-type pile. Figure 2 shows the three different structures.
[image: Figure 2]FIGURE 2 | Combination pile. (A) door-frame-type pile; (B) steel-frame-type pile; (C) h-type pile.
Compared with the single pile, the combination pile offers two prominent advantages (Dai et al., 2022; Xiong et al., 2022; Zhao et al., 2022).
(i) Combination piles are statically indeterminate structures. Because of the rigid connection of the fore pile, rear pile, and connecting beam, the stiffness of the structure is significant. Moreover, its internal force can be adjusted automatically according to complicated and changeable external forces. Therefore, it can accommodate more complex external forces and is an especially good fit for soft-ground landslides with large residual sliding force.
(ii) The fore pile and rear pile work together to resist positive earth pressure. Their combined action can generate coupled forces that move in the direction opposite to that of the positive earth pressure’s action. These coupled forces are beneficial to the pile body displacement and internal force reduction.
Because of these advantages, until now, these kinds of combination piles have been ideal structures for landslides with large thrust. The cross-section area of combination piles is smaller, and the anchorage depth is shallower than that of other anti-slide pile structures, but the construction process is more complex.
2.2.1.2 Anchor anti-slide pile
Figure 3 shows the anchor anti-slide pile. Unlike traditional single piles, the pile body has been settled using an anchor cable. Settling the anchor cable creates a situation that differs from the traditional situation, in which anti-slide piles bear force passively (Pai and Wu, 2021). As a result, the pile body’s internal force and deformation state are optimized (Xu et al., 2022). This leads to a decrease in the pile body’s cross-section area and anchorage depth (Wu et al., 2015). Following increasing application of the anchor anti-slide pile, disadvantages have also been recognized.
[image: Figure 3]FIGURE 3 | Anchor anti-slide pile.
The first disadvantage is the stress relaxation phenomenon of the anchor cable. During the prestress stretching process, cable deformation can result in the loss of prestress. As a result of the cable’s physical properties, this loss of prestress is inevitable during use. Meanwhile, the deformation of the rock and soil mass can also result in the loss of prestress.
The second disadvantage is the rust problem associated with the anchor cable. Under the combined action of water, air, and chemical components that are contained in the rock and soil mass, the prestress anchor cable will rust, which results in a decrease in the designed anchor tension. Even worse, this rust can cause the anchor cable to break.
The third disadvantage is its restricted application. The application of an anchor anti-slide pile, for example, may be restricted by the geological environment (Wang et al., 2022). Although it may be suitable for a rock sliding bed landslide, it is not suitable for a soil sliding bed landslide. For a soil sliding bed landslide, an effective condition may not exist for the anchoring and stretching of a prestress anchor cable.
2.2.1.3 Prestressed-pile
To address the disadvantage of a pile body’s large horizontal displacement, two direct methods can be adopted for a single pile structure. The first increases the cross-sectional area of the pile body, and the second increases the stiffness of the pile body. Based on the second method and as a result of developments in prestress technology, another type of prestressed-pile has appeared. Figure 4 shows a prestressed-pile. The primary improvement made to the prestressed-pile structure is the set of prestress anchor cables attached in the tensile zone of the pile body. By taking advantage of the reverse bending moment that is generated by the vertical prestressed anchor cables to counteract the negative effects of the bending moment induced by the landslide thrust, the pile body deflection can be decreased (Chen and Zhao 2016).
[image: Figure 4]FIGURE 4 | Prestressed-pile.
The action mechanism of a prestressed-pile is the same as a normal single pile. The acting force, and the distribution that the landslide body imposes on the pile, do not change noticeably after the prestress anchor cables are installed. The instalment of prestress anchor cables improves the pile’s stress state, and its stiffness is greater than the stiffness of a single pile without prestress anchor cables. Because of this greater stiffness, its horizontal displacement is reduced, and, at the same time, pile body cracks are reduced significantly. Compared with the anchor anti-slide pile, the rust problem associated with anchor cables has also been resolved, as they are enclosed entirely by concrete. Due to its unique advantages, the prestressed-pile is especially suitable for landslide control projects that are located along reservoir banks.
2.2.2 Starting from in-depth study of pile-soil interaction
Throughout the application process of anti-slide piles adopted in landslide control projects, their design theory has achieved significant progress. Previously, the mutual action between the pile and the soil was thought to be separated in the design. The soil was thought to be the load, and the anti-slide pile was thought to be the receptor of that load. Additionally, the connection between the two had not been considered. As a result, the size of the anti-slide pile was designed to be oversized, and the calculated design value of the pile body’s internal force deviated significantly from the field measurement—that is, the safety factor of the landslide control project was oversized as a result of its conservative design. This conservative design also caused significant economic waste. In fact, the pile and the soil were mutually affected during the contact process. The pile deformation was smaller than anticipated because of the soil strength coupling, and the soil pressure changed due to the pile deformation.
Recently, as part of the in-depth study of pile–soil interactions, the above pile–soil coupling effect has also been extensively studied. On the basis of this work, a typical structure of the anti-slide pile became apparent.
2.2.2.1 Surrounding pile–soil anti-slide structure
Zheng et al. (2013) designed the surrounding pile–soil anti-slide structure (Figure 5). This new structure combines a top connecting beam, six surrounding piles, and the soil inside the structure. There are multiple soil arches inside and outside the structure. Because of the presence of these soil arches, the surrounding pile–soil coupling effect results in an integral coupling anti-slide pile. Regarding this integral coupling anti-slide pile, soil is extruded between the back of the surrounding piles and has the tendency to move inside the surrounding piles. Because of the continuous soil movement, the soil inside is compacted and becomes denser. Simultaneously, the inner soil’s shear strength increases. The transmitted soil pressure is greater than the soil shear strength and is transferred to the surrounding piles by the soil arches. The soil arches between the surrounding piles result in a surrounding pile–soil coupling effect, thus enabling the coupling structure to resist the soil pressure behind it.
[image: Figure 5]FIGURE 5 | Surrounding pile–soil anti-slide structure.
The surrounding pile–soil anti-slide structure is based on this coupling effect; however, before using it widely, several factors need to be resolved, including the efficiency of the pile–soil coupling, the choice of the surrounding pile number, and the plane arrangement of the surrounding piles. According to Zheng et al. (2013), because of the fixed effect of the top connecting beam, the nearby top pile and the coupling effect of the surrounding piles and the soil are good; similarly, due to the anchoring effect of the bottom sliding bed, the nearby slide plane and the coupling effect of the surrounding piles and the soil are good. The coupling effect of the central section between the ground and the slide plane, however, is inadequate. This finding shows that the surrounding pile–soil anti-slide structure is suitable only for shallow- or middle-layer landslides, and, therefore, its application range is limited.
3 A NOVEL ANTI-SLIDE PILE STRUCTURE
3.1 A new design concept and structure
As presented above, we studied the evolution of anti-slide pile structures and extracted two development paths. Although multiple structural forms have been developed, the two different development paths share a single design concept: The anti-slide pile provides direct resistance to maintain the landslide stability—that is, the anti-slide pile and the landslide body are thought to be confrontational. In addition, based on this design concept, in China, the most popular single pile’s cross section has been deigned up to 3.5 m × 7 m.
Must the landslide body only be viewed as a disaster? Is the landslide body useless? In landslide control with anti-slide piles, the positive role that the landslide body can play should be developed and fully utilized.
Developing and utilizing the landslide body, designing a matched structure of an anti-slide pile that could exert the landslide body’s positive role to a high degree, thus changing the pile–soil confrontational relationship. Following this new line of reasoning, we have designed a novel structure: An arm-stretching-type anti-slide pile. Figure 6 shows the arm-stretching-type anti-slide pile. The unique feature of this new structure is that stretching branches are set on the main pile. The stretching branches can be built in a similar manner to the main pile using the traditional method of manual hole digging and concreting. Or in another way, stretching branches are also able to extend as a result of the impact of high-pressure gas. A high-pressure pump produces this high-pressure gas, which rushes to the inside of the stretching branch through a pressure-resistant tube, and then the stretching branch extends to the designed length. The gas-driven drill may be placed in front of the stretching branch if needed.
[image: Figure 6]FIGURE 6 | Arm-stretching-type anti-slide pile.
The length of the branches can be changed according to the landslide’s actual situation. By adjusting the combined angles of branches and the main pile, the branches change the landslide body’s force distribution and take advantage of the landslide body’s positive role. According to different landslide control demands, the branches can achieve the following:
(i) unload, dividing the landslide body;
(ii) induce back–pressure, converting the slide force to an anti-slide force;
(iii) exert force, changing the passive situation to an active situation; and
(iv) provide support, making use of the landslide body’s reaction force.
When the back branch stretches horizontally, it can divide the landslide body and unload. The landslide body that is on the branch is carried by that branch, such that the soil pressure underneath it is reduced and the overturning moment is reduced accordingly. At the same time, the landslide body that is on the branch will generate a reverse moment that counteracts the moment generated by the landslide body. When the stretch of the back branch is inclined downward, it induces back-pressure. In this situation, the inclined branch acts like an artificial sliding surface by inducing the landslide body that is on the branch to slide and pressing back on the sliding body. When the back branch stretches upward, it can exert force on the sliding body underneath it due to the compression result of the landslide body sliding and the main pile stopping. This active force on the sliding body increases the friction force, and, as a result, landslide stability will increase accordingly. When the front branch stretches horizontally, inclined downward or upward, it provides supporting force. In these situations, the branch utilizes the reaction force of the soil underneath it. Thus, a disadvantage like the single pile’s insufficient bending resistance is improved. The branch could also be set on both sides of the main pile, and, in this situation, it will enlarge the scope of influence of the pile, thus enlarging pile spacing. All of the installed branches could be simultaneously optimized with respect to stretching length and angle to develop and utilize the landslide body’s positive role to the uppermost and improve the pile’s stress state at the same time.
3.2 Simulation verification
To verify the new concept and structure, we first choose the method of simulation (Han et al., 2019). A typical three-dimensional model of a landslide controlled by an anti-slide pile was established using ABAQUS (Tang et al., 2018). The wholly buried pile and the arm-stretching-type anti-slide pile with two horizontal branches were selected to compare with respect to landslide control.
The simulation parameters are shown in Table 1; Figure 7. Figure 7A shows the geometrical parameters of the landslide and the pile. In Figure 7B, the shaded half-pile model was analyzed in the numerical simulation on the basis of symmetry (Li et al., 2015). The soil followed the Mohr–Coulomb criterion during the analysis, and the pile was isotropic elastic. Both the soil and the pile used the C3D8 unit for modelling. The pile-soil interaction was applied as a surface-to-surface contact type. The model bottom was constrained as fixed, while normal constraints were applied to the front, rear, left side, and right side of the model.
TABLE 1 | Main parameters of the simulation.
[image: Table 1][image: Figure 7]FIGURE 7 | Model geometric parameters. (A) longitudinal section and (B) horizontal section.
The landslide features a homogeneous soil slope. Based on the strength reduction method, its safety factor is 0.965 when the calculation is terminated. Figure 8 shows a cloud map of the plastic strain. The direct value showing the effect of the novel structure is the safety factor. Figure 9 shows the relationship between the safety factor and the horizontal displacement at the slope toe node. It is evident that, whether adopting the nonconvergence of calculation or the inflection point of displacement as the safety factor evaluation criterion, the safety factor of the arm-stretching-type anti-slide pile controlled landslide is obviously bigger than that of the wholly buried pile. In addition, as the calculation is terminated, the safety factor of the controlled project increased to 1.196 and 1.717 following the conventional wholly buried pile treatment and the arm-stretching-type anti-slide pile treatment, respectively. Compared to the common wholly buried pile, the novel structure–controlled project’s safety factor improves by 43.56%.
[image: Figure 8]FIGURE 8 | Plastic strain cloud map.
[image: Figure 9]FIGURE 9 | Relationship between the safety factor and the displacement of slope toe node.
Figure 10 shows the displacement cloud map when the calculation is terminated. Comparing the two figures, it can be seen that the sliding surfaces are obviously different, which fully indicates that the setting of branches can change the distribution of the landslide force system, and therefore the landslide body’s positive role can be developed and utilized if the branches are set properly. Figure 11 shows that after the two branch settings, the main pile body stress can be reduced and adjusted more uniformly, and this will result in the pile strength being fully utilized. The great improvement is likely the result of the synergistic action of the back branch’s unloading effect and the front branch’s supporting effect.
[image: Figure 10]FIGURE 10 | Displacement cloud map. (A) wholly buried pile and (B) arm-stretching-type anti-slide pile.
[image: Figure 11]FIGURE 11 | Stress distribution. (A) wholly buried pile and (B) arm-stretching-type anti-slide pile.
4 DISCUSSION
According to the anti-slide pile structures’ evolution law, we identified two development paths. The first path was aimed at improving the applicability of anti-slide piles, and the second path started from an in-depth study of pile–soil interactions. Following these two development paths, many different types of anti-slide pile structures have been designed. The combination pile is suitable for large thrust landslides, the anchor anti-slide pile is suitable for rock sliding bed landslides, and the prestressed-pile is suitable for reservoir bank landslides. These three typical anti-slide piles are suitable for different landslide environments. With continued research into pile–soil interactions, a new type of surrounding pile–soil anti-slide pile structure emerged, the design of which is based on the coupling effect. The coupling effect between the surrounding piles and the soil inside allows them to couple as an entity that is to provide sufficient resistance to maintain landslide stability. The surrounding pile–soil anti-slide structure is suitable for shallow- or middle-layer landslides.
The anti-slide pile structure has followed different development paths and has taken multiple forms, but these forms share a single design concept: The anti-slide pile provides direct resistance to maintain landslide stability, that is, the anti-slide pile and the landslide body are considered to be confrontational sides. In the design of the surrounding pile–soil anti-slide structure, the soil inside the surrounding piles was used; however, the surrounding pile–soil coupling structure was viewed as an entity that was also able to provide sufficient resistance to maintain landslide stability. The use of the soil inside the surrounding piles was supportive but limited. Until now, in landslide control projects that adopt anti-slide piles, the landslide body has been viewed only as a hazard. The positive effects of the landslide body have not been considered previously.
While shifting away from the view that the landslide body is only a hazard in landslide control with anti-slide piles, its positive role should be developed and utilized. Following this concept, the traditional design concept of the anti-slide pile should be improved by developing a new type of anti-slide pile structure that can exert the positive role of the landslide body. We have undoubtedly provided support for this new concept of anti-slide pile design—that is, the arm-stretching-type anti-slide pile. According to the simulation results, the arm-stretching-type anti-slide pile could achieve the aim of developing and utilizing the landslide body. At the same time, the stress distribution of the pile will be adjusted more reasonably, resulting in an increase in pile stability and carrying capacity, thus reducing pile anchorage depth and cross-section size. Ultimately, investment costs will decrease, and pile efficiency will increase.
5 CONCLUSION AND PROSPECTS
For a long time, the anti-slide pile has been applied widely in landslide control projects. By relying on the anti-slide pile’s strength to resist the landslide thrust, the aim is to maintain landslide stability. Until now, all anti-slide piles have been designed to provide direct resistance to maintain the landslide stability; that is, the pile and the landslide body have been thought to be confrontational sides, and so the positive role of the landslide body had not been considered in pile structure design. Although the surrounding pile–soil anti-slide structure uses the soil inside the surrounding piles, its design still falls under the concept of pile–soil confrontation, and its use remains limited.
The arm-stretching-type anti-slide pile offers a new concept for anti-slide pile design. Following this new line of thinking, the landslide body’s positive role can be developed and utilized. This study develops the anti-slide pile design concept, moving it from the existing slide–resist single mode to the slide–self-stabilize–resist compound mode. The novel structure offers great theoretical significance and high engineering application value. Considering the construction process, this new type of pile is expected to be particularly suitable for treating filled slopes.
The prominent advantage of the arm-stretching-type anti-slide pile lies in the proper setting of stretching branches. How to set the branches according to different landslide types must be further studied. The novel structure’s force calculation model must also be developed accordingly.
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With the sustainable development of the construction industry, recycled aggregate (RA) has been widely used in concrete preparation to reduce the environmental impact of construction waste. Compressive strength is an essential measure of the performance of recycled aggregate concrete (RAC). In order to understand the correspondence between relevant factors and the compressive strength of recycled concrete and accurately predict the compressive strength of RAC, this paper establishes a model for predicting the compressive strength of RAC using machine learning and hyperparameter optimization techniques. RAC experimental data from published literature as the dataset, extreme gradient boosting (XGBoost), random forest (RF), K-nearest neighbour (KNN), support vector machine regression Support Vector Regression (SVR), and gradient boosted decision tree (GBDT) RAC compressive strength prediction models were developed. The models were validated and compared using correlation coefficients (R2), Root Mean Square Error (RMSE), mean absolute error (MAE), and the gap between the experimental results of the predicted outcomes. In particular, The effects of different hyperparameter optimization techniques (Grid search, Random search, Bayesian optimization-Tree-structured Parzen Estimator, Bayesian optimization- Gaussian Process Regression) on model prediction efficiency and prediction accuracy were investigated. The results show that the optimal combination of hyperparameters can be searched in the shortest time using the Bayesian optimization algorithm based on TPE (Tree-structured Parzen Estimator); the BO-TPE-GBDT RAC compressive strength prediction model has higher prediction accuracy and generalisation ability. This high-performance compressive strength prediction model provides a basis for RAC’s research and practice and a new way to predict the performance of RAC.
Keywords: machine learning, recycled coarse aggregate concrete, compressive strength prediction, Bayesian optimization, ensemble learning
1 INTRODUCTION
With the awakening of sustainable development awareness in the construction industry, green and low-carbon development has become an industry consensus (Spence and Mulligan, 1995; Sev, 2009; Giesekam et al., 2016; Zhang et al., 2017; Xia et al., 2018; Zhang et al., 2018). In recent decades, China’s economy and urbanisation have grown rapidly. In urbanisation, many natural resources are used for new buildings, leading to the depletion of natural resources. On the other hand, construction waste from demolishing old buildings is difficult to dispose of and causes environmental pollution. Therefore, exploring the recycling value of construction waste has become a crucial step in the sustainable development of the construction industry. Recycled aggregate concrete (RAC) is undoubtedly the best example of construction waste recycling. RAC processes waste concrete into recycled concrete aggregates, replacing NA such as sand and gravel in regular concrete. It conserves natural resources and effectively disposes of construction waste, reducing environmental pollution and land resources occupied by construction waste.
Many authors have evaluated the compressive strength of RAC, which is a valid property that has an important impact on the durability of RAC (Bai et al., 2020). The compressive strength of RAC is affected by numerous factors, such as the replacement rate of RA (Rakshvir and Barai, 2006; Gull, 2011), and the water-to-cement ratio (Meng et al., 2021; Ying et al., 2022), coarse aggregate type, coarse aggregate crushing rate, adherent mortar content, and moisture status (Shi et al., 2012; Silva et al., 2015). It is not appropriate to study influence factors independently, as the compressive strength of the RAC is a function of many interacting influence factors. However, the compressive strength of RAC is obtained by conditioning specimens for a specified period and performing tests, which are lengthy and costly in terms of the experimental period and material. There is a complex non-linear relationship between the compressive strength of RAC and the influencing factors, and new methods are needed to accurately reflect and accurately clarify the correlation between these influencing factors.
The rapid development of computer technology provides many facilities for solving engineering problems (Guo et al., 2020b; Wang et al., 2022a; Wang et al., 2022b). At the same time, machine learning (ML) technology has made great progress. With its efficient data processing capability and accurate data prediction ability, ML technology has rapidly become popular in traditional engineering. ML has been applied to predict various properties of concrete. Artificial neural network (ANN) often used to predict RAC compressive strength (Duan et al., 2013). Developed ANN models on the Matlab platform for predicting the compressive strength of concrete with different types and sources of RA. Show how the ANN model outperformed the Model Tree (MT) and Non-linear Regression (NLR) present in predicting concrete strength (Khademi et al., 2016). Used three different algorithms to predict the compressive strength of RAC, and the results showed that the ANN and adaptive neuro-fuzzy inference system (ANFIS) models could accurately predict the compressive strength of RAC. Mixes. Catherina et al. developed a prediction model for the compressive strength of recycled aggregate concrete based on the ANN and Cuckoo Search Method (CSM) algorithms (Catherina and Chella, 2021). Although ANN shows good non-linear mapping ability, it also has some areas for improvement, including slow convergence, excessive learning and local optimization, which will affect the accuracy and efficiency of prediction.
ML methods rely on hyperparameter configuration. The choice of hyperparameters directly determines the model’s performance and computation time. In hyperparameter optimization, the primary methods are the empirical method, grid search, random grid search, swarm intelligence optimization algorithm and Bayesian optimization algorithms. The advanced optimization framework Bayesian optimization algorithm was used to optimize the hyperparameters of the shear load capacity prediction model for SVR fiber-reinforced plastics (FRP) reinforced concrete members (Alam et al., 2021). The BOA-SVR model determined the optimal parameters in less time than other methods (Nunez et al., 2020). (Alhakeem et al., 2022) used a grid search method to optimize the GBRT hyperparameters to obtain a highly accurate predictive model for the compressive strength of the RAC (Guo et al., 2020a). Optimized BP models using Particle Swarm Optimization (PSO) and Grey Wolf Optimizer (GWO) to predict the non-linear relationship between random displacement and trigger factors in landslide displacement, providing a solid basis for early warning. The prediction models will have different prediction accuracies under other hyperparameter configuration methods. When the model is complex and the hyperparameters are increased, it requires a lot of computational resources and time. Exploring Various hyperparameter configuration methods has an important impact on the accuracy and modelling efficiency of the RAC compressive strength prediction model.
This paper developed XGBoost, RF, KNN, SVR and GBDT algorithm models to predict the compressive strength of RAC using hyperparameter optimization with Grid search, Random search, Bayesian optimization-Tree-structured Parzen Estimator, Bayesian optimization-Gaussian Process Regression methods. Twelve key factors, including effective water–cement ratio (weff/c), aggregate-cement ratio (a/c), RCA replacement ratio (ρ), Parent concrete strength (PCS), nominal maximum RA size (δR), nominal maximum NA size (δN), bulk density of RCA (mR), bulk density of NA (mN), water absorption of RCA (rR), water absorption of NA (rN), Los Angeles abrasion index of RCA (lR), Los Angeles abrasion index of NA (lN) were used to predict the compressive strength of RAC. The prediction accuracy of the proposed models was evaluated in terms of evaluation indicators such as the coefficient of determination (R2), mean absolute error (MAE), Root Mean Square Error (RMSE), and the RAC compressive strength prediction model with the highest accuracy was selected. At the same time, the time spent by different hyperparameter optimization methods and the degree of model optimization is calculated, and the hyperparameter optimization method with high efficiency and good results is selected. Although this paper only discusses the use of machine learning and hyperparametric optimization methods for the compressive strength of RAC, the model proposed in this paper can be easily extended to predict other mechanical capacities of RAC. Therefore, the machine learning approach proposed in this paper can be widely applied to the construction industry.
2 MACHINE LEARNING METHODS
2.1 Support vector regression (SVR)
Support Vector Regression (SVR) (Smola and Schölkopf, 2004) is a supervised learning algorithm for predicting discrete values. The schematic diagram of the SVR algorithm is shown in Figure 1. The basic idea of SVR is to find a regression plane such that the total distance of all sample points to the plane is minimized. Achieving this goal requires mapping linearly indistinguishable low-dimensional data to a higher-dimensional space with the help of kernel functions to make them linearly distinguishable. SVR has the robustness to outliers, excellent generalization ability, strong learning ability for high-dimensional data, and high prediction accuracy (Vapnik et al., 1996; Schölkopf et al., 2000; Basak et al., 2007; Awad and Khanna, 2015) The SVR problem can be formalized as the following equation:
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Where, [image: image] is a vector, which determines the slope of the fitted line; [image: image] is regularization coefficient; [image: image] is insensitive loss function; [image: image] relaxation variable; [image: image] is coefficient related to the interval band; [image: image] is a fitted value; [image: image] is a sample true value.
[image: Figure 1]FIGURE 1 | Schematic diagram of the SVR algorithm.
2.2 K-nearest neighbor (KNN)
K-Nearest Neighbor (KNN) (Peterson, 2009) is an instance-based learning model. The schematic diagram of the KNN algorithm is shown in Figure 2. The core idea of the KNN algorithm is that a sample is classified into a category if most of its K nearest neighbors in the feature space belong to that category. When using KNN to calculate the predicted value of a data point, the model selects the K nearest data points from the training data set and uses their mean values as the predicted value of the new data point. The KNN algorithm, which does not require estimation of parameters, does not require training and is simple and easy to implement (Ray, 2019; Sen et al., 2020).
[image: Figure 2]FIGURE 2 | Schematic diagram of the KNN algorithm.
2.3 Random forest (RF)
Random forests (Breiman, 2001) are ensemble learning algorithms that contain multiple decision trees. The schematic diagram of the RF algorithm is shown in Figure 3. The decision trees are grown randomly, and a randomly selected fraction of the samples brought back for release from the training data is used to construct the decision trees. Similarly, a portion of the features is randomly selected for training. Each tree has different samples and features, and the result differs. When dealing with classification problems, the random forest prediction category is the plurality of the class to which the random forest prediction sample units belong. When dealing with regression problems, the output value is the average of all tree predictions. The random forest algorithm takes less time, is less prone to overfitting, can handle high-dimensional data with more features, and is the algorithm with higher accuracy (Liu et al., 2012; Yuan et al., 2022).
[image: Figure 3]FIGURE 3 | Schematic diagram of the RF algorithm.
2.4 Gradient boosting decision tree algorithm (GBDT)
Gradient Boosting Decision Tree (Friedman, 2001), which is a representative algorithm in boosting and the most used ML algorithm in the industry. The schematic diagram of the GBDT algorithm is shown in Figure 4. GBDT can flexibly handle various types of data, including continuous and discrete values, and has the advantages of high efficiency, nominal missing values, easy model construction, high training accuracy, and good generalization ability. GBDT consists of two parts: Decision Tree (Quinlan, 1986), and Gradient Boosting (Freund et al., 1999).
[image: Figure 4]FIGURE 4 | Schematic diagram of the GBDT algorithm.
The value of the negative gradient of the loss function in the current model is used as an approximation of the residuals of the boosted tree algorithm in the regression problem. That is, the iterative decision tree uses the residuals formed after the result of the previous tree construction as input data to construct the next subtree when constructing trees; the final prediction results are obtained by accumulating the subtree prediction results in the order of construction (Liang et al., 2020).
2.5 Extreme gradient boosting algorithm (XGBoost)
Extreme Boosting Tree (XGBoost) (Chen and Guestrin, 2016) is an ensemble algorithm based on Decision Trees, an upgrade of the Gradient Boosting Decision Tree algorithm. By constructing weak learners, continuously iterating to reduce the residuals of the last iteration, and accumulating the results of multiple weak learners as the final prediction output, XGBoost achieves a balance between the accuracy and complexity of the Tree model through loss functions and regularization items. At the same time, it greatly reduces the complexity of the model and improves the efficiency of the model operation (Li and Chen, 2020; Liang et al., 2020).
XGBoost is a ML algorithm based on the additive model framework, which uses a forward distribution algorithm and Regression Trees as the base learners. An optimal solution is sought for each Regression Tree to gradually approximate the optimal loss function. Expressed as Eq. 3 (Friedman, 2001).
[image: image]
Where, [image: image] represents the predicted value of the [image: image] th sample; [image: image] is the regression [image: image] th tree, and is [image: image] the number of base learners; [image: image] is the cumulative result of the previous [image: image] regression trees; and [image: image] is the current [image: image] th regression tree to be optimized.
In the XGBoost algorithm, the objective function is specific to each tree. For an arbitrary tree, the objective function has two components; one is an arbitrarily differentiable loss function that controls the empirical risk of the model. The remaining component contains the model complexity. Expressed as Eqs. 4, 5 (Chen and Guestrin, 2016).
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Where, [image: image] is the predicted value of the [image: image] th sample; [image: image] is the true value; [image: image] is the number of samples; [image: image] is the loss function; [image: image] is the regularization item.
Splitting the objective function with the sample as the objective into one with the leaf nodes as the objective and substituting the second-order Taylor expansion formula into the objective function yields (Chen and Guestrin, 2016):
[image: image]
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Where, [image: image], [image: image], [image: image], [image: image]
Minimize the objective function to obtain the predicted values of leaf nodes; minimize the objective function [image: image], Expressed as Eqs. 8, 9 (Chen and Guestrin, 2016).
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The key problem of the decision tree growth process is how to split the nodes. The XGBoost algorithm adopts a greedy strategy. For each leaf node division, the structural fraction gain is calculated, and the point with the largest gain is selected for branching. Expressed as Eq 10 (Chen and Guestrin, 2016).
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Where [image: image] is the structure fraction of the left node, [image: image] is the structure fraction of the right node, and [image: image] the structure fraction of the parent node.
2.6 Hyperparameter configuration method
Grid search (GS) and random search (RS) (Feurer and Hutter, 2019) are the most common hyperparameter configuration methods. The schematic diagram of GS and RS is shown in Figure 5. GS brings all parameter combinations in the parameter space into the model for training and finally selects the best-performing hyperparameter combination (Bergstra et al., 2011). The larger the parameter space, the greater the arithmetic power and time required for GS. The computational effort needed for grid search increases exponentially when the parameter dimension rises. RS does not use the whole hyperparameter space and constructs a parameter subspace using partial parameter combinations to search within the subspace, which improves the computational speed yet ensures the accuracy of the search. For high-dimensional data, random search is more effective than grid search.
[image: Figure 5]FIGURE 5 | Schematic diagram of GS and RS.
Unlike the enumeration idea of GS and RS, Bayesian Optimization (BO) is based on the a priori idea. The core idea of BO is to use the prior probability of the objective function and known observation points to update the posterior probability distribution and then find the next minimal value point with a more posterior probability distribution and get the optimal hyperparameter after numerous iterations. The later hyperparameters are taken based on the results of the previous hyperparameters so that the best combination of hyperparameters can be configured in less time.BO is an application of machine learning automation that aims to configure hyperparameters automatically to achieve the best performance and reduce the human effort required to apply machine learning (Bergstra and Bengio, 2012; Eggensperger et al., 2015).BO can be expressed as the following equation:
[image: image]
where [image: image] is the optimal hyper-parameter combination, [image: image] is the parameter space, and [image: image] is the objective function.
The key steps in BO are the probabilistic surrogate model and the acquisition function. The probabilistic proxy model builds a probability distribution model based on the existing history data; the acquisition function is used to select the basis for the next parameter combination and continuously adds different parameter combinations to the probabilistic surrogate model until the maximum number of iterations is reached.
The main difference between different Bayesian optimization methods lies in the probabilistic agent models and collection functions, main including Gaussian process (GP), and tree-structured Parzen estimators (TPE) models (Ozaki et al., 2020).
GP brings much convenience to modeling tasks in machine learning and statistics, and it can be used to specify functional distributions without the need for a specific functional form (Rasmussen and Nickisch, 2010). Assume that the hyperparameters to be optimized are [image: image] and the dataset obtained after BO-GP iteration is [image: image]. The Gaussian process assumes that the observation points obey a Gaussian distribution, and the expression is as follows:
[image: image]
[image: image]
From Bayes theorem:
[image: image]
The optimal hyperparameters are finally obtained by continuously updating the iteration to make [image: image].
TPE utilizes tree-structured adaptive Parzen estimators that handle discrete, categorical, and conditional variables with lower computational complexity than GP (Rasmussen, 2003). It shows better performance in complex parameter search space problems (Bergstra et al., 2013). The procedure is as follows.
[image: image]
Where [image: image] is the observation, [image: image] is the optimal value in the observation threshold; [image: image] is the density estimate of the loss function of observation [image: image] less than [image: image];and [image: image] indicates the density composition of the loss function of observation [image: image] greater than or equal to [image: image].
The collection function chosen for the TPE model is EI, defined as follows:
[image: image]
Let [image: image] and [image: image] , construct:
[image: image]
The process of determining the next sampling point is achieved by maximizing the EI function. Eq. 12 indicates that the maximum EI value is obtained when the hyperparameter [image: image] has the maximum probability of [image: image] and the minimum probability of [image: image]. In the TPE model, the process of maximizing EI is the process of maximizing [image: image]. The larger [image: image] is, the greater the possibility that the next sampling point [image: image] takes a value greater than [image: image] in the objective function, and the better the hyperparameter performance.
3 EXPERIMENTAL PROCESS
3.1 Experimental framework
The RAC compressive strength prediction model’s core is to use Python to access the database of RAC compressive strength, train the XGBoost, RF, KNN, SVR, and GBDT models, and then use cross-validation and the Hyperparameter configuration method (GS, RS, BO-TPE, BO-GPR) to optimize the hyperparameters in the specified hyperparameter space to produce a high-precision RAC compressive strength prediction model. The specific process is as Figure 6.
Step 1: The Experimental data of RAC compressive strength were collected to train the prediction model.
Step 2: Using Python to call the XGBoost, RF, KNN, SVR and GBDT module in the machine learning library, input the data into the model for training without adjusting the hyperparameters, and then use the model to fit the test set data to see the prediction effect.
Step 3: Hyperparameter tuning of the models. Hyperparameter optimization is performed on the XGBoost model and RF model, KNN model, SVR model, and GBDT model using 10-fold cross-validation combined with the Hyperparameter configuration method in the training set.
Step 4: The optimized hyperparameters are input to each model for training. The test set data are input to the trained models, and the accuracy and generalization ability of the models are verified by calculating R2, RMSE and MAE to compare the performance of different models.
[image: Figure 6]FIGURE 6 | Framework of compressive strength prediction model of RAC.
3.2 Experimental procedure
3.2.1 Data analysis
Various studies have investigated the compressive strength (CS) of RAC. As a result, an extensive dataset with experiments on the CS of RAC was recently assembled in reference (Yuan et al., 2022). 521 of these data were selected for training and testing the machine learning model. Twelve key factors, including effective water–cement ratio ([image: image]/c), aggregate-cement ratio ([image: image]), RCA replacement ratio ([image: image]), Parent concrete strength (PCS), nominal maximum RA size ([image: image]), nominal maximum NA size ([image: image]), bulk density of RCA ([image: image]), bulk density of NA ([image: image]), water absorption of RCA ([image: image], water absorption of NA ([image: image], Los Angeles abrasion index of RCA ([image: image]), Los Angeles abrasion index of NA ([image: image]) were used as model inputs, and finally the model predictions of the compressive strength of RAC were output. Table 1 shows the mean, median, maximum, and minimum values of the data used in this study. The distribution of the data used in this paper is shown in Figure 7. The effective water–cement ratio is mainly distributed in 0.3–0.6; the aggregate-cement ratio is mainly distributed in 2–4; the replacement rate of RAC mainly takes values around 0%, 20%, 50% and 30%; The Parent concrete strength ranged from 0 MPa to 75 MPa; The nominal maximum NA size and the nominal maximum NA size is mainly distributed in 15 mm–30 mm; The bulk density of RCA and the bulk density of NA ranged from 2,500/kg m3 to 3,000/kg m3; the water absorption of RCA is mainly distributed in 4%–8%; the water absorption of NA is mainly distributed in 0.3%–1.5%; Los Angeles abrasion index of RCA ranges from 30 to 45 MPa; Los Angeles abrasion index of NA ranged from 20 to 35.
TABLE 1 | Description of data used in this study.
[image: Table 1][image: Figure 7]FIGURE 7 | This paper uses data distribution.
Figure 8 illustrates the multiple correlation matrix of the input parameters and outputs used in this study. The shades of color indicate the magnitude of the correlations. Among the input variables, the highest correlation was found between bulk density of RCA ([image: image]) and water absorption of RCA ([image: image], R=0.74; followed by the correlation between bulk density of NA ([image: image]) and water absorption of NA ([image: image] of 0.7; The correlation coefficient between RCA replacement ratio ([image: image]) and bulk density of RCA ([image: image]) is 0.59; The correlation coefficient between RCA replacement ratio ([image: image]) and water absorption of RCA ([image: image] is 0.46. The larger the RAC replacement rate, the more mortar adhered to the surface of RAC with higher water absorption (Chakradhara Rao et al., 2011; McNeil and Kang, 2013; Duan and Poon, 2014). Between the input and output variables, the correlation between the Parent concrete strength (PCS) and the compressive strength (CS) of RAC was the largest. Furthermore, the correlation between the input and output variables was relatively low overall. As a result, all input variables were chosen in this study to improve the predictive model’s accuracy.
[image: Figure 8]FIGURE 8 | Input parameter data distribution Multi-correlation matrix of the input parameters and output.
3.2.2 Hyperparameter configuration
The grid search algorithm brings all the parameter combinations in the parameter space into the model for training. The grid search algorithm traverses each parameter combination, which consumes a lot of computational resources; the random grid search selects some parameter combinations as “subspace” by non-relaxed sampling and searches only these parameter combinations. The hyperparameter combinations are shown in Table 2. Bayesian optimization is a state-of-the-art automated method for tuning parameters, which proceeds as follows:
Step 1: According to the determined parameter space, randomly generate hyperparameter combinations [image: image] within the hyperparameter taking values, substitute them into the data set, and train the prediction model to obtain the corresponding objective function of the parameter combinations, i.e., the cross-validation assessment index(R2); [image: image] form the initial hyperparameter and prediction accuracy data set.
Step 2: The sample points are classified as good or poor based on the prediction accuracy dataset, and an agent model is built.
Step 3: The next set of hyperparameter sampling points [image: image] is sought from the proxy model based on the EI acquisition function. The hyperparameter combination is substituted into the data set for training to obtain the predicted values of the compressive strength of recycled concrete with the cross-validation evaluation index [image: image].
Step 4: If the cross-validation assessment index meets the requirements, [image: image] is used as the best hyperparameter most and the procedure is terminated.
TABLE 2 | The optimal combination of super parameters of prediction models determined under different hyperparameter configuration methods.
[image: Table 2]3.2.3 Model evaluation
After the prediction model is built, its performance needs to be evaluated. The model evaluation indexes used in this paper are: correlation coefficient (R2), Root Mean Square Error (RMSE), and mean absolute error (MAE). Of these, R2 judges the feasibility and linearity of the model; MAE reflects the mean of the absolute errors between the predicted and actual values; RMSE represents the square root of the second order sample moments of the difference between the predicted and observed values, the equation is as follows:
[image: image]
[image: image]
[image: image]
[image: image]
Where: [image: image] is the total number of samples involved in the training; [image: image] is the measured value of the strength of RAC in group [image: image]; [image: image] is the predicted value of RAC in group [image: image].
4 RESULTS AND ANALYSIS
4.1 Analysis of the impact of hyperparametric configuration methods on model performance
The grid search hyperparameters consume more computational resources for the same parameter space. Therefore, the grid search hyperparameter space is smaller than the Bayesian optimization hyperparameter space. The grid search hyperparameter space is the same as the random search hyperparameter space. This makes it easier to compare how different hyperparameter optimization methods affect how well a model works. Moreover, the number of iterations is the same for Gaussian Process (GP)-based Bayesian optimization and TPE-based Bayesian optimization, which is 1,000 iterations. The optimization effect of the hyperparameter configuration method in different models is shown in Figure 9 and Table 3.
[image: Figure 9]FIGURE 9 | Optimization Effect of Hyperparameter configuration Method in Different Models.
TABLE 3 | Performance comparison of prediction models under different hyperparameter optimization methods.
[image: Table 3]The grid and the random search methods are essentially enumerative, with a similar combination of hyperparameters searched and not much difference in cross-validation scores. However, because the search space of random search is only a subspace of the full domain space, the hyperparameter search time is substantially reduced compared with grid search, and the speed of random search is 15–32 times faster than grid search in this experiment. The larger the hyperparameter search space and the more complex the model, the more significant the difference in search time between the two. The performance of the prediction models under TPE-based Bayesian optimization was better than that of the grid search method and the random grid search method, and the fit of the XGBoost, RF, and GBDT models increased by 0.00109, 0.0238, and 0.004, respectively. The performance of the prediction models under TPE-based Bayesian hyperparameter optimization was better than that of GPR-based Bayesian hyperparameter optimization. In the prediction models under Bayesian hyperparameter optimization, the degree of fit of XGBoost, RF, and GBDT models increased by 0.0081, 0.0001, and 0.0084 in turn, and was faster, with the average search time of the TPE method being about 241 s and the average search time of the GPR method being 20,998 s. In this experiment, the TPE-BO hyperparameter optimization method reduced the search time by a factor of 65–134 compared to the GPR-BO method.
4.2 Comparative analysis of the performance of different models
The comparison graphs of the predicted values of different models are shown in Figure 10. All the following prediction models adopt BO-TPE super-parameter configuration method. As seen from the figure, the predicted values of the SVR prediction model deviate significantly from the actual values. In each prediction model, the predicted values of sample 12 and sample 44 deviated substantially from the true values, with a relative error of up to 140%, possibly because the sample was an outlier. Excluding the above abnormal samples, the KNN prediction model is unstable, with a minimum relative error of 3.18% and a maximum relative error of 39.62% between the predicted and true values; the deviations between the predicted and true values of the XGBoost, RF and GBDT models were relatively small, with an average relative error of 12.2%, 13.02%, and 10.94% for each model respectively; the minimum relative error between the predicted and actual values was 0.24% for the XGBoost model, 0.16% for the RF model and 0% for the GBDT model. Ensemble learning models outperform individual learning models, and the GBDT model has the smallest deviation from the true value and the highest prediction accuracy of any Ensemble learning model.
[image: Figure 10]FIGURE 10 | Comparison of predicted values of models.
As seen in Table 4, Figure 11, the cross-validation R2 score for the GBDT model was the highest, being 0.0074, 0.0836, 0.1925, and 0.317 more heightened than the XGB, RF, KNN, and SVR models, respectively. Therefore, the GBDT model has better fitting and generalization capabilities, followed by the XGBoost model, RF model, KNN model, and SVM model. The cross-validation R2 scores and training set R2 scores of the XGBoost, SVR, and GBDT models were all higher than the test set scores, which shows that the overall prediction effect of the models was higher than the prediction effect in the test set, and the models did not predict well in this randomly selected test set. The cross-validation R2 scores and training set R2 scores of the RF and KNN models were not significantly different from the test set scores. The model normally performed in prediction on this randomly selected test set. The XGBoost, RF, and GBDT models have smaller differences between training set R2 and test set R2 than the other models. Their generalization error and empirical error balance are higher than the other models. The single model learning has higher empirical risk and easy overfitting compared to integrated learning (XGBoost, RF, GBDT); The training set R2 of the KNN model is larger than the test set, and the training set R2 of the SVR model is smaller than the test set R2. The SVR model may have structural risk.
TABLE 4 | Performance comparison of prediction models of different RA concrete.
[image: Table 4][image: Figure 11]FIGURE 11 | Comparison of model prediction performance.
The RMSE evaluates the degree of variability in the data, with smaller values of RMSE indicating that the predictive model describes the experimental data with better accuracy. The prediction models in descending order of RMSE are the RF model, XGBoost model, SVR model, KNN model, and GBDT model with RMSE of 13.37, 13.47, 14.2, 14.52, and 15.45, respectively. The RF, SVR, and XGBoost models have better data description capability. The KNN and GBDT models have a large RMSE and may be affected by outliers.
The MAE indicator avoids the problem of forecast deviations and true values canceling each other out. The MAE of each model was not very different, and the smallest XGBoost model. The MAE of the XGBoost model was smaller than the RF model, KNN model, SVR model, and GBDT model by 0.1, 0.86, 0.72, and 1.14 respectively.
The average R2 of the cross-validation set for each prediction model is smaller than the training and validation sets, and the average RMSE and MAE are larger than the training and validation sets. The possible reasons for this are 1. The small size of the recycled coarse aggregate concrete sample data; 2. Insufficient relevant features given about recycled coarse aggregate concrete; and 3. The presence of outliers in the collected data. Collecting additional data and features for model training and improving the model’s generalization capability is necessary.
4.3 Feature sensitivity analysis
The objectives of the work are to 1) Determine the importance of each input parameter to the compressive strength of the RAC (Medina et al., 2021). 2) Quantitatively calculating the importance of different features affecting the compressive strength of RAC helps to understand the intrinsic mechanism of the compressive strength of RAC. XGBoost prediction model ranks the importance of different features affecting the strength of concrete, and their results are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Ranking of feature importance of XGBoost Model.
The feature importance ranking in the XGBoost prediction model is nominal maximum RA size ([image: image]), nominal maximum NA size ([image: image]), bulk density of NA ([image: image]), water absorption of NA ([image: image], effective water–cement ratio ([image: image]/c), Parent concrete strength (PCS), Los Angeles abrasion index of RCA ([image: image]), bulk density of RCA ([image: image]), water absorption of RCA ([image: image]), aggregate-cement ratio (a/c), Los Angeles abrasion index of NA ([image: image]), RCA replacement ratio ([image: image]). The importance of nominal maximum RA size ([image: image]) and nominal maximum NA size ([image: image]) is 41.7% and 14.5%, respectively, two characteristics strongly related to the crushing index of the aggregates. The physicochemical mechanism of compressive strength of concrete, fracture, and energy dissipation of recycled aggregate concrete material is a central physical mechanism (Bai et al., 2021; Bai et al., 2023). The crushing index is an essential parameter of aggregate strength. Because of the RAC the surface roughness, internal cracks, and other characteristics make its crushing index higher than that of NA, and its contribution to the compressive strength of RAC is lower than that of NA. The importance of water absorption of NA ([image: image] and water absorption of RCA ([image: image]) is 7.2% and 3.2 respectively. Studies have shown that the water absorption of RAC is greater than that of NA and that less absorbent aggregates have higher strength RAC (Koper et al., 2017). The importance of the bulk density of RAC ([image: image]) and the bulk density of NA ([image: image]) is 4.1% and 7.4 respectively. The bulk density of RAC is lower than NA. RAC has a looser internal structure, greater porosity than NA, and therefore, greater water absorption and lower compressive strength (Wagih et al., 2013). The importance of the Los Angeles abrasion index of RCA ([image: image]) and Los Angeles abrasion index of NA ([image: image]) is 5.0% and 2.1%, respectively. The Los Angeles abrasion index measures the quality of the aggregate, with a higher A meaning a less abrasive aggregate. The RAC aggregate has lower compressive and abrasion resistance than the NA due to the loss of virgin aggregate in the RAC separation and fragmentation of the mortar attached to the exterior of the RAC (González-Taboada et al., 2016; Park et al., 2018). The importance of the effective water–cement ratio ([image: image]/c) on the compressive strength of RAC is 5.3%. The larger the [image: image]/c, the more free water inside RAC, and the evaporation of free water will form small pores inside RAC, making the compressive strength of RAC become smaller. The importance of PSC is 5.3%, and many experimental results show that RAC made from recycled aggregates derived from high-strength parent concrete has a higher compressive strength than RAC made from recycled aggregates derived from normal parent concrete (Kou and Poon, 2015; Chakradhara Rao, 2018; Ahmad Bhat, 2021).
5 CONCLUSION
In this study, Bayesian optimization methods were used to tune the hyperparameters of the machine learning model to predict the non-linear relationship between the compressive strength of the RAC and the relevant influencing factors. The following conclusions were drawn:
(1) Based on the TPE-BO hyperparameter optimization method, the performance of the RAC compressive strength prediction model is effectively improved, and the efficiency is higher than other hyperparameter optimization methods.
(2) The TPE-BO optimized model was put to predict the compressive strength of RAC, and the TPE-BO-GBDT model obtained a higher prediction accuracy with a 10-fold cross-validation R2 = 0.8669 when comparing the R2, RMSE, and MAE of different models.
(3) The ranking of the importance of the features affecting the compressive strength of RAC are: [image: image], [image: image], [image: image], [image: image], [image: image]/c, PCS, [image: image], [image: image], [image: image], a/c, [image: image], [image: image], and this conclusion can provide a reference for the subsequent selection of features.
Although this paper only discusses the use of machine learning combined with Bayesian optimization in predicting the compressive strength of RAC, the TPE-BO optimization machine learning approach proposed in this paper can be extended to predict the mechanical properties of other types of concrete. In future work, we will collect more RAC experimental data and related influencing factors and try more hyperparameters optimization methods, such as PSO, GWO algorithm, and Differential Evolution (DE), to improve the accuracy and efficiency of the model prediction.
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The mechanical properties of the gravel soil-concrete structure interface are one of the important issues in academia and engineering. In this research, gravel soil samples were collected from the Three Gorges Reservoir region to carry out simple shear and direct shear tests of the gravel soil-structure interface. The shearing process was simulated with the numerical method. The strength and deformation characteristics of the interface, the applicability of the interface constitutive model, and the failure mechanism of the interface were analyzed. The results show that: 1) The direct shear test curve of the gravel soil-concrete interface shows strain softening with obvious stress peak, while the simple shear test curve shows strain hardening. The stress peak of the direct shear test is about 30% higher than that of the simple shear test. The shear contraction effect of the simple shear test is about 31% larger than that of the direct shear test. 2) The non-linear relationship of the gravel soil-concrete interface can be described by a hyperbola model, which has a good adaptability to the constitutive relationship of the interface in numerical analysis software. 3) The gravel soil-concrete interface gradually develops shear failure from the edge to the inside. The essence of soil-structure interaction is the movement of soil grains. The research results can provide a reference for the analysis of gravel soil-concrete interaction.
Keywords: gravel soil, interface, shear test, numerical calculation, evolution process
1 INTRODUCTION
During cooperative bearing and deformation of soil and structure, the interaction between them is complicated, which makes the mechanical properties of the soil near the interface significantly different from those of the soil in other regions. The mechanical response of the interface, in turn, significantly impacts the force, and deformation of the structure. Therefore, a comprehensive understanding of the mechanical behavior of the interface is very important for the analysis of the soil-structure interaction.
The interface test is an important method to reproduce the shear behavior and explore the interface mechanism. This test can be used to establish interface constitutive model and carry out numerical analysis for practical engineering. Since Potyondy (1961) introduced the interface behaviors of various soil mass and building materials, a series of sand-steel interface tests have been carried out (for example, Yoshimi and Kishida 1981; Uesugi and Kishida 1986; Uesugi et al., 1989; Fakharian and Evgin 1997; Evgin and Fakharian 1998; Li 2001; Hu and Pu 2004; Oumarou and Evgin 2005), and clay-concrete interface tests have also been conducted (for example, Kishida and Uesugi 1987; Taha and Fall 2013; Chen et al., 2015; Di Donna et al., 2016; Yavari et al., 2016; Xiao et al., 2019; Wang et al., 2020). Additionally, the effects of soil properties, the roughness of the structural surface, shear path, and test type on the mechanical properties of the interface have been analyzed. In order to explore the mechanical properties of the interface between special soil (such as unsaturated soil and frozen soil) and structure, some scholars have improved the conventional shear device and carried out a series of direct shear tests (for example, Miller and Hamid 2007; Liu et al., 2014; He et al., 2020; Shi et al., 2020). Previous studies mainly focus on the monotonic and cyclic behaviors of the interface between fine-grained soil (clay, sand) and structure (concrete, steel). Gravel soil is widely used in engineering due to its high strength, high permeability and low compressibility. However, studies on the mechanical properties of the gravel soil-concrete interface have rarely been conducted. Zhang and Zhang (2006) investigated the monotonic and cyclic behaviors of gravel soil-steel plate interface and found that the mechanical properties of the interface were significantly different from the gravel itself. Feng et al. (2018) developed a large-scale simple shear apparatus to study the three-dimensional monotonic and cyclic shear behaviors of the gravel-steel interface in two-way, cross and circular shear paths, and the results show that normal stress and shear path had significant effects on the three-dimensional interface behavior.
The interaction mechanism and failure mode of the soil-structure interface have also been investigated. Uesugi et al. (1988) introduced a method of observing the behavior of sand grains at the sand-steel interface. It was found that sand grains slid and rolled along the interface, and a shear band was formed inside the sand body during the sliding. Tsubakihara and Kishida, 1993 conducted a direct shear test on clay and steel plate and found three failure modes, namely, slip failure, shear band failure, and simultaneous slip failure and shear band failure. Hu et al. (2008) performed numerical simulations on the direct shear test of the interface and found that the stress and strain distribution on the interface was uneven, and the interface element gradually failed. Shi et al. (2015) and Sun et al. (2020) found two interface failure modes, namely, slip failure and elasto-plastic damage, by direct shear test and numerical analysis. Besides, it was found that the failure mode was related to the magnitude of the normal stress. Previous studies have extensively investigated the force mechanism of the interface, and the influencing factors and the shear failure modes. However, research on the soi-structure synergistic mechanism is still rare and needs further study.
In this research, the typical gravel soil in the Three Gorges Reservoir region was collected. The mechanical behaviors of the gravel soil-concrete interface under different normal stresses were investigated using large-scale direct shear and simple shear apparatuses. The mechanical properties obtained by the two tests were compared. The results obtained with different interface constitutive models were also compared to explore the rationality and applicability of these models. With numerical calculation and theoretical analysis, the failure mechanism and evolution process of the gravel soil-concrete interface were deeply investigated.
2 TEST SCHEME
2.1 Basic physical property test of gravel soil
Landslides are serious geohazards that occur under a variety of climatic conditions (Medina et al., 2021; Fang et al., 2023), especially in the Three Gorges reservoir area of China (Guo et al., 2020). The tested soil mass was taken from Xietan, Zigui County, Hubei Province. It is composed of small soil grains and gravel. The soil mass is purple-red and has a high content of gravel grains. The soil sample is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Gravel soil sample.
Particles with a maximum diameter of 60 mm are suitable for the shear apparatus used in the tests. The mass of particles with a diameter greater than 60 mm in the undisturbed sample accounts for only 0.71% of the total. Therefore, particles with a diameter larger than 60 mm were excluded by the exclusion method to obtain the grading curve, as shown in Figure 2. According to the standard for engineering classification of soil (GB/T 50145-2007, 2007), the particle with a diameter larger than 2 mm was defined as stone, and the particle smaller than 2 mm was defined as soil. The test soil sample had a stone content of 65.88% and a soil content of 34.12%, belonging to coarse-grained soil consisting of silty clay and gravel.
[image: Figure 2]FIGURE 2 | Particle gradation curve.
In order to qualitatively analyze the possible engineering properties of the gravel soil, a systematic test of its basic physical and mechanical properties was carried out. The basic physical and mechanical indexes of the test soil sample are shown in Table 1.
TABLE 1 | Basic physical and mechanical properties of the gravel soil.
[image: Table 1]2.2 Interface test
Direct shear and simple shear tests are two important methods to study the mechanical properties of the interface. Simple shear apparatus has a ten-layer stacked ring, which corresponds to the upper shear box of direct shear apparatus, and to some extent, it overcomes the shortcoming caused by the restriction on shear failure surface in direct shear apparatus. In this research, the large-scale DHJ50 type shear apparatus developed by Sichuan Huaxi Geotechnical Research Institute was applied. It has a diameter of 504.6 mm and a height of 400 mm. The reconstituted gravel soil sample was used. Its dry density was 1.6 g/cm3, and the moisture content was 7.41%. Normal stresses were set to be 100 kPa, 200 kPa and 400 kPa. The horizontal shear force was applied at a constant shear rate of 0.88 mm/min. The horizontal shear displacement and normal deformation were measured by displacement transducers arranged horizontally and vertically, respectively. The test was performed according to the Specification of Soil Test (SL237-1999, 1999). The working principle of the apparatus is shown in Figure 3. The bottom concrete cushion block and the surface concrete block are shown in Figures 4, 5 separately.
[image: Figure 3]FIGURE 3 | Working principle of direct shear apparatus.
[image: Figure 4]FIGURE 4 | Hoisting of the concrete cushion block.
[image: Figure 5]FIGURE 5 | Placement of the concrete surface block.
The roughness of the structural surface has a significant impact on the mechanical properties of the interface. In order to better simulate the contact between soil and concrete, in this research, a new method for making lower box concrete test block was proposed on the basis of the conventional direct shear apparatus (Du et al., 2016). Specifically, two steel molds were prepared for pouring concrete cushion block and surface block; hoisting steel bars were pre-embedded into the concrete. In this way, the problems in concrete preparation, loading, and unloading, and replacement could be solved.
3 TEST RESULTS AND ANALYSIS
3.1 Shear strength analysis
The test results show that the two test methods will affect the shear stress-shear displacement relationship curve. Since the direct shear test limits the location of the interface, with the increase in shear displacement, the shear failure surface grows, and then coalescence occurs. The shear stress decreases, and the curve shows strain softening. During the simple shear test, the upper shear box does not produce rigid constraints on the soil sample. The upper box soil deformation increases with the increase of the shear displacement, which is a gradual failure process. Since the shear strength of the soil-concrete interface is greater than that of the soil sample, shear failure often occurs in a certain range of the soil mass. As the shear displacement increases, the shear stress increases, and the curve shows strain hardening.
Under different normal stresses, the initial shear modulus, and peak shear stress of the direct shear test are significantly larger than those of the simple shear test. The peak shear stresses of the direct shear test and simple shear in Figure 6 were extracted, and the chart column of them is shown in Figure 7. It can be seen that the peak shear stress of the direct shear test is about 30% larger than that of the simple shear test.
[image: Figure 6]FIGURE 6 | The shear stress-shear displacement relationship curve. (A) σn = 100 kPa, (B) σn = 200 kPa, and (C) σn = 400 kPa.
[image: Figure 7]FIGURE 7 | Comparison of peak stress of direct shear test and simple shear test.
3.2 The law of normal deformation
Figure 8A, B show that both test methods produce a shear contraction effect, and the trends of normal displacement at different sites of the upper surface of the soil sample vary. Due to the combined effect of normal and horizontal loads, there is friction between the soil-concrete interface, which causes the soil grains to move with the lower shear box. In the direct shear test, due to the rigid constraint of the upper shear box, the movement of the soil grains is limited to a certain height above the interface. With the increase of horizontal displacement, the upper surface of the soil mass will eventually show a stable tilt state, with the left being lower than the right. The simple shear test does not restrict the failure surface. There is not only soil grain movement on the interface but also aggregate movement inside the soil sample, which effectively compresses the internal voids of the soil sample. At 40 mm of the shear displacement, the shear contraction effect of the simple shear test is 31% larger than that of the direct shear test, as shown in Figure 8C.
[image: Figure 8]FIGURE 8 | The relationship between normal deformation and shear displacement (σn =400 kPa). (A) Direct shear test, (B) Simple shear test (C) Contrast diagram of normal deformation.
3.3 Stress-strain model of the interface
C1ough and Clough and Duncan, 1971 fitted the sand-concrete direct shear test results and concluded that the relationship between the shear stress and shear displacement of the interface could be described by a hyperbola. Since it has only a few parameters and they are easy to determine, and its numerical calculation is easy, it is still widely used. The specific expression is shown in Eq. 1.
[image: image]
Where τ is the average shear stress; ω is the relative shear displacement of the interface; kI is the stiffness coefficient; n is the stiffness index; γw, and Pa are the unit weight of water and standard atmospheric pressure, respectively; Rf is reduction factor.The direct shear test data were fitted with the hyperbola model to determine the parameters. The results are shown in Table 2. The fitting curves and test curves were compared, as shown in Figure 9. It can be seen that the hyperbolic model can well represent the strain hardening characteristics of the interface.
TABLE 2 | Parameters of the hyperbolic model of the interface.
[image: Table 2][image: Figure 9]FIGURE 9 | Comparison of the fitting curves and test curves between shear stress and shear displacement under different normal stresses (A) σn=100 kPa (R2=0.9911) (B) σn=200 kPa (R2=0.9675) (C) σn=400 kPa (R2=0.9443).
4 NUMERICAL CALCULATION OF CONTACT PROBLEMS
At the soil-structure interface, in addition to the transfer of forces, non-linear deformations such as bonding, slipping and cracking are generated. Therefore, the numerical calculation of contact problems has been a hot, and difficult issue in civil engineering. Currently, the contact mechanics method is the main analysis method of dealing with contact problems. At the soil-structure interface, the Lagrange multiplier method, and penalty function method, etc., are used to analyze the contact problem based on the balance of forces and to discretize the continuum. In this way, the contact conditions only need to be satisfied at the node instead of all touch points.
4.1 Three-dimensional numerical model of direct shear test
The soil mass is a cylinder with a diameter of 50 cm and a height of 20 cm. The concrete is a 70 cm × 70 cm × 20 cm rectangular body. The soil mass and concrete both adopted the C3D8R solid element. The number of soil and concrete grid cells was 2023 and 784, respectively. The three-dimensional model is shown in Figure 10. Constraints in X and Y directions were set on the sides of the soil mass; 100, 200, and 400 kPa normal stresses were applied to the upper surface of the soil mass, respectively; constraints in Y and Z directions were set on the bottom surface of the concrete; horizontal displacement load of 80 mm was applied to the sides of the concrete. Three analysis steps were set in ABAQUS: geo-stress balance, normal pressure application, and horizontal displacement load application.
[image: Figure 10]FIGURE 10 | Boundary conditions of the 3D model.
The soil mass adopted the Mohr-Coulomb elastic-plastic model, and its parameters were determined according to the direct shear test. The Poisson’s ratio of gravel soil is generally 0.15–0.25. It can be found from the trial calculation that Poisson’s ratio has little influence on the calculation result of the interface (as shown in Figure 11). Therefore, Poisson’s ratio of soil was set as 0.23. According to the empirical elastic modulus E = 2.0–5.0 Es, and the comparison of trial calculation results (as shown in Figure 12), the elastic modulus was determined as 15 MPa. The mechanical parameters of the materials are shown in Table 3.
[image: Figure 11]FIGURE 11 | Comparison of the trial calculation results of poisson’s ratio (σn =100 kPa).
[image: Figure 12]FIGURE 12 | Comparison of the trial calculation results of elastic modulus (σn =100 kPa).
TABLE 3 | The mechanical parameters of the materials.
[image: Table 3]4.2 Geo-stress balance
Figures 13, 14 show the nephogram of the stress and displacement before and after the initial geo-stress balance. It can be seen that the magnitude of the stress after geo-stress balance remains unchanged, and the magnitude of the soil displacement reaches E−10(m). Therefore, the results of the geo-stress balance are regarded as reasonable, and it has little impact on subsequent analysis.
[image: Figure 13]FIGURE 13 | Nephogram of stress and displacement before geo-stress balance (A) Displacement and (B) Stress.
[image: Figure 14]FIGURE 14 | Nephogram of stress and displacement after geo-stress balance (A) Displacement and (B) Stress.
4.3 Comparative analysis of the numerical calculation of the interface
Without considering the tangential and normal coupling effects, the interaction between interfaces includes normal, and tangential actions. ABAQUS applies hard contact in the normal direction; in other words, the normal pressure can only be transmitted when the two objects are in a compression state, while no normal pressure can be transmitted when there is a gap between the two objects. Only when there is contact pressure on the interface can the interface transmit tangential force. If the tangential force is less than a certain limit value, ABAQUS regards the interface to be in a bond state; if the tangential force is greater than the limit value, the interface begins to show relative sliding deformation.
In this paper, the friction model, and hyperbolic model were applied in the tangential direction to carry out a comparative analysis. The friction model is a conventional processing method and does not consider the cohesion of the interface. Its basic formula is τcrit = μp (μ is the friction coefficient; p is the normal contact pressure). The coefficient of friction was 0.7455, obtained by fitting the shear strength relation curve of the direct shear test. The hyperbolic model can be easily realized by invoking the FRIC subroutine with ABAQUS. The basic formula is shown in Eq. 1, and the calculation parameters are determined according to Table 3.
Figure 15 shows that the numerical calculation results of both models are smaller than the results of the direct shear test. The friction model is an ideal elastoplastic model, and its calculation results deviate greatly from the experimental data. The hyperbolic model can better simulate the non-linear relationship between the shear stress and the shear displacement. Its calculation effect is better than that of the friction model. According to the Specification of Soil Test (SL237-1999, 1999), the peak stress or shear stress at the site where the shearing displacement reaches 1/15–1/10 of the sample diameter is taken as the shear strength. In this paper, the shear stress at 40 mm (1/12.5 of the sample diameter) was taken as the shear strength. The errors of different calculation models compared with the direct shear test are shown in Figure 16. It can be seen that the error of the hyperbolic model is smaller than that of the friction model. For the numerical analysis of actual engineering contact problems, the hyperbolic model is recommended since it can reflect the non-linear relationship between stress and strain. However, the soil-structure interaction force under high stress is about 16% smaller than the actual value and should be adjusted accordingly or locally strengthened.
[image: Figure 15]FIGURE 15 | Comparison of the relation curves of shear stress and horizontal displacement under different normal stresses obtained with different methods (A) σn =100 kPa (B) σn =200 kPa (C) σn =400 kPa.
[image: Figure 16]FIGURE 16 | The error of different calculation models compared with direct shear test.
5 ANALYSIS OF SOIL-STRUCTURE INTERACTION MECHANISM
In this section, the numerical calculation results of the friction model are used to analyze the soil-structure interaction mechanism because of its simple mechanics principle.
5.1 Interface failure mechanism
According to the numerical calculation results, the distribution of the central node compressive stress along the horizontal path under the normal stress with different shear displacements ws was extracted, as shown in Figure 17. The results show that the distribution of compressive stress on the interface is uneven during the shearing process. Figure 17A shows that the compressive stress of the interface is about 100 kPa when the shearing is not started; Figures 17B–D show that with the increase of the shear displacement, the compressive stress at the middle of the interface gradually increases while that at the sides gradually decreases and show a unimodal shape. The compressive stress in the middle reaches about 400 kPa. As the shear displacement further increases, the overall compressive stress decreases and presents a bimodal shape, as shown in Figure 17E. Due to the shear contraction and boundary effects during the shearing process, the compressive stress on the left is greater than that on the right, and the wave crest is finally located in the middle to the left, as shown in Figure 17F.
[image: Figure 17]FIGURE 17 | The distribution of compressive stress along the horizontal path with different shear displacements (σn=100 kPa) (A) ws=0 mm, (B) ws=0.08 mm, (C) ws=0.61 mm, (D) ws=35.5 mm, (E) ws=48.9 mm, and (F) ws=80 mm.
The critical shear stress is the critical value when the interface node transits from the bond state to the slip state. The critical shear stress is always greater than or equal to the actual shear stress. When the shear stress is smaller than the critical shear stress, the node is in a bond state and is subjected to static friction; when the shear stress increases to the critical shear stress, the node is in a slip state, and is subjected to sliding friction. Figure 18 reveals that shear failure of the interface is a progressive process from the edge to the interior (Yin et al., 1995). Figure 18C shows that the edge nodes on the sides first reach the critical shear stress and show slip failure. As the shear displacement increases, the slip failure gradually develops towards the middle, as shown in Figure 18D. When the critical shear stress curve and the actual shear stress curve completely coincide, as shown in Figure 18E, the interface shows integral slippage and coalescence of the failure; after that, the shear stress of the interface is only affected by the compressive stress of the interface.
[image: Figure 18]FIGURE 18 | The distribution of shear stress along the horizontal path with different shear displacements (σn=100 kPa) (Black represents critical shear stress; Red represents actual shear stress) (A) ws=0 mm, (B) ws=0.08 mm, (C) ws=0.61 mm, (D) ws=35.5 mm, (E) ws=48.9 mm, and (F) ws=80 mm.
5.2 Analysis of the evolution process of the soil-structure interaction
During the shearing process, the soil grains on the interface will exhibit two motion states: translation and rotation. Under the action of shear stress, the left soil grains move to the right. The right soil grains are not only subjected to the shear stress but also pushed by the left soil grains. Due to boundary constraints, the soil grains accumulate at the right; with further increase in shear stress, the soil grains on the right side of the interface will squeeze and roll upwards, and the grains inside the soil sample will also rotate upwards. Eventually, the upper box soil mass will show a tilt state with the left lower than the right, as shown in Figure 19.
[image: Figure 19]FIGURE 19 | Soil grain movement during the shearing process.
The structure drives the movement of soil grains on the interface through the shear stress, which affects the size, and distribution of the compressive stress and shear stress on the interface. According to the relationship between the actual shear stress and the critical shear stress, the interface will be in a bond state or slip state. The movement of soil grains and the size and distribution of the compressive stress on the interface directly affect the shear stress of the structure on the soil. The shear stress, in turn, drives the movement of the soil grains. In this way, the soil-structure interaction is gradually formed. The evolution process is shown in Figure 20.
[image: Figure 20]FIGURE 20 | The evolution process of the soil-structure interaction.
6 CONCLUSION
In this paper, the interface shear test under different normal stresses is carried out with different test methods. The obtained strength and deformation characteristics of the soil-structure interface are compared and analyzed. The comparison results are combined with numerical calculations and theoretical analysis to further analyze the failure mechanism of the soil-structure interface. The following conclusions can be drawn.
(1) The direct shear test curve shows strain softening with obvious peak stress, while the simple shear test curve shows strain hardening. The peak stress of the direct shear test is about 30% higher than that of the simple shear test. The shear contraction effect of the simple shear test is about 31% larger than that of the direct shear test.
(2) The numerical calculation results of both the friction model and the hyperbolic model are smaller than those of the direct shear test. For actual engineering, the hyperbolic model is recommended since it can better describe the non-linear relationship between the shear stress and the shear displacement. However, the soil-structure interaction force is about 16% smaller than the actual value and should be adjusted accordingly or strengthened locally.
(3) The shear failure of the interface gradually develops from the edge to the interior. The essence of soil-structure interaction is the movement of soil grains. It affects the changes in the compressive stress and shear stress of the interface, and the shear stress, in turn, drives the movement of soil grains. This cycle reveals the soil-structure interaction mechanism.
Numerical simulation of soil-structure interface based on the constitutive model of gravel soil remains to be further studied in order to obtain more realistic and accurate simulation results; meanwhile, the micromechanical behavior of the soil-structure interface analyzed by the discrete element method (DEM) lacks research.
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Since the prediction of slope stability is affected by the combination of geological and engineering factors with uncertainties such as randomness, vagueness and variability, the traditional qualitative and quantitative analysis cannot match the recent requirements to judge them accurately. In this study, we expect that the adaptive CE factor quantum behaved particle swarm optimization (ACE-QPSO) and least-square support vector machine (LSSVM) can improve the prediction accuracy of slope stability. To ensure the global search capability of the algorithm, we introduced three classical benchmark functions to test the performance of ACE-QPSO, quantum behaved particle swarm optimization (QPSO), and the adaptive dynamic inertia weight particle swarm optimization (IPSO). The results show that the ACE-QPSO algorithm has a better global search capability. In order to evaluate the stability of the slope, we followed the actual project and research literature and selected the unit weight, slope angle, height, internal cohesion, internal friction angle and pore water pressure as the main indicators. To determine whether the algorithm is scientifically and practically feasible for slope deformation prediction, the ACE-QPSO-, QPSO-, IPSO-LSSVM and single least-square support vector machine algorithms were trained and tested based on a real case of slope project with six index factors as the input layer of the LSSVM model and the safety factor as the output layer of the model. The results show that the ACE-QPSO-LSSVM algorithm has a better model fit (R2=0.8030), minor prediction error (mean absolute error=0.0825, mean square error=0.0110) and faster convergence (second iteration), which support that the ACE-QPSO-LSSVM algorithm emthod is more feasible and efficient in predicting slope stability.
Keywords: slope stability prediction, least squares support vector machine, improved quantum-behaved particle swarm optimization, benchmark test, optimization
1 INTRODUCTION
In geotechnical engineering, slope stability analysis has been a significant research area. In China, nearly 800 people died or missed every year caused by slope instability, resulting in economic losses of more than 600 million dollars (Wang et al., 2022). Therefore, it is essential to perform slope stability analysis to ensure the reliability of slopes and the safety of people in the vicinity.
The study of slope stability was first initiated in Sweden in the 1920s, when engineer Fellenius proposed the slice method, following which many researchers at home and abroad focused on the problem of slope stability (Gasmo et al., 2000; Samui 2008; Zhang et al., 2017; Wang et al., 2019). Slope stability analysis methods can be divided into qualitative, quantitative, and non-deterministic methodologies (Yan 2017). Methods of quantitative analysis are mainly divided into geological history analysis methods, engineering geological analogy methods, and graphic methods (Gao 2014). The quantitative analysis method can be classified into two types: the limit equilibrium method and the numerical simulation method (Gao 2014), the non-deterministic method is mainly divided into fuzzy mathematical method, gray system theory method, artificial neural network method, genetic method, probabilistic analysis method, etc., (Chakraborty and Dey 2022). Among these methods, quantitative analysis cannot calculate the deformation of a rock mass, whereas deformation calculations can be crucial in some cases, and the qualitative analysis method has the problem of the dominance of human subjective factors, and people with different experiences will reach different conclusions with the same information.
Due to these limitations, traditional quantitative and qualitative analysis methods are unsuitable for many situations (Chakraborty and Dey 2022). Recent advances in science and technology have led to the widespread adoption of artificial intelligence technology in slope engineering because of its faster performance and greater accuracy (Jiang et al., 2018; Huang et al., 2019; Huang et al., 2020a; Chang et al., 2020; Chang et al., 2022). Slope stability prediction methods based on artificial neural network (ANN) (Sakellariou and Ferentinou 2005; Cho 2009) and support vector machine (SVM) (Samui 2008; Tan et al., 2011) have received extensive attention from researchers. Although ANN has successfully been applied to slope stability prediction research, it still suffers from certain disadvantages, such as over-fitting, slow convergence, and poor generalization performance (Gülcü 2022). Contrary to ANN, SVM in machine learning can overcome the disadvantages and is well accepted in several fields including geology (Huang et al., 2020b), geotechnical engineering (Huang et al., 2022a), environmental science (Huang et al., 2010), agronomy (Thanh Noi and Kappas 2017), bioscience, etc., (Mourao-Miranda et al., 2005).
The least-square support vector machine (LSSVM), an advanced version of the SVM, reduces the complexity of the optimization process and can quickly solve linear and non-linear multivariate calibration problems (Li and Tian 2016). Thus, LSSVM has excellent application potential in slope stability prediction research. In general, LSSVM has a high level of accuracy and generalization based on the choice of its regularization parameter [image: image] and squared bandwidth [image: image] (Samui and Kothari 2011). Nevertheless, the choice of traditional LSSVM on [image: image] and [image: image] is not well suited for slope stability prediction research (Samui and Kothari 2011; Zeng et al., 2021).
To better select [image: image] and [image: image] for high level performance of LSSVM, several heuristic algorithms (Yu 2012; Kamari et al., 2014; Li et al., 2018; Suarez-Leon et al., 2018) such as genetic algorithm (GA) (Wu 2011b; Atashrouz et al., 2016; Wen et al., 2017), particle swarm optimization (PSO) (Zhao and Yin 2009; Wu 2011a; Yu et al., 2016) have been applied to the optimal selection of parameters for LSSVM. These optimization algorithms are well-received by researchers because of their versatility, such as fast and high efficiency, effective escape from local optimal solutions, and balancing local and global search (Wang et al., 2010; Viswanathan and Samui 2016; Gedik 2018). GA is a search (optimality-seeking) algorithm with natural selection principles and natural genetic mechanisms. The population-based heuristic search technique known as PSO was created at the same time by Kennedy and Eberhart in response to their studies of the social interactions between flocks of fish and birds. PSO is easier to implement than GA and performs better in multivariate function optimization. Rapid convergence and the discovery of almost ideal solutions (Juang 2004; Panda and Padhy 2008; Duan et al., 2013; Li et al., 2015; Wu et al., 2015). Since 1995, many researchers have tried different performance optimizations for PSO (Fan 2002; Wang et al., 2017). In 2004, Sun et al. introduced the quantum theory to PSO, called Quantum-behaved particle swarm optimization (QPSO) (Xu 2004). Theoretically, the global search algorithm QPSO can ensure good optimal results in the search space. As opposed to PSO, the iterative equations of QPSO do not require the velocity vector of the particles. It requires fewer parameters to be adjusted, which can be implemented more easily. In addition, researchers have confirmed that QPSO has excellent properties such as better global search capability and faster computational speed compared to the standard PSO algorithm on some widely used benchmark functions (Jun et al., 2004; Xu 2004), and has good potential for the evaluation of slope stability.
In summary, to compensate for the shortcomings of the slow solution speed of SVM and the limited search space of PSO, which is easy to fall into local optimal solutions. In this paper, an improved QPSO-LSSVM algorithm is proposed by optimizing the LSSVM parameters with adaptive CE factor quantum-behaved particle swarm (ACE-QPSO) and applied to the stability prediction study of slopes, subsequently analyzing sample data and case predictions to determine whether the algorithm is scientifically and practically feasible for slope deformation prediction.
2 METHODS
The rest of this paper is structured as follows: Section 2 introduces the algorithmic principles of SVM, single LSSVM, and PSO, QPSO. Section 3 presents the improved QPSO-LSSVM algorithm applied to slope stability prediction. Section 4 tests the performance of the ACE-QPSO, QPSO, and IPSO algorithms through three classic benchmark functions. Section 5 compares the improved QPSO-LSSVM algorithm, QPSO-LSSVM algorithm, PSO-LSSVM, and single LSSVM algorithms for prediction and analysis based on training and testing samples for slope stability prediction. At the end of this paper, Section 6 presents the research conclusions. The modeling flow chart of slope stability prediction based on ACE-QPSO-LSSVM is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The modeling flow chart of slope stability prediction based on ACE-QPSO-LSSVM: (A) Benchmark function performance test, (B) Algorithm parameters and data selection, (C) Model prediction and analysis.
2.1 LSSVM algorithm
In 1995, Vapnik proposed the support vector machine (SVM) (Sain 1996), a supervised machine learning method for classification and regression. In recent years, SVM has received much attention due to its good classification performance and fault tolerance (Xuegong 2000; Huang et al., 2022b). Given a set of training samples [image: image], where [image: image] is a D-dimensional input vector and [image: image] is an output indicator. The regression function can describe the non-linear relationship between the inputs and outputs:
[image: image]
where [image: image] represents the predicted value, [image: image] is the high-dimensional feature map, [image: image] is the weight vector, and [image: image] stands for the bias term. Considering that there is a fitting error, we can introduce slack variables [image: image] and [image: image]. Therefore, we derive the following error minimization expression:
[image: image]
[image: image]
In Eq. 2, [image: image] is the penalty function. Then the constraint is expressed as follows. For Eq. 3, Suykens et al. proposed a least-square support vector machine (LSSVM) (Suykens and Vandewalle, 1999) based on regularization theory, which transforms the above equation into:
[image: image]
The above equation is constrained by [image: image], where [image: image] is a non-negative relaxation variable. Furthermore, the optimization problem is solved using the Lagrange method, which corresponds to the Lagrange function as the Eq. 5 where [image: image] is a Lagrange multiplier. Then taking partial derivatives of the Eq. 5 and by eliminating [image: image] and [image: image] (Espinoza et al., 2006) yields the following linear system as the Eq. 6 in which [image: image] is the kernel function and satisfies Mercer’s condition. The mentioned regression function obtains as the Eq. 7 in which [image: image] and [image: image] express the solution of the linear system shown in Eq. 5.
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The main kernel functions used for LSSVM are the following options: linear kernel function, polynomial kernel function, radial basis function (RBF), and Sigmoid kernel function. Kang et al. (Kang et al., 2016) have shown that by using different kernel functions in LSSVM for slope stability analysis studies, RBF significantly outperforms other kernel functions. Therefore, in this study, the RBF kernel function is used and expressed as the Eq. 8 where [image: image] is the width of the RBF that influences how the RBF’s inputs are scaled.
[image: image]
2.2 QPSO algorithm
2.2.1 Adaptive dynamic inertia weight particle swarm optimization (IPSO)
The PSO algorithm is a population-based heuristic search technique developed by James Kennedy and Russell Eberhart in 1995 by observing and studying the social behavior of flocks of birds and fish. Particles’ position and velocity are updated by Eqs 9, 10 in each step:
[image: image]
[image: image]
In the above equation, [image: image] denotes the N-dimensional vector of the particle [image: image] at iteration [image: image], [image: image] denotes the velocity of the particle, [image: image] denotes the inertia weight factor, [image: image] denotes the learning factor, and [image: image] denotes random functions in the range [0,1].
The inertia weight [image: image] represents the effect of the velocity of the previous generation of particles on the velocity of the contemporary particles, or the degree of confidence the particles have in the current state of their own motion, and the particles move inertially based on their own velocity. Thus, PSO performance is governed by inertia weight [image: image], which balances the population’s global and local development capabilities. Generally, in large problem spaces, to achieve a balance between search speed and search accuracy, algorithms are designed to have a high global search capability at an early stage to obtain a suitable seed, and a high local search capability at a later stage to improve convergence. Therefore, [image: image] should not be a fixed constant (Ab Wahab et al., 2015). At present, the linear reduction is the most commonly used method for controlling [image: image], but this method does not maintain a balance between global and local search (Bergh, F.V. and Engelbrecht 2004; Deng et al., 2017). In conjunction with the prediction object, therefore, we propose an adaptive dynamic change of inertia weights to adjust the value of [image: image] to improve the performance further, as shown in Eq. 11, which is the adaptive dynamic inertia weight particle swarm optimization (IPSO).
[image: image]
where [image: image]; [image: image] is the current iteration number; and [image: image] is the maximum iteration number.
2.2.2 Adaptive CE factor quantum-behaved particle swarm (ACE-QPSO)
As mentioned in introduction, two disadvantages of the PSO algorithm are its inability to guarantee the global optimal solution, and its poor local search capability, which results in poor search accuracy (Xinchao 2010). To solve this problem, Sun et al. developed and proposed the QPSO algorithm (Jun Sun 2004; Xu 2004), inspired by PSO and quantum mechanical trajectory analysis. Their iterative equation for particle movement is defined as follows:
[image: image]
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where,
[image: image]
[image: image]
From Eqs 12–15, [image: image] is the average best position, one can obtain this by calculating the average of all the best positions ([image: image]) in the population; [image: image] is the random functions uniformly distributed in the range [0,1]; and [image: image] parameter is the contraction-expansion coefficient (i.e., CE coefficient), which is the only parameter in the QPSO algorithm that can be adjusted to control the convergence rate of the algorithm. Usually, there are two main methods of controlling [image: image], one is to fix the value of [image: image] during the search period. In the previous research, it was noted that setting numbers in the range (0.5, 0.8) produces satisfactory results for most benchmark functions, and QPSO generally performs well when [image: image] =0.75 (Sun et al., 2011). However, the fixed value [image: image] is dependent on the population size and the number of iterations allowed. The other is to change the value of [image: image] by using a time-varying function expression. Research on QPSO has shown that non-linearly decreasing the value of [image: image] from [image: image] to [image: image] ([image: image]) during the search process allows the QPSO algorithm to perform efficiently (He and Lu 2021; Lu and He 2021). In this paper, we combine the prediction objects and propose a method to adaptively change the CE coefficient (i.e., [image: image]) to further improve the performance. A new equation is presented by the Eq. 16, which is the adaptive CE factor quantum-behaved particle swarm.
[image: image]
where [image: image] refer to maximum and minimum values of [image: image], respectively; [image: image] is the current fitness of the particle; [image: image] is the fitness of the worst particle in the population; and [image: image] represents the best fitness in the population.
2.3 ACE-QPSO-LSSVM algorithm
The parameter regularization parameter ([image: image]) and squared bandwidth ([image: image]) optimization problem of LSSVM is usually converted into a parameter estimation problem for multiple linear regression functions (Xue 2017). Moreover, QPSO, as a global optimization algorithm, can quickly optimize these two parameters and iteratively change the values of [image: image] and [image: image] to improve the prediction accuracy of LSSVM. Therefore, this paper proposes an ACE-QPSO-LSSVM algorithm to predict slope stability and uses performance metrics to evaluate its performance. And the performance metrics considered are defined as follows (Kang et al., 2016; Chen 2019).
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Where [image: image] denotes the measured value, [image: image] indicates the predicted value, [image: image] denotes the mean value, and [image: image] is the number of samples used for training. Apparently, as the coefficient of determination (R2) grows, the mean absolute error (MAE) and mean square error (MSE) values decrease, the algorithm prediction accuracy increases, and vice versa.
Then the main steps in this paper to implement the ACE-QPSO optimized LSSVM algorithm based on Python are as follows.
Step1:. Divide the prediction dataset into training and testing samples and normalize it. The standardized formula is presented by the follows:
[image: image]
in Eq. 20, [image: image] are the minimum and maximum values in the dataset, respectively; [image: image] is the value after the normalization process; [image: image] is the original sample values.
Step2:. Initialize the parameters of the QPSO algorithm, including the particle swarm size [image: image], particle dimension [image: image], the maximum number of iterations [image: image], the CE control coefficient [image: image], and the range of the parameters.
Step3:. Calculate the fitness of each particle by Eq. 19.
Step4:. Use Eq. 14 to calculate [image: image] and Eq. 15 to calculate the mean personal best position of the population [image: image].
Step5:. Compare each particle’s fitness and corresponding parameters with their best known position [image: image]. If the current particle’s fitness and related parameters are better than [image: image], update [image: image] and fix the particle position parameter values between the minimum and maximum positions. On the contrary, not update [image: image].
Step6:. Compare [image: image] with the entire swarm’s best known position [image: image]. If [image: image] is smaller than [image: image], update [image: image] fitness as well as particle swarm. On the contrary, not update [image: image].
Step7:. Repeat Step3 to Step6 until the iteration termination condition is met. Output the parameters [image: image] and [image: image] at this point, and use the parameters to train and predict the least squares support vector machine LSSVM regression model.The flow chart of the ACE-QPSO optimized LSSVM algorithm for slope stability prediction analysis is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Flow chart of ACE-QPSO optimized LSSVM algorithm.
2.4 Performance measurement
To better compare the performance of the ACE-QPSO-LSSVM algorithm with the QPSO-LSSVM, IPSO-LSSVM algorithm, and as a preparation for the case study below. In this paper, each algorithm’s global optimal search ability is tested by the benchmark function. Then, ACE-QPSO, QPSO and IPSO will be tested for their respective optimization efficiency by three classical benchmark functions (Table 1), respectively.
TABLE 1 | Three benchmark functions.
[image: Table 1]To avoid the contingency of algorithm search, each algorithm was set to run 50 times for each test function with 200 iterations each. The final mean best fit values (Mean) and standard deviation (St Dev) were obtained as shown in Table 2, while the convergence curves and function result plots of their best fit values are shown in Figures 3, 4. Combined with Table 2, it can be seen that the mean best fitness value and standard deviation of ACE-QPSO are better than QPSO and IPSO, with the best convergence accuracy under the tests of three different benchmark functions. Meanwhile, it can be seen from Figure 3 that, overall, ACE-QPSO has faster convergence and higher optimization efficiency compared with QPSO and IPSO, and can obtain the best fitness value in a relatively short period. This indicates that ACE-QPSO has better performance in finding the optimal.
TABLE 2 | Comparison of the results of each algorithm.
[image: Table 2][image: Figure 3]FIGURE 3 | The convergence curves of each algorithm on the three benchmark functions of (A)–(C), respectively: (A) Sphere function; (B) Ackley function; (C) Griewank function.
[image: Figure 4]FIGURE 4 | Optimization search results for each function: (A) IPSO&Ackley, (B) IPSO&Griewank, (C) IPSO&Sphere, (D) QPSO&Ackley, (E) QPSO&Griewank, (F) QPSO&Sphere, (G)ACE-QPSO&Ackley, (H) ACE-QPSO&Griewank, (I) ACE-QPSO&Sphere.
In Figures 4A–I represents the function images and the best-seeking results of IPSO, QPSO, and ACE-QPSO on the three benchmark functions of Ackley, Griewank, and Sphere, in turn. As can be seen in Figure 4, all the above algorithms are detected as globally converged, but the optimal positions in (a)–(c) are (0.008, 0.444), (−0.005, −0.006), (−0.0002, −0.0003), respectively; in (d)–(f) are (0.625, −0.007), (0.002 (0.001), (0.0004, 0.0006); and in the best positions of (g)–(i) (−0.512, −0.508), (−0.0005, 7.7 × 10−5), (1.2 × 10−5, 1.8 × 10−5), respectively. The comparison shows that the optimal solution coordinates obtained by ACE-QPSO under each benchmark function are closest to the global optimal solution coordinates, which indicates that ACE-QPSO has better global search capability.
3 MATERIALS
3.1 Analysis and selection of factors influencing the stability of slopes
In practical projects, researchers classify slope stability into two categories: destructive slopes and stable slopes (Tien Bui et al., 2016; Zhang et al., 2021; Jiang et al., 2022). There are many factors that affect slope stability, including geomorphic conditions, stratigraphic lithology, geological structure, rock structure, and groundwater action, among others. Therefore, the selection of influencing factors is an essential prerequisite for evaluating the stability of slopes correctly. Among them, unit weight (w), slope angle (α), and height (H) are the main influencing factors of slope geometry, and slope stability decreases with increasing height, increasing slope angle, and decreasing weight (Zhou et al., 2019; Chen et al., 2021). In addition, it is known from the research of previous researchers (Cha and Kim 2011) that internal cohesion (c), internal friction angle (φ), and pore water pressure (μ) are also important factors affecting slope stability. Therefore, in this paper, the six factors of unit weight (w), slope angle (α), height (H), internal cohesion (c), internal friction angle (φ), and pore water pressure (μ) are selected as the leading indicators to evaluate the stability state of slopes.
3.2 Case data
In this study, 35 sets of slope stability data were collected from the data given by Keqiang He et al. (Keqiang He 2001), and the data set was randomly divided into 28 training samples and 7 testing samples (Table 3). As shown in Table 3, the input layer of the model includes six index parameters, namely unit weight(w), slope angle(α), height(H), internal cohesion (c), internal friction angle(φ), and pore water pressure(μ); the output layer is the safety factor, denoted by FS.
TABLE 3 | Sample dataset.
[image: Table 3]4 RESULTS
4.1 Parameter setting
This paper uses four algorithms, ACE-QPSO-LSSVM, QPSO-LSSVM, IPSO-LSSVM, and single LSSVM to train and predict the Section 3.2’s sample dataset. To better compare the prediction performance of each algorithm, for the first three algorithms, the number of particle swarms and algorithm iterations are 100 and 50, respectively. And the range of [image: image] parameters is [0.001,100]. While single LSSVM traverses the debugging [image: image] parameters through grid search, where [image: image] ranges in [1,100] in 10 stepping cycles and [image: image] takes values from {0.001, 0.01, 0.1, 1, 5, 10} in sequential traversal cycles. Meanwhile, we use adaptive inertia weight (Eq. 11) for IPSO and make the learning factor c1=c2=2, while adaptive CE coefficient (Eq. 16) is used for ACE-QPSO.
4.2 Analysis of training performance results
The performance of each algorithm in training the samples is shown in Table 4 and Figure 5. Table 4 reflects the performance of the algorithm to train samples by listing the prediction values and MSE values obtained from the training samples of each algorithm. From Table 4, it is seen that ACE-QPSO-LSSVM performs the best in the training samples, and its MSE is the smallest among the four algorithms, only 0.0345, which is 80.21%, 85.25%, and 88.60% lower than QPSO-LSSVM, IPSO-LSSVM, and single LSSVM, respectively. Figure 5 then directly shows the comparison between the sample and predicted values after training the training set for each algorithm. From Figure 5, it is seen that, overall, the predicted values of ACE-QPSO-LSSVM are closer to the sample values and basically match the predicted trend, and its prediction effect is the most outstanding among the four algorithms, with a more stable and accurate prediction performance.
TABLE 4 | Comparison between target and estimated values from each algorithm for the training samples.
[image: Table 4][image: Figure 5]FIGURE 5 | Comparison of the training results of each algorithm.
4.3 Analysis of convergence rate
The fitness curves of ACE-QPSO-LSSVM, QPSO-LSSVM, and IPSO-LSSVM throughout 50 iterations are shown in Figure 6.Combined with Figure 6, it is seen that all three algorithms can complete convergence by 50 iterations. However, compared with QPSO-LSSVM and IPSO-LSSVM, ACE-QPSO-LSSVM has the best convergence and a relatively higher speed, and it achieves convergence at the second iteration with the best fitness value of 0.0110. Thus, the ACE-QPSO-LSSVM algorithm with better convergence has tremendous potential and advantages for slope stability prediction research.
[image: Figure 6]FIGURE 6 | Fitness curve of each algorithm.
4.4 Analysis of prediction accuracy and model goodness of fit
The performance of each algorithm in the testing sample is shown in Table 5 and Figure 7. Then Table 5 reflects the ability of each algorithm to test samples by listing the prediction values and MSE values obtained after testing the samples. Combined with Table 5, it is evident that ACE-QPSO-LSSVM performs the best in the testing samples, and its MSE value is significantly lower than the other three algorithms at 0.0311, which is 69.84%, 71.98%, and 77.34% lower relative to QPSO-LSSVM, IPSO-LSSVM, and single LSSVM, respectively. Figure 7 directly shows the comparison between the sample values and the predicted values after the prediction of each algorithm for the testing set. From Figure 7, it is seen that the deviations between the predicted and sample values of the ACE-QPSO-LSSVM algorithm are minor, and its predicted values are the closest to the actual situation among the four algorithms, with the best prediction performance.
TABLE 5 | Comparison between target and estimated values from each algorithm for the testing samples.
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To avoid the chance of algorithm training and to ensure the scientific comparison of its performance, we independently repeated 50 times for each algorithm, and used the mean value to calculate the prediction results. Table 6 below shows the final estimated parameters obtained by each algorithm, and Table 7 compares the prediction performance of each algorithm under the three performance metrics of R2, MAE, and MSE. Combined with Table 7, by comparing the performance metrics results of each algorithm, we found that the ACE-QPSO-LSSVM algorithm has a better fitting effect, and its R2 value is significantly higher than the other three algorithms, which is 0.8030. In addition, the MAE and MSE values of ACE-QPSO-LSSVM are 0.0825 and 0.0110, respectively, which are smaller than the other three algorithms. It fully indicates that ACE-QPSO-LSSVM has a minor deviation between the predicted and actual values, with more accurate prediction performance.
TABLE 6 | Estimated parameters finally obtained by each algorithm.
[image: Table 6]TABLE 7 | Comparison of performance metrics for each algorithm.
[image: Table 7]In summary, the ACE-QPSO-LSSVM algorithm outperforms QPSO-LSSVM, IPSO-LSSVM, and single LSSVM in slope stability prediction with its better fit merit, more minor prediction error, and relatively higher speed, thus having good potential for application. For future work, the ACE-QPSO-LSSVM algorithm can be further explored and developed in terms of changing the form of the CE coefficient in the iterative process, optimizing the selection of model input parameters, as well as expanding and improving the sample data sets, which in turn can provide reference values for slope stability assessment and prediction research.
5 CONCLUSION
This paper proposed an improved algorithm for slope stability prediction based on ACE-QPSO optimized LSSVM. The method can dramatically improve the convergence speed and accuracy of the QPSO algorithm by adaptively improving the CE coefficient, then will provide better adaptation in shorter period. By verifying performance tests and case studies, the results supported that proposed ACE-QPSO has better optimal search capability and search efficiency in prediction of slope stability.
The case study results show that ACE-QPSO-LSSVM has a better model fit (R2=0.8030) and minor prediction error (MAE=0.0825, MSE=0.0110) and faster convergence (second iteration) compared with QPSO-LSSVM, IPSO-LSSVM and single LSSVM. In addition, ACE-QPSO-LSSVM shows better accuracy and stability than the other three algorithms under the benchmark function test.
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This study constructs a machine learning system to examine the predictors of soil salinity in deserts. We conclude that soil humidity and subterranean CO2 concentration are two leading controls of soil salinity—respectively explain 71.33%, 13.83% in the data. The (R2, root-mean-square error, RPD) values at the training stage, validation stage and testing stage are (0.9924, 0.0123, and 8.282), (0.9931, 0.0872, and 7.0918), (0.9826, 0.1079, and 6.0418), respectively. Based on the underlining mechanisms, we conjecture that subterranean CO2 sequestration could reduce salinization disaster in deserts.
Keywords: salinization disaster, principal components analysis (PCA), artificial neural network (ANN), long short-term memory (LSTM), subterranean CO2 sequestration
1 INTRODUCTION
Soil salinization is one major type of land desertification and degradation in the world, which is a disaster to global resources and ecology (Dehaan and Taylor, 2002; Metternicht and Zinck, 2008; Li et al., 2014; Singh, 2015; Savich et al., 2021). Such disaster not only brought great impact and serious losses to food production, but also hindered the sustainable development of agriculture (Kotb et al., 2000; Amezketa, 2006; Rengasamy, 2016; Okur and Örçen, 2020; Hassani et al., 2021). The influences of soil salinization disaster to other aspects of society and economy are also inevitable (Schofield et al., 2001; Ghollarata and Raiesi, 2007; Ding et al., 2011; Wang and Li, 2013; Nachshon, 2018; Yang et al., 2020). The disaster leads to a low rate of soil utilization and a sharp decline of forests (De Pascale et al., 2005; Li-Xian et al., 2007; Xiaohou et al., 2008; Bouksila et al., 2013; Wu et al., 2014; Teh and Koh, 2016; Zhou et al., 2017; Li et al., 2018; Zhuang et al., 2022). Ecologists have made great efforts to develop theory and methodology for reducing soil salinization disaster (Lavado and Taboada, 1987; El Harti et al., 2016; Wang et al., 2019). But until now, the degree of global soil salinization is still increasing (Tian and Zhou, 2000; Aragüés et al., 2015; Jesus et al., 2015).
Considering its threats to the earth environments, any theory and methodology for reducing soil salinization disaster is worthy to be discussed (Welle and Mauter, 2017). In the era of artificial intelligence, machine learning has been introduced in the frontier of earth science (Jiang et al., 2018; Huang et al., 2020a; Huang et al., 2020b; Chang et al., 2020; Huang et al., 2020c). The machine learning system is mainly composed of input layer, output layer and hidden layers (Chahal and Gulia, 2019). After obtaining a training set, the learning system can extract effective features (LeCun et al., 2015). These features are connected by artificial neurons (Hao et al., 2016). The neurons receive data from the input layer, make computation with assigned weights—passed through the activation function in the hidden layers, and finally work out the results in the output layer (Coşkun et al., 2017). By testing the trained network, we can assess the errors between the outputs and correct results (Kato et al., 2016). Some latest researches constructed 3-stages learning systems (the training stage, validation stage and testing stage) to improve the generalization capability (Gatos et al., 2019; Skrede et al., 2020; Zhuang et al., 2021).
Our objectives of this study are 1) to construct a machine learning system and examine the predictors of soil salinity in a desert by this learning system, 2) to evaluate the most interpretable proportion of the leading predictors, which will highlight the unneglectable contribution of the subterranean CO2 concentration to soil salinity, and 3) to analyze the underlining mechanisms for such contribution and according to these mechanisms, to present new insights for reducing salinization disaster in deserts. The organization of the whole paper is as follows. In Section 2, we will construct the machine learning system for examining the predictors, along with some preliminaries and the driven data. Principal components analysis (PCA) is integrated with the artificial neural network (ANN) and long-short term memory (LSTM). Performance of PCA-ANN-LSTM will be presented and the leading predictors will be determined in Section 3. We will also assess the largest proportion of two leading predictors in explaining soil salinity and further clarify their leading roles. Based on the results from PCA-ANN-LSTM calibrations, in Section 4, some new insights will be expanded for reducing soil salinization disaster and the underlining mechanisms will be theoretically analyzed. The conclusions and next research priorities are presented in Section 5.
2 THE MACHINE LEARNING SYSTEM
2.1 The learning mechanisms
The learning mechanisms depend on not only the problem itself but also the components of the data. As stated in Section 1, the considered problem is to construct a machine learning system for examining the potential predictors of soil salinity in a desert by this learning system. That is, the input data of the system is environmental variables (meteorological, soil, and subterranean factors), while the output data is soil salinity. These data were collected from the Manas River Basin of Xinjiang Uygur autonomous region, which is located at the southern periphery of the Gubantonggut Desert, China, as shown in Figure 1. We established five stations by integrating 13 sensors to collect the meteorological, soil and subterranean data, including the CO2 concentration 3 m beneath the soil (Cs) and 10 cm above the soil (Ca), the soil temperature (Ts), humidity (Hs), alkalinity (pH) and salinity (Y) at 10 cm depth, the atmospheric temperature (Ta), humidity (Ha), air pressure (AP), wind speed (WS), wind direction (WD), rainfall (R), and groundwater level (WL). In order to develop a novel deep neural network to detect the potential environmental controls of soil salinity, Y is employed as the dependent variable of the network and the other 12 environmental factors are naturally employed as independent variables. The basic learning mechanisms of a neural network can be described as follows. The neuron input [image: image] was calculated from the model established in (Zhuang et al., 2021).
[image: Figure 1]FIGURE 1 | Spatial distribution of the five automatic monitoring stations where the meteorological, soil and subterranean data are collected for the present study.
Alternatively, we integrated the principal component analysis (PCA) and the artificial neural network (ANN) to examine the potential control of Cs, where PCA was improved by the singular value decomposition (SVD) (Van Loan, 1976; Klema and Laub, 1980; Paige and Saunders, 1981; Mandel, 1982; Stewart, 1993). Suppose [image: image] is the weight matrix and [image: image] is the activation function. Let [image: image] be the pulses to the [image: image] layer, which results in [image: image]. Let [image: image] be the result in the output layer.
That is,
[image: image]
Hence the learning mechanisms can be formulated as
[image: image]
and
[image: image]
where the backpropagation process is monitored by the loss function
[image: image]
2.2 The learning processes
Differing from (Zhuang et al., 2021), we further introduce a brain-inspired mechanism in the learning processes. That is, we further improve SVD-PCA-ANN by long-short-memory neural network (LSTM) (Salman et al., 2018; Ali et al., 2020; Ahmad and Zhang, 2022; Gao, 2022; Rusnac and Grigore, 2022) and proposed a novel deep neural network PCA-ANN-LSTM to detect the potential environmental controls of soil salinity in the desert. The output of the SVD-PCA-ANN will not be directly input into LSTM. Instead, we utilize the errors data of the SVD-PCA-ANN model as the input data of LSTM. That is, we employ LSTM for learning and reducing the errors to improve the robustness when detecting the potential environmental controls of soil salinity and analyzing the contributions of the subterranean CO2 concentration to the soil salinity.
The necessity to further integrate with LSTM in the learning processes can be explained as follows. In ANN, it is assumed that the output only depends on the current input, which is not true in the real world (Gu et al., 2019). LSTM allows us to infer the potential relationships among the content of the context, because it is a recurrent neural network (RNN)—the output depends on the current input and memory (Klimov et al., 2020; Huang et al., 2021; Li et al., 2022; Gorgij et al., 2023). The basic idea of RNN is to build a hidden state for acquiring the information at the previous time point and the global parameters are calculated from the current time and all previous memories. Each cell in RNN shares these parameters to reduce the amount of calculation. For LSTM, the current input is linked with the state of the hidden layers in the previous time through three gates—the input gate (information adding), forgetting gate (information discarding) and output gate (Robinson and Zaffaroni, 1997).
A sketch of the learning processes is shown in Figure 2, which construct cells in the machine brain (O’Doherty et al., 2011; Wang et al., 2020; Wang et al., 2021; Wang et al., 2022). We can understand the LSTM learning process with the cells’ states. For a cell state [image: image] with the input [image: image] and hidden state [image: image], let [image: image] be the sigmoid function. The retaining or discarding ratio is
[image: image]
where [image: image] is the bias at the current cell state.
[image: Figure 2]FIGURE 2 | The structure diagram for detecting the potential controls.
Define the trained cell [image: image] and the corresponding cell state [image: image] as
[image: image]
Then updates of the cell state can be formulated as
[image: image]
and the calculation formula for the next hidden state is
[image: image]
The pseudocode of the whole learning processes based on the PCA-ANN-LSTM algorithm is shown in Figure 3, where the detailed steps to detect environmental controls of soil salinity in the desert are carried out through the machine learning framework characterized in Figure 2. In order to exclude the interactions among the 12 factors, we employ partial least squares regression (PLSR) and will compare the performance of PLSR-ANN and PCA-ANN with the proposed method.
[image: Figure 3]FIGURE 3 | Pseudocode of the learning processes based on PCA-ANN-LSTM.
The following three indices are calculated to quantify the robustness of PCA-ANN-LSTM in previewing the possible environmental controls of soil salinity, which are also utilized in the comparison with PCA-ANN and PLSR-ANN. For a reliable comparison, the input data was uniformly divided into three subsets for all the learning processes—one for the training stage (half of the data), one for the validation stage (one-quarter of the data), and one for the testing stage (one-quarter of the data).
(1) The coefficient of determination:
[image: image]
(2) The root-mean-square error:
[image: image]
(3) The ratio of prediction to deviation:
[image: image]
where [image: image] is the true value, [image: image] is the predicted value, [image: image] is the average of the true value, and N is the number of environmental variables.
3 PERFORMANCE OF THE SYSTEM
3.1 Efficiency of the learning processes
The contributions of twelve potential predictors to soil salinity in linear (PCA) and non-linear (ANN) relationships were determined together within a minute, implying a high efficiency of the main learning processes (LSTM only learned the errors from PCA-ANN). The learning results indicate that all the considered factors (i.e., environmental variables) can potentially influence the variation in the data of soil salinity in deserts, as shown in Figure 4. The first leading contributor is Hs and the contribution of Hs to soil salinity is 71.33%. The underlining mechanisms are easy to be understood. The status of soil salinization in deserts is restricted by the law of soil water and salt movements. Salt in soil moves with soil water—salt is transported to the surface with water in the evaporation process, and after evaporation, salt accumulates in the surface soil. The water infiltrated by rainfall in deserts can also bring salt to the deep soil layers. For a long time, there is no rainfall in the desert, the salt brought to the surface by evaporation is much more than the salt brought to the deep soils by infiltration leaching, the soil is in a salt accumulation state and salinization is aggravated.
[image: Figure 4]FIGURE 4 | The determined contributions of twelve factors to soil salinity.
To our surprise, Cs is the second leading contributor and its contributions to soil salinity is 13.83%. The possible mechanisms could be linked with the soil CO2 absorption processes. Such absorption was frequently observed in deserts ecosystems and has been attributed to abiotic processes. One conjecture of these abiotic processes is that CO2 reacts with moisture in the soil to form carbonic acid and dissolve calcium carbonate. But such reaction is not enough to explain the absorption intensity. Another conjecture is that the absorbed CO2 has gone into deep cycles. If these conjectures were true, then soil salinity and subterranean CO2 concentration will be linked in the reaction and deep cycles. The learning results indicated that the contribution of Cs to soil salinity is approximated to a sum of the contributions the other ten potential predictors (the sum value is 14.84%). It is also worthy to note that Ca (with a contribution=3.56%) and WS (contribution=3.77%) are also leading factors. Their contributions are almost equal and the total contribution of them two (7.33%) is approximated to the total contribution of the rest eight factors (7.51%). But some of the rest eight factors (e.g., pH) have been thought to be closely related to soil salinity. Hence, it is quite necessary to prove the robustness of the learning system, which will be done in Section 3.2.
3.2 Robustness of the learning system
The coefficient of determination (R2), the root-mean-square error (RMSE) and the ratio of prediction to deviation (RPD) of the learning system at the training, validation, and testing stages with 200 epochs are respectively shown in Figures 5–7, and the optimized values are shown in Table 1.
[image: Figure 5]FIGURE 5 | The coefficient of determination of the learning system at the training, validation, and testing stages with 200 epochs.
[image: Figure 6]FIGURE 6 | The root-mean-square error of the learning system at the training, validation, and testing stages with 200 epochs.
[image: Figure 7]FIGURE 7 | The ratio of prediction to deviation of the learning system at the training, validation, and testing stages with 200 epochs.
TABLE 1 | Comparison of the SVD-PCA-ANN model with SAE, SVM, and LSTM.
[image: Table 1]The lower R2 values of PCA-ANN at the training stage (R2 = 0.9891), the validation stage (R2 = 0.9844) and the testing stage (R2 = 0.9764) means accurate predictions. Epochs in Figure 5 has displayed the learning processes. The learning system not only indicates a high prediction accuracy, but also indicates small errors. The RMSE values of the learning system at the training, validation, and testing stages are 0.0849, 0.1086, 0.1198, respectively. This is a degree of dispersion (not an absolute error), which further demonstrated the effectiveness of the learning system. Epochs in Figure 6 also reflect the stability of the learning system. In order to further confirm the prediction ability of the learning system, RPD is introduced to build a new emergency response process in decision-making and make up for the disadvantages of R2 and RMSE. The RPD values of the learning system at the training, validation, and testing stages are 1.4568, 1.1042, 0.9703, respectively. This finally demonstrated the robustness of the learning system. Epochs in Figure 7 also confirm the stability of the learning system.
As a cross validation, the R2, RMSE, RPD values were also calculated when PCA is replaced by PLSR. PLSR is also based on a linear relationship and differing from PCA, PLSR excludes the interactions among the twelve environmental factors. Performance of PLSR-ANN at the training stage (R2 = 0.9952, RMSE = 0.0522, RPD = 2.3451), the validation stage (R2 = 0.9922, RMSE = 0.0787, RPD = 1.4763) and the testing stage (R2 = 0.9868, RMSE = 0.0688, RPD = 1.7906) indicate more accurate predictions. These results are a little better than the performance of PCA-ANN. The final performance of the whole system PCA-ANN-LSTM is better than both PCA-ANN and PLSR-ANN. The R2 values of PCA-ANN-LSTM at the training, validation, and testing stages are 0.9924, 0.9931, 0.9826, respectively. The RMSE values of PCA-ANN-LSTM at the training, validation, and testing stages are 0.0123, 0.0872, 0.1079, respectively. The RPD values of PCA-ANN-LSTM at the training, validation, and testing stages are 8.282, 7.918, 6.0418, respectively. Therefore, the learning system PCA-ANN-LSTM is recommended for subsequent studies when examining potential predictors of soil salinity in deserts.
4 DISCUSSIONS
Soil salinity has been widely used to describe the degree of soil salination, but in the previous studies, the dynamics of soil salinity are few linked with the CO2 concentration above or under the ground (Singh, 2016). A series of latest studies have demonstrated abiotic soil CO2 absorption in the alkaline land, which is closely related with salts in the soil (Chen et al., 2013). Until now, the mechanisms of such CO2 absorption have not been fully understood. Results from the present study indicate that subterranean CO2 concentration and the atmospheric CO2 concentration around the soil can both influence soil salinity in deserts. These results also present further evidences for the conjecture that the abiotic CO2 absorption by saline-alkali soils were resulted from subterranean CO2 sequestration in reaction of soil salts, CO2, and moisture.
We hence further hypothesize that the soil salination processes in deserts could be affected by such a subterranean CO2 sequestration, since based on this new hypothesis, the underlining reaction of salts, CO2, and moisture in the soil would further link the dynamics of subterranean CO2 concentration with soil salinity. Alternatively, we further hypothesize that the abiotic soil CO2 absorption in deserts could influence the subterranean CO2 concentration. If this hypothesis were true, the results from the learning system would be well-explained. During the reaction of salts, CO2, and moisture in different soil layers, soil salinity is changing (Wang et al., 2016a), where both subterranean CO2 concentration and the atmospheric CO2 sequestration can play significant roles. This brings new insights for reducing salination disaster. Hypothesizing that we can reduce salinization disaster through the new insights, we can mediate the subterranean CO2 concentration through the CO2 storage and sequestration technologies. In response to the global climate change, the world has made commitments on the peak of CO2 emissions and the targets to achieve carbon neutrality (Chapin et al., 2006; Wang et al., 2015a). Under this goal, as an important technological approach to achieve large-scale low-carbon utilization of fossil energy, CO2 capture, utilization and storage technology has become a hot research topic (Tapia et al., 2018). It was recognized that the geological storage potential of CO2 is great, and the deep soil layers present the main space for CO2 storage (Orr, 2018). Collaborating this technology with the above hypothesis, subterranean CO2 capture, utilization and storage not only can help us to achieve carbon neutrality, but also can help us to influence the soil salinization processes.
Soil salinization and desertification are both disasters resulted from surface environmental changes, which not only depend on climate conditions, but also closely related to the role of groundwater (Amezketa, 2006). This study further links soil salinization in deserts with subterranean CO2 concentration and advances a new hypothesis (Sunda and Cai, 2012). Since subterranean CO2 sequestration and soil salinization process can both be influenced by the reaction of salts, CO2, and moisture in the soil (Schlesinger, 2001), our hypothesis sounds reasonable. Nevertheless, we still need some direct evidences from isotopic analysis to further demonstrate that the soil salination processes in deserts could be affected by such a subterranean CO2 sequestration (Inglima et al., 2009). Deserts are extremely arid areas and occupy more than 20% of the earth’s land area (Chen et al., 2014). Due to high temperature, drying and strong evaporation, upwelling is the dominant process of soil water in the deserts, while the leaching and desalination processes are weak (Kowalski et al., 2008; Serrano-Ortiz et al., 2010; Sanchez-Cañete et al., 2011). These processes formed a large area of saline-alkali land in deserts and in deep soil layers around the groundwater, there are good conditions for reaction of salts, CO2, and moisture (Stone, 2008). But there are still some outstanding questions for subsequent studies. How to assess the intensity of such reaction? How to quantify the contribution of changing processes in subterranean CO2 concentration to the reaction? How much these processes can affect the soil salinization processes? Are these coupled processes enough to explain the apparent CO2 absorption? If not, where has the missing CO2 gone? Can it be attributed to some capnophiles in the deep soil layers? If these questions were appropriately addressed, then our hypothesis would be verified and make a real contribution to reduce salinization disaster in deserts.
Benefitting from the rapid development of various kinds of sensors, the subterranean processes can be further explored by different kinds of signals or images (Wang et al., 2016b). These sensors present a good base to obtain enough data for machine learning. But the mechanisms of the abiotic CO2 absorption are still poorly understood and the soil salinity might be influenced by many other factors (Wang et al., 2015b). It is still quite necessary to integrate a series of sensors for acquiring other meteorological, soil and subterranean data. The additional data not only can present a better understanding of the whole story about soil salinization, but also can motivate researches on the effects of various environmental factors on the subterranean CO2 concentration in other arid ecosystems and researches on the mechanisms for the abiotic soil CO2 absorption (Rey et al., 2012; Rey, 2014; Wang et al., 2016c). Physically-based modelling (Guo et al., 2020; Medina et al., 2021) is also a next research priority.
5 CONCLUSION
Subterranean CO2 concentration and the atmospheric CO2 concentration around the soil surface can both influence soil salinity in deserts, which presents further evidence for a conjecture in the previous studies—the abiotic CO2 absorption by saline-alkali soils in deserts were resulted from subterranean CO2 sequestration in reaction of soil salts, CO2, and moisture. Based on this conjecture, we advance a new hypothesis—the soil salination processes in deserts could be affected by such a subterranean CO2 sequestration. Since the underlining reaction of salts, CO2, and moisture in the soil would further link the dynamics of subterranean CO2 concentration with soil salinity. Due to strong water-salt processes in deserts, the water in the deep soil layers move upward [resp. downward] in the dry season [resp. the rainy season], and then react with salts and CO2 in the capillary. The story sounds well. But we need further evidences. A better understanding of the whole story is still quite necessary.
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The concrete structure will be seriously eroded in a sewage environment, causing substantial economic losses. Therefore, it is of great significance to repair the existing corrosion structure. In order to quickly restore the mechanical properties and enhance the durability performance of eroded concrete structures, this paper develops a new composite high-durability mortar by adding polypropylene fibers, basalt fibers and impermeable agents, which can achieve the dual requirements of structural repair and protection. For the new material, this test set up a total of five groups of mixing ratios. This test analyzed the water absorption, mass loss rate, compressive strength and other performance indicators of the test block in the corrosive environment, and scanned and studied the microstructure of each mortar test block after corrosion. It was found that the new anti-corrosion mortar has relatively less crystallization, dense internal structure, and significantly lighter erosion. From the mechanical properties, the strength of ordinary polymer mortar after erosion decreased by 6%; high-durability mortar instead improved the strength by nearly 20%, showing better resistance to erosion. Taken together, the use of mineral dopants and water repellents can effectively enhance the strength and corrosion resistance of mortar, and the cost is low, with good prospects for engineering applications.
Keywords: mortar, sewage erosion, durability, compressive strength, erosion mechanisms
1 INTRODUCTION
With the advantages of low cost, stable performance, and convenient construction, concrete is widely used in engineering. However, the performance of concrete materials in corrosive environments will degrade significantly, causing economic losses amounting to hundreds of billions of dollars per year. As a result, there is a massive demand for repair work on corroded concrete (Schneider, 2015; Bahtli and Ozbay, 2020; Negar and Nemkumar 2021). The actual project usually uses high-performance mortar reinforcement technology for repair treatment. The repaired concrete is required to have good corrosion resistance in addition to restoring the structural load-bearing function to meet the engineering needs in corrosive environments (Xu et al., 2020). Therefore, the study of high-performance repair mortar has important practical significance for prolonging the structure’s service life and predicting the material’s remaining life after corrosion (Huang et al., 2020a; Guo et al., 2020; Jiang et al., 2020).
As a typical corrosive environment, sewage will produce multi-factor erosion effects such as biology and acid on the structures in service. Among them, biological acids and hydrogen sulfide produced by a large number of microorganisms in the wastewater are the leading cause of erosion (Song et al., 2018; Wang et al., 2022); Therefore, domestic and foreign scholars have conducted studies on the corrosive effects of cementitious materials in acid environments. Scholars have studied the performance of concrete under acid rain. It is found that in the early stage of acid rain erosion, the erosion depth of concrete is limited, the internal cementitious material of the structure will continue to hydrate, and the compressive strength and quality of concrete will increase. As erosion intensifies, its mechanical properties will decline (Mahdikhani et al., 2018; Ma et al., 2021). In an acidic environment, cementitious materials produce large mass losses and generate erosive substances such as gypsum and ettringite, which continuously fill the pores with increasing erosion, causing the material to crack and leading to severe degradation of mechanical properties (Nehdi et al., 2014; Izquierdo et al., 2016; Kallel et al., 2016). The corrosion effects of H2S and biological sulfuric acid generated by microbial redox on structures have attracted the attention of many scholars. Li et al. (2019) studied the relationship between H2S concentration and corrosion of cement-based materials. It was found that the oxidation rate of chemical sulfides was exponentially related to the concentration of hydrogen sulfide. The concentration of H2S in a humid environment is proportional to the degree of concrete deterioration. H2S will increase the rate of microbial metabolism and acid production. However, the high concentration of H2S weakened the oxidation activity of sulfide, and the sulfide absorption on the material surface showed a trend of increasing and then decreasing (Jensen et al., 2011; Sun et al., 2019). Huber et al. (2016) studied the effect of chemical sulfuric acid and biological sulfuric acid corrosion on the degradation performance of cement-based materials. The results show no significant difference between the two kinds of acid erosion, and the degree of damage depends on the pH value. The lower the pH value, the more serious the corrosion of cement-based materials.
In addition, some scholars have found that mineral admixtures such as silica fume and slag powder are added to concrete, and the mass loss rate of materials decreases with the increase of mineral admixtures. Mineral admixtures can improve the corrosion resistance of concrete and prolong the service life (Noeiaghaei et al., 2017; Łukowski and Dębska, 2019; Wang et al., 2020; Pandey and Kumar 2020; Wu et al., 2020). The right amount of admixture can reduce the porosity, average pore size, and maximum pore size of concrete. Macroporous and capillary pores are obviously reduced and gradually transformed into gel pores (<10 nm) and transition pores (10–100 nm). The refinement of the pores improves the denseness of the concrete, especially the volcanic ash activity effect of silica fume, and the filling effect of the newly generated C-S-H gel and silica fume significantly reduces the porosity of the structure (Gao et al., 2022). In summary, cementitious material as an alkaline substance will significantly deteriorate regardless of the acidic conditions of liquid or gas. Adding mineral admixtures will improve its corrosion resistance to a certain extent.
As a green and highly durable material, basalt fiber can significantly improve the corrosion resistance of cement cementitious materials, and many scholars have conducted related research. First, the mechanical properties of basalt fibers in acid and salt environments decline slowly and have excellent durability (Fiore et al., 2016; Danuta et al., 2018; Wang et al., 2018). After adding concrete, it can form a certain pulling effect in its interior and improve its mechanical properties. At the same time, the compactness and impermeability of the material are significantly improved, thereby enhancing its corrosion resistance (Elgabbas et al., 2016; Afroz et al., 2017; Ralegaonkar et al., 2018). However, the fiber content is more stringent; low content will weaken the impermeability; dosage is too high will have a more significant impact on the compactness of concrete, thereby reducing its durability. Basalt fiber dosing at 0.1% is the most economical and reasonable; too much will increase the porosity, affecting the strength of concrete and adversely affecting the durability of concrete (Wang et al., 2020; Alkharabsheh et al., 2022). When the basalt fiber admixture is 0.15%, the internal pore size of concrete decreases from greater than 100 nm to less than 20 nm. But a large amount of basalt fiber increases the porosity so that the pore size between 200 nm and 3000 nm rises significantly. When the fiber admixture is reduced to 0.05%, the concrete crack control ability becomes poor, increasing large pores, and the deterioration of the pore structure weakens the adsorption of harmful ions by the material, which will make the inhibition of chloride ion penetration effect weakened. Reasonable control of basalt fiber doping can not only control the development of cracks but also optimize the pore size distribution, increase the number of capillary pores, and block the infiltration of harmful ions (Wang et al., 2020). Reinforced concrete structures use the high durability of basalt fiber to significantly improve corrosion resistance Quagliarini et al. (Quagliarini et al., 2015) found that basalt fibers wrapped around supported concrete members in an acidic environment effectively improved the force properties after corrosion and significantly reduced the corrosion rate of the reinforcement.
It was found that porosity is an essential factor affecting cementitious materials’ permeability and directly affecting their corrosion resistance (Zhang et al., 2022). In order to improve the impermeability of cement cementitious materials, some scholars have carried out related research. Adding a waterproofing agent can reduce the number of open pores in concrete, lower water absorption, and effectively improve the resistance to chloride ion diffusion (Xiang et al., 2021; Chen et al., 2022). Sodium methyl silicate in cementitious materials will form a water-repellent reticular film with low surface tension to block ion penetration, thus significantly improving the impermeability of the material (Li et al., 2022; Ma et al., 2022). Inorganic water repellents can generate insoluble colloids and swelling compound salt crystals inside the material to fill the pores and increase the material’s density, improving the material’s corrosion resistance. There are few studies on the corrosion resistance of cement cementitious materials with a waterproofing agent, and it is of great significance to carry out relevant research.
This paper proposes a new composite highly durable mortar based on basalt fibers, combined with organic and inorganic water repellents and mineral admixtures. The mortar test blocks with different matching ratios were eroded under a high concentration of bio-organic water environment for 240 d. The macroscopic performance, such as water absorption rate, mass loss rate and compressive strength of each mortar specimen block were observed, and combined with microscopic performance indexes such as SEM electron microscopy scanning and XRD chemical composition analysis to verify the corrosion resistance of the new highly corrosion-resistant mortar. To provide technical references for the construction and rehabilitation of wastewater projects.
2 MATERIALS
The test used P · O 42.5 ordinary Portland cement; river sand is used as fine aggregate; basalt fiber and polypropylene fiber were selected as fibers, and the optimum content was 0.1% and 0.05%, respectively. Polycarboxylic acid high-performance liquid water reducer as additive; mineral powder (S95 superfine white mineral powder), silica fume, and quartz sand were selected as mineral admixtures; other additives include titanium dioxide, sodium methyl silicate, and inorganic aluminum salt waterproofing agent.
Considering the actual living environment and the corrosion effect of microorganisms, a high-concentration organic biocorrosion solution was prepared. Configuration method: Sewer sludge impurities (under an anaerobic environment) were selected and placed in an erosion barrel as a biological source. An organic aqueous solution was configured, as shown in Table 1.
TABLE 1 | Artificial bio-organic water ration (unit: g).
[image: Table 1]In the test, we set up five groups of ratios, S1 for double-doped fiber mortar, S2 for finished polymer mortar, and S3-S5 ratios were analyzed for the effects of sodium methyl silicate, inorganic aluminum salt water repellent; the specific ratios are shown in Table 2 Test block erosion cycle of 240 d, every 60 d to observe the macroscopic performance of each ratio water absorption rate, mass loss rate, compressive strength, etc., and combined with SEM electron microscopy scanning and The corrosion resistance of each ratio after corrosion was analyzed by combining SEM electron microscopy scanning and XRD chemical composition analysis and other microscopic indicators.
TABLE 2 | Mortar mix ratio (unit: kg/m3).
[image: Table 2]3 TEST METHOD
3.1 Mass loss rate
The specimens are subjected to different degrees of damage in the erosion solution and are accompanied by changes in mass. The determination of the mass loss rate reflects the degree of apparent damage to the test block in the erosion solution. The test blocks are dried after different cycles of erosion (until the mass of the test block is constant after drying) and then weighed and recorded. The mass loss was calculated as follows.
[image: image]
where G0 is the initial mass of mortar before erosion (g); Gn is the drying mass of mortar after n days of erosion (g).
3.2 Water absorption rate
Water absorption reflects the resistance of concrete to external water entering the concrete interior, and it is an important indicator of mortar durability. The saturation mass, drying mass, and volume of the specimens was measured by removing the specimens at the specified age, and the measurement procedure was as follows.
First, the test block was taken out of the soaking solution and dried in water until the mass was constant and then measured, and the result was its saturated mass. The volume of the test block was measured in the measuring cylinder by the drainage method to reduce the test error. Next, the test block will be put into a constant temperature drying oven for drying until the mass is stable weight, and weighing after the constant weight. The water absorption rate is calculated according to the following formula.
[image: image]
where w is the water absorption rate of mortar, ms is the saturated mass of the corrosion specimen; md is the drying mass of the corrosion specimen.
3.3 Compressive strength
Compressive strength is one of the main indicators of the mechanical properties of mortar, and it can reflect the corrosion resistance of mortar in harsh environments. According to the test method of mechanical properties of ordinary concrete (GB/T50081), specimens reaching the age of erosion were subjected to axial compression tests to analyze the compressive properties of different mix ratios after erosion. To ensure the accuracy of the data, we took three test blocks for each ratio for testing. The testing machine’s falling speed (0.45 mm/min) was controlled by the method of controlled displacement, and the loading was stopped after reaching 75% of the maximum bearing capacity.
3.4 SEM
The electron microscope scan can visualize the microscopic morphology of mortar and observe the damaged condition inside the mortar. The JSM-6700F* cold field emission scanning electron microscope was used for microscopic electron microscopy scanning. After sampling the mortar specimen pieces, the samples were rinsed with anhydrous ethanol and then dried and stored. The morphology could be observed by placing the models on the observation plate of the electron microscope instrument.
3.5 XRD
X-ray diffraction allows the determination of the material composition and can reveal the hydration characteristics of mortar and its effect on strength changes at the microscopic level. Samples are taken within about 5 mm from the surface of the mortar specimen, rinsed with anhydrous ethanol, dried, and finally ground with a mortar and then sieved to produce a finer powder for storage. The test current is 40 mA, the voltage is 40 kV, and the diffraction angle scanning range is 10–60°.
4 RESULTS AND DISCUSSION
4.1 Apparent phenomena
The apparent changes of mortar under erosion are shown in Figure1; the degree of apparent damage becomes more severe with increasing erosion cycles. After 60 days of erosion, the surfaces of S1 and S2 specimens produced many crystals with brown-black color (algae deposition). In contrast, the surfaces of S3-S5 specimens had relatively few crystals. After 240 days of erosion, S1 and S2 specimens increased crystallization, further darkening of surface color and severe erosion, while S3-S5 specimens had relatively less eroded material on the surface and lighter erosion. In general, additive materials such as mineral dopants and waterproofing agents play an active role in corrosion resistance.
[image: Figure 1]FIGURE 1 | Apparent phenomena.
4.2 Compression analysis
After the corrosion of each test block pressure analysis, it can be seen from Figure 2 that more cracks are generated on the surface of the test block and accompanied by slight surface peeling. Among them, S1 and S2 have more cracks and are mostly penetration cracks, with the most severe damage pattern; S3-S5 produce slight bulging after being pressurized, with fine cracks mainly, and the overall damage is light. In addition, the mortar specimens did not have a large amount of shedding after compressive injury, indicating that the fibers exerted their toughening and crack-resisting effects.
[image: Figure 2]FIGURE 2 | Axial compression failure patter. (A) Axial compression failure phenomenon of S1 specimens. (B) Axial compression failure phenomenon of S2 specimens. (C) Axial compression failure phenomenon of S3 specimens. (D) Axial compression failure phenomenon of S4 specimens. (E) Axial compression failure phenomenon of S5 specimens.
4.3 SEM electron microscopy scan
4.3.1 SEM electron microscopy scan
After erosion, the pore conditions of each ratio are shown in Figure 3. It can be found that S1 and S2 have loose structures and many pores, and most of them are large pores. S3 and S5 surface pores less, mainly small and medium pores; the S4 structure is dense, some medium pores exist, and the overall performance is better, indicating that the mineral admixture and waterproofing agent can effectively fill the pores and improve the degree of compactness.
[image: Figure 3]FIGURE 3 | Pore status of the material after 240 d of erosion (30×). (A) Internal pore image of S1 specimens. (B) Internal pore image of S2 specimens. (C) Internal pore image of S3 specimens. (D) Internal pore image of S4 specimens. (E) Internal pore image of S5 specimens.
Figure 4 shows the microscopic image inside the material after 240 d of erosion. S1 and S2 specimens have internal hydrated plate fragmentation; the surface structure is loose, can be observed needle rod-like calcium aluminate crystals generated, and almost no Ca(OH)2 observed, indicating that the internal structure of the specimen has been more severe corrosion. S3 internal surface corrosion is less than S1 and S2, did not find the existence of calcium aluminate crystals on the surface. Its hydration plate is basically complete, and some Ca(OH)2 can be observed, indicating that the hydration products of the test block are slightly corroded. S4 in the Ca(OH)2 crystals can be observed; the overall denser, but micro-cracks exist. S5 in the structure is dense, and the plate is continuous and complete; the surface of the specimen is less corroded, indicating that the effect of water-repellent double admixture is better than a single admixture.
[image: Figure 4]FIGURE 4 | Microscopic scanning photos after 240 d of erosion (2000×). (A) Microscopic scanning image of S1 specimens. (B) Microscopic scanning image of S2 specimens. (C) Microscopic scanning image of S3 specimens. (D) Microscopic scanning image of S4 specimens. (E) Microscopic scanning image of S5 specimens.
In general, the addition of each admixture can improve the compactness of the structure and reduce porosity. Among them, sodium methyl silicate and inorganic aluminum salt waterproofing agents are better for improving compactness and corrosion resistance.
4.3.2 XRD chemical composition analysis
The XRD pattern before erosion is shown in Figure 5. The material detected in S2 is mainly calcium carbonate, and the peak is much higher than the rest of the ratios; it indicates that serious carbonization occurs inside S2, and the material deterioration will be accelerated after erosion, so the rest of the proportions except S2 are mainly analyzed.
[image: Figure 5]FIGURE 5 | XRD patterns of each ratio before erosion.
S3 and S5 test blocks have higher SiO2 diffraction peaks than S1. In contrast, calcium hydroxide diffraction peaks are detected more in S1 and less in the remaining ratios, indicating that SiO2, the main component of mineral admixture, reacts with Ca(OH)2. Higher unhydrated calcium silicate peaks were detected in S3, while silica and unhydrated calcium silicate peaks were lower in S4 and S5 than in S3. This indicates that the addition of sodium methyl silicate hinders the hydration of the cement to a certain extent. At the same time, the inorganic aluminum salt waterproofing agent makes the internal reaction of the test block more complete.
As can be seen from Figure 6, As the erosion cycle increases, the loss of Ca(OH)2 in S1 is severe. At the same time, silica and unhydrated calcium silicate keep increasing, indicating that a large amount of damage has been generated within S1 and prevents further hydration of the cement. The new crystalline phase ettringite was detected in S1 after erosion (consistent with microscopic electron microscopy). The biological acid produced by microorganisms will react with calcium hydroxide, and the expansion substances such as gypsum and ettringite will destroy the material’s internal structure and lead to the degradation of material properties. A slight decrease in the calcium hydroxide diffraction peak was found in S3-S5, but no new substances were detected. This indicates that adding each additive effectively limits the generation of aggressive substances and improves the material’s corrosion resistance. It was found by the unhydrated calcium silicate peak that the peaks all occurred to a certain degree of increase. The peak was found by the unhydrated calcium silicate peak, which showed that the material could not continue to hydrate in the sewage erosion environment. There was a certain degree of internal damage, but the peak decreased in S3, indicating that adding sodium methyl silicate water repellent can continue to hydrate in late erosion.
[image: Figure 6]FIGURE 6 | XRD patterns of each ratio in sewage erosion environment. (A) XRD pattern of S1 specimen. (B) XRD pattern of S3 specimen. (C) XRD pattern of S4 specimen. (D) XRD pattern of S5 specimen.
We can find that inorganic aluminum salt water repellent makes the hydration reaction inside the test block more complete; sodium methyl silicate hinders the hydration of cement to a certain extent in the early stage of erosion, but after erosion, sodium methyl silicate makes the mortar continue to hydrate inside, thus showing better corrosion resistance. In the erosion environment, only S1 generated aggressive material ettringite, indicating that the mineral admixture and water repellent can reduce the generation of erosion material, effectively improving the material’s durability.
4.4 Water absorption and mass loss rate
The variation law of water absorption of each test block is shown in Figure 7. Before erosion, the water absorption rate of polymer mortar (S2) is as high as 5.65%, which is significantly higher than that of other ratios, and S3-S5 is not much different and lower. After 120 days of erosion, the water absorption rate all occurred in different degrees, among which S2 decreased the most, but the water absorption rate was still high; S3-S5 had the lowest water absorption rate. With the increase of the erosion cycle, the water absorption rate of each mixture ratio showed a trend of decreasing first and then increasing. After 240 d of erosion, the water absorption rate of S3-S5 specimens was significantly lower than that of S1 and S2. Among them, the minimum water absorption rate of S5 was only 55.46% of that of S2. The analysis shows that mineral admixtures and waterproofing agents can increase the density of mortar and reduce water absorption. Sodium methyl silicate and inorganic aluminum salt waterproof agent have the best effect.
[image: Figure 7]FIGURE 7 | Variation rule of water absorption rate.
The water absorption rate of the specimens after S2 erosion fluctuated greatly, showing the trend of drop-lift-drop. The increase in specimen density is caused by the deposition of eroded material, which can fill the pores in the short term but can cause some damage to the internal structure. Since S2 produces more crystals and has not yet caused severe inner deterioration, the water absorption rate decreases significantly. S4, S5 in the erosion of 60 days when the lowest water absorption rate, the rest of the test block erosion 120 days before the water absorption rate began to occur after the rise; indicate that the new anti-corrosion mortar erosion of less material, inorganic aluminum salt waterproofing agent for mortar corrosion resistance to enhance the role of obvious.
According to the variation of mass loss rate in Figure 8, the quality of each proportion of mortar did not lose compared with the initial quality. With the increase in the erosion cycle, the quality loss rate of each mortar showed a trend of increasing and then decreasing. And the mass of S2 increases the most. According to the analysis, it is caused by the filling of pores by the erosion material inside the mortar. In addition, the quality loss rate of each test block showed a relatively large fluctuation in an increasing trend, indicating that different degrees of damage occurred inside the mortar. Among them, S2 fluctuates the most, compared to S4 and S5 which have relatively stable quality after 60 days erosion, less internal damage and better overall performance.
[image: Figure 8]FIGURE 8 | Change rule of mass loss rate.
In a comprehensive view, S1 has a high water absorption rate and mass loss rate, and S2 has a large number of internal crystals and the largest water absorption rate, both with poor performance. The water absorption and mass loss rate of S3-S5 are relatively low, indicating that the internal structure of the mortar is dense and no severe deterioration occurs. In general, adding a waterproof agent can effectively improve the density of the material, reduce water absorption, and improve durability to a certain extent.
4.5 Load displacement curve
Figure 9 shows the compressive load-displacement curves of each test block before and after erosion. As can be seen from the figure, the peak strength of the double-doped fiber mortar (S1) is substantially higher than that of the polymer mortar (S2) at all stages, indicating that the two fibers have a certain pulling effect within the material and effectively improve the mechanical properties of the material. Compared with S1, the peak strength of the ratio of sodium methyl silicate to inorganic aluminum salt (S3-S5) is further improved, indicating that adding mineral admixtures can effectively fill the pores and improve the compressive strength. After reaching the peak strength, the strength of S4 and S5 will decrease after 180 d of erosion, while the strength of the other ratios decreases after 120 d of erosion. Compared to S4, the S5 strength decline rate is slower, indicating that sodium methyl silicate and inorganic aluminum salt water repellent have excellent corrosion resistance. The S2 strength of the control group reached its peak material strength at about 25 MPa, while the strength of the fit ratio with added fibers was all higher. The crack-pulling action of the fibers enabled the load to continue to rise even after cracks appeared in the test blocks. Qin et al. (2018) found that the reinforcing effect of the fibers was more prominent after the material cracking.
[image: Figure 9]FIGURE 9 | Load-settlement curve. (A) The load-settlement curve of S1 specimen. (B) The load-settlement curve of S2 specimens. (C) The load-settlement curve of S3 specimens. (D) The load-settlement curve of S4 specimens. (E) The load-settlement curve of S5 specimens.
Overall, each mortar test block showed good performance in the early stage, and the strength of each ratio decreased to some extent with the increase of the erosion cycle. This is mainly because the mortar is slightly eroded at the beginning, the internal can continue to hydrate, and the test block can maintain a high strength; with the intensification of erosion, the test block’s internal generation of calcium alumina and other expansive erosion material, long-term accumulation will lead to the test block internal damage, resulting in a continuous decrease in material strength.
4.6 Variation trend analysis of compressive strength
Figure 10 is the trend chart of the compressive strength of each mix proportion. The overall strength of each ratio is increasing first and then decreasing trend, and the pore space is decreasing first and then increasing trend basically coincides, indicating that the porosity and strength are negatively correlated; the higher the porosity, the lower the high strength. Combined with Table 3, it is found that the strength of S2 at 0 days is significantly lower than that of the other mix proportions. The initial strength of S3-S5 is more than 1.4 times higher than that of S2, indicating that the admixture can improve the compactness and the material’s mechanical properties. After 240 d of erosion, S3-S5 continued to maintain good performance. The strength retention rate of S4 reached 119.79%, and the residual strength was 77.23 MPa, nearly 30% higher than that of S2, and the residual strength was increased by more than 80%. It can be seen that an inorganic aluminum salt waterproofing agent can slow down the rate of strength decline and significantly improve the corrosion resistance of mortar.
[image: Figure 10]FIGURE 10 | Variation trend of compressive strength.
TABLE 3 | Compressive strength of each specimen (unit:MPa).
[image: Table 3]In summary, fiber can improve materials’ toughening and crack resistance and effectively improve materials’ mechanical properties. Mineral admixture can improve the dense property and increase the compressive strength. The addition of sodium methyl silicate and inorganic aluminum salt waterproofing agents can effectively slow down the strength decay rate and improve corrosion resistance.
4.7 Injury mechanism and protection principle
Through the above test results of different ratio test block macro and microstates, we found that sodium methyl silicate and inorganic aluminum salt waterproofing agent to enhance the mortar test block in the harsh environment corrosion resistance has a significant effect on the material damage mechanism and waterproofing agent protection principle is as follows.
Currently, it is generally believed that the corrosion of the sewage environment is caused by microbial metabolism and acid production. In a humid climate, the alkaline substances generated by hydration in cement-based materials will carbonize with carbon dioxide and water, resulting in a continuous decrease in the alkalinity of the material and a decrease in the pH value, which provides conditions for microbial reproduction. SO42- in the sludge is reduced by sulfate-reducing bacteria (SRB) to produce H2S gas, which reacts with bacteria to produce biological sulfuric acid (Hendi et al., 2017; Georgios et al., 2021). Various acids such as biological sulfuric acid and organic acid produced by microbial metabolism are continuously accumulated and infiltrated. Over time this will increase the water absorption and permeability of the material and lead to the degradation of mechanical properties. Sulfate ions are targeted damage caused by the directional attraction of calcium ions through biofilm pores in an electrical manner, thus causing severe damage to the structure. In addition, cement-based materials will react with biological sulfuric acid to form expansive materials such as gypsum and ettringite to fill pores (Figure 11), reducing the structural strength, increasing the porosity, and eventually leading to the cracking of the structure.
[image: Figure 11]FIGURE 11 | SEM (A) and XRD (B) patterns of eroded materials.
The study found that adding a waterproofing agent can fill the internal pores and reduce the water absorption of the material, which significantly improves the corrosion of structures in harsh environments. Among them, inorganic aluminum salt waterproofing agent and cement-based materials in the cement hydration products (hydrated calcium ferrate, hydrated calcium aluminate, hydrated calcium silicate) reaction to generate insoluble colloids and expansion-type compound salt crystals to fill the pores and increase the material density, its mechanism of action see Figure 12 sodium methyl silicate as a new construction waterproofing agent, in the action of water and carbon dioxide will generate methyl silicate alcohol. Methyl silicate alcohol further cement-based material reaction, in the structure of the material surface and the internal generation of a few molecules thick water repellent network membrane, it can block the ion penetration and thus greatly improve the material impermeability, its mechanism of action in Figure 13. The test found that the addition of sodium methyl silicate and inorganic aluminum salt waterproofing agent can effectively reduce the number of internal open pores, increase the density of the material, the formation of a rigid waterproof layer, blocking the penetration of harmful ions, which can slow down the rate of material strength decay, and significantly improve the corrosion resistance of the material. The analysis of the experimental results of cement-based material erosion lays a foundation for future machine learning and residual life prediction after material corrosion (Huang et al., 2020b;Huang et al., 2020c; Chang et al., 2020; Medina et al., 2021).
[image: Figure 12]FIGURE 12 | Protective mechanism of inorganic aluminum salt waterproofing agent.
[image: Figure 13]FIGURE 13 | Waterproof mechanism of sodium methyl silicate.
On the whole, the fiber can improve the internal compactness of mortar, blocking harmful ion transfer paths. Methyl sodium silicate can form a water-repellent film with low tension on the pore surface to reduce ion penetration. Insoluble colloids produced by inorganic aluminum salts can fill the pores and increase their density. On balance, inorganic aluminum salts are the most effective and are recommended for priority use.
5 CONCLUSION
This paper studies the durability of new anti-corrosion mortar in an erosion environment. The main conclusions are as follows:
(1) Mortar surface will produce many crystals and brownish-black algae deposition after erosion. The erosion of mortar mixed with sodium methyl silicate and inorganic aluminum salt waterproofing agent is obviously reduced. This new mortar significantly improves compactness and water absorption over ordinary fiber and polymer mortars.
(2) From the microscopic point of view found that ordinary polymer mortar test blocks are loose and porous. Adding admixtures and waterproof agents to mortar will make its internal pores less and hydration hardening complete. The apparent compactness of mortar is the best after adding sodium methyl silicate and inorganic aluminum salt waterproofing agent.
(3) The initial strength of the new mortar is higher, reaching more than 60 MPa. It is more than 40% stronger than the current mainstream polymer mortar. There are fewer cracks after compression failure, showing good mechanical properties. After sewage corrosion, the strength of polymer mortar is reduced by nearly 6%, and the strength of high corrosion-resistant mortar is increased by 20%, showing excellent corrosion resistance. On balance, inorganic aluminum salts are the most effective and are recommended for priority use.
(4) Applying the impermeability of sodium methyl silicate and the ability of inorganic aluminum salt waterproofing agent to fill pores in cement-based materials to construction materials can effectively improve the service life of structures and provide support for structural engineering repair and protection in complex corrosive environments.
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Field test and numerical simulation of ground settlement in super shallow buried station excavation supported by transverse pipe roof
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The pipe roof is an effective means to control the surface settlement during the construction of the super-shallow buried subway station. The transverse pipe roof method can not only reduce the construction work surface, but also improve the construction efficiency by multi-stage flow construction. Based on the transfer station project of the Olympic Sports Center of Jinan Rail Transit Line 3, the ground settlement law caused by the excavation of ultra-shallow buried subway station under the action of transverse pipe roof is analyzed through field measurement. The mechanism of pipe roof controlling ground settlement and the influence of steel pipe spacing and steel pipe length on the bearing mechanism of pipe roof are analyzed by numerical simulation. The following conclusions are drawn. 1) The surface settlement curve caused by the excavation of the small pilot tunnel in the lateral direction of the station is a wavy U-shaped, and the surface settlement curve becomes a smooth U-shaped after the soil is broken. In the longitudinal direction of the station, the surface settlement is jagged, and the surface settlement above the pipe roof is less than the surface settlement between the pipe roofs. 2) After soil excavation, pipe roof can bear the load of surrounding rock and restrain the settlement of soil above, and soil arch effect is formed between pipes to restrain the relaxation of soil between pipes. With the increase of the spacing of the steel pipe, the height of the soil arch increases. After exceeding a certain spacing, the micro-soil arching effect disappears and the surface settlement increases. 3) The length and stiffness of pipe roof will affect the bearing capacity of pipe roof and there is an upper limit. When it exceeds the upper limit, increasing the length or stiffness of pipe roof has little effect on the control effect of ground settlement. The research can provide reference for shallow buried excavation station and other projects.
Keywords: pipe roof, surface subsidence, soil arch effect, plastic zone, underground excavation station
1 INTRODUCTION
As urban rail transit is developed, subway stations will inevitably pass through densely populated city centers with large traffic flow. The construction of these stations should not affect the normal use of existing buildings. The pipe roof method involves pre-jacking steel pipes in the upper peripheral soil layer of a structure and forming an advanced support system that can resist upper loads by setting a connection between the steel pipes or changing the structure between adjacent steel pipes (Wang et al., 2020; Cai et al., 2022; Zhang et al., 2022). Because this method can realize micro-disturbance crossing of an environment under the condition of ultra-shallow overburden soil, and the construction area is relatively small, it is very suitable for the construction of underground structures in current densely populated urban spaces (Wang et al., 2018; Lu et al., 2022), such as the shield section project of the Beijing Metro Line eight under the existing Line 10 (Tao et al., 2018), the ultra-shallow buried Ping anli subway station project of Line 10 (Gao, 2018), and the construction project of Taiyuan Yingze Street under the Taiyuan Railway Station (Jia et al., 2021).
Many scholars have carried out a considerable amount of research on the mechanical behavior of pipe roof excavation. Xie et al. (2019a); Xie et al. (2019b) studied the excavation mechanical properties of a pipe roof under a rectangular cross-section by the limit analysis method and found that the pipe roof plays an important role in reducing ground settlement and earth pressure. Wu et al. (2018) found that the pipe roof can effectively reduce the settlement of the surface vault and the grouting can limit the development of a plastic zone by numerical simulation of the combined effect of pipe roof and rock grouting reinforcement. Considering the interaction between pipes, Yang et al. (2019) established a two-parameter elastic foundation beam theoretical model based on the soil arching effect between pipes and used this model to calculate the deflection and internal force of the pipe roof. Through laboratory experiments and numerical simulation, Deng et al. (2021) proposed a method considering the interaction between pipes and soil to analyze the frictional resistance during pipe jacking. Li et al. (2022) established a mechanical model of the pipe roof considering the soil arching effect and the time-space effect of stress release. Based on the Pasternak elastic-plastic foundation beam theory, the internal force and deflection solutions of the pipe roof were derived. Considering the influence of a three-dimensional arching effect, Ji et al. (2018) used the improved Protodyakonov arch model to calculate the vertical earth pressure above the pipe roof and quantified the contribution of soil cohesion to reduce the vertical earth pressure. Shi et al. (2021) found that the stress state of the pipe roof is divided into three parts with the excavation process by numerical simulation and field monitoring. Heng et al. (2022) proposed a calculation model based on deformation control based on the change in the pipe roof construction process and found that the deformation of the pipe roof at the entrance and middle span was large. In terms of the influencing factors of the pipe roof, through numerical simulations, An et al. (2021) found that increasing the pipe diameter, reducing the aspect ratio, and reducing the excavation height can improve the stability of the tunnel surface. Zarei et al. (2019) analyzed the process of tunnel excavation under the action of a pipe roof by numerical simulation and found that increasing the parameters of pipe roof can reduce the surface settlement and internal force of the pipe roof.
A transverse pipe roof can form a transverse bearing system with large stiffness in a pilot tunnel. The construction joints are simple, and the force transmission is clear (Guo, 2019; Zhang et al., 2021). Presently, research has mainly focused on the bearing mechanism in the construction process of longitudinal pipe roofs, and research on transverse pipe roofs is limited. Compared with the longitudinal pipe roof, the transverse pipe roof can be achieved through segmented flow construction, improving the construction efficiency. Furthermore, as the steel pipe is short, its construction is easy to perform, and it is easy to meet control requirements. Two kinds of pipe roof arrangements are shown in Figure 1. Based on the transfer station process of the Olympic Sports Center Line of Line R3 of the Jinan Rail Transit, through field monitoring and numerical simulation, this paper studies the mechanism of surface settlement control by a transverse pipe roof and the influence of pipe spacing and length on its bearing mechanism. The findings of this study can serve as a reference for other underground projects under the action of transverse pipe roof.
[image: Figure 1]FIGURE 1 | Pipe curtain arrangement form.
2 ENGINEERING SCENARIOS
The transfer station project of the West Station of the Olympic Sports Center along the Jinan Rail Transit R3 Line is located at the intersection of Jingshi Road and Olympic Sports West Road in Jinan City. It is arranged in a one-word shape along the east-west direction of Jingshi Road. The northwest quadrant of the station is Sinopec Gas Station, the north side is near the Golden Age Square, and the south side is the Olympic Sports Center. The surrounding traffic volume is considerable, and the pipelines are large. The proposed station is an underground two-story double-column island platform station, with a total outsourcing length of 273 m and a total outsourcing width of 24.1 m for the standard section. The transfer node with the R2 line has been implemented for 31.15 m. The overburden of the station roof is 3.8–4.4 m, and the depth of the foundation pit is about 18.5 m. Figure 2 shows the geographical environment and surrounding buildings of the project.
[image: Figure 2]FIGURE 2 | Geographical location of the station.
According to the geomorphological characteristics, the site geomorphic units are mainly hills and residual hills. The terrain, which is undulating, changes greatly. The ground elevation is 87.25–132.39 m. The soil in this area belongs to the quaternary stratum, which is composed of artificial fill, silty clay, gravel, and gravel-containing silty clay. The surrounding soil of the roof of the station in the underground excavation section is mainly plain fill and silty clay. The stratum distribution in the construction area of the station is shown in Figure 3, and the physical and mechanical parameters of the soil layer are shown in Table 1.
[image: Figure 3]FIGURE 3 | Longitudinal profile of the stratum of the station.
TABLE 1 | Building materials and station support parameters.
[image: Table 1]3 TRANSVERSE PIPE ROOF METHOD AND CONSTRUCTION MONITORING OF SUBWAY STATION
3.1 Construction of subway station by transverse pipe roof method transverseabrication of specimens
Pipe roof excavation is adopted for the transfer station of the Jinan Olympic Sports Center West Station. Using this method, transverse channels can be established in three shafts respectively. Each transverse channel can meet the excavation requirements, so as to realize the flow construction of multiple construction sections and improve the construction efficiency. At the same time, compared with large section excavation, small pilot tunnel excavation method is more convenient. First, the pipe roof foundation pit is set up in the green belt area of the main road and auxiliary road of Jingshi Road. Pipe jacking construction is carried out on the north and south sides through the pipe roof foundation pit. After jacking and docking of the entire pipe roof, the pipe roof foundation pit is backfilled. Four-pilot tunnel excavation is adopted for the station. First, the transverse channel is excavated from three construction shafts to the other side at the same time, and then the longitudinal excavation is carried out by means of a small pilot tunnel. Pilot tunnels 2# and 4# are excavated before pilot tunnels 1# and 3#. After the excavation of the pilot tunnel is completed, the independent foundation, bottom longitudinal beam, side pile, middle column, crown beam and top longitudinal beam are constructed in the pilot tunnel, then the arch is excavated and constructed, and finally the soil is excavated layer by layer and the internal structure of the station is constructed. The construction process of the pipe roof and the main body of the station is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Sequence diagram of station construction.
The construction method of the pipe roof is that the pipe roof is excavated at the same time, and the Φ406 × 18 mm steel pipe is jacked into the section. The length of the single section is 3.0–3.5 m, and the pipe joint is welded by carbon dioxide protection welding. Finally, M20 cement mortar is used to fill the steel pipe. A large sample of the tube roof is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Large sample of pipe roof.
3.2 Field monitoring of super shallow excavation station
In order to reduce the influence of the transverse passage on field monitoring, the DBC58 section, which is about 20 m away from the transverse passage, is taken as the research object. The measuring points from north to south are T-1–T-10, among which the measuring points T-3, T-5, T-7, and T-9 are within the span of the small pilot tunnel. A certain area above the 3# pilot tunnel is taken as the research object in the longitudinal direction of the station. The measuring points from north to south are L-1–L-10. Figure 6 is the arrangement of measuring points and field monitoring diagram.
[image: Figure 6]FIGURE 6 | Measuring point layout.
Figure 7 shows the on-site surface monitoring results. The cross-sectional monitoring data of the station shows that the surface settlement increases considerably during excavation of the pilot tunnel, and the excavation of the platform layer has a relatively small impact on the surface settlement. In addition, the surface settlement curve during excavation of the pilot tunnel shows a wavy shape, and the soil settlement at the excavation site is significantly higher than that of the surrounding soil. The surrounding soil plays a supporting role in the pipe roof structure; after the middle soil is broken, the wave in the surface subsidence curve disappears. According to an analysis of the longitudinal monitoring data of the station, the surface settlement curve exhibits a jagged change. After excavation of the 1# and 3# pilot tunnels, the settlement value of some points is significantly higher than that of their adjacent points. After excavation of the platform layer, the surface settlement curve exhibits a wavy shape. In addition, the surface settlement during the excavation of the pilot tunnel accounts for a large proportion, and the excavation of the platform layer has little effect.
[image: Figure 7]FIGURE 7 | Measured field data.
4 NUMERICAL SIMULATION OF SUPER SHALLOW EXCAVATION STATION CONSTRUCTION
4.1 Calculation model establishment
The finite element analysis software is used to simulate the construction stage of the main body of the station under the bearing of the pipe roof. According to the actual construction influence range of the project, a three-dimensional model is established as shown in Figure 8. The size of the calculation model is 100 (transverse) × 20 (longitudinal) × 40 m (depth). The Drucker–Prager constitutive model is adopted for the soil. The solid element and elastic constitutive model are adopted for the steel pipe group and mortar in the pipe roof structure, respectively. The spray mixing structure adopts 2D plane plate element. The bottom of the model boundary condition is a fixed end constraint, and the side boundary is a free hinged constraint in the Z direction. The building materials and tunnel support parameters are shown in Table 1.
[image: Figure 8]FIGURE 8 | Three-dimensional finite element model.
4.2 Analysis of ground settlement
The surface settlement cloud map of each stage during the construction of the station under the advanced support of the pipe roof is shown in Figure 9. Figure 10 is the surface settlement curve of each stage. The numerical simulation results exhibited that, after the excavation of the lower soil, the corresponding surface has a significant settlement. After the excavation of pilot tunnels 2# and 4# and before the excavation of pilot tunnels 1# and 3#, the surface settlement is concentrated above pilot tunnels 2# and 4#, and the settlement in other areas is lower; after the excavation of pilot tunnels 1# and 3# is completed, the settlement of the soil above tunnels increases significantly and aggravates the surface settlement in other areas. The settlement of the soil above pilot tunnels 2# and 3# is large, and the entire surface settlement curve assumes a wavy U-shape. The settlement of the soil above the unexcavated area is relatively small, which plays a supporting role in the pipe roof structure. After the soil layer (middle soil) between the pilot tunnels is broken, the settlement curve changes from a wavy U-shape to a relatively smooth U-shape, and the maximum surface settlement occurs in the middle of the station. After the excavation of the platform layer, the surface settlement trend is consistent with the trend after the middle soil is broken.
[image: Figure 9]FIGURE 9 | Surface subsidence cloud map.
[image: Figure 10]FIGURE 10 | Surface subsidence curve of the entire construction process.
Previous studies have revealed that excavation of pilot tunnels and removal of supporting structures are the key to surface subsidence control (Guo et al., 2021; Song et al., 2022). After the excavation of pilot tunnel 2# and 4#, the ground settlement above the excavation is large, with a maximum value of 8.3 mm; after excavation of pilot tunnels 1# and 3#, the surface settlement increases significantly, and the maximum settlement increases to 20.2 mm. Compared with the excavation process of pilot tunnels 2# and 4#, the maximum settlement increases by 140%, and the surface settlement range expands. The surface settlement has a U-shaped curve, with a large settlement in the middle and a small settlement at both ends. After the middle soil is broken, the maximum settlement increases to 24.9 mm, which is an increase of 4.7 mm, accounting for about 45% of the settlement value in the excavation stages of pilot tunnels 2# and 4#, and the maximum settlement position appears above pilot tunnels 2# and 3#. After the excavation of the platform layer, the maximum surface settlement is 26.5 mm, an increase of 1.6 mm.
In order to study the characteristics of surface subsidence in the longitudinal direction of the station, the surface subsidence curves above pilot tunnels 2# and 3#, and above the middle soil are extracted. The position of the survey line is shown in Figure 11. The survey line A is located above pilot tunnel 2#, the survey line B is located above pilot tunnel 3#, and the survey line C is located above the middle soil. The surface settlement curve is shown in Figure 12.
[image: Figure 11]FIGURE 11 | Line position diagram.
[image: Figure 12]FIGURE 12 | Longitudinal surface subsidence map of different parts.
Figure 12A shows that, when pilot tunnels 1# and 3# are not excavated, the surface settlement is approximately a smooth horizontal line, and the settlement of soil in each part is not much different. However, after the excavation of pilot tunnels 1# and 3#, the settlement of each part is different, and the surface settlement curve also exhibits a serrated shape owing to fluctuations. During soil breaking and platform excavation, although the surface settlement increases, the settlement curve remains jagged. The surface settlement of line B and line C is analyzed. The serrated settlement curve of line C appears for the first time during the excavation of pilot tunnels 2# and 4#. The serrated settlement curve of line B appears after the middle soil is broken. It can be seen that the serrated settlement curve first appears after excavation of the lower soil and continues until the end of the main construction of the station.
With the construction process of the main body of the station, the numerical simulation and field measurement results on the transverse section show a change from a jagged U-shape to a smooth U-shape, and the settlement of the pilot tunnel excavation stage accounts for a high proportion of the total settlement of the entire construction, and the influence of the platform layer on the surface settlement is relatively small. On the longitudinal section, both numerical simulations and field measurements reveal serrated surface settlement curves after excavation of the lower soil. It can be seen that the numerical simulation results are in good agreement with the field measured data, and the numerical simulation can reflect the actual bearing state of the pipe roof.
4.3 Analysis of pipe roof deformation
Figure 13 shows the deformation nephogram of a single steel pipe in the pipe roof during the entire construction process. It can be seen that the stress form of a single steel pipe is similar to that of a simply supported beam (Zhang et al., 2018; Liu et al., 2019; Xiao et al., 2019). Figure 14 shows the deflection curve of pipe roof, from which it can be seen that during the excavation of pilot tunnels 2# and 4#, the pipe roof above the excavation area sinks, and the sinking position appears above pilot tunnels 2# and 4#. The deflection value is about 5.2 mm. After the excavation of pilot tunnels 1# and 3# is completed, the pipe roof shows the overall subsidence, and the settlement of the middle and right ends of the pipe roof increases. The deflection values of the right end and middle are 14.1 and 11.8 mm, respectively. Furthermore, the settlement of the left end is 9.7 mm. After the middle soil is broken, the subsidence in the middle of the pipe roof increases, and the subsidence at both ends changes slightly. The deflection value in the middle of the steel pipe in the pipe roof structure is the largest, and its maximum value is 19.1 mm. The steel pipe exhibits the stress state of a simply supported beam with bearing displacement at both ends. During the excavation of the platform layer and the subsequent construction process, the settlement value of the pipe roof increases slightly, but the overall trend of the pipe roof is consistent with that after the soil was broken.
[image: Figure 13]FIGURE 13 | Steel tube deformation nephogram.
[image: Figure 14]FIGURE 14 | Steel tube deflection curve.
The above analysis shows that the deflection value of the pipe roof and the trend of surface settlement change with the excavation sequence during the excavation stage. The deflection value at the excavation site is relatively high. After the middle soil is broken, overall settlement of the pipe roof structure will occur. The overall deformation curve is U-shaped. The force of the pipe roof is similar to that of the beam, which supports the stratum. The deflection curve of the pipe roof is consistent with the trend of surface settlement.
4.4 Analysis of soil arching effect of transverse pipe roof
Owing to excavation disturbance and the different stiffnesses of the pipe roof and soil, the soil displacement is uneven, and the stress is redistributed. The soil in the excavation area converts the upper load into compressive stress and transmits the compressive stress to the arch feet on both sides to form a miniature soil arch (Al-Naddaf et al., 2019; Chen et al., 2022). The surface above the station is a serrated settlement curve, and the settlement value of some points is higher than that of adjacent points. In order to explore the bearing mechanism of the pipe roof and the surrounding soil, the plastic zone of the pipe roof structure and the surrounding soil above pilot tunnel 3# is extracted. The results are shown in Figure 15. In Figure 15, the plastic strain extreme value of all construction stages is kept unchanged, and the strain evolution of the soil layer can be seen through the color change. Analyzing the distribution of the plastic zone shows that, due to the large stiffness and high bearing capacity of the steel tube, the upper soil has a small bearing capacity, it does not enter the plastic state, and the surface settlement is low. Shear failure occurs in the soil between the steel tubes. The plastic zone extends from the bottom of the steel tube to the soil in the middle of the tube at a certain angle, forming a micro-soil arch supported by adjacent steel tubes. The micro-soil arch effect can inhibit the settlement of the soil between the tubes to a certain extent. The pipe roof structure and the micro-soil arch constitute the bearing system of the upper soil, so the surface shows serrated settlement characteristics in the longitudinal direction.
[image: Figure 15]FIGURE 15 | Plastic zone of soil around the pipe roof.
From the analysis of the construction stage, as the selected area is located above pilot tunnel #3, after the excavation of pilot tunnels 2# and 4#, the plastic zone of the soil, as shown in Figure 15, is not large, and the plastic stress of the soil is also not large. Furthermore, the soil arching effect is not obvious. Based on the law of surface settlement, the settlement curve is relatively flat at this time. Furthermore, the surface settlement of adjacent points is not much different. After the excavation of pilot tunnels 1# and 3#, the range of the plastic zone expands, the plastic stress increases significantly, and the soil arch effect gradually appears. After the middle soil is broken, the range of plastic zone stops expanding; however, the plastic stress of soil between pipes increases, and the micro soil arch improves the bearing capacity of the surrounding soil and restrains the surface settlement of soil between pipes to some extent. Like for ground settlement, the influence of platform excavation on plastic zone of soil between tubes is small, and the state of the plastic zone does not change significantly.
5 ANALYSIS OF INFLUENCE OF TRANSVERSE PIPE ROOF PARAMETERS ON GROUND SETTLEMENT
5.1 Influence analysis of steel pipe spacing of pipe roof
In order to explore the influence of steel pipe spacing on the surface settlement in a pipe roof, six working conditions with a steel pipe side wall distance of 0.2, 0.5, 0.8, 1.1, 1.4, and 1.7 m are established. The six working conditions are numerically simulated to obtain the transverse surface settlement, which is shown in Figure 16.
[image: Figure 16]FIGURE 16 | Surface subsidence curve under different pipe spacings.
The diagram shows that the pipe roof spacing has the greatest influence on the surface settlement in the excavation area. During the excavation of the pilot tunnel, the soil settlement above the pilot tunnel is quite different. After the excavation of pilot tunnels 2# and 4#, the maximum settlement is 7.7, 8.0, 8.2, 8.9, 12.2, and 14.8 mm for pipe spacings of 0.2, 0.5, 0.8, 1.1, 1.4, and 1.7 m, respectively. Furthermore, compared with that observed with a design spacing of 0.2 m, the surface settlement of steel pipe spacings of 0.5, 0.8. 1.1, 1.4, and 1.7 m increase by 4%, 6.5%, 15.6%, 58.4%, and 92.2% respectively. The soil settlement in the unexcavated area is similar for all pipe spacings. The surface settlement of the unexcavated area between pilot tunnel 2# and pilot tunnel 4# is 5.9, 6.2, 6.4, 6.7, 6.9, and 7.1 mm for pipe spacings of 0.2, 0.5, 0.8, 1.1, 1.4, and 1.7 m, respectively. Compared with that for the design spacing of 0.2 m, the surface settlement of the steel pipe spacings of 0.5, 0.8. 1.1, 1.4, and 1.7 m increase by 5%, 10.2%, 13.6%, 16.9%, and 20.3%, respectively. In the other construction stages, the same law appears in the settlement of the ground surface. After the soil is broken, the overall settlement of the ground surface appears.
The plastic zones for pipe spacings of 0.2, 0.8, 1.4, and 1.7 m are extracted at the same position above pilot tunnel 3# in the same construction stage. The results are shown in Figure 17. The strain evolution of soil layer can be seen by color change. First, as the pipe roof spacing increases, the range of soil plastic zone between pipe roofs and the extension angle increase. As a result, the upward expansion is more considerable. When the spacing is 0.2 m, the plastic zone only develops to the middle of the steel pipe along a certain angle. Under these conditions, the height of the plastic zone is about 0.2 m, and the micro soil arch is located below the side of the pipe roof to restrain the settlement of the upper soil. When the spacing increases to 0.8 m, the extension angle of the plastic zone does not change much, but with an increase in the spacing, the plastic zone exceeds the top of the pipe roof, and its height is about 0.7 m. As shown in Figure 16B, under a pipe spacing of 0.8 m, the surface settlement does not exhibit considerable expansion, and it is not much different from that of the working condition with a pipe spacing of 0.2 m. The pipe roof can still be used to support the micro-soil arch, which limits the surface settlement to a certain extent. When the pipe spacing is 1.4 m, the extension angle of plastic zone is evidently enlarged, the height of plastic zone is about 1.5 m, and the bearing capacity of micro soil arch is gradually weakened. When the spacing is 1.7 m, the plastic zone expands to the middle of the overburden soil, and the soil above the pipe roof also enters the plastic state. In this case, the bearing effect of the pipe roof on the micro soil arch disappears. Furthermore, the surface settlement is 92.2% higher than in the working condition with spacing of 0.2 m.
[image: Figure 17]FIGURE 17 | Soil plastic zone diagram for different pipe spacings.
The results also reveal that the influence of pipe roof spacing on the surface settlement begins after the excavation of the lower soil, when the pipe roof structure is in a high bearing state. This is because, the larger the pipe spacing, the greater the extension angle of the plastic zone between the pipes, and the more considerable the upward expansion. The soil arch bearing effect gradually reduces, and the pipe roof support effect also reduces.
5.2 Influence analysis of steel pipe length of pipe roof
In order to explore the influence of the length of the embedded soil layer at both ends of the steel pipe in the pipe roof on the surface settlement, five working conditions with constraint lengths of 1, 3, 5, 7, and 9 m at both ends of the steel pipe are established, and the five working conditions are numerically simulated. The lateral surface settlement is shown in Figure 18. The diagram shows that, except for that of the working condition with a constraint length of 1 m at both ends, the surface settlement curves of the other working conditions are not much different in the four construction stages. Taking the excavation process of pilot tunnels 2# and 4# as an example, for the constraint lengths of 1, 3, 5, 7, and 9 m, the maximum surface settlement is 8.3, 7.9, 7.8, 7.75, and 7.7 mm, respectively. Furthermore, under the five working conditions, compared with the design condition, the surface settlement increases or decreases by 5.1%, 1.3%, 1.9%, and 2.5%. Increasing the length of the pipe roof can reduce the surface settlement, but the surface settlement is not obvious. Increasing the stiffness of pipe roof has little effect on ground settlement control (Hu et al., 2018; Cheng et al., 2022).
[image: Figure 18]FIGURE 18 | Ground surface subsidence curves with different constraint lengths.
In addition, as seen in Figures 18A, B, when the constraint length at both ends is too low, the soil above the side of the pilot tunnel is prone to large deformations during the excavation of the pilot tunnel. After the excavation of pilot tunnels 2# and 4#, there is little difference in the settlement of each working condition above pilot tunnel 2#; however, above pilot tunnel 4#, the surface of the pipe roof with a 1 m constraint at both ends shows significant settlement, and the settlement exhibits an increase of 5%. After the excavation of pilot tunnels 1# and 3#, the settlement of the pipe roof with 1 m constrained at both ends above pilot tunnels 1# and 4# is evidently higher than that in other working conditions, and the constraint ability of the pipe roof is insufficient.
Figure 19 shows the deflection of the pipe roof when the constraints at both ends are 1, 5, and 9 m. First, during the excavation of pilot tunnels 2# and 4#, the maximum settlement when the constraints at both ends are 1 m occurs above pilot tunnel 4#, and the maximum settlement is 7.02 mm, whereas the maximum deflections of the other two working conditions appear above pilot tunnel 2# of the middle pilot tunnel, and the maximum deflection values are 6.8 and 6.74 mm. During the excavation of pilot tunnels 1# and 3#, the maximum deflection value when 1 m is constrained at both ends appears on one side of the side pilot tunnel, and the maximum value is 12.39 mm. The maximum deflections of the working conditions in which 5 and 9 m are constrained at both ends is located above pilot tunnel 3# of the middle pilot tunnel, and the value is 10.6 mm. Together with the deflection cloud diagram of the pipe roof, these results reveal that when the two ends are constrained by 1 m, the binding force at both ends of the pipe roof structure is insufficient, and the end position has a significant overall downward movement. Furthermore, the end settlement is large. When the constraint at both ends exceeds a certain value, the effect of increasing the constraint at both ends on the bearing capacity of the pipe roof is no longer evident or is relatively small.
[image: Figure 19]FIGURE 19 | Surface subsidence curve under different pipe spacing.
These results reveal that a limiting value for the constraint length at both ends of the pipe roof exists. When the constraint length at both ends of the steel pipe exceeds the limiting value, increasing the constraint length hardly improves the bearing capacity of the pipe roof, and has little effect on the control of surface subsidence. When the constraint length at both ends is insufficient, the excavation process of the pilot tunnel is easy to cause large settlement at the side pilot tunnel.
5.3 Influence analysis of steel pipe stiffness of pipe roof
In order to further explore the influence of steel pipe stiffness on surface settlement in pipe roof structure, the stiffness of standard pipe roof is calculated to be 8,600 kN·m2 by equivalent stiffness method, and the finite element models of steel pipe stiffness of 860, 1,720, 43,000 and 86,000 kN·m2 are established respectively. The corresponding stiffness is 0.1 times, 0.2 times, 5.0 times and 10.0 times of the standard pipe roof respectively. The numerical simulation results are shown in Figures 20, 21.
[image: Figure 20]FIGURE 20 | Deflection curve of pipe roof under different steel pipe stiffness.
[image: Figure 21]FIGURE 21 | Curve of ground settlement under different steel pipe stiffness.
It can be seen from Figure 20 that after the stiffness of the steel pipe in the pipe roof structure exceeds 0.5 times the standard stiffness, the deformation of the pipe roof is U-shaped, the deformation at both ends is small, and the middle deformation is large. The deformation of various working conditions is not much different, and the maximum deformation is 22.7 mm. When the stiffness of the steel pipe is reduced to 0.2 times, the deformation of the pipe roof is wavy, and the maximum deformation is 38.3 mm, an increase of 68.7%. It can be seen from Figure 21 that when the steel pipe stiffness is 0.2 times the standard stiffness, the surface settlement increases significantly. When the stiffness is more than 0.5 times the standard stiffness, the change of surface settlement is not obvious. Therefore, it can be seen that there is a limit value of the stiffness of the pipe roof. When the stiffness reaches the limit value, the bearing capacity of the pipe roof is not significantly improved by increasing the stiffness, which has little effect on the control effect of surface settlement.
6 CONCLUSION AND INSIGHTS
Compared with the longitudinal pipe roof layout, the transverse pipe roof has high precision control, multi-section simultaneous flow construction, high construction efficiency, and a short construction period. In this paper, the surface settlement law of the transverse pipe roof construction of a shallow buried underground excavation station is studied by field monitoring and numerical simulations, and the different spacings and constraint lengths of the steel pipe in the pipe roof structure are compared. The following conclusions are drawn:
(1) After the pilot tunnel is excavated, the transverse surface settlement is a wavy U-shaped curve. After the soil is broken, the surface settlement curve changes from a wavy U-shaped to a smooth U-shaped curve. After the excavation of pilot tunnel, the longitudinal surface settlement appears jagged, because the surface settlement above the pipe roof is less than that between the pipe roofs.
(2) The numerical simulation reveals the bearing mechanism of the pipe roof. The stress of the pipe roof structure is similar to that of the beam, which has a supporting effect on the stratum. At the same time, the micro soil arch effect appears between the adjacent pipes. The soil arch and the pipe roof structure jointly inhibit the surface settlement.
(3) In the pipe roof structure, the steel pipe spacing affects the soil arching effect. With the increase of steel pipe spacing, the height of soil arching increases, and the bearing capacity of soil arching decreases.
(4) The length and stiffness of the pipe roof affect the bearing capacity of the pipe roof and there is an upper limit. When the length or stiffness of steel tube is low, the bearing capacity of pipe roof structure is low, and the surface settlement increases significantly. When the length and stiffness of the pipe roof exceed its upper limit, increasing the length of the pipe roof or increasing the stiffness of the pipe roof hardly changes the bearing capacity of the pipe roof structure, and the reduction of surface settlement is not obvious.
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In recent years, events of transmission line tripping caused by wildfires have occurred frequently in many mountain areas. In order to understand the mechanism of such events, an experimental system for simulating breakdown discharge processes of model wires induced by a simulated fire source is designed. In this experiment, propane jet flame (somewhat like eruptive fires in real wild fires) is used as a simulated flame source. By setting three different gas flow rates and five different wire-wire gaps, discharge breakdown behaviors and characteristics between two ACSR (aluminum conductors steel reinforced) segments in propane flames with three flame zones are explored. The influences of these different factors on the breakdown characteristics and mechanisms of wire-wire air gaps are analyzed. Results show that breakdown voltages increase almost linearly with the increase of wire-wire gaps in continuous zone of the flames for three gas flow rates. For a short wire-wire gap like 5.0 cm, the pilot discharge channels can be formed more easily, stably and completely under a lower voltage and weaker external ionization environment. The propane jet flame conditions are complex and affected by multiple actions like initial jet force (affected by gas flow rate), temperature distribution, soot particle, ion wind. As a result, local electric field will be distorted, a streamer channel is established dependently in different cases. These factors play individual, competitive or synergistic roles at the same time in breakdowns of real ACSR wire-wire gaps.
Keywords: high voltage transmission line, wildfires, propane jet diffusion flame, breakdown voltage, average breakdown strength, leakage current
1 INTRODUCTION
With the rapid development of society and the continuous improvement of power demand, constructing large-scale, long-distance and cross-regional power transmission systems has become a necessity (Zeng et al., 2016; Shu and Chen, 2018). As a result, the distribution densities of high voltage transmission lines also increase. Due to limited land resources, these lines may pass through many complex terrains like mountain areas where wildfires inevitably occur. Such fires usually lead to breakdown processes of long-distance air (usual electrical insulator) gaps around transmission lines. On the contrary, wild fires can also be caused by failures or faults of overhead power transmission lines.
Meanwhile, weather-related transmission line tripping accidents accounted for 78.09% of the total (Yang et al., 2019). Besides, no less than 80 wildfire accidents were caused by transmission lines with voltages of 110 kV and above from 2011 to 2017 (Huang and Shu, 2011; Jiang et al., 2017). Moreover, researchers found that the number of landslides in southern areas such as Guizhou Province, Jiangxi Province and Three Gorges in China has increased in recent year, which may lead to the failure of high-voltage transmission lines and wildfires (Huang et al., 2020a; Huang et al., 2020b; Chang et al., 2020). Certainly, wild fires in the United States, Australia, Canada, Mexico and other countries have also caused significant economic impacts (Huang et al., 2015). As reported, a wild fire emerged in California state of America in October 2019. It has caused electricity interruptions for at least 2 days and affected the normal power consumption of nearly 10 million households and enterprises in 36 counties (China Plus, 2019).
The above facts are enough to prove that wild fires have notable impacts on safe operations of overhead transmission lines and these disasters seriously affect the safety of life and economic development (Huang et al., 2020c). Related studies (Tse and Carlos, 1998) have shown that, when the three phases of a transmission line are close enough, discharge arcs will be generated. Such a discharge arc may first melt partial aluminum strands in ACSR lines in the form of molten aluminum beads. Once they fall off to the ground, they will cause new wild fires or aggravate former wild fires (Psarros et al., 2009). Additionally, it is generally believed that temperatures and electrical conductivity levels of forest vegetation flames have important influences on arc generations (Maabong et al., 2018). Therefore, a forest vegetation flame with a considerable size is an important factor to induce high voltage transmission line tripping accidents.
Besides, it is known that a flame itself is a weakly ionized plasma and can act as a conductor for current. Therefore, there should be inevitable interactions between electric fields and combustion processes in which flames are often involved and developed. Robledo Martinez et al. (1991) used a 70 kV three-phase AC line to study the influence of a butane flame on a wire-wire breakdown process, and found that temperature and air ionization play promotion roles in the breakdown of the wire-wire gaps. Gao et al. (2022) found that an electric field can promote both laminar and turbulent combustion processes under experimental conditions like air pressure of 0.3 MPa, excess air ratio of 1.2–1.6 and voltages of 1.0 kV–5.0 kV. Kuhl et al. (2017) studied the effect of an electric field on the structure and temperature of a CO (fuel) laminar flame and found that the electric field will deform the flame and increase its maximum temperature (2043 K without electric field) by 40–110 K. Jayaratne et al. (2008) used air ion counter to monitor 41 locations under an AC high voltage transmission line, and found that the pure concentrations of small ions vary from 0 to 3300 cm−3, indicating air molecules can be ionized to some extent even without flames. Based on above facts, flames promote the formation of a possible discharge channel to reach the electrodes of an electric field (in practice, the transmission lines) and cause a potential breakdown.
Meanwhile, researchers at home and abroad have addressed the effects of simulated fire sources (reduced-scale environments of a wild fire) on gaps between two model electrodes or practical transmission lines, corresponding breakdown characteristics and mechanisms. Huang et al. (2019) studied on the changes of breakdown voltages under three plant flames (fir stem, fir branch, thatch). They found that the effects of different types of vegetation flames on the gap breakdown characteristics are significantly different. You et al. (2011) used wood stacks (single, two and three copies) as fire sources and power frequency high voltage power supplies (110 kV, 220 kV and 500 kV) to simulate trips of simulated split wires under fires. It was found that the average breakdown field strengths for single, double and quadruple bundle simulated conductors in the flames are lower than those in pure air. Wang et al. (2022) found that the breakdown voltages are decreased by 27.8 %–70.5% in the non-bridged gap and by 68.3 %–77.1% in the bridged gap by ethanol flames as compared to the pure air gap. Yang et al. (2022) found that the average breakdown strength in a propane flame decreases and tends to be stable as the gap between the two electrodes increases. Zhao et al. (2021) found that the leakage current of the wire-wire gap at the place where the flame is continuous is more than twice by that at the place where the flame is intermittent.
Obviously, these studies offer some preliminary understandings of influences of simulating fire conditions especially various flames on breakdown behaviors and characteristics of model transmission lines. In addition, voltage application method (Li et al., 2016), ambient wind speed and slope gradient (Wu et al., 2011) are also found to exert varying effects on the breakdown phenomena of transmission lines.
In this work, a propane jet flame was used as a simulated fire source comparing with a vegetation fire. Two real ACSR transmission line segments (representing two electrodes) were fixed and immersed under continuous or intermittent flame zones. Five gaps (5.0 cm, 10.0 cm, 15.0 cm, 20.0 cm and 25.0 cm) between two segments and three gas flow rates (6 L/min, 12 L/min and 18 L/min) were altered to explore corresponding breakdown behaviors, characteristics (average breakdown voltages, average breakdown field strengths and leakage currents) and their effects. Related mechanisms of such influencing factors were explored.
2 EXPERIMENTAL
2.1 Material
The selected transmission wire (conductor) materials are the same type of ACSR segments. The model is LGJ-400/35. It is suitable for 220 kV or 500 kV high-voltage transmission lines. It is a conductor with 48 aluminum strands laid in three layers and 7 galvanized steel cores laid in two layers. Its physical and sectional views and key performance parameters are shown in Figure 1 and Table 1. Before the experiments, several wires (280–300 mm in length) were intercepted and wrapped with sealed bags to prevent them from absorbing dust particles in the air, being oxidized and corroded.
[image: Figure 1]FIGURE 1 | Physical and cross-sectional views of ACSR transmission line segment. (A) real photo; (B) cross-sectional view.
TABLE 1 | Key performance parameters of ACSR transmission line segments.
[image: Table 1]2.2 Apparatus
The temperature acquisition system (Figure 2) consists of armored thermocouple beams, temperature acquisition modules and a laptop. The armored K-type thermocouples were adopted with probe diameters of 2 mm each. They were used for measurements of temperature fields of designed fire scenarios. The probe length is 400 mm, the length of compensation line is 2.0 m, and the temperature measurement range is 0–1200°C. The thermocouple compensation line was connected with a temperature acquisition module. The temperature acquisition module transmitted electrical signals obtained by the temperature sensors to the laptop through USB data lines.
[image: Figure 2]FIGURE 2 | Photo of temperature acquisition system.
An independently designed platform (Figure 3A) was used to simulate breakdown discharge processes of model wires induced by a simulated fire source. The main units include a flame generator with propane gas as the fuel (provided by Shandong Yongquan Co., Ltd., China), armored thermocouple beams (provided by Anhui Beichen Electric Technology Co., Ltd., China), two temperature acquisition modules (typed JY-DAM-TC12, provided by Anhui Beichen Electric Technology Co., Ltd., China), an oscilloscope (typed MDO3014, provided by Tektronix Co., Ltd., the United States), a console and a personal laptop. The thermocouples were linearly distributed along the central axis of the propane jet flame. They were distributed in the fire field as shown in Figure 3B. The thermocouples were numbered T1-T15 from bottom to top, and the vertical spacing of each thermocouple was 10.0 cm, and the thermocouple T1 was 10.0 cm from the upper edge of the propane gas nozzle. Figure 4 shows the simulated wild fire source generator (burner system). Figure 5 shows real photos of some platform units.
[image: Figure 3]FIGURE 3 | Schematic diagram of experimental platform for simulating breakdown discharge processes of model wires induced by a simulated fire source and the arrangement of the thermocouple. (A) Schematic diagram of experimental platform; (B) the arrangement of the thermocouple. (1-Power frequency power supply; 2-Water resistance; 3–30 kVA/50 kV light-weight high voltage test transformer; 4-Voltage divider; 5-Polytetrafluoroethylene (PTFE) electrical insulation holder; 6-Fire source generator; 7-ACSR segments; 8-Oscilloscope; 9–200 Ω resistance; 10-Laptop; 11-High-speed camera).
[image: Figure 4]FIGURE 4 | Schematic diagram of simulated wild fire source generator. (12-Propane gas cylinder; 13-Gas flowmeter; 14-Pressure relief valve; 15-Pressure gauge; 16-Ball valve; 17-Jet flame generator).
[image: Figure 5]FIGURE 5 | Photos of some parts of the experimental platform. (A) transformer; (B) capacitor; (C) oscilloscope.
2.3 Experimental data acquisition
The power frequency discharge simulation experiments in propane jet flames were carried out in an open space. The breakdown discharge and data acquisition system (provided by Wuhan Huadian Meilun Power Technology Co., Ltd., China) consists of a transformer console, a transformer, a capacitor, an isolation transformer, a DC microammeter, two ACSR segments (typed LGJ-400/35, provided by China Southern Power Grid Co., Ltd., China) and a oscilloscope (Figure 5C). In this work, a 30 kVA-50 kV AC power frequency power supply was adopted. The oscilloscope can be used to simultaneously collect different signal amplitude waveform curves with time, such as breakdown voltage and leakage current. The analog channel bandwidth was 100 MHz, the sampling rate was 2.5 GS/s and the recording capability was 10 M bytes.
2.4 Experimental method
According to the schematic diagram (Figure 3), two 1.5 m long ACSR segments were fixed on the clamping slots of two Polytetrafluoroetylene (PTFE) insulation holders, the upper wire was connected with the transformer equipment, and the lower wire was connected with a grounding wire and the data acquisition system. The flame generator (Figure 3) was used to generate a stable and clean propane jet flame (Figure 6A). The flame zone closest to the propane nozzle is defined as continuous zone 1. Due to the large initial momentum of the nozzle, propane gas is not easy to diffuse to the periphery, resulting in a narrower flame width in this zone, and the temperature is lower than that of the next continuous zone 2 because of incomplete combustion. The top end of the flame is defined as the intermittent zone (buoyancy plume). Due to the farthest distance from the nozzle, the flame here is more dispersed and unstable. Sometimes it can not fully bridge the gap. The zone between the continuous zone 1 and the intermittent zone is defined as continuous zone 2. Due to its relatively proper distance from the nozzle, it can maintain a more uniform and intenser flame phase with higher combustion efficiency, and its temperature is hence higher due to its better combustion conditions. This conforms to fire dynamics theory. As shown in Figure 6B, the soot chains, ion wind and other factors cause the non-uniformity of electric filed in the flame and the surrounding air, resulting in a constant change and movement of the breakdown arc in the line. Inside the flame bulk, compared with the flame intermittent zone, the flame in the continuous zone can often completely cover the entire gap. According to previous studies, when a flame completely bridges the gap, the flame conductivity is often relatively uniform (Wang et al., 2022). At the same time, the uniformity levels of the thermal particle density and the charged particle density in the flame continuous zone are enhanced. This also leads to the smaller fluctuations of the breakdown field strengths in the flame continuous zone with the changes of distances than those in the flame intermittent zone. From the above analyses, it can seen that the flame can significantly reduce the breakdown field strengths of the involved air. Besides, the electric field in the continuous flame zone is also more uniform than that in the intermittent flame zone (due to the stability of the flame in the continuous region and the uniformity of the internal high heat and charged particles). In the propane flame experiments at specific gas flow rates, in order to ensure that the narrowest flame can be filled with wire-wire gap at close distance, the wire-wire gap can be larger than the widest flame at long distance, and experimental variables are relatively uniform. After the propane gas jet was ignited, the operation console of the 30 kVA/50 kV light-weight high voltage test transformer (Figure 3) was manually operated to uniformly boost the power frequency voltage of the equipment at a constant speed of 1 V at the beginning. When there was a "Zi Zi" corona discharge sound in the wire-wire gap, the power frequency voltage was slowly increased until there was a breakdown arc in the wire-wire air gap and a line tripping was triggered. In the process, the leakage current waveform corresponding to the integer voltage was recorded at that time, and then the voltage was then continued to be increased. The leakage current waveform at the other three voltages were recorded. Thus, four leakage current waveform patterns at four applied voltages were obtained in each group of gap distance condition. The data obtained by the data acquisition module was saved to the laptop. In order to ensure the reliability, each experiment was repeated 5 times, and the average value of breakdown voltages was calculated.
[image: Figure 6]FIGURE 6 | Division of three zones of a propane jet flame and working condition diagram of a wire-wire breakdown. (A) division of three flame zones; (B) working condition diagram of a wire-wire breakdown.
3 RESULTS AND DISCUSSIONS
3.1 Temperature distributions along the central axes of a propane jet flame under three flow rates
Figure 7 shows variations of temperatures with distances of 10.0–150.0 cm up from the fire source nozzle along the central axes of the vertical propane gas diffusion flames under three gas flow rates of 6 L/min, 12 L/min and 18 L/min. It can be seen from Figure 7 that for propane gas jet flames, the temperatures first increase and then decrease with increasing distances, and their temperature curves are similar to normal distributions.
[image: Figure 7]FIGURE 7 | Variations of temperatures (left) with distances from propane jet flame nozzle along the central axes of propane gas flames with three gas flow rates and the change rates (right) of temperatures with distances from flame nozzle.
Besides, the heat release rate will increase with the increase of the propane gas flow rate. The heat release rate can be obtained by Eq. 1.
[image: image]
Where Q repersents the heat release rate, J/s; m repersents the mass flow rate, kg/s; H repersents the heat value of the propane gas, J/kg; ρ repersents the density of the propane gas at ambient temperature, kg/m3; V repersents the volumetric flow rate of the gas flow rate, m3/s. The value of H here is 5.037×107 J/kg. The value of ρ here is 1.83 kg/m3. As a result, the heat release rates are [9.22×103 J/s, 1.84×104 J/s and 2.77×104 J/s] with the gas flow rate of 6 L/min, 12 L/min and 18 L/min, respectively. Since the heat release rate obtained here is proportional to the corresponding gas flow rate, the gas flow rate is used to represent the heat release rate in the following text.
With increases of gas flow rate, the maximum temperatures measured by the temperature sensors are increasing, and their positions are rising up along the central axis of the flame (Figure 7, left part). This is related to the combustion characteristics of propane gas, that is, when the gas flow rate increases, not only the flame height increases, but also the continuous zone and intermittent zone of the flame are clearly elongated (HySafe, 2008). Meanwhile, in the jet flame, the high temperature zone is raised due to the nozzle pressure and gas velocity itself. The maximum temperatures of three kinds of gas flow rates are 760.3°C, 766.5°C and 817.1°C, and the distances between the location points and the fire source nozzle are 30.0 cm, 40.0 cm and 60.0 cm, respectively. The flame temperatures fluctuate at 40.0–60.0 cm, 60.0–80.0 cm and 80.0–100.0 cm under three gas flow rates.
Combined with the flame temperature curves and actual flame appearances, continuous zone 1, continuous zone 2 and intermittent zone are divided into [0.0–20.0, 20.0–40.0, 40.0–60.0] cm, [0.0–30.0, 30.0–60.0, 60.0–90.0] cm and [0.0–40.0, 40.0–70.0, 70.0–110.0] cm for three propane gas flow rates of 6 L/min, 12 L/min and 18 L/min, respectively. According to the temperature curve shown in Figure 7, the average temperature of continuous zone 1, continuous zone 2 and intermittent zone under three fire source powers are [571.0, 656.0, 456.0] °C, [531.0, 709.0, 509.0] °C, [565.0, 762.0, 509.0] °C for three propane gas flow rates, respectively.
Based on previous studies, it is found that the free radical concentrations in the air are related to temperatures and heat release rates. Besides, the formation of current column and air conductivity are also closely related to temperature (Hu et al., 2013). Therefore, the degree of air ionization is also related to the flame temperature (Aleksandrovy and Bazelyan, 1996; Pancheshnyi et al., 2005; Briels et al., 2008; Briels et al., 2008). The flame produces high conductivity, which intensifies the conduction of a streamer channel and induces a breakdown between wires easier (Dandaron et al., 1970; Lanoie and Mercure, 1989; Sadurski and Reynders, 1989; Uhm, 1999; Sukhnandan and Hoch, 2002; Kim, 2009). The subsequent sections also prove that the breakdown characteristics of the wire-wire gaps are related to the characteristics of propane flames. Based on these average temperatures, the connections between characteristics of breakdowns (breakdown voltages, breakdown field strengths, leakage currents) and multiple action factors (different heat effects, ion winds <ion concentrations>, soot particles, air flow <entrainment> and propane gas flow rates) can be analyzed in the later text.
3.2 Breakdown behaviors of wire-wire gap bridged by propane flames
3.2.1 Variation behaviors of flame and arc in the experiment
Through the breakdown experiments of wire-wire gaps bridged by propane gas flames, discharge arcs between two wires are found to be stable for a long time about 3.52 s. With uniformly increasing voltage, the discharge evolution behaviors in a propane flame within 4.88 s are more obvious than other cases when the wire-wire gap is 5.0 cm and the gas flow rate is 12 L/min. The upper wire is the anode and the lower wire is the cathode. Therefore, such working conditions are taken as examples as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Discharge behaviors of a wire-wire gap (5.0 cm) in a propane flame with a gas flow rate of 12 L/min at different times.
As shown in Figure 8A, the flame is not obviously affected in the electric field at the beginning. This moment is defined as the starting time (0 s) of a wire-wire gap breakdown discharge.
When time comes to 0.04 s, obvious ion winds begin to appear in the wire-wire gap and continuously blow down the flame with the continuous increase of supplied power frequency voltage from 0.0 kV to 5.0 kV after 0.04 s. This phenomenon is in agreement with previous studies (Wang and Yao, 2007; Borgatelli and Dunn-Rankin, 2012) that ion migration affects the direction of thermal convection. In this sense, a competitive mechanism is generated and the flame morphology is affected due to the generation of the arc. The phenomenon also confirms that ion winds can interfere with the flames and change their shapes.
When time comes to 1.32 s, the wire-wire gap is bridged by the flame center zone and starts to break down, and an AC arc appears with obviously stronger brightness than that of the flame. At this time, the wire-wire gap has been completely short circuited by the arc, and the voltage does not increase. The arc deviates from the flame and continuously moves to the right along the wires. Actually, in many subsequent experiments, an arc deviates left or right from the flame randomly. The reason is that the arc tends to discharge from the maximum potential difference channel.
As shown in Figures 8E–G, the arc will slide to the right of the flame center and finally stay at a certain position. The reason may that the ion wind continuously blows down the flame, makes large amounts of soot particles [produced by incomplete combustion of hydrocarbons (Dai et al., 2020)] accumulate on the surface of the cathode wire (Figure 9) and shortens the practical wire spacing. Meanwhile, in the electric field, soot particles grow from disorder to high crystallization, and the top of a crystallization block or a soot chain is prominent. This is conducive to inducing the distortion of an electric field and promoting a discharge (Shvedchikov et al., 2010). However, the arc with a high temperature bridges the soot particles, ignites the soot particles very easily, makes them change into gas products through burning and disappear at last. Therefore, the arc moves to the right continuously because the smoke in the middle has been exhausted and the soot concentration in the right is higher than that in the left due to the effect of ion wind.
[image: Figure 9]FIGURE 9 | Residual traces on surfaces of both two wires surfaces after arc discharge processes (a wire-wire gap of 5.0 cm, a propane gas flow rate of 12 L/min).
From the above analyses, considering the wild fires in practice, since the actual operation voltage of transmission line is usually much higher than the highest voltage in this experiment (70 kV), the effect of ion wind on wild fire flame is thought to be much more obvious. When the size of a stretched or deformed flame can bridge the gaps between three phase conductors, conductors and a tower or conductors and the ground (or a tree canopy), it is easy to induce a possible power line flashover trip.
3.2.2 Morphology characteristics of the surface of wires after experiment
Figure 9 shows that the discharge trace on the surface of the wire. By observing, only the solidified aluminum particles after melting at 660°C have lost the original luster of the fresh wire since a dense aluminium oxide (Al2O3) film is formed outside an aluminum strand at high temperature (Wang et al., 2015). Some carbonaceous soot particles are attached to an aluminum strand due to the incomplete combustion of propane gas. When an arc burns, the uneven distributions of arc temperatures, random displacements and limited contact spots on the surfaces of the wires result in small melting aluminum beads. Some of them are separated from the surfaces of the wires, some of them are solidified or oxidized on the surfaces of the wires. Moreover, high temperature and strong energy of an arc break through the thin layers of oxide films on the surfaces of the wires, the interior of the wires melt and oxidize continuously. After solidification, a new and thick oxide film in dark milky white is formed (Figure 9A).
Meanwhile, an ion wind usually has certain movement rate (Rickard et al., 2005), it blows incompletely solidified alumina particles and unstable attached soot blocks away at local points along the wires. Also, some soot particles are embedded in a molten aluminum bead or an alumina particle, some soot particles are further consumed to produce char, CO2 and H2O by a propane flame. In this way, finally produced discharge traces in a mixture state are left on aluminum strands. This also shows that molten or oxidized aluminum particles with energy on the surfaces of the wires are produced once discharge arcs are generated. Some of them drop into the vegetation combustibles under multiple forces (ion winds, own gravities, ambient winds and mechanical actions, etc.). This also further verifies the results of forest vegetation fires caused by melting wire particles (Xu, 2007; Cui, 2009).
3.3 Breakdown mechanisms of wire-wire gaps induced by propane flames
3.3.1 Breakdown voltage waveform mechanisms of wire-wire gaps
Through experiments, it is known that under a wire-wire gap of 10.0 cm, the breakdown voltages in each flame zone do not exceed the range of the instrument, their differences are more obvious than those under a wire-wire gap of 5.0 cm. The instantaneous time node of the breakdown is recorded as 0 s ‘-50–50 m’ represents the interval of 50 m before and after this time node. Here, breakdown voltage data are selected and the voltage waveform patterns for this period are drawn. In this case, Figure 10 shows the transient (-50–50 m breakdown voltage waveform patterns for a typical wire-wire gap (Δd = 10.0 cm) under propane flames with three gas flow rates (6 L/min, 12 L/min and 18 L/min) at different flame zones (continuous zone 1, continuous zone 2 and intermittent zone) and pure air.
[image: Figure 10]FIGURE 10 | Instantaneous breakdown voltage waveform patterns for a typical wire-wire gap (Δd = 10.0 cm) under propane flames with different gas flow rates and pure air. (A) with the gas flow rate of 6 L/min; (B) with the gas flow rate of 12 L/min; (C) with the gas flow rate of 18 L/min; (D) in pure air.
It can be seen in Figure 10 that an average breakdown voltage decreases to the minimum at a gas flow rate of 12 L/min or 18 L/min in each zone of a propane flame (see later Table 2) and it is maximum when the wire-wire gap (10.0 cm) is in the pure air (Figure 10D). The reason is that the flames contain multiple ions like H3O+, C2H3O+, CH5O+ and CH3+ (Prager et al., 2007). These charged particles fill the gap and undergo migration under the action of the electric field, resulting in a significant increase in conductivity. Therefore, compared with pure air, the line under propane flame has a smaller breakdown voltage and breakdown field strength. Meanwhile, the incomplete combustion of propane leads to some soot particles adhering to the surface of aluminum strands (Figure 9). The practical insulation air gap becomes shorter and the thermal effects (Figure 6B) of the flame accelerate the movement of ions (ion wind, Figure 6B) between the wires. As a result, the wire-wire gap is easier to be broken down (Shvedchikov et al., 2010). The voltage suddenly decreases when the gap (10.0 cm) breaks down and the arc appears clearly with an arc conduction period. Under propane flames with flow rates of 6 L/min, 12 L/min and 18 L/min, the durations of the arc conduction periods are 60 m, 50–60 m and 50–60 m, respectively. In the arc conduction period, due to the presence of a large number of moving conductive particles (Figure 6B) in the propane flame, average breakdown voltage between the wires is constantly changing, a sawtooth shape shows on the waveform (Figures 10A–C).
TABLE 2 | Breakdown parameters (average values) of wire-wire gaps under different cases of propane gas flames.
[image: Table 2]3.3.2 Breakdown mechanisms and influencing factors of wire-wire gaps
According to the breakdown voltage waveform patterns (Figure 10), the peak values of breakdown voltages can be read, the effective values of breakdown voltages can be obtained by Eq. 2.
[image: image]
Where Ue represents the effective values of breakdown voltages, kV; Umax represents the peak values of breakdown voltages, kV.
According to (3), the breakdown field strengths of different gaps can be obtained.
[image: image]
Figure 11 shows the trend curves of average breakdown voltages with the wire-wire gap distances under the same gas flow rate and different propane flame zones.
[image: Figure 11]FIGURE 11 | Trend curves of average breakdown voltages with gap distances under the same gas flow rate and different flame zones. (A) with the gas flow rate of 6 L/min; (B) with the gas flow rate of 12 L/min; (C) with the gas flow rate of 18 L/min.
In Table 2 and Figure 11, it is obvious that average breakdown voltages in pure air are much larger than those in different zones of propane flames for the same gaps. In Figure 11, in each propane flame zone with a specific gas flow rate, the breakdown voltage increases with the increase of wire-wire gap.
The relationship plots between average breakdown voltages and gaps in each zone show consistent slopes for the propane flames with gas flow rates of 12 L/min or 18 L/min (Figures 11B, C). The reason is that different from the propane flame with a gas flow rate of 6 L/min, each zone of the flames with gas flow rates of 12 L/min (see Figure 8) and 18 L/min is in a relatively uniform and balanced state. It is consistent with the findings of Zake and Barmina. (2001), that is, the increase of hydrocarbon flame intensity has a direct effect on the discharge characteristics of the electrodes. With the increase of the gas flow rate, the width and length of a flame will increase, the stability inside the flame is enhanced (Xi et al., 2018). When the flames are at the flow rates of 12 L/min and 18 L/min, three zones of the flames will be stretched accordingly. This confirms that the flame height will be elongated with the increase of fire power (HySafe, 2008).
It can be seen that when the gas flow rate is 6 L/min and the wire-wire gaps are 15.0 cm, 20.0 cm and 25.0 cm, in the intermittent zone of the propane flame, the gaps can not be broken down. The reason is that in this zone the flame top dispersion is serious due to the combined actions of electric field, air entrainment, thermal buoyancy and convection, and nozzle jet inertia (Figure 6B) and Figure 8) (HySafe, 2008). As a result, the flames are difficult to bridge 15.0 cm and above gaps continuously, the streamers are difficult to exist in the unstable flame zones and breakdown discharges are difficultly triggered.
Figure 12 shows the trend curves of average breakdown field strengths with the wire-wire gaps under the same gas flow rate and different propane flame zones.
[image: Figure 12]FIGURE 12 | Variations of average breakdown field strengths with different wire-wire gaps under the same gas flow rate and different propane flame zone. (A) with the gas flow rate of 6 L/min; (B) with the gas flow rate of 12 L/min; (C) with the gas flow rate of 18 L/min.
It can be seen that when the gas flow rates are 12 L/min and 18 L/min, in three zones of the propane flames, the changes of breakdown field strengths with different wire-wire gaps tend to be minor. This proves the uniformity levels of flame temperature, heat and charged particle density are strengthened, especially for the gas flow rate of 18 L/min.
Meanwhile, when the wire-wire gap is 10.0 cm, the breakdown field strength decreases obviously contrast to that under the gap of 5.0 cm in the intermittent zone of the propane flame in Figure 12. The reason is that the high temperatures [almost 1.45×104 K (Cheng et al., 2010)], heat exchanges and particle densities in the intermittent zone have been greatly reduced, the gap is not much different from that of pure air. Meanwhile, it is also proved that the average breakdown field strength decreases with the increase of distance in air (Fang et al., 2005; Yu-Chien et al., 2019).
In addition, under gas flow rates of 6 L/min and 12 L/min, the average breakdown field strengths both show increasing trends from continuous zone 1 to the intermittent zone, indicating that fire source power (heat release rate of a propane flame), temperature, heat exchange (thermal buoyancy and convection), soot particle, ion wind and polarity effect have obvious effects on a wire-wire gap breakdown (Rickard et al., 2005; Shvedchikov et al., 2010; Borgatelli and Dunn-Rankin, 2012). Different from the above characteristic is that when the gas flow rate is 18 L/min, average breakdown field strengths of three flame zones show little differences. The reason is that in this case, primarily due to the large initial jet momentum, the flame can maintain a long distance (stroke) without dispersing under the blowing force and inertia effect, the width and height of the flame are larger (HySafe, 2008). Comprehensive effects of fire source power, temperature, heat exchange, soot particle, ion wind and polarity (Rickard et al., 2005; Shvedchikov et al., 2010; Borgatelli and Dunn-Rankin, 2012) in the intermittent zone can still be maintained. Therefore, the wire-wire gaps can be bridged. Moreover, the changes of breakdown field strengths in the flame continuous zone are smaller than those in the intermittent zone (Figure 12). Due to the intermittent zone can not bridge the gap sufficiently, the factor inducing a breakdown is mainly the high temperature. As can also be seen from Figure 12 that the breakdown field strengths in the continuous zone are even lower, which indicates that the high temperature flame itself has a greater role in inducing a breakdown (compared with high temperature).
3.3.3 Leakage current mechanisms of corona discharges before wire-wire gap breakdown
It is found that the leakage current waveform is easy to capture when the gas flow rate is 6 L/min. When the gas flow rate is 12 L/min or 18 L/min, the wire-wire gaps are too easy to be broken down in a short time and it is hard to record the leakage currents. In view of this, the characteristics of leakage current under the propane flame with a gas flow rate of 6 L/min are analyzed. Because the breakdown voltage of each gap is different and to make sure the consistency of the experimental scale, the leakage current waveforms of four voltage levels before breakdown in the five gaps in continuous zone 2 are selected in the 0.1 s time period as shown in Figure 13, and they are intercepted in the same time period before and after t = 0 s.
[image: Figure 13]FIGURE 13 | Leakage current waveforms before breakdowns of different wire-wire gaps in propane gas flames (continuous zone 2, the gas flow rate of 6 L/min). (A) with the gap of 5.0 cm; (B) with the gap of 10.0 cm; (C) with the gap of 15.0 cm; (D) with the gap of 20.0 cm; (E) with the gap of 25.0 cm.
It can be seen that when the wire-wire gap is 5.0 cm and voltages (power frequency voltages from a power supply) of 4 kV, 5 kV, 6 kV and 7 kV are applied to it respectively, the corresponding maximum leakage current values are 0.11 mA, 0.14 mA, 0.19 mA and 0.98 mA, respectively. With the increase of applied voltage, the leakage current presents a gradually increasing trend. It means that streamers are easier to form with the increase of the voltage. When the applied voltages are less than 7 kV, the generated electric field is not enough to form a stable streamer pilot discharge channel in the wire-wire gap. Therefore, the leakage current value is relatively small.
From the above phenomena, it can be seen that when the gap is becoming larger, the change of leakage current with applied voltage is not as obvious as that when the wire-wire gap is 5.0 cm. The reason is that a thicker discharge channel is more easily and gradually formed for a shorter gap. As a result, the wire-wire gaps are easier to be broken down. In addition, the discharge channel is not only affected by external ionization factors in the formation process, but also by voltage (Wang et al., 2022). Under the continuous action of the electric field, a large number of electrons in the flame collide strongly, and the flame plasma density is continuously enhanced, which provides a stable external ionization factor for the formation and development of the streamer or leader discharge channel. As the electric field intensity increases, the effect becomes more obvious, and a thicker discharge channel is gradually formed, resulting in an increase in the leakage current. For small gaps (such as 5 cm), the streamer leader discharge channel can be formed under low voltage and weak external ionization environment. With the increase of the applied voltage, discharge channels become more and thicker. Positive ions and released electrons migrate more intensely in opposite directions in such discharge channels. Leakage currents are more obvious.
4 CONCLUSION
In this paper, the temperature distributions of propane jet diffusion flames under three gas flow rates were determined. Based on this, the discharge breakdown behaviors and characteristics of five wire-wire air gaps in propane flames with three zones and gas flow rates were explored. Influences of these three factors on the breakdown characteristics were analyzed. Corresponding mechanisms were deduced. The following conclusions can be obtained.
When the propane flame exists, the change trend of the average breakdown strength is not obvious regardless of the gap in the region of the flame. This indicates that high temperature flame and its intense heat can effectively reduce the field strength required to trigger the discharge, and meanwhile, make the original uneven electric field become nearly uniform and continuous. Moreover, the change of breakdown field strengths in the continuous zone of flame are smaller than those in the intermittent zone.
Due to the intermittent zone can not bridge the gap sufficiently, the factor inducing breakdown in the incomplete bridging zone is the high temperature. It can be seen that the breakdown field strengths in the continuous zone are smaller, which indicates that the high temperature flame itself has a greater role in inducing a breakdown (compared with high temperature). Therefore, when preventing the tripping of a high voltage transmission line, we should try to construct the transmission line over regions with no or less, low-height and disperse vegetation or forest stands. Thus, intense wildfire probabilities are much reduced. Long and intense flames will not occur. They cannot bridge overhead powerlines and trigger a breakdown. Moreover, the transmission line can be constructed over regions with no or less special terrains like valleys, hills, mountains, basins. In such areas, forest stands are usually rich and are inclined to become fuels in an intense wildfire. High and fierce flames can most probably induce a breakdown of a transmission line.
In addition, with the continuous application of a power frequency voltage in the simulated conductors, the leakage current in the conductors will become larger. It will eventually lead to the generation of a high-temperature and high-energy arc to break down and trip the conductors. Therefore, we can strengthen the detection strengths of abnormal currents in practical powerlines in real operations. This is most beneficial to find the hidden danger nodes of the lines before the arc is formed and control an unexpected disaster from the source.
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It is important to study the instability law of typical landslides to understand the evolution of regional landslides and for disaster prevention. This study uses the Zhangjiawan landslide in Xining City, Qinghai Province, as an example. Through field surveys and an analysis of the geological environmental conditions, the formation and evolution mechanisms of the Zhangjiawan landslide are summarized. The stability of the Zhangjiawan landslide was evaluated using limit equilibrium and numerical simulation methods to provide theoretical support for the susceptibility of the Zhangjiawan landslide. The results show that the main reasons for the occurrence of multi-grade landslides are the steep and gentle terrain changes, the poor permeability of the mudstone lithology, the excavation of the front anti-slide section, and rainfall. The whole deformation and failure mechanism of the landslide is the “unloading rebound-tension deformation-creep deformation.” The results of the numerical simulation and the limit equilibrium methods are nearly the same, and the difference in the stability coefficients is small. Under rainstorm conditions, the displacement and the maximum shear strain increments are mainly concentrated on the rear edge of the landslide mass, and the front edge is pushed, which is a typical push-type landslide.
Keywords: Zhangjiawan landslide, stability evaluation, genetic mechanisms, numerical simulation, limit equilibrium method
1 INTRODUCTION
Since the middle of the 20th century and with the increase in the expansion of the scope of human engineering activities, more and more geological disasters have occurred. Landslides, which are a form of slope failure, are the most common geological disasters in the Xining area of Qinghai Province (Hu and Wei, 2008; Ma, 2015; Wei et al., 2015). Recently, related research on the Xining landslide resulted in extensive achievements. Zhao (1994) studied the development characteristics of a loess landslide in Xining City and evaluated the stability of a typical Xiaoyoushan loess landslide. Liu and Sun (1994) analyzed the stability of the Xinyuan landslide under different working conditions using the transfer coefficient method. Yao et al. (2014) expounded on the deep causes of a landslide in Beishan, Xining, from the perspective of the geological structure. Shen et al. (2018) summarized the calculation and evaluation methods of various types of landslide stability. Zhang et al. (2020) analyzed the seepage characteristics and stability of old landslides under rainfall conditions using Studio software. Sun et al. (2020) classified the landslide in Xining City and used a weighted information volume model to evaluate the landslide susceptibility. Peng et al. (2021) studied the temporal and spatial, structural, and deformation characteristics as well as the formation mechanism of the Zhangjiawan landslide and conducted real-time automatic professional monitoring of the Xining landslide (Bai et al., 2021; Peng et al., 2021).
To minimize the threat to human life and property from landslides, a slope stability evaluation is particularly important. Nowadays, research studies on landslide stability analysis methods at home and abroad are relatively advanced. These methods can be summarized into three categories: the qualitative analysis method, the quantitative calculation method, and the uncertain analysis method. The qualitative analysis examines the main factors affecting the stability of a landslide after considering the engineering geological investigation, and the possible deformation failure mode and geomechanical mechanism of the slope are inferred. Thus, when combined with the deformation development characteristics of the slope, the current stage of the slope is judged, and a qualitative analysis of its stability is completed. This mainly includes graphic and engineering analogy methods (Zhou et al., 2008). This type of qualitative analysis requires a higher level of experience from evaluators and has certain regional limitations. Quantitative analysis is a method to calculate the stability coefficient and displacement deformation value of a landslide using the basic theories of rock mass mechanics and soil mechanics, and the stability of the slope according to the calculated eigenvalues is analyzed. Presently, there is mainly a limit equilibrium method and a numerical simulation method (Jiang et al., 2018). Due to its simplicity and efficiency, the limit equilibrium method is widely used in landslide stability calculations and mainly includes the Swedish strip, Janbu, Bishop, and transfer coefficient methods (Zhang and Zheng, 2004; Wang et al., 2014; Cheng et al., 2015; Wang et al., 2020; Wu et al., 2022). Numerical simulation is a multidisciplinary analysis method that combines mathematics, mechanics, and computer-aided research programs, which can simulate and analyze the stress, strain, and displacement of the geological environment of a landslide under the action of an external load. As early as 1966, the finite element method was used by American scholars to analyze the stability of a soil slope. Later, additional scholars added it to the numerical simulation of the landslide, and great development and improvement have been made (Zhang et al., 2003; Zhang et al., 2011; Shan et al., 2022). With the deepening of research on landslide stability, the dynamic and uncertain characteristics of landslide stability have gradually become reflected in engineering practice. Therefore, a new method adapted for landslide dynamic stability is proposed and includes a reliability analysis, a neural network, and random process and fuzzy mathematics methods (Jiang et al., 2000; Shalanov and Aletdinova, 2017; Huang et al., 2020; Menegoni et al., 2020).
Recently, many scholars have improved and perfected various stability evaluation methods. Wang et al. (2008) combined the strength reduction and limit analysis methods to obtain a calculation method of the landslide stability coefficient to examine the stability evaluation of a heterogeneous soil slope. Li et al. (2009) discussed the improvement of the strength reduction method compared with the limit equilibrium method in landslide stability analysis. Huang et al. (2013) proposed two- and three-dimensional rotation-translation mechanisms based on the upper bound theorem to study the stability of slopes with weak interlayers and pore water pressure. To obtain the stability state of a slope in the process of progressive failure, Chen et al. (2015) improved the strength reduction method and proposed a dynamic slope stability evaluation method. Zhou and Cheng (2015) proposed a new strict limit equilibrium method based on displacement to analyze the stability and displacement of the three-dimensional creep slope. Nian et al. (2016) proposed a stability evaluation method suitable for a multi-stage complex slope. Song (2017) proposed a method to analyze the surface stability of rain-induced landslides. Xiong et al. (2019) conducted a detailed description of the Green-Ampt model modification and the safety factor derivation process and completed the stability evaluation of a multi-layer slope under rainfall conditions. Tang et al. (2021) used SLOPE/W to evaluate the seepage stability of large landslides affected by reservoir water-level fluctuation and rainfall. Tong et al. (2021) evaluated the slope stability through fracture displacement and GPS data in the study area. Yao et al. (2021) combined a rainfall infiltration module in TRIGRS with Scoops3D to analyze the slope stability under extreme rainfall conditions. Ning et al. (2022) evaluated the stability of a large paleo landslide using the cusp mutation model.
To protect the property safety of the people in the residential area of the Zhangjiawan landslide front, this paper analyzes the formation and evolution mechanism of the Zhangjiawan landslide by combining the geological environment conditions of the landslide area with the field investigation data. The limit equilibrium and numerical simulation methods are used to evaluate the stability of the Zhangjiawan landslide in Qinghai Province.
2 STUDY AREA
2.1 Regional geological and environmental conditions
The study area is located in the transitional zone between the eastern end of the Qilian Middle Uplift Belt and the western part of the Lajishan Eugeosynclinal Belt in the Qilian Caledonian fold system. During the Tertiary Period, strong tectonic movements in the study area caused the descent of rock layers and the deposition of a huge thickness of lacustrine clastic rocks. During this period, other tectonic influences led to the formation of broad and gentle dipping and oblique structures in the basin with a predominantly north-west-south-east orientation. The fault and fold tectonic activity in the Xining Basin was relatively weak, especially in the belly of the basin. However, the boundary fault activity was very strong, and the tectonic activity is mainly manifested in the overall uplift of the vertical movements.
The overall topography of the study area is higher in the south and lower in the north, with a relative height difference of 430 m. Based on geomorphology type and morphological characteristics, the study area was divided into two geomorphic units: the low mountain and hill area and the valley plain area (Figure 1). The low mountain and hilly areas are located to the south of the Huangshui River Valley with an altitude of more than 2,300 m. Its terrain is steep in the upper part and gentle in the lower part. Water flow erosion created a high and steep slope at the front edge, and the terrain is broken. The valley plain area is located in the valley area on the south bank of the Huangshui River, with an altitude of 2,200 ∼ 2,450 m and a valley width of 3 ∼ 4 km. The terrain is relatively open and flat; it is high in the west, low in the east, high in the south, low in the north, and slightly inclined to the riverside.
[image: Figure 1]FIGURE 1 | Engineering geological plan of the study area.
The pre-Quaternary strata exposed in the study area were mainly Neogene mudstone and sandstone interbeds (N1), see Figure 2. This layer was the main stratum in the study area, the basement of the valley area, and the main body of the low mountains and hills. It consists of a brick-red mudstone and a purplish-red sandstone and was mainly exposed in the middle and upper parts of the high and steep slopes at the front edge of the low mountains and hill area. The intensely weathered thickness of the rock stratum was generally 5 ∼ 8 m, and the occurrence was 335°∠3° (Figure 3). The surface lithology was strongly weathered, and the joint fissure was abundant. There were three groups of joints in the stratum with a strike of 30° ∼ 60° and 270° ∼ 290° and nearly in the north-south direction, and the dip angle was 85°. The completely weathered mudstone constituted the main easy-sliding stratum in the study area.
[image: Figure 2]FIGURE 2 | Schematic diagram of a typical engineering geological section.
[image: Figure 3]FIGURE 3 | Near-horizontal mudstone beddings.
The study area belongs to the plateau continental semi-arid climate. The temperature difference is significant, the precipitation is light but concentrated, and the evaporation is heavy. The average annual temperature in the Xining area is 6.1 °C, and the annual temperature difference is 24.7 °C. The distribution of the precipitation is uneven and generally concentrated in the summer. The annual precipitation is obviously altered.
2.2 Basic characteristics of landslides
The Zhangjiawan landslide is located south of the Haihu Steel Market in Zhangjiawan Village. The southern part of the landslide is in a low-mountain and hilly area. The rear wall of the landslide is in the shape of a steep cliff. The boundary extends from the shear outlet of the front edge to the Jiefang Canal. The elevation of the rear edge of the landslide is 2,620 m, and that of the toe of the front edge is 2,295 m. The slope height is 325 m, and the average gradient is 30°. The formation mechanism of the Zhangjiawan landslide was quite complicated. According to the characteristics of the landslide shape, sliding surface, shear outlet, and sliding nappe, landslides can be divided into four stages of graded sliding and three levels of platforms (Figure 4). The plane shape was an irregular “tongue shape,” and the profile shape was concave. There were three levels of ladder platforms, which were formed by the repeated sliding of the landslide. The landslide is 400–1,100 m long from north to south and 200–600 m wide from east to west. It is a very large landslide and belongs to a compound landslide of gently inclined, layered rock and soil.
[image: Figure 4]FIGURE 4 | (A) Map of the geographical location of the study area and (B) plane morphological characteristics of the Zhangjiawan landslide.
2.3 Deformation and failure characteristics of the landslide
The Zhangjiawan landslide mainly consists of tensile deformation and ground displacement. The tensile deformation is mainly concentrated in the middle and rear parts of the landslide. Shear cracks are located at the boundary of the landslide, which is generally distributed in the exploratory well. Swelling and cracking of the retaining wall caused by foundation settlement often occurred on the front edge of the high and steep slopes, and the deformation of the buildings is mainly distributed in the steel market in the middle and lower parts of the landslide.
2.3.1 Tensile cracks
The rear edge tensile crack deformation mainly occurred in the rear wall zone of the west side slope of the Zhangjiawan landslide, which was where tensile cracks and landslide depression developed. Tensile cracks generally developed (Figure 5) with a crack strike of 300°–320° and an extension length of 40–102 m. These cracks run approximately parallel to the rear edge slope; their width approximately ranges from 0.10 and 1.2 m, and their maximum depth reaches 1.8 m. In addition, the trees on it were askew, and the soil body was messy. The crack surface is rough and uneven, and its filling material is mainly mud.
[image: Figure 5]FIGURE 5 | Tensile crack on the west side of the landslide’s rear edge.
2.3.2 Shear and bulging cracks
The shear crack (Figure 6) was found at the SK No. 1 test pit on the east boundary of H1-2. The crack struck at 22° and was 0.05–0.25 m wide. The upper part of the crack was straight, and the lower part was slightly tortuous. The filling was muddy with a small amount of gravel. The exposure depth was 3.5 m. In test pit SK2 (Figure 7) at the side of the second-stage sliding slope platform in the middle of H1-2, obvious shear cracks also occurred. These cracks were mainly surface shear cracks with a crack strike of 32° and a width of 0.01–0.05 m. The cracks were relatively straight, and there were few fillings and muddy fillings with an exposure depth of 3.0 m.
[image: Figure 6]FIGURE 6 | H1-2 east boundary shear crack (SK1).
[image: Figure 7]FIGURE 7 | H1-2 lateral shear cracks on the middle second-stage landslide platform (SK2).
The bulging cracks were generally located at the middle of the front edge of the landslide. These cracks were only visible in the local section, with an extension direction of 0.5–1.1 m, a strike of 215°–305°, and a width of 0.02–0.10 m. Due to the extrusion and uplift of the lower part of the landslide mass caused by sliding obstruction, bulging cracks in the vertical sliding direction were formed. The retaining wall on the south side of the G109 National Highway at the front edge of the landslide experienced bulging deformation due to a creep of the Zhangjiawan landslide. The bulging height was approximately 1 cm and bulging cracks could be generally observed (Figure 8). The trend was mostly near the horizontal and vertical directions. The crack length was 1∼5 m, the width was 2 ∼ 5 mm, and the original retaining wall was approximately 12 ∼ 15 m high.
[image: Figure 8]FIGURE 8 | Crack development on the retaining wall.
3 METHODS
3.1 Limit equilibrium method
The limit equilibrium method assumes that the sliding surface and rock mass are rigid plastic bodies. The rock and soil mass within the sliding range is divided into strips, the equilibrium equation is established, and the stability coefficient of the slope is calculated. In this study, the transfer coefficient and residual sliding force methods are used to analyze the stability of the landslide. The transfer coefficient method can obtain the stability coefficient and residual sliding force of the sliding body, and the calculation is accurate and applicable. The characteristics of the transfer coefficient method are as follows: the whole sliding body obeys the force balance along the sliding surface but does not obey the moment balance; the sliding surface failure follows the Mohr–Coulomb criterion. The stress on the sliding surface is shear stress parallel to the sliding surface and normal stress perpendicular to the sliding surface. As a rigid body, the sliding body does not deform in the sliding process. As long as the shear strength of the sliding surface is not enough to resist the shear force generated by the sliding body, the sliding body will slide along the sliding surface, and the direction of the residual sliding force of the strip is consistent with the direction of the sliding surface. Figure 9 shows a schematic diagram of soil blocks and the stress calculation in the process of the transfer coefficient method, and the stability coefficient is calculated using Eqs 1–11.
[image: image]
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[image: Figure 9]FIGURE 9 | Transfer coefficient method calculation diagram: (A) sliding surface division and (B) block force.
Division of the penetration pressure parallel to the slip surface:
[image: image]
Penetration pressure vertical slip surface component:
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In the formula, [image: image] is the transfer coefficient (j = i) for the transfer of the remaining slip force from block i to block i + 1, which indicates
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where [image: image] is the stability factor; [image: image] is the gravity of the i-block, the natural gravity is considered on the infiltration line, and the saturation gravity is considered below the infiltration line (kN); [image: image] is the angle between the gravity line of the i-block and the radius of the midpoint through the bottom surface of this block (°); [image: image] is the sliding surface inclination of the i-block (°); [image: image] is the angle between the groundwater flow line and the slip surface in the i-block (°); [image: image] is the length of the sliding surface of the i-block (m); [image: image] is the effective cohesive force on the slip surface of the i-block (kPa); [image: image] is the effective internal friction angle of the sliding surface of the i-block (°); [image: image] is the remaining sliding force of the ith sliding body (kN); [image: image] is the remaining sliding force of the (i-1) sliding body (kN); [image: image] is the transmission coefficient; [image: image] is the horizontal force of the i-block (kN); K is the safety factor; and A is the earthquake acceleration (gravitational acceleration g).
3.2 Principles for solving slope stability (FLAC)
FLAC finite difference software is a numerical simulation software developed by ITASCA in the United States that has a wide range of simulation fields and more powerful computing power. A finite difference method is used to transform the solution of the differential equation into an algebraic equation. FLAC contains a variety of constitutive models, and the Mohr–Coulomb ideal elastoplastic model is commonly used in the geotechnical engineering field. When the software is used for the analysis and calculation, the written command flow file is imported into the software, and the software is run under the control of the command flow file.
3.2.1 Strength reduction principle of the finite element
The slope stability analysis’ finite element strength reduction method continuously reduces the shear strength parameters of the slope’s rock and soil mass until it reaches the ultimate failure state. The program automatically obtains a sliding failure surface based on the elastic–plastic finite element calculation results, in addition to the strength reserve safety factor of the slope. As this method is very close to an engineering design, slope stability analysis will certainly enter a new era. For the Mohr–Coulomb materials, the safety factor of the strength reduction can be expressed as
[image: image]
So there are
[image: image]
The definition of this strength reduction safety factor is consistent with the definition of the safety factor of the limit equilibrium strip method of slope stability analysis, and both belong to the strength reserve safety factor; however, for the actual slope engineering, they all represent the safety factor of the entire sliding surface, i.e., the average safety factor of the sliding surface rather than the safety factor of a certain stress point. The algorithm is built into the FLAC software.
3.3 Stability evaluation criteria
According to the Code for Landslide Prevention and Control Engineering Survey, the stability state of a landslide can be divided according to the stability coefficient. When the stability coefficient Fs is less than 1.00, the landslide is unstable. When the stability coefficient Fs is between 1 and 1.05, the landslide is in an unstable state. When the stability coefficient Fs is between 1.05 and 1.15, the landslide is in the basic stable state. When the landslide stability coefficient Fs is greater than 1.15, the landslide is in a stable state.
4 RESULTS AND DISCUSSION
4.1 Mechanisms and evolution of the Zhangjiawan landslide
4.1.1 Analysis of the formation mechanisms
The ancient Zhangjiawan landslide is a typical push-type landslide, which developed on the slope at the junction of the hilly and alluvial plain areas on the south bank of the Huangshui River. It is an unfavorable geological complex with multiple multi-level landslides and collapses on the back and side walls of the old landslide. Landslides and the resulting collapse easily occur in the transition area between the Huangshui River Valley and the low mountain and hill areas. The terrain in the study area is steep, and the free surface provides good terrain conditions for the landslide. The lithology of the original slope in the study area is made of Neogene mudstone, which has poor permeability. The catchment water at the pass and the slope surface was softened and argillated due to the influence of mudstone surface water resistance, which resulted in a weak sliding zone. The two reasons mentioned previously were the main reasons that the old landslide was induced. After the old landslide, a high and steep back wall of the landslide was formed, exposing nearly vertical Neogene mudstone and Malan loess. Therefore, the landform and lithology conditions in the study area are the main reasons for the formation of the landslide.
The most direct reason for the resurgence of the ancient Zhangjiawan landslide is human activities. A large number of human engineering activities excavated and leveled the anti-sliding section of the front edge of the old Zhangjiawan landslide mass in different periods and degrees. This changed the original natural and stable state of the landslide mass. After the front edge excavation and slope stress redistribution, stress concentration and large deformation occurred in the middle and rear parts.
Second, the rainstorms in the study area are mostly concentrated in the summer, with an annual average rainfall of 414.5 mm. The study area is one of the areas with the highest rainfall intensity in the whole province. The maximum precipitation amounts in 1 hour and 24 hours were 32 mm and 66 mm, respectively, which are precipitation conditions that may cause landslides (Huang et al., 2022). The rainfall infiltration increased the gravity of the surface rock and soil mass, soaked the potential sliding surface, reduced sliding resistance, and induced the landslide. This is also the main factor in a landslide.
4.1.2 Deformation mechanism analysis
The slope in the study area is steep in the upper part and gentle in the lower part, with an upper slope greater than 45°. It belonged to the gentle layered rock and soil composite slope. After front edge stress redistribution was induced by a manual excavation of the slope toe, the slope body produced a slow creep, sliding along the gentle layer surface toward the direction facing the void in front of the slope. Therefore, it was determined that the mechanical deformation mechanism and failure are slipping-pressing tensile cracking. The deformation process is divided into the following three stages:
4.1.2.1 The unloading rebound stage
This stage occurred during the manual excavation of the slope toe. In the early excavation stage, a differential rebound occurred above and below the restricted surface at the root of the slope toe. Due to the existence of a flat, weak surface, the slope body produces a flat, shear-cracked surface at the slope toe. During excavation, shear sliding occurred along the flat, weak surface toward the air direction, and the sliding speed was relatively slow, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Unloading rebound stage.
4.1.2.2 The tensile deformation stage
After a period of manual excavation of the slope toe and with the development of deformation, the shear crack extended to the ground. The rock and soil structures on the slope became loose with the development of deformation. The tension crack occurred nearly vertically to the slip plane and was produced around the locking point of the slip plane due to the concentration of tensile stress, and the tensile crack extended upward and generally parallel to the slope surface gradually and was accompanied by a local slip (Figure 11).
[image: Figure 11]FIGURE 11 | Tensile deformation stage.
4.1.2.3 The creep deformation stage
When the treatment was not conducted in time in the tensile cracking deformation stage, the deformation entered a cumulative destruction stage. During this stage, the deformation body rotated, and the chimeras at the steep and gentle junction were crushed and sheared one by one, accompanied by a dilatancy phenomenon. Thus, the slope surface was slightly uplifted and the rock and soil body slid along the weak surface. The rock stratum layer showed obvious argillization signs, and clear slope scratch marks were observed on an argillization film. This observation indicated that the creep deformation stage was in progress. The landslide occurs when the steep fracture surface and the gentle slip surface develop into a through slip surface, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Creep deformation stage.
4.2 Stability analysis of the Zhangjiawan landslide
In this section, limit equilibrium and numerical simulation methods are adopted to quantitatively analyze the stability of the Zhangjiawan landslide. The limit equilibrium method is the most commonly used current method in engineering practice. Its principle is to analyze the static balance of unstable rock and soil masses on the slope and evaluate the slope’s stability through the relationship between the anti-sliding force and sliding force. Because the limit equilibrium method considers the sliding soil body as a rigid body, it ignores the influence of the deformation of the sliding body itself. Hence, this paper combines the numerical simulation method, analyzes the stress–strain characteristics of the sliding body, and evaluates the stability of the landslide using the finite element strength reduction method. The calculation results of the limit equilibrium method are verified.
4.2.1 Limit equilibrium analysis
4.2.1.1 Establishment of a computational model
According to the survey, the sliding surface (zone) of the Zhangjiawan landslide is similar to a broken line type. Therefore, according to the Code for the Survey of Landslide Prevention and Control Engineering, the transfer coefficient method is adopted. The 1-1′ and 2-2′ sections are selected as the calculation sections (Figures 13, 14) to calculate the stability of the Zhangjiawan landslide under natural and rainstorm conditions.
[image: Figure 13]FIGURE 13 | Calculation diagram of the 1-1′ section stability.
[image: Figure 14]FIGURE 14 | Calculation diagram of the 2-2′ section stability.
The calculation parameters are comprehensively determined according to an indoor test on rock and soil samples taken from boreholes. In this paper, the mechanism of the landslide is analyzed, and the back-calculation is conducted according to the different sliding zone properties of loess-like soil and silty clay and the difference in the parameters in different parts of the same section. After a thorough analysis, the back-calculated index is seen as the mechanical design parameter for landslide control design. The comparison between the test results and the back-calculated results is shown in Table 1.
TABLE 1 | Comparison of the physical and mechanical indices of the sliding zone soil.
[image: Table 1]4.2.1.2 Limit equilibrium calculations
According to the calculation method, model, and parameters determined previously, the stability of the landslide under natural and rainstorm conditions is calculated. The calculations of the stability coefficient of the landslide are listed in Table 2.
TABLE 2 | Calculations of the landslide stability coefficient (limit equilibrium method).
[image: Table 2]Through the stability calculation, the stability coefficients of 1-1′ and 2-2′ sections of the landslide under the natural state are 1.14 and 1.11, respectively. Both coefficients are greater than 1.05 and less than 1.15, and they are basically in a stable state. However, the stability coefficients of 1-1′ and 2-2′ sections of the landslide under the rainstorm state are 1.01 and 1.04, respectively. These two coefficients are less than 1.05 and greater than 1.0 and are in a less stable state.
4.2.2 Numerical simulation analysis and evaluation
4.2.2.1 Model building
Taking the Zhangjiawan landslide’s representative sections 1-1′ and 2-2′ as the calculation sections, the finite difference numerical simulation analysis software is used for the model establishment and to calculate the slope stability under natural and rainstorm conditions.
The Mohr–Coulomb elastic-plastic constitutive model was selected in this study. The physical and mechanical parameters of the soil body obtained from indoor tests on rock and soil sampling at the landslide site are used as the simulation calculation parameters (Tables 3, 4). The horizontal velocity is imposed on the left and right sides of the constraint model. The bottom of the model is a fixed boundary, and the gravity stress field is a stress field.
TABLE 3 | Physical and mechanical parameters of rock and soil masses in the natural state.
[image: Table 3]TABLE 4 | Physical and mechanical parameters of rock and soil masses under rainstorm conditions.
[image: Table 4]4.2.2.2 Numerical simulation analysis
According to the simulation calculation method, model, and the aforementioned parameters, the stability of the landslide under natural and rainstorm conditions is calculated. The calculations of the landslide stability coefficient are shown in Table 5.
TABLE 5 | Calculations of the landslide stability coefficient (FLAC calculation).
[image: Table 5]According to the aforementioned stability calculations, the representative sections of Phase I and Phase II Zhangjiawan landslides are basically stable under natural conditions. In contrast, under rainstorm conditions, the stability of the landslide is threatened and is in an unstable state. Therefore, the deformation and failure modes of the Zhangjiawan landslide are thoroughly analyzed in combination with the maximum shear strain increment diagram and displacement nephogram under rainstorm conditions. Figure 15 presents the simulation results of the 1-1′ and 2-2′ sections.
[image: Figure 15]FIGURE 15 | (A) Total displacement cloud of section 1-1′ (unit: m); (B) maximum shear strain increment of section 1-1′; (C) total displacement cloud of section 2-2′; and (D) maximum shear strain increment of section 2-2′.
Figure 15 shows that, under the action of rainfall, the displacement is mainly concentrated at the rear edge of the landslide mass. The maximum displacement of the 1-1′ section is 0.48 m, and the maximum displacement of the 2-2′ section is 0.44 m. These displacements decrease gradually from the rear edge to the front edge, which indicates that the upper part of the landslide undergoes a large displacement and has an obvious pushing effect on the front edge.
In the numerical simulation, the landslide’s maximum shear strain increment can reflect the range of shear deformation in the landslide mass. It is also the position of the potential sliding surface. The results show that the shear strain increment area of the two profiles is mainly distributed on the rear edge of the landslide and that the maximum value appears in the middle and rear of the contact between the landslide mass and the bedrock. This indicates that the rear edge of the landslide is prone to a shear failure in the large-scale mode, which is caused by the increase in self-weight of the landslide mass and the decrease in soil strength in the sliding zone under rainstorm conditions. Shear failure occurs in the sliding zone soil in the deep part of the slope body. The shear failure area gradually penetrates and extends to the whole landslide, which belongs to a typical push-type landslide. Meanwhile, the landslide is in an unstable state. Without treatment, global sliding may occur in the shear failure area.
5 CONCLUSION
The study area is in an area with steep and gentle terrain change with a mudstone lithology with poor permeability. The excavation of the front anti-slide section and rainfall are the main reasons for the occurrence of multiple multi-level landslides. Landslides are considered a push-type sliding slope, and the landslide’s whole deformation and failure process includes the unloading rebound stage, tensile deformation stage, and creep deformation stage. Shear failure occurs in the deep sliding zone of the slope and gradually extends to the whole sliding slope.
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The cutting hills to back ditches (CHBD) project has been widely implemented since urbanization in hilly areas is steadily rising. The stability of the high-filled slope and the problem of foundation settlement deformation has become one of the vital issues for safe construction. This paper focused on the deformation evolution law and stability assessment of the high-filled deposit slope composed of the soil-rock mixture (S-RM) in the CHBD project, in Shiyan City, Hubei Province as examples. First, large-scale direct shear tests of S-RM with different rock block proportions (RBPs) under different various normal stresses were carried out, and its mechanical properties were analyzed. Next, the finite element method was used to simulate the processes of the step-by-step filling, and the deformation evolution law was analyzed. Then, the limited equilibrium method (LEM) was used to obtain the potential sliding surfaces and the corresponding safety factors of the high-filled slope, and the safety of the construction was assessed. Finally, automated monitoring of the step-by-step settlement and deep soil deformation was computerized for the typical locations, and the long-term stability of the high-filled slope was studied. The results demonstrate that the first layer of backfill in the F area contains the largest incremental settlement displacement in the y-direction, whereas the value in the G area occurs at the site of the fill layer close to the slope surface at each filling timestep. The displacement response value steadily declines with the increasing filling depth and horizontal displacement, presenting a clear spatial influence range, with the site of maximum incremental displacement as the center. After filling, the safety factors of the potential sliding surface in the F and G areas are 2.531 and 1.118, respectively, and the slope is in a stable state. The monitoring data show that the deformation mostly takes place within 10 m of the surface. The study’s findings are thought to offer technical and practical knowledge for the slope risks.
Keywords: cutting hills to backfill ditches, high-filled slope, soil-rock mixture, deformation, stability, monitor
1 INTRODUCTION
With the fast expansion of infrastructure in China, urbanization buildings and essential transportation infrastructures have moved from flat land to hilly and mountainous places with challenging geological and geomorphological conditions. A lot of ‘cutting hills to backfill ditches (CHBD) to produce land’ projects have recently emerged at a historic moment. In 2012, Yan’an New City in China spent 100 billion yuan to reduce 3s3 hills, requiring 260 million m3 of filling and 310 million m3 of excavation. In order to plan the construction of the Dongchuan Science and Technology Industrial Park, the CHBD projects were undertaken on the gentle slopes and mid-slopes within a 10 km2 radius of Dongchuan City in Kunming City, Yunnan Province; the same year, more than 700 hills in Lanzhou City, Gansu Province, were cut to create the more than 100 km2 Lanzhou New City. A CHBD project with 150 thousand acre was also started in 2013 in Shiyan City, Hubei Province, to increase the available area for urban expansion and economic growth (Zhang et al., 2023). Additionally, a number of airports are constructed in hilly regions and it is necessary to fill in the original valley terrain. For example, the Shennongjia Airport, which is known as “China’s most beautiful ecological airport” was constructed in 2013 after 5 surrounding hills were cut down and hundreds of caves were filled in. The highest fills at the Sichuan Jiuzhai Huanglong Airport and Guizhou Liupanshui Yuezhao Airports are approximately 104 and 85.14 m, respectively.
However, as a high-risk construction project, it faces serious challenges to create land by the CHBD project such as the complex engineering geological conditions, difficult construction, high technical requirements, and relative lack of safety control technology (Bai et al., 2019; Du et al., 2022). A series of engineering safety and quality problems have appeared, resulting in project delays, budget overruns and various secondary geological disaster problems such as foundation deformation and landslide, which seriously affects economic development and threatens social stability and public safety (Qian et al., 2003; Wang et al., 2013; Yang et al., 2016; Wang et al., 2018; Miao et al., 2023). For example, on 20 December 2015, a landslide occurred at the Hongao landfill in Guangming New District, Shenzhen, Guangdong Province, China, causing more than 90 casualties, destroying 33 houses, affecting the production of 90 enterprises, involving 4,630 employees, and approving a direct economic loss of 881 million yuan from the approved accident. The accumulation area of the landslide is about 0.38 km2, with a volume of about 2.75 × 106 m3 and a slip distance of 1,100 m, which is one of the most serious landfill landslides in the world (Gao et al., 2016; Yin et al., 2016). Additionally, the landslide hazards of airport hill-filled slopes occur from time to time, such as the landslide of Yichang Sanxia Airport, the landslide of the west runway of Lijiang Airport in Yunnan, the landslide of Jiuzhai Huanglong Airport in Sichuan, the landslide of Panzhihua Airport and many other typical cases, all of which have caused significant property losses or serious social impacts. Therefore, in order to ensure the successful construction and normal operation of the CHBD projects to create land and maximize the protection of national and social properties from losses, it is necessary to monitor all kinds of safety risks in the construction and operation of the project to avoid the engineering accidents (Huang et al., 2020a; Huang et al., 2020b; Chang et al., 2020; Chang et al., 2022; Miao et al., 2023).
Based on the field surveys and relevant data, Liu and Li. (2014) published a review of “China’s land creation project stands firm” in Nature, which objectively analyzed the actual situations of Yan’an “land creation project” in terms of feasibility demonstration, and took the construction of Yan’an New District in Shaanxi Province as an example to demonstrate different views on the recent media debate about “geohazards caused by flat ground by levelling hills and filling valleys in China”. The review indicates that the key to the construction of Yan’an New District lies in the “three surfaces-body-water” issue: the treatment of the original surface, the soil interface between the excavated and filled areas, the prevention of landslides on the open surface, the compaction of the slopes, and drainage of ground and surface water. Usually, the common problems of the CHBD project involve the large construction area, high filling height, large excavation and filling volume, complicated construction environment, and so on. The stability of the high-filled slope is one of the most important issues for safe construction. The main factors that threaten the high-filled slope stability are the displacement and settlement of the filled slope, and its deformation can be divided into two parts: the deformation of the original foundation and the backfilled body. The deformation of the original foundation includes the deformation due to the upper load and the soft layer. The deformation of the backfilled body is related to the characteristics of the backfilled material, the compaction degree, and the specific construction method (Miao et al., 2018; Bai et al., 2021a; Fu et al., 2022; Zhou et al., 2022). At present, even though a number of the high-filled slopes have been constructed by means of the CHBD project for human habitation and industrial activities, the slope stability assessments in the existing researches are focused on the natural or excavated slopes (Jiang et al., 2018; Huang et al., 2020c). Some researchers have studied the high-filled slope stability subjected to earthquake and rainfall (Chen et al., 2004; Hyodo et al., 2012; Collins, 2008; Miao et al., 2022a; Miao et al., 2022b). Marc-André et al. (2021), Carey et al. (2021) analyzed performance of the filled slope under the strong earthquake in the Wellington region in New Zealand, and the potential sliding range of the slope was identified. Yuan et al. (2020) established a surface infiltration model of multilevel filled slope using the finite element method (FEM), and the safety factor of the potential sliding surface was calculated using the LEM. The stability of the high slopes formed by landfills have been deeply studied (Zhang et al., 2019; Zhou et al., 2019), especially for the Kettleman Hills landfill in the United States. Seed et al. (1990), Stark and Poeppel. (1994), Chang. (2005) used two-dimensional and three-dimensional LEM to analyze this study area. In general, the FEM and the LEM are the most significant methods in slope stability calculation in current research. The LEM is the most commonly used method in practical engineering because its principle is very clear and the calculation is very simple. The FEM can not only obtain the safety coefficient in slope stability, but also understand the strain force and displacement and other effective information in each place. Its superiority is very obvious and its applicability is also very wide.
In summary, the deformation evolution laws and stability assessments of the high-filled slope in the CHBD project. In this paper, taking the F and G areas of the Hejia Alleviation Industrial Park in Shiyan City, Hubei Province as an example, a typical hill-filled slope was selected based on the project construction introduction and geological survey results. The backfilled body composed of the S-RM inside the slope was collected on site, and the S-RM samples with different RBPs were produced and applied in the large-scale direct shear test to figure out the mechanical properties of the backfilled body. The mechanical parameters obtained from on the test results were used in the numerical simulations of slope deformation and stability with FEM. The whole process of the step-by-step filling was simulated and deformation evolution analysis was also performed. The stability assessment of the high-filled slope was carried out using LEM and the potential sliding surfaces and the corresponding safety factors were obtained. Finally, the monitor data of the settlement and displacement of the slope were analyzed.
2 GEOLOGICAL BACKGROUNDS OF THE SITE
Hejia Alleviation Industrial Park in Shiyan City, Hubei Province, is located about 2 km east of Hejia Town Yunxi County, adjacent to G70 Fuyin Expressway and 301 Provincial Road (Figure 1). The proposed site of the park is a hilly valley terrain with a large topographic fluctuation and a maximum height difference of about 200 m. The park is planned to be about 1000 m long in east-west direction and 1500 m long in north-south direction, and the actual construction site is about 1300mu. The site is mainly covered with Quaternary residual soil, strongly weathered argillaceous siltstone, medium weathered argillaceous siltstone, strongly weathered glutenite, medium weathered glutenite, and so on. Each area forms an industrial terrace development pattern based on the topography of the site, and is divided into seven areas from A to G as shown in Figure 2. According to the construction design drawing, A area is located at the highest point of the whole park and can overlook the whole park site; B, C, and D areas are in the form of terraces with the width of each terrace being about 80–90 m, the height difference of adjacent terraces being about 7 m, and the lateral integrated slope of terraces being about 0.5%; E area is connected with D area, with the height difference of terraces being about 10 m and the integrated slope being about 3%; F area is located in the south of B area, connected with B area by high slopes, and the site is divided into six small terraces with height difference between adjacent terraces about 10 m. G area is a slope protection engineering area, connecting F and B areas as shown in 3.
[image: Figure 1]FIGURE 1 | Location of the alleviation industrial park.
[image: Figure 2]FIGURE 2 | Plan design drawing of the Alleviation Industrial Park.
In order to complete the industrial terracing development mode, the site leveling needs cutting hills and filling ditches to form the high-filled slopes with digging high and filling low. The total filling volume of F and G areas exceeds 850,000 m³, and the deepest filling depth exceeds 60 m. The downward grading construction method was used for the construction of the filling slopes with slope rate of 1:2 or 1:2.5 at each level and height of 8–12 m (Figure 3). Wo adjacent levels are added with 2–10 m wide platforms until they are placed to the original ground.
[image: Figure 3]FIGURE 3 | F and G area of the Alleviation Industrial Park.
3 MODEL AND PARAMETERS
3.1 Simulation model of the typical cutting hills and filling ditches project
As the most representative high-filled slope of the whole park, the stability of the slope between F and G areas is focused on in this paper. In order to avoid the influence of the elevated fill above G area on the calculation results, the numerical model boundary has been extended to B area. According to the geological drilling information of the site, the original stratigraphic lithology of F, G, and B areas consists of strongly weathered and moderately weathered glutenite, and the original stratigraphic material zoning is drawn as shown in Figure 4A. According to the construction design process, the site levelling engineering were carried out by filling S-RM above F, G, and B areas. F area was filled in six layers from F-01–329.91 m, and then continued to fill in G area in four layers to 361.77 mm to form a high-filled slope, and finally entered B area. The main components of the S-RM used for filling are full-medium weathered argillaceous siltstone particles and debris, and the geotechnical properties of the backfill body are poorly uniform. The layer strong ramming was performed on the fill area to eliminate most of settlement of the backfill S-RM under self-weight. The typical high-filled slope model for the numerical simulation is shown in Figure 4B. The FEM is used to simulate the mechanical response of the slope during the layered filling process, and the safety factor of the slope during the layered filling process is obtained by using LEM. The surface of the slope is assigned as the free boundary for the mechanical analysis of excavation, whereas only vertical displacement is allowed on the left and right boundaries, and the bottom boundary is restrained from movements. In addition, there is only the ground stress field generated by the self-weight in the numerical model.
[image: Figure 4]FIGURE 4 | Numerical model at the (A) initial state; (B) after filling.
3.2 Mechanical characteristics of S-RM
As a typical multi-phase geotechnical material, S-RM is defined as the mixture of the coarse grains with different sizes and fine grain with loose structural characteristics (Xu et al., 2011; Bai et al., 2021b). The difference in the particle size and mechanical properties between the coarse and fine grains is the most typical feature of S-RM. Compared with the pure fine grain (soil) sample, the appearance of the coarse grains destroys the integrity of the material and the non-homogeneity of S-RM increases with the coarse grain content. Thus, the variation in the component content can lead to different structural characteristics and mechanical behaviors.
In order to study the mechanical properties of the backfill S-RM in the study area under different coarse grain conditions, several groups of large-scale direct shear tests were carried out. Before the test, the particle size threshold of the fine and coarse grain should be determined first for the preparation of the S-RM samples with different components. The particle grading distribution of the S-RM material collected from the study area shows that the fractal characteristics of the particle size presents the significant difference when the particle size is 5 mm. Combined with the test standard and the particle size thresholds in previous studies, the particle size threshold of the fine and coarse grain in this study is set as 5 mm. The particle larger than 5 mm in size is classified as the coarse grain (rock blocks) and the particle smaller than 5 mm in size is classified as the fine grain (soil matrix). Six groups of S-RM samples with 0% (pure soil), 20%, 40%, 60%, 80%, and 100% rock block proportions (RBPs) were designed. The normal stresses for each sample were set as 200, 400a, 600, and 800 kPa during the direct shear test, and the shear rate of the test is controlled as 2 mm/min.
Figure 5A shows the curves of shear stress versus shear displacement of S-RM samples with different RBPs under the normal stress of 400 kPa. The results show that the stress-displacement curves mainly present the strain softening feature, and the peak strength can be determined from the curves as the shear strength. The shear stress of each sample has already reached the peak strength when the shear displacement is less than 10 mm, and then decreases with the increase of the displacement. The peak strength shows a comparatively complicated variation law as RBP increases. With the increase of RBP from 0% to 40%, it can be observed that the peak strength of S-RM increases from 200 kPa to 233.2 kPa and the modulus of elasticity also shows a significant increase; when RBP increases from 40% to 80%, the peak strength of the specimen decreases and drops to 201.4 kPa at 80% RBP; and when RBP increases to 100%, the shear strength of the sample reaches the maximum of 247.6 kPa.
[image: Figure 5]FIGURE 5 | Curves of (A) shear stress; (B) vertical displacement with shear displacement of S-RM samples with various RBPs.
The variation laws of the vertical displacement with shear displacement of S-RM samples with various RBP under 400 kPa normal stress during the shear test are analyzed as shown in Figure 5B. The vertical displacement is positive when the direction of the vertical displacement is downward and negative when it is upward. When RBP is less than 20%, the vertical displacement of the sample shows a continuous increasing trend with the shear displacement; as the RBP increases, the vertical displacement remains unchanged after reaches the peak displacement, and the whole vertical displacement during the test is mainly positive, which means the displacement direction is still dominated by the vertical downward; after RBP is greater than 60%, the vertical displacement shows an increase and then a decrease trend. The shear dilatancy can be observed in the sample of 80% RBP when the shear displacement reaches 10 mm, of which the vertical displacement shows a negative value during the test. The normal force corresponding to the 400 kPa normal stress is about 98.8 kN. For the S-RM samples with the low and medium RBP, the normal stress makes the rock blocks inside more firmly embedded in the soil matrix, so the vertical displacement keeps increasing or stabilizes with the increase of the shear displacement. When RBP reaches 80%, the contact and rolling probability of the rock blocks near the shear zone of the sample increases significantly as the shear process proceeds, leading to the monitoring of the upward vertical displacement at the top of the sample. Under the RBP condition of 100%, although the contact and rolling effect between the rock blocks should be more obvious, the strength of the rock blocks in the study area is limited, and the large-size rock particles are more likely to be broken under the action of the rigid shear box. As a result, the direction of the vertical displacement during the shear process keeps downward. However, the vertical displacement decreases after the shear displacement is greater than 4.5 mm. The phenomenon demonstrates that the influence of the relative motion, contact, and rolling between the rock blocks inside the sample gradually begins to appear, offsetting the downward vertical displacement caused by the compression of the sample due to the normal stress.
Figure 5 shows that under the same normal stress condition, the different strength and deformation characteristics are presented by the S-RM samples with various RBPs, which indicates the effect of RBP on the structural characteristics and mechanical properties of S-RM. At the same time, the complex influence of rock blocks on S-RM is connected to the normal stress. Figure 6 displays the shear strength of S-RM with various RBPs under different normal stress conditions. The results demonstrate that the shear strength of S-RM presents different degrees of fluctuation with the increase of RBP under different normal stress. Among them, the fluctuations of the shear strength under 400 kPa and 600 kPa normal stress conditions are comparatively slight, and the difference of the maximum and minimum shear strength are 49 and 287.4 kPa, which are less than 50 kPa, respectively. In contrast, the difference of the maximum and minimum shear strength of the S-RM under 800 kPa normal stress condition has reached 94.2 kPa, and the non-linear characteristics of the shear strength with RBP increases is more obvious. Taking the shear strength of the sample with RBP=0% (pure soil) as the standard value, and the relative incremental ratio of the shear strength of S-RM with various RBPs under different normal stresses are calculated. The results show that the disturbance of rock blocks on the soil matrix is much more obvious at the normal stress conditions of 200 kPa and 800 kPa, and the maximum relative incremental ratio is higher than 25%. When the normal stress is relatively low, the probability of the rock block crush is low, and it is easier for the rock block to be carried by the soil matrix and other rock blocks for the relative motion, leading to an obvious effect on the shear strength of the whole material. When the normal stress is relatively high, the rock block is prone to crush under the influence of the overburden pressure, resulting in the variation in the structure and particle grading distribution, and the change of RBP therefore has a more significant impact on the shear strength.
[image: Figure 6]FIGURE 6 | Shear strength of S-RM samples with various RBPs.
3.3 Material parameters of the deposit slope
The geological survey results show that in addition to the S-RM material in the backfill area, the main components inside the stratum include strongly and moderately weathered argillaceous siltstone and glutenite in this high-filled slope. In this study, the deformation and strength parameters of the geotechnical materials collected in the field were measured with the help of uniaxial compressive strength test and triaxial compression test. The specific experimental data obtained will be used as a reference for the mechanical material parameters of each stratum in the numerical model, as detailed in Table 1.
TABLE 1 | Material parameters.
[image: Table 1]4 DEFORMATION EVOLUTION LAW OF THE HIGH-FILLED DEPOSIT SLOPE DURING THE THE CUTTING HILLS TO BACK DITCHES CON-STRUCTION
4.1 Layer filling in F area
F area is filled in six stages from platform F1 to F6 as shown in Figure 4B, and the grading filling process is simulated using SIGMA model in Geostudio software. Figure 7 displays the displacement distribution contour of the high-filled deposit slope in the y-direction during the filling process step by step, and the incremental displacement in the y-direction at each filling step is analyzed, not the cumulative displacement. The displacement in the upward direction is positive and downward direction is negative. The results show that the slope incremental displacement during the filling process mainly occurs near the S-RM layer, and the direction points to the depth of the slope. The y-direction incremental displacement of the slope within the time-step is centered in the middle of the surface of the S-RM layer, and decreases outward layer by layer. It seems that the disturbance effect of the fill layer on the slope shows a certain effect range. As shown in Figure 7A, the y-direction incremental displacement mainly occurs at the left boundary of the model and the middle of the backfill layer, and the maximum incremental displacement is 0.0303 m. As the filling level increases, the settlement displacement caused by filling increases continuously, and the incremental displacement has reached 0.0405 m after the fifth filling stage as shown in Figure 7E, and the area of the blue area with the incremental displacement range of 0.028–0.032 m also reached the maximum in the grading filling process. The y-direction incremental displacement during the filling process is influenced by the mechanical properties of the backfill and overlying strata on the one hand, and connected to the weight of the filling layer itself on the other hand. Therefore, the incremental displacement in the y-direction is relatively small after the sixth filling stage (Figure 7F) due to the limited volume and weight of the filling layer F6 itself.
[image: Figure 7]FIGURE 7 | Incremental displacement distribution contour of the high-filled deposit slope in the y-direction during the F area filling process: (A) first filling stage (F1); (B) second filling stage (F2); (C) third filling stage (F3); (D) fourth filling stage (F4); (E) fifth filing stage (F5); (F) sixth filling stage (F6).
In order to analyze the variation law of the displacement of the deposit slope during the filling process quantitatively, the intersection points (points A-F) between the filling layers and the original stratum were chosen as the monitor points as shown in Figure 4B to record the incremental displacement in the y-direction, and the results are shown in Figure 8. The response of the incremental displacement of points A and B with the smaller elevations can be observed after the first filling subjected to the self-weight of the filling layer during the first stage of filling, with the incremental displacement at point A being −0.0068 m and that at point B being −0.0024 m. According to Figure 8, the influence of the filling layer on the deposit slope deformation during the step-by-step filling process has a certain spatial and temporal limitation range. Specially, the horizontal distance of the center of the filling layer relative to the monitor points A-D presents a decreasing and then increasing trend as the height of the filling layer increases, however, the corresponding incremental displacement shows a variation law of increasing and then decreasing; the incremental displacement reaches the maximum after the fifth filling stage, reaching 0.00933, 0.0192, 0.0247, 0.0306 m, respectively, and under the circumstances the horizonal distance of the of the center of the filling layer relative to the monitor points A-D is the minimum. Taking monitor point B as an example, the horizontal distance of point B relative to the center of F2 layer (point 2) is much larger than that from the center of F3-F5 layer, and the incremental displacement of monitor point B increases during the step-by-step filling under the effect of moment equilibrium. The incremental displacement in the y-direction of point B after the third, fourth, and fifth filling stage is 0.0155, 0.0174, and 0.0191 m, respectively, which is significantly higher compared with the 0.0085 m appears after the second filling stage; while the incremental displacement decreased to 0.0046 m after the filling of stage six with the increase of horizontal distance compared with that of stage five.
[image: Figure 8]FIGURE 8 | Y-directional incremental displacements of monitor points during the F area filling process.
Figure 9 shows the cumulative displacement contour in the y-direction of the high-filled slope after the filling process. Th result shows that the maximum deformation in the y-direction appears in the junction area between the backfill layer of platform F3, F4, and the strongly weathered glutenite strata, which is indicated in the red box area, and the maximum cumulative displacement exceeds 0.08 m. The phenomenon reveals that the large displacement is prone to occur due to the difference in the mechanical properties between the S-RM material and the origin strata. The incremental displacement of monitor point C and D as shown in Figure 8 presents a more obvious increase during the filling process, and the corresponding cumulative displacement in the y-direction have also been the largest, reaching −0.075 m.
[image: Figure 9]FIGURE 9 | Cumulative displacement distribution contour of the high-filled deposit slope in the y-direction after the F area filling process.
4.2 Layer filling in G area
According to the construction plan, the G area is filled in four stages in layers after the filling process of F area is completed. Figure 10 displays the incremental displacement contour in the y-direction during the filling process in G area. The results show that the maximum incremental displacement in the y-direction mainly appears to the left of the top center of the filling layer, near the free face of the slope; response of the incremental displacement due to the filling process gradually decreases with the increase of the filling depth and horizontal distance taking the maximum incremental displacement as the center, which presents an obvious spatial influence range. The incremental displacement increases as the height of the filling layer increases: the maximum incremental displacement at the surface after the first filling is about 0.0064m, and the maximum incremental displacement at the surface after the fourth filling is 0.04 m.
[image: Figure 10]FIGURE 10 | Incremental displacement distribution contour of the high-filled deposit slope in the y-direction during the G area filling process: (A) first filling stage (G1); (B) second filling stage (G2); (C) third filling stage (G3); (D) fourth filling stage (G4).
In order to analyze the response of the displacement in the y-direction of the slope during the filling process in G monitoring points 5-10 at the center of the bottom of the filling layer (as shown in Figure 4B) are set to record the change law of incremental y-directional displacement by time step during the filling process. Figure 11 shows the variation of the incremental displacement in the y-direction of monitor points 5-10 during the G1-G4 layered filling process. The results show that the displacement increment at monitoring point 5 is relatively stable during the grade-by-step filling process. Except for the incremental displacement of 0.0059 m after the second filling stage (platform G2), the incremental displacement of point 5 maintains basically at a range of 0.0015–0.0025 m during the filling process, which is significantly small compared with the displacement at other monitor points. As monitor point 5 is still within F area, it indicates that the filling process in G area has a less impact on the material in F area, which further illustrates the spatial limitation of the filling process on the slope deformation. Monitor points 6-10 show a significant increase in displacement after the second filling stage in G area, and the increase in displacement under this time step basically reaches about 0.02 m during the construction of the G2 platform; the incremental displacement of monitor points 6 and 7 decreases during the third and fourth filling stage (platform G3 and G4), for example, the incremental displacement of monitor point 6, after the second, third and fourth filling stage is 0.0253, 0.0240, 0.0185 m, respectively; on the contrary, monitor points 9 and 10 are subjected to the pressure applied by the overlying fill layers after the third and fourth levels of filling, so the incremental displacement in the y-direction continues to increase, for example, monitor point 9, the incremental displacements after second, third and fourth filling are 0.0238, 0.0283, and 0.0297 m, respectively.
[image: Figure 11]FIGURE 11 | Y-directional incremental displacements of monitor points during the G area filling process.
Figure 12 shows the cumulative displacement in the y-direction contour during the filling process of G area step by step. The results show that the position of the area marked in blue with a comparatively large cumulative displacement keeps moving to the right with the filling of G area compared with Figure 9. At the end of the filling process, the blue area appears in the F4-G2 filling layers, which is about 0.11 m. It is mainly caused by the location of the filling layer in F area is basically above this area, and the self-weight of the backfill S-RM layer leads to the displacement in the y-direction. It is noted that the whole slope displacement contour is not smooth, which indicates that the phenomenon of uneven settlement is obvious. Therefore, it is recommended to monitor the high side slope settlement in real time in order to avoid the occurrence of uneven settlement leading to destabilization damage of the overlying buildings.
[image: Figure 12]FIGURE 12 | Cumulative displacement distribution contour of the high-filled deposit slope in the y-direction after the (A) G1; (B) G4 filling process.
5 STABILITY ASSESSMENT OF THE HIGH-FILLED DEPOSIT SLOPE DURING THE CUTTING HILLS TO BACK DITCHES CONSTRUCTION
The finite element limit equilibrium method is selected in this paper to analyze the stability of the high-filled slope during the CHBD construction. The stress distribution obtained from the results of SIGMA module using the finite element method is imported into SLOPE/W module. The potential sliding surfaces of the high-filled slope during the layer filling process are search with the help of Morgenstein-Price method, and the corresponding safety coefficients are calculated.
5.1 Layer filling in F area
Figure 13 shows the potential sliding surfaces of side slopes at different filling stages with the corresponding safety factors. The results indicate that the safety factor of the potential sliding surface increases and then decreases with the increase of the filling level, and the safety factor increases from 2.242 in the in-situ condition to 3.755 after the second filling stage. According to the evolution process of the potential sliding surface as shown in Figures 13A–C, the potential sliding surfaces after the first and second filling stage are mainly distributed in the middle of the slope, and the corresponding safety factor of which is mainly controlled by the strongly weathered glutenite. During the first two stages of filling, the increase in the height of the S-RM backfill layer reduces the dip angle of the potential slip surface, which leads to the increase in the corresponding safety factor. However, after the third filling stage, the location of the potential sliding surface moves to the surface of the S-RM layer, and the stability of the potential sliding surface is connected to the free face of the high-filled slope. The safety factor of the potential sliding surface decreases as the height of the filling layer increases.
[image: Figure 13]FIGURE 13 | Potential sliding surfaces of the high-filled slope during the F area filling process: (A) initial state; (B) first filling stage (F1); (C) second filling stage (F2); (D) third filling stage (F3); (E) fourth filling stage (F4); (F) fifth filling stage (F5); (G) sixth filling stage (F6).
5.2 Layer filling in G area
Figure 14 presents the potential sliding surface of the high-filled deposit slope during the layer filling in G area and its corresponding safety factor. The results show that the safety factor of the potential sliding surface decreases from 1.971 to 1.188 continuously with the increase of the height of the filling layer. The locations of the potential sliding surface at different filling stage indicate that the area of the potential sliding surface increases gradually with the increase of the height of the filling layer. During the first and second filling stage in G area (Figures 14A,B), the potential sliding surface is mainly controlled by the free face of the slope, which is located within the corresponding filling layer; during the third and fourth filling stage, the number of the filling layer spanned by the potential sliding surface increases as its area increases. According to “Specifications for Design of Highway Subgrades,” under the normal conditions, the safety factor range for the highway and first-class highway in the stable state is 1.2–1.3, and the safety factor range for the second-class and under the second-class highway in the stable state is 1.15–1.25. Therefore, the stability of the high-filled deposit slope formed during the CHBD construction is still in the stable state. But the engineering protective measures should be applied in time and real-time monitoring of slope deformation should be carried out to avoid local slope surface cracking or landslide disasters considering the influence of subsequent rainfall and construction load.
[image: Figure 14]FIGURE 14 | Potential sliding surfaces of the high-filled slope during the G area filling process: (A) first filling stage (G1); (B) second filling stage (G2); (C) third filling stage (G3); (D) fourth filling stage (G4).
6 LONG-TERM STABILITY ASSESSMENT OF THE HIGH-FILLED SLOPE BASED ON THE MONITOR DATA
Although layered strong ramming has been applied to the S-RM material during the backfilling process to eliminate most of the settlement deformation, the long-term consolidation process will still occur. In order to monitor the long-term deformation of the high-filled slope, the physical characterization quantities of platform F4 such as stratified settlement and deep soil deformation are selected and a remote automated monitoring system is built with the help of stratified displacement meter and fixed inclinometer to collect the deformation data of the slope in real time in this paper. It is worth mentioning that the displacement monitoring results in this paper aim at the long-term deformation of the high-filled slope, which is different from the slope deformation during the filling process.
A total of five single-point settlement gauges were placed in the layered settlement holes, which were located at depths of 0.5m, 3.5, 6.5, 11.5, and 16.5 m from the ground surface. The variation curve of layered settlement data is shown in Figure 15, and the monitor period is from 1 January 2021 to 29 December 2021. The monitor data shows that the settlement displacement decreases as the depth increase; the cumulative settlement displacement at 0.5, 3.5, 6.5, 11.5, and 16.5 m depth is 37.624, 30.164, 31.333, 7.175, and 0.056 mm, respectively. The difference between the settlement displacement at the depth of 6.54 and 11.5 m is large, which indicates that the settlement due to filling mainly occurs within 7–10 m from the ground surface. From the settlement curves with date at the depth of 0.5, 3.5, and 6.5 m, the slope of the curve becomes larger from 1 August 2021. The main reason is that the frequent rainfall at the study area during this period, and the meteorological data show that the cumulative rainfall amount reached 632.40 mm, the average daily rainfall of 10.36 mm. The continuous and persistent strong rainfall increases the consolidation and settlement of S-RM, resulting in a further increase in the settlement rate.
[image: Figure 15]FIGURE 15 | Settlement displacement monitoring curve of F4 platform.
A total of seven fixed inclinometers were placed in the inclined holes, which were located at depths of 3, 6, 9, 12, 15, 18 and 21 m from the surface. Figure 16 displays the monitor data of the fixed inclinometers from 1 January 2021 to 29 December 2021.The results show that the incremental displacement decrease as the depth increases both in the vertical and horizontal directions. The maximum cumulative deformations in the vertical and horizontal directions are 40.76 and 39.36 mm, respectively. The maximum displacement appears at the depth of 3 m, and the variation of displacement is basically slight below 15 m in depth. The difference in the displacement between the 9 and 12 m is obvious, which means the horizontal displacement mainly occurs within 12 m. Combined with the settlement monitor data, it can be concluded that the slope deformation mainly occurs within 10 m from the ground surface.
[image: Figure 16]FIGURE 16 | (A) X-directional; (B) Y-directional displacement variation curve of F4 fixed inclination measurement.
7 CONCLUSION
In this study, the high-filled deposit slope in F and G area in Hejia poverty alleviation industrial park in Shiyan City, Hubei Province is chosen as the example. Several groups of the large-scale direct shear tests were performed to determine the mechanical parameters of the backfilled S-RM. Based on the test results, the deformation evolution law of the high-filled deposit slope was analyzed using FEM and LEM, and its stability was also assessed. Finally, the stability of the high-filled slope for long-term operation was briefly discussed based on the measured monitoring data. The main conclusions are obtained as follows.
(1) During the filling process in F area, the incremental displacement in the y-direction presents a decrease trend sequentially from the center of the filling layer surface outward in each time-step, which indicates that the influence of the filling layer on the slope stability has a certain spatial and temporal limitation range. The maximum deformation in the y-direction inside the slope appears near the boundary between the S-RM filling layer and the strongly weathered glutenite strata below the F5 platform, and the maximum cumulative displacement is greater than 0.08 m. The safety factor of the potential sliding surface during the filling process shows an increasing and then decreasing trend, and the safety factor of the potential sliding surface after the sixth filling is 2.531.
(2) During the filling process in G area, the maximum incremental settlement displacement of each filling layer appears near the surface of the filling layer. With the location of the maximum incremental settlement displacement as the center, the displacement response value gradually decreases with the increase of filling depth and horizontal distance, showing an obvious spatial influence range. With the increase of the height of the filling layer, the displacement response in the step-by-step filling process also increases. The maximum settlement displacement appears in the filling layer below the G2 and G3 platforms, which is about 0.11 m. As the height of the filling layer increases, the safety factor of the potential sliding surface decreases from 1.978 to 1.188, and the high-filled slope formed in the filling process in G area is in a stable state.
(3) The monitoring target is the deformation of the high-filled slope under long-term operation conditions. The monitor results of F4 platform show that settlement decreases with increase of depth, and the difference of settlement between 6.5 and 11.5 m depth reaches 24 mm. The displacement in both vertical and horizontal directions tends to decrease with increase of depth, and displacement variation in the area below 15 m depth is not obvious. The settlement and slope monitoring results indicate that the slope deformation mainly occurs within 10 m from the slope surface, and the obvious uneven settlement appears in the whole slope during the filling process. Therefore, it is recommended to monitor the settlement at different locations of the high-filled slope in real time to avoid the occurrence of uneven settlement that can lead to destabilization damage of the overlying buildings.
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After a strong mainshock, subsequent ground motion is the result of a sequence of multiple aftershocks, and the damage to a structure under these conditions is more severe than from a single earthquake. Most seismic studies are based on a single earthquake event. To explore the influence of a main-aftershock sequence on an isolated inter-story structure, we constructed a three-dimensional finite-element model of such a structure and subjected it to repeated main-aftershock sequences. The Laplace asymptotic method of second-order second-moment was used to calculate the reliability of the structure under the action of a single mainshock and after a main-aftershock sequence at different seismic levels. The effects of the number of aftershocks, the location of the isolation layer, and the stiffness of the isolation bearing in the structure were analyzed. The results showed that aftershocks increased the failure probability of each sub-structural part of the inter-story isolated structure. The failure probability of the lower structure had the greatest influence, which was about 3.89 times that for the mainshock alone. The probability of failure from multiple vs single aftershocks was similar, but the magnitude of the aftershock plays a major role in failure. The number of aftershocks reduced the overall reliability of an inter-story isolation structure. In the case of different isolation layer positions, the placement of the isolation layer at the top of the seventh story under an extremely rare earthquake level resulted in a reduction of 6.01%. With isolation bearings of different stiffness, the largest decrease was 7.88% when the stiffness was 50%.
Keywords: main-aftershock sequence, inter-story isolated structure, second-order second-moment method, structural reliability, overall reliability probability
1 INTRODUCTION
Based on historical earthquake reports, nearly 90% of strong mainshocks are accompanied by multiple strong aftershocks. Within 1 year after the 1999 Chi-Chi earthquake in Taiwan, 87 aftershocks of magnitude 5.0 or above occurred. In fact, a strong aftershock of magnitude 6.8 occurred half an hour after the Chi-Chi earthquake mainshock and was the main cause of casualties and building destruction (Shin and Teng, 2001). Under aftershock conditions, structures suffer from the effects of cumulative damage. When a structure is initially damaged by a strong mainshock, the aftershocks will exacerbate the damage, especially when the natural vibration period of the damaged structure is close to the predominant period of the aftershock. Analysis of many post-earthquake cases showed that the risk of structural failure from cumulative aftershock damage should not be ignored (Augenti and Parisi, 2010; Jing et al., 2011; Yu et al., 2013; Kossobokov and Nekrasova, 2019; Huang et al., 2020a). However, the seismic codes of most countries in the world mainly consider the effect of a single earthquake, without taking into account the potential damage from aftershocks.
In recent years, a large number of studies have been carried out to analyze the seismic performance of structures subjected to main-aftershock sequences (Aloisio et al., 2022; Aloisio et al., 2022; Torti et al., 2022; Tauheed and Alam, 2023). Wu and Ou (1993) proposed a method for determining the damage to reinforced concrete (RC) structures from the action of a main-aftershock and established a multi-layer RC structural model to conduct elastic–plastic time-history analyses. They found that aftershocks significantly increased the damage to the structure and concluded that it was critical to consider the effects of aftershocks in the design of collapse-resistant structures. Amadio et al. (2003) analyzed the dynamic response of a non-linear, single degree-of-freedom (DOF) steel frame system under the action of a main-aftershock sequence based on behavior factors and damage parameters. The equivalent single-DOF system underestimated the damage as the aftershock increased the degree of damage to the structure. Zhai et al. (2016) presented an inelastic single-DOF system with an input energy spectrum under the action of a main-aftershock. They quantitated the impact of the aftershocks on input energy, proposed a simplified expression of input energy, and verified the necessity of considering aftershocks in an energy-based seismic design. Qu and Pan (2022) investigated a vulnerability model considering the correlation between the maximum interlayer displacement and the residual displacement under the action of main-aftershocks. The building model has a higher probability of overrun after considering the correlation of the two indices. Afsar Dizaj et al. (2021) studied the vulnerability of aging concrete frames under the action of main-aftershocks by quantifying the damage state of corrosion variables. The PGA ratio of aftershocks to mainshocks played a key role in the assessment of the seismic vulnerability of aging in highly corroded RC frames.
The inter-story isolated structure is a kind of shock absorption technology used in the development of base isolated structures (De Luca and Guidi, 2019). Several studies on the principles and methods of analysis of inter-story isolated structures have been conducted by researchers all over the world. Zhou et al. (2009) proposed a method for the optimal design of isolation layers by establishing a simplified two-particle model and a multi-particle dynamic time-history analysis model, which verified the effectiveness of the inter-story isolated system in reducing earthquake damage. The damping effect was significantly detected when lowering the isolation layer position. Faiella et al. (2022) used the inter-story isolated system to retrofit a masonry structure and succeeded in significantly reducing the seismic response. Keivan et al. (2022) demonstrated the rate-independent linear damping of a 14-story inter-story isolation structure using a numerical model and real-time hybrid simulation of shaking table. They proved that rate-independent linear damping provided better control by limiting the displacement of the isolation layer without amplifying the acceleration. Wu et al. (2021) carried out shaking table test research with an inter-story isolated structure model on a foundation of soft soil. The floor acceleration and displacement responses of the isolation layer and the isolated structure under far-field, long-period, and ordinary ground motions were compared and analyzed, and the dynamic response law and damping effect of the pile–soil-–layer isolated structure was determined.
Structural reliability refers to the ability of a structure to perform a predetermined function in a specified time period or under specified conditions, which could be used to investigate the probability that the structure will not fail under specified conditions. Sun et al. (2013) reported the stationary random seismic response and dynamic reliability of isolated structures under different period ratios, yield-to-weight ratios, and damping ratios. The appropriate selection of the period ratio, yield/weight ratio, and damping ratio of the isolated structure led to an increase in the overall reliability of the structure. Dang et al. (2018) studied the reliability of isolated structures using statistical methods and probability. Although horizontal seismic action was reduced by 60–70%, the fortification targets of “no damage under moderate earthquake” and “no collapse under great earthquake” were not satisfied. Higher performance requirements for isolated buildings are necessary. Huang et al. (2019) employed a seismic damage model to determine reliability in terms of the resistance to progressive vertical collapse of a base-isolated frame shear wall structure. The quadratic fourth-moment method based on maximum entropy principles was used to calculate the probability of structural collapse, which provided a reliable basis for structural design and post-earthquake reinforcement. Jiang et al. (2018) discussed slope reliability analysis based on spatial variability modeling of undrained soil.
However, in most of the studies on inter-story isolated structures, inclusion of the effects of a main-aftershock sequence was rare. Herein, the inter-story isolation structure was taken as the research object, and a three-dimensional finite-element model was established. Under the main-aftershock sequence, the number of aftershocks, the position of the isolation layer, and the stiffness of the isolation bearing in the inter-story isolated structure were analyzed and evaluated by reliability probability.
2 METHODS AND MATERIALS
2.1 Engineering situations
A 12-story reinforced concrete frame model was used for analysis. According to Chinese standards for seismic isolation design of buildings (GB/T 51408-2021, Standard, 2021), the site classification was 2, the designed earthquake grouping was the second group, the site characteristic period was 0.4 s, and the designed basic acceleration was 0.2 g. The plane size of the structure was 30 m × 18 m, the first story was 3.6 m, the labeled story was 3.3 m, and the isolation layer was set on the top of the fourth story. The section size of the frame column of the first through fourth stories was 800 mm × 800 mm, the section size of the frame column of the fifth through seventh stories was 600 mm × 600 mm, and the section size of the beam was 300 mm × 600 mm. RC grade C30, with an elastic modulus; E0, of 3 × 104 N/mm2; compressive strength, fc of 14.3 N/mm2; tensile strength, ft = 1.43 N/mm2; and HRB400 steel, with an elastic modulus, E0, of 2 × 105 N/mm2, and yield strength, fy = 360 N/mm2. The isolation layer was set at the top of the third story, and the first-order vibration period of the story isolation structure was 2.74 s. The plane and vertical layout of the structure is shown in Figure 1. A rubber LRB600 isolation bearing was used with a thickness of 110 mm, vertical stiffness of 1581 kN/mm, pre-yield stiffness of 11.507 kN/mm, post-yield stiffness of 0.886 kN/mm, and a yield force of 90 kN.
[image: Figure 1]FIGURE 1 | Structural diagram.
2.2 Model establishment
In this study, the Abaqus finite element platform was used for finite element modeling. A beam element was used for the beam and column, a layered shell element was used for the floor, and the isolation bearing was simulated using connectors. Common node coupling was used between the components. The PQ-fiber (Qu and Ye, 2011) beam elements were used to reproduce the non-linearity of the structure. The constitutive models of steel and concrete were simulated by the Usteel02 Clough model for testing bearing capacity degradation (Clough, 1966; Liu et al., 1998; Qu and Ye, 2011) and the Uconcrete02 (McKenna, 1997; Qu and Ye, 2011) model for measuring tensile strength. The isolation bearing used a double-line model, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Structural non-linear constitutive relationships.
Figure 3 shows the hysteretic curve of the least favorable bearing under a rare earthquake event. The curve is full, indicating that the established isolated model has good seismic performance and energy dissipation capacity. The energy dissipated under the action of the main-aftershock was larger than that during the mainshock (Figure 3).
[image: Figure 3]FIGURE 3 | Hysteretic curve of structure.
2.3 Earthquake-induced ground motions
FEMA P58-1 (Fema, 2012) pointed out that when performing non-linear dynamic time-history analysis, if the response spectrum of the selected ground motion was well-fitted to the target response spectrum, the use of eleven or more ground motions per intensity level was sufficient to model the uncertainty effects of ground motions when there are few natural main-aftershock records. Thus, twenty ground motions were randomly selected from the ground motions recommended by Atc-63, and the repeated structure method was used to establish the main-aftershock sequence. The selected ground motions are listed in Table 1. The main-aftershock sequence of one aftershock GM_1 (1.00; 1.00) and two aftershocks GM_2 (1.00; 1.00; 0.8526) were created. GM_0, GM_1, and GM_2 were the single mainshock, the main-aftershock sequence of one aftershock, and the main-aftershock sequence of two aftershocks, respectively. The amplitude modulation coefficient 0.8526 was taken from the Gutenberg–Richter law (Gutenberg, 2013) and the Joyner–Boore empirical formula (Joyner and Boore, 1982), as shown in Figure 5. The selected ground motion included all types of far-field, near-field with pulses, and near-field without pulses. The acceleration response spectrum of the main-aftershock sequence is represented in Figure 4. In order to quit the structural response completely after the mainshock and restore the structure to the equilibrium position, a time interval of 40 s was set between the mainshock record and the aftershock record (Figure 5). The ground motion amplitudes were adjusted to 400 cm/s−2 and 600 cm/s−2, respectively, which were input into the finite-element model to obtain the response value of the inter-story isolated structure under the main-aftershock sequence.
TABLE 1 | Ground motion information.
[image: Table 1][image: Figure 4]FIGURE 4 | Acceleration response spectrum of main-aftershock sequence.
[image: Figure 5]FIGURE 5 | xample of acceleration time history of main-aftershock sequence.
3 STRUCTURAL RELIABILITY ANALYSIS METHOD
The common calculation methods of reliability included the first-order second-moment method, the second-order second-moment method, the second-order fourth-moment method, the response surface method, and the Monte Carlo method. In this study, the reliability of the inter-story isolated structure during a main-aftershock was analyzed by using the Laplace asymptotic method of second-order moment in the MATLAB program.
3.1 Basic principles of the Laplace asymptotic method
Suppose that [image: image] is an independent standard normal random variable, the performance function is [image: image]. The failure probability of the structure (Zhang and Jin, 2015; Zhang et al., 2022) is as follows:
[image: image]
When the Laplace asymptotic integral method is used to calculate the failure probability of multiple integral Eq. 1, the following Laplace integral with large parameter [image: image] should be used (Zheng et al., 2021):
[image: image]
The properties of Eq. 2 are determined by the properties in the field of the maximum position of the integrand. If the functions [image: image] and [image: image] are second-order and continuously differentiable, [image: image] is continuous, and [image: image] only takes the maximum value at a point [image: image] on the boundary of the integral domain [image: image], then the integral value of Eq. 2 can be asymptotically expressed (Su et al., 2018) as
[image: image]
among them
[image: image]
where matrix [image: image] is the adjoint matrix of matrix [image: image]:
[image: image]
To make use of Eq. 3, a large number [image: image] may be chosen such that
[image: image]
The Jacobi determinant of the transformation is [image: image]. Substituting Eq. 6 into Eq. 1, we obtain
[image: image]
Equation 7 is also the Laplace type integral shown in Eq. 2, and [image: image], [image: image]. The [image: image] function takes the maximum value at the coordinate origin [image: image] in the [image: image] space, while for the general structural reliability analysis problem, the [image: image] point is in the reliability domain, which indicates that [image: image] has a maximum value at a point [image: image] on the failure surfaces. Therefore, the integral value of the failure probability, pf, is mainly determined by the point [image: image] at which the failure surface [image: image] maximizes [image: image] and the geometric properties of the failure surface near [image: image]. From the geometric meaning of the reliability index, [image: image], this key point, [image: image], is the checking point of the structure in [image: image] space. If the performance function is quadratically derivable, according to Eq. 3, the asymptotic integral value of Eq. 7 is
[image: image]
among them
[image: image]
[image: image] is the adjoint matrix of [image: image]:
[image: image]
Substituting Eq. 9 into Eq. 8 and noting the geometric meaning of [image: image], [image: image], Eq. 8 can be written in [image: image] space:
[image: image]
among them
[image: image]
where [image: image] is the adjoint matrix of the matrix [image: image]:
[image: image]
Since [image: image] is generally a larger positive value, [image: image], Eq. 11 can also be expressed as
[image: image]
3.2 Limit state equation of an inter-story isolated structure
Generally, for RC structures, it is noted that the structural resistance obeys a lognormal distribution. The upper structure of the isolation layer and the lower structure of the isolation layer of the inter-story isolated structure were connected in series with the isolation layer (Wu et al., 2017). The failure mode is any substructure failure that leads to failure of the whole inter-story isolated structure. The performance function of the story isolation structure (Dang et al., 2018; Liu et al., 2019) is
[image: image]
In the formula, Rj represents the limit of each response value of the structure under different seismic levels, and Sj represents each response value of the structure under different seismic levels. The mean value of the resistance of the upper structure and lower structure of the isolated structure is within the Chinese standards for seismic isolation design of buildings (GB/T 51408-2021, 2021), and the coefficient of variation is 0.18 (Liu et al., 2017; Liu et al., 2019). The maximum shear strain of the isolation bearing did not exceed 3, and the coefficient of variation was 0.25 (Liu et al., 2017; Liu et al., 2019). The probability eigenvalue of each resistance in the isolated structure is given in Table 2.
TABLE 2 | Probabilistic characteristic parameters of structural limiting values.
[image: Table 2]4 THE INFLUENCE OF THE NUMBER OF AFTERSHOCKS ON THE SEISMIC ISOLATION INTERLAYER
4.1 Response probability distribution and parameters associated with the isolated structure
Since there are so few studies on the probability distribution type of the response of the isolated structure during an earthquake, we assumed that the upper and lower structures of the isolation layer were similar to those of the non-isolated structure. The upper structure and the lower structure were similar to the structures above and below the isolation layer, in that the interlayer displacement angle could better reflect the degree of damage to the structure. The maximum interlayer displacement angle was selected as the structural parameter, and the interlayer displacement angle of the isolated structure was assumed to obey the extreme value type I distribution. The maximum shear strain of the isolation bearing was selected as the isolation layer parameter, and it was assumed that the parameters of the isolation layer also obeyed the extreme value I distribution.
To test the hypothesis, the structural response obtained by time history analysis of the finite-element model was analyzed to determine the probability distribution characteristics of the isolated structure. The Lilliefors test in MatLab was employed to test the hypothesis for each response parameter. Consequently, each response parameter output, h = 0, indicated that under the confidence level of α = 0.05, the response parameters were unable to reject the null hypothesis. Each response parameter obeyed the extreme value type I distribution. The maximum likelihood estimation of the data samples was performed using the MLE function in MatLab to determine the mean and standard deviation of each response parameter under the extreme value type I distribution (Table 3).
TABLE 3 | Probabilistic characteristic parameters of structural response values.
[image: Table 3]4.2 Reliability of the inter-story isolated structure
Sj and Rj are listed in Tables 1 and 2 respectively. The failure probability, Pf , of each substructure under the action of a mainshock and a main-aftershock sequence at different seismic levels was obtained by the Laplace asymptotic method. The results are shown in Table 3. Table 4 shows that the failure probability of each substructure response at different seismic levels under the action of the main-aftershock sequence was higher than that under the action of a single mainshock. It can be seen from Table 4 that the failure probability under multiple aftershocks was close to that under a single aftershock, indicating that the largest aftershock has the major role. Under an extremely rare earthquake level, the failure probability of the lower structure of the isolation layer was significantly affected by the main aftershock sequence, which was 3.89 times that of under the action of the mainshock alone. At a rare earthquake level, the displacement of the isolation layer was minimally affected by aftershocks but was increased 1.7-fold under the action of single mainshock. To intuitively show the influence of aftershocks on the structure, a comparison of the reliability index of each substructure under the action of a single mainshock and a main-aftershock sequence at different seismic levels is shown in Figure 6. It can also be seen in Figure 6 that the reliability index under the action of a main-aftershock was smaller than with a main shock alone, indicating that aftershocks can make the structure unreliable. The reliability index for multiple aftershocks was almost the same as that of a single aftershock, which again shows that the structure was affected most by the strongest aftershock.
TABLE 4 | Failure probability of each substructure of inter-story isolated structure.
[image: Table 4][image: Figure 6]FIGURE 6 | Comparison of failure probability of each substructure.
The failure probability for maximum displacement of the isolation layer in each substructure of the inter-story isolated structure was the largest, and the reliability index was the smallest, indicating that the failure mode of the inter-story isolated structure could be attributed mainly to the deformation of the isolation bearing (Table 4 and Figure 5). An informed design of the isolation layer is crucial to the reliability of the inter-story isolated structure.
To verify the accuracy of the approximate calculation by the Laplace asymptotic method, the JC method and Monte Carlo method were compared in this paper (Figure 7). The results of the JC method and the Laplace asymptotic method were close to those of the Monte Carlo method, confirming the accuracy of the results obtained by the approximate calculation method. However, compared with the two methods, the results of the Laplace asymptotic method were more accurate. The second-order second-moment method could not utilize the local properties of the performance function near the design check point. The quadratic second-order moment method did take into account non-linear properties such as the concave direction and curvature of the limit state surface near the check point by calculating the second derivative of the performance function, thereby improving the accuracy of the reliability index.
[image: Figure 7]FIGURE 7 | Comparison of failure probability of different methods.
The inter-story isolated structure could be regarded as a series structure system. Assuming that there is no correlation between the failure modes of the inter-story isolated structure, the overall reliability probability of the story isolation structure is expressed as
[image: image]
In the formula, Ps is the reliability probability of the whole structure, Pfb is the failure probability of the upper structure, Pfs is the failure probability of the isolation layer, and Pfp is the failure probability of the lower structure. The failure probability of the maximum displacement of the isolation layer was utilized in the failure probability of the isolation layer. The reliability probability of the whole structure was calculated by using the Laplace asymptotic method, and the results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Comparison of reliability probability of the overall structure.
As shown in Figure 8, at the level of a rare earthquake, the reliability probability of the overall structure under the action of the mainshock was 0.985, the reliability probability under a single aftershock was 0.974, and the reliability probability under multiple aftershocks was 0.973. The effect of aftershocks reduced the reliability probability of the overall structure by 1.1%. At an extremely rare earthquake level, the reliability probability of the overall structure under the mainshock was 0.958, the reliability probability under a single aftershock was 0.914, and the reliability probability under multiple aftershocks was 0.913. The effect of aftershocks reduced the reliability probability of the overall structure by 4.4%. In summary, the reliability probability under multiple aftershocks was similar to that under a single aftershock, again confirming the importance of the largest aftershock in reliability. The influence of aftershocks should not be ignored in the design of a story isolation structure.
5 INFLUENCE OF ISOLATION LAYER POSITION ON THE RELIABILITY OF AN INTER-STORY ISOLATED STRUCTURE UNDER MAIN-AFTERSHOCK CONDITIONS
In order to explore the influence of different locations of the isolation layer on reliability under a main-aftershock, the reliability of inter-story isolated structures with isolation layers at the top of the first, fourth, and seventh stories were compared under mainshock and main-aftershock sequences. The mean and standard deviation of isolation layers at the top of the first, fourth, and seventh stories are shown in Tables 5 and 6.
TABLE 5 | Probabilistic characteristic parameters of structural response values of the isolation layer set in the first story.
[image: Table 5]TABLE 6 | Probabilistic characteristic parameters of structural response values of the isolation layer set in the seventh story.
[image: Table 6]The Laplace asymptotic method was used to calculate the failure probability Pf of each substructure of the inter-story isolated structure with the isolation layer at different positions (Table 7). For the lower structure, the failure probability increased with the increase of the setting position of the isolation layer under different seismic levels. For the upper structure, the failure probability decreased with the increase of the isolation layer position, except for the rare earthquake level main-aftershock. Under the action of the main-aftershock of the rare earthquake level, the failure probability was lowest when the isolation layer was at the top of the fourth story. When the isolation layer was at the top of the fourth layer, the failure probability of the isolation layer was the lowest, followed by the seventh layer. In order to show the influence of aftershocks more intuitively, the reliability index of each substructure is illustrated in Figure 9. It can be seen from Figure 8 that no matter where the isolation layer was located, the aftershocks significantly reduced the reliability index of the structure, making it unreliable.
TABLE 7 | Failure probability of isolation layers set at different stories.
[image: Table 7][image: Figure 9]FIGURE 9 | Comparison of failure probability with different isolation layer positions.
The overall reliability probability of different isolation layer locations was calculated using Eq. 16 and listed in Figure 10. Under the rare earthquake level, the overall reliability probability under the mainshock was the highest at 0.985 when the isolation layer was set at the fourth story, and the overall reliability probability under the main-aftershock was 0.974. At the extremely rare earthquake level, the reliability probability under the mainshock was the highest when the isolation layer was set at the top of the fourth story (0.958), and the reliability probability under the aftershock was 0.914. Under the rare earthquake level, aftershocks reduced the overall reliability probability of the isolation layer at the top of the first story by 1.36%, of the isolation layer at the top of the fourth story by 1.15%, and of the isolation layer at the top of the seventh story by 2.48%. Under the extremely rare earthquake level, aftershocks reduced the overall reliability probability of the isolation layer at the top of the first story by 4.8%, of the isolation layer at the top of the fourth story by 4.4%, and of the isolation layer at the top of the seventh story by 6.01%. Thus, precise isolation layer setting can reduce the impact of aftershocks.
[image: Figure 10]FIGURE 10 | Comparison of overall reliability probability with different isolation layer positions.
6 INFLUENCE OF STIFFNESS OF ISOLATION BEARING ON RELIABILITY OF INTER-STORY ISOLATED STRUCTURES UNDER MAIN-AFTERSHOCK SEQUENCES
In order to study the influence of the stiffness of the isolation bearing on the reliability of the inter-story isolated structure under main-aftershock conditions, the structural reliability was determined with the isolation structure set at the top of the fourth story for 50% (0.443 kN/mm), 100% (0.886 kN/mm) and 150% (1.329 kN/mm) of the designed post-yield stiffness. The mean and standard deviation for 50% and 150% stiffness are listed in Tables 8 and 9, respectively. The mean and standard deviation for 100% stiffness are shown in Table 3.
TABLE 8 | Probabilistic characteristic parameters of structural response values at 50% stiffness.
[image: Table 8]TABLE 9 | Probabilistic characteristic parameters of structural response values at 150% stiffness.
[image: Table 9]The failure probability of each substructure of the inter-story isolated structure under different bearing stiffness levels was calculated by the Laplace asymptotic method (Table 10). Regardless of the seismic conditions, the failure probability of the lower structure, the upper structure, and the isolation layer of the story isolation structure were lowest when the stiffness was 100% of the design stiffness. In order to show the influence of aftershocks more intuitively, the reliability index of each substructure is illustrated in Figure 11. As shown in Figure 10, regardless of the stiffness, the aftershocks significantly reduced the reliability index of the structure and made the structure unreliable.
TABLE 10 | Failure probability at different bearing stiffness levels.
[image: Table 10][image: Figure 11]FIGURE 11 | Comparison of failure probability with different bearing stiffness.
The overall reliability probability of different stiffness was calculated by Eq. 16 in Figure 11. As shown in Figure 12, under different seismic levels, the reliability probability was the highest for 100% stiffness, whether under mainshock only or with main-aftershocks. At the rare earthquake level, the aftershocks reduced the overall reliability probability at 50% stiffness by 2.65%, at100% stiffness by 1.15%, and at 150% stiffness by 1.68%. At the extremely rare earthquake level, aftershocks reduced the overall reliability probability at 50% stiffness by 7.88%, 100% stiffness by 4.4%, and 150% stiffness by 5.41%. Thus, the standard 100% stiffness of the isolation bearing will reduce the impact of aftershocks.
[image: Figure 12]FIGURE 12 | omparison of overall reliability probability with different bearing stiffness.
7 DISCUSSION
In this study, finite element software was utilized to establish an inter-story isolated structure model, and an elastic–plastic time history analysis was carried out at different seismic levels. The reliability probability of the structure under the action of a single mainshock and main-aftershock sequence was analyzed using the Laplace asymptotic method. The failure probability of each substructure of the inter-story isolated structure under the action of main-aftershock sequence was studied. However, the research was mainly about the numerical analysis of a framed inter-story isolation structure. Different structures or parameter settings might lead to errors in the results. Subsequently, the randomness of the structure was tested (Castaldo et al., 2015; Johari et al., 2021). The parameters of the random variables formed a sample space (Xu and Feng, 2018; Shi and Du, 2019; Amjadi and Johari, 2022) of randomly selected structural parameters and the shaking table test (Mei et al., 2018; Huang et al., 2020b) was used to verify the results of this study.
The overall reliability probability of the inter-story isolated structure under the action of a main-aftershock demonstrated that aftershocks have a strong influence on reliability probability. The construction of the main-aftershock sequence only used the repetition method for artificial synthesis. The main-aftershock sequence construction could also use natural ground motion (Goda and Taylor, 2012; Li et al., 2014), random artificial synthesis (Hatzigeorgiou and Beskos, 2009; Goda and Taylor, 2012), or attenuated artificial synthesis (Zhou et al., 2018; Chang et al., 2020). The influence of the main-aftershock sequence as constructed by other methods on structural reliability needs further study.
The JC method in the linear second-order moment method, the Laplace asymptotic method in the quadratic second-order moment method, and the Monte Carlo method were used to calculate reliability. However, there are many other calculation methods for reliability such as the response surface method (Olsson et al., 2003) and the probability density evolution method (Gu et al., 2018; Pang et al., 2018; Ye et al., 2021; Chang et al., 2022). Different methods with specific influences on the failure probability of the structure could be tested in subsequent research.
The selection of statistical parameter indices could have a certain impact on the results of reliability analysis. In this study the response value of the elastic–plastic time history of the structure was analyzed, and the damage model (Liu et al., 2015; Du et al., 2016; Huang et al., 2020c; Hua and Ye, 2022) considered the maximum deformation and cumulative hysteretic energy of the structure at the same time. Damage could be used as a parametric index for reliability analysis in subsequent studies.
8 CONCLUSIONS
In this study, the three-dimensional finite element model of an inter-story isolated structure was established and an elastic–plastic time history analysis was carried out. The seismic response parameters of the structure were obtained, and the probability distribution types and probability characteristic parameters were evaluated. The reliability of the inter-story isolated structure under a single mainshock and main-aftershock sequences was obtained using the Laplace asymptotic method, and the influence of aftershock number, isolation layer location, and stiffness of isolation bearing on the structure was determined. From the results of the aforementioned calculations and analysis, the following conclusions can be drawn:
(1) Aftershocks increase the failure probability of each substructure under different seismic levels. The failure probability of the lower structure was the most affected by the main-aftershock sequence, which was 3.89 times that of the mainshock alone. The failure probability of the maximum displacement of the isolation layer in each substructure of the inter-story isolated structure was the largest, which indicates that the failure mode of the inter-story isolated structure was mainly the deformation overrun of the isolation bearing. The reliability probability of multiple aftershocks was similar to that of a single aftershock, indicating that the largest aftershock plays a major role in reliability.
(2) The Laplace asymptotic method is highly accurate. The quadratic second-order moment method considers the concave direction, curvature, and other non-linear properties of a limit state surface near the checking point by calculating the second derivative of the performance function, which improved the accuracy of reliability compared with the linear second-order moment method.
(3) At the rare earthquake level, aftershocks reduced the overall reliability probability of the isolation layer at the top of the first story by 1.36%, the fourth story by 1.15%, and the seventh story by 2.48%. Under an extremely rare earthquake event, aftershocks reduced the overall reliability probability of the isolation layer at the top of the first story by 4.8%, the fourth story by 4.4%, and the seventh story by 6.01%. Choosing the optimal isolation layer setting can reduce the impact of aftershocks.
(4) At the rare earthquake level, aftershocks reduced the overall reliability probability of 50% stiffness by 2.65%, 100% stiffness by 1.15%, and 150% stiffness by 1.68%. Under an extremely rare earthquake event, aftershocks reduced the overall reliability probability at 50% stiffness by 7.88%, at 100% stiffness by 4.4%, and at 150% stiffness by 5.41%. Choosing the optimal stiffness of the isolation bearing can reduce the influence of aftershocks. For the proper application of an inter-story isolation structure, a reasoned isolation layer design is critically important for structural reliability.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
FY, DL, CL, and SY contributed to conception and design of the study. FY wrote the first draft of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.
FUNDING
The writers gratefully acknowledge the financial support of the Humanities and Social Science Research Project of Hebei Education Department (SZ2021012).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Afsar Dizaj, E., Salami, M. R., and Kashani, M. M. (2021). Seismic vulnerability assessment of ageing reinforced concrete structures under real mainshock-aftershock ground motions. Struct. Infrastructure Engineering1 17, 1674. doi:10.1080/15732479.2021.1919148
 Aloisio, A., Contento, A., Alaggio, R., Briseghella, B., and Fragiacomo, M. (2022). Probabilistic assessment of a light-timber frame shear wall with variable pinching under repeated earthquakes. J. Struct. Eng. 148, 4022178. doi:10.1061/(asce)st.1943-541x.0003464
 Aloisio, A., Pelliciari, M., Bergami, A. V., Rocco, A., Bruno, B., Massimo, F., et al. (2022). Effect of pinching on structural resilience: Performance of reinforced concrete and timber structures under repeated cycles. Struct. Infrastructure Eng. 17, 1. doi:10.1080/15732479.2022.2053551
 Amadio, C., Fragiacomo, M., and Rajgelj, S. (2003). The effects of repeated earthquake ground motions on the non-linear response of SDOF systems. Earthq. Eng. Struct. Dyn. 32, 291–308. doi:10.1002/eqe.225
 Amjadi, A. H., and Johari, A. (2022). Stochastic nonlinear ground response analysis considering existing boreholes locations by the geostatistical method. Bull. Earthq. Eng. 20, 2285–2327. doi:10.1007/s10518-022-01322-1
 Augenti, N., and Parisi, F. (2010). Learning from construction failures due to the 2009 L’Aquila, Italy, earthquake. J. Perform. Constr. Facil. 24, 536–555. doi:10.1061/(asce)cf.1943-5509.0000122
 Castaldo, P., Palazzo, B., and Della Vecchia, P. (2015). Seismic reliability of base-isolated structures with friction pendulum bearings. Eng. Struct. 95, 80–93. doi:10.1016/j.engstruct.2015.03.053
 Chang, Z., Catani, F., Huang, F., Liu, G., Meena, S. R., Huang, J., et al. (2022). Landslide susceptibility prediction using slope unit-based machine learning models considering the heterogeneity of conditioning factors. J. Rock Mech. Geotechnical Eng . doi:10.1016/j.jrmge.2022.07.009
 Chang, Z., Du, Z., Zhang, F., Huang, F., Chen, J., Li, W., et al. (2020). Landslide susceptibility prediction based on remote sensing images and GIS: Comparisons of supervised and unsupervised machine learning models. Remote Sens. 12, 502. doi:10.3390/rs12030502
 Clough, R. W. (1966). Effect of stiffness degradation on earthquake ductility requirements. Proc. Jpn. Earthq. Eng. symposium 2, 35. doi:10.1002/eqe.4290020104
 Dang, Y., Zhang, Z., and Tao, L. (2018). Study on aseismic relibaility of isolated structures based on probability statistics method. Eng. Mech. 35, 146–154. doi:10.6052/j.issn.1000-4750.2017.07.0591
 De Luca, A., and Guidi, L. G. (2019). State of art in the worldwide evolution of base isolation design. SOIL Dyn. Earthq. Eng. 125, 105722. doi:10.1016/j.soildyn.2019.105722
 Du, D., Wang, S., and Liu, W. (2016). Reliability-based damage performance of base-isolated structures. J. Vib. Shock 35, 222–227. 
 Faiella, D., Calderoni, B., and Mele, E. (2022). Seismic retrofit of existing masonry buildings through inter-story isolation system: A case study and general design criteria. J. Earthq. Eng. 26, 2051–2087. doi:10.1080/13632469.2020.1752854
 Fema, P. (2012). Seismic performance assessment of buildings Volume 1-Methodology. California: Applied Technology Council. 
 Goda, K., and Taylor, C. A. (2012). Effects of aftershocks on peak ductility demand due to strong ground motion records from shallow crustal earthquakes. Earthq. Eng. Struct. Dyn. 41, 2311–2330. doi:10.1002/eqe.2188
 Gu, Z., Wang, S., and Du, D. (2018). Random seismic responses and reliability of isolated structures based on probability density evolution method. J. Vib. Shock 37, 97–103. 
 Gutenberg, B. (2013). Seismicity of the earth and associated phenomena. ENGLAND: Read Books Ltd. 
 Hatzigeorgiou, G. D., and Beskos, D. E. (2009). Inelastic displacement ratios for SDOF structures subjected to repeated earthquakes. Eng. Struct. 31, 2744–2755. doi:10.1016/j.engstruct.2009.07.002
 Hua, W., and Ye, X. (2022). Study on two-parameter criterion of reticulated shell structures under earthquake action based on Park-Ang damage model. Eng. Mech. 39, 48–57. doi:10.6052/j.issn.1000-4750.2021.05.0375
 Huang, F., Cao, Z., Guo, J., and Jiang, S. H. (2020a). Comparisons of heuristic, general statistical and machine learning models for landslide susceptibility prediction and mapping. CATENA 191, 104580. doi:10.1016/j.catena.2020.104580
 Huang, F., Cao, Z., Jiang, S., Zhou, C., Huang, J., and Guo, Z. (2020b). Landslide susceptibility prediction based on a semi-supervised multiple-layer perceptron model. Landslides 17, 2919–2930. doi:10.1007/s10346-020-01473-9
 Huang, F., Zhang, J., Zhou, C., Wang, Y., Huang, J., and Zhu, L. (2020c). A deep learning algorithm using a fully connected sparse autoencoder neural network for landslide susceptibility prediction. Landslides 17, 217–229. doi:10.1007/s10346-019-01274-9
 Huang, X., Wang, N., and Du, Y. (2019). Reliability analysis of the vertical progressive collapse of base-isolated frame-wall structures under earthquakes. Eng. Mech. 36, 89–94. doi:10.6052/j.issn.1000-4750.2018.07.0389
 Jiang, S., Huang, J., Huang, F., Yang, J., Yao, C., and Zhou, C. B. (2018). Modelling of spatial variability of soil undrained shear strength by conditional random fields for slope reliability analysis. Appl. Math. Model. 63, 374–389. doi:10.1016/j.apm.2018.06.030
 Jing, L., Liang, H., Li, Y., and Liu, C. (2011). Characteristics and factors that influenced damage to dams in the Ms 8.0 Wenchuan earthquake. Earthq. Eng. Eng. Vib. 10, 349–358. doi:10.1007/s11803-011-0071-3
 Johari, A., Amjadi, A. H., and Heidari, A. (2021). Stochastic nonlinear ground response analysis: A case study site in Shiraz, Iran. Sci. Iran. 28, 2070–2086. 
 Joyner, W. B., and Boore, D. M. (1982). Prediction of earthquake response spectra: US geological survey open-file report. Reston, Virginia: U.S. Geological Survey. 
 Keivan, A., Zhang, R., Keivan, D., Phillips, B. M., Ikenaga, M., and Ikago, K. (2022). Rate-independent linear damping for the improved seismic performance of inter-story isolated structures. J. Earthq. Eng. 26, 793–816. doi:10.1080/13632469.2019.1693444
 Kossobokov, V. G., and Nekrasova, A. K. (2019). Aftershock sequences of the recent major earthquakes in New Zealand. PURE Appl. Geophys. 176, 1–23. doi:10.1007/s00024-018-2071-y
 Li, Y., Song, R., and Van De Lindt, J. W. (2014). Collapse fragility of steel structures subjected to earthquake mainshock-aftershock sequences. J. Struct. Eng. 140, 4014095. doi:10.1061/(asce)st.1943-541x.0001019
 Liu, B., Bai, S., and Xu, Y. (1998). Expermental study of low-cyclic behavior of concrete columns. Earthq. Eng. Eng. Dyn. 89, 82. doi:10.13197/j.eeev.1998.04.012
 Liu, X., Zhang, Y., and Liu, Y. (2017). Random response and dynamic reliability of story isolation structure. J. Guangzhou Univ. Sci. Ed. 16, 50–55. 
 Liu, Y., Liu, W., and He, W. (2015). Damage performance evaluation of eccentric isolated struture system considering impact under long-period ground motions. J. Vibartion Eng. 28, 910–917. doi:10.16385/j.cnki.issn.1004-4523.2015.06.008
 Liu, Y., Liu, X., and Tan, P. (2019). Dynamic reliability for inter-story hybrid isolation structure. J. Vib. Eng. 32, 324–330. doi:10.16385/j.cnki.issn.1004-4523.2019.02.016
 McKenna, F. T. (1997). Object-oriented finite element programming: Frameworks for analysis, algorithms and parallel computing. Berkeley: University of California. 
 Mei, Z., Hou, W., and Guo, Z. (2018). Shaking table tests and dynamic reliability analysis for aseismic structures with viscous dampers. J. Vib. Shock 37, 136–142. doi:10.13465/j.cnki.jvs.2018.03.022
 Olsson, A., Sandberg, G., and Dahlblom, O. (2003). On Latin hypercube sampling for structural reliability analysis. Struct. Saf. 25, 47–68. doi:10.1016/s0167-4730(02)00039-5
 Pang, R., Xu, B., Zou, D., and Kong, X. (2018). Stochastic seismic performance assessment of high CFRDs based on generalized probability density evolution method. Comput. GEOTECHNICS 97, 233–245. doi:10.1016/j.compgeo.2018.01.016
 Qu, J., and Pan, C. (2022). Incremental dynamic analysis considering main aftershock of structures based on the correlation of maximum and residual inter-story drift ratios. Appl. Sci. 12, 2042. doi:10.3390/app12042042
 Qu, Z., and Ye, L. (2011). Strength deterioration model based on effective hysteretic energy dissipation for RC members under cyclic loading. Eng. Mech. 28, 45–51. 
 Shi, C., and Du, Y. (2019). Robustness analysis on progressive collapse of isolation structure based on double randomness of structure and seismic wave. J. Hunan Univ. Sci. 46, 11–20. doi:10.16339/j.cnki.hdxbzkb.2019.09.002
 Shin, T., and Teng, T. (2001). An overview of the 1999 chi-chi, taiwan, earthquake. Bull. Of Seismol. Soc. Of Am. 91, 895–913. doi:10.16339/j.cnki.hdxbzkb.2019.09.002
 Standard (2021). Standard for seismic isolation design of building: GB/T 51408-2021. Beijing: Beijing Jihua Presss. 
 Su, Y., Li, S., and Su, Y. (2018). Second-order second-moment evaluation method for failure probability of rock-soil structure. J. Hunan Univ. Sci. 45, 120–126. doi:10.16339/j.cnki.hdxbzkb.2018.11.015
 Sun, Z., Liu, W., and Wang, S. (2013). Parametric optimization of a base-isolated structure based on system reliability. J. Vib. Shock 32, 6–10. 
 Tauheed, A., and Alam, M. (2023). “Seismic response of RC frame with stiffness irregularity under sequential loading of main shock and repeated aftershocks,” in International Conference on Advances in Structural Mechanics and Applications. Springer,  (Germany, 06-08 October) (Berlin: ASMA), 17–38.
 Torti, M., Sacconi, S., Venanzi, I., and Ubertini, F. (2022). Monitoring-informed life-cycle cost analysis of deteriorating RC bridges under repeated earthquake loading. J. Struct. Eng. 148, 4022145. doi:10.1061/(asce)st.1943-541x.0003449
 Wu, B., and Ou, J. (1993). Response and damage analysis of reinforced concrete structures under main shock and aftershocks. J. Build. Eng. 53, 45. doi:10.15959/j.cnki.0254-0053.1993.04.008
 Wu, D., Li, J., Tan, P., Yan, X., Wei-gang, H., et al. (2017). Seismic vulnerability analysis of series isolated structural systems. Eng. Mech. 34, 227–232. doi:10.6052/j.issn.1000-4750.2016.04.S047
 Wu, Y., Zheng, Z., and Yan, G. (2021). Shaking table test of pile-soil inter-story isolated structure under far-field long-period ground motion. J. Build. Eng. 42, 11–22. doi:10.14006/j.jzjgxb.2020.0474
 Xu, J., and Feng, D. (2018). Seismic response analysis of nonlinear structures with uncertain parameters under stochastic ground motions. SOIL Dyn. Earthq. Eng. 111, 149–159. doi:10.1016/j.soildyn.2018.04.023
 Ye, D., Liu, Y., and Qin, X. (2021). Random response analysis of base-isolated structures based on probability density evolution. China Earthq. Eng. J. 43, 1487–1494. doi:10.3969/j.issn.1000-0844.2021.06.1487
 Yu, H., Tao, K., and Cai, C. (2013). Focal mechanism solutions of the tohoku—oki earthquake sequence and their geodynamical implications. Chin. J. Geophys. 56, 2655–2669. doi:10.6038/cjg20130815
 Zhai, C., Ji, D., Wen, W., Lei, W., Xie, L., and Gong, M. (2016). The inelastic input energy spectra for main shock–aftershock sequences. Earthq. SPECTRA 32, 2149–2166. doi:10.1193/121315eqs182m
 Zhang, D., Shu, S., and Gong, W. (2022). Reliability analysis of slope based on neural network and Laplace asymptotic method. J. Civ. Eng. Manag. 39, 131–136. doi:10.13579/j.cnki.2095-0985.2022.20210982
 Zhang, M., and Jin, F. (2015). Structural reliability calculation. Beijing: Science Press. 
 Zheng, W., Lu, J., and Li, S. (2021). Improved second-order second-moment method applying to reliability analysis for slope project. J. Civ. Eng. Manag. 38, 205–210. doi:10.13579/j.cnki.2095-0985.2021.02.029
 Zhou, F., Zhang, Y., and Tan, P. (2009). Theoretical study on story isolation system. China Civ. Eng. J. 42, 1–8. doi:10.15951/j.tmgcxb.2009.08.008
 Zhou, Z., Yu, X., and Lv, D. (2018). Fragility analysis and safety evaluation of reinforced concrete frame structures subjected to mainshock-aftershock earthquake sequences. Eng. Mech. 35, 134–145. doi:10.6052/j.issn.1000-4750.2017.07.0588
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Yang, Li, Wang, Liu, Yao, Li, He, Huo and Lei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 09 May 2023
doi: 10.3389/feart.2023.1147124


[image: image2]
The effect of double-row wing bag sand barrier on wind prevention and sand fixation: wind tunnel simulation and field verification
Xue-Ying Han1,2, Wen-Bin Yang3, Tian-Xiao Gao1, Guang-Pu Jia2 and Jing Liu1*
1College of Desert Control Science and Engineering, Inner Mongolia Agricultural University, Hohhot, China
2College of Life Science, Yulin University, Yulin, China
3Institute of Desertification Studies, Chinese Academy of Forestry, Beijing, China
Edited by:
Faming Huang, Nanchang University, China
Reviewed by:
Ren Jie Chin, Tunku Abdul Rahman University, Malaysia
Xiaoshen Xie, Xi’an University of Science and Technology, China
* Correspondence: Jing Liu, ljing58@126.com
Received: 18 January 2023
Accepted: 12 April 2023
Published: 09 May 2023
Citation: Han X-Y, Yang W-B, Gao T-X, Jia G-P and Liu J (2023) The effect of double-row wing bag sand barrier on wind prevention and sand fixation: wind tunnel simulation and field verification. Front. Earth Sci. 11:1147124. doi: 10.3389/feart.2023.1147124

Introduction: Most of the sand fixation technologies utilized locally and internationally are static or dynamic, making it challenging for a single sand fixation mode to function in a harsh environment. Therefore, the development of a sand fixation mode that combines resistance and consolidation has emerged as a trending topic in sand control research. Our team developed the wing bag sand barrier, which is a static and dynamic combination of sand fixation mode.
Methods: In this study, we examined the characteristics of airflow velocity field and sand resistance near double-row wing bag sand barrier under different wind conditions to screen out the optimal mode of wing bag sand barrier. The analyses were conducted under nine configuration modes through the wind tunnel simulation experiment and the field experiment.
Results: The inflection point of the airflow was always 5H on the windward side of the wing bag sand barrier, regardless of the wind speed. The protection range of the wing bag sand barrier with the same specifications was gradually weakened with the increase of the wind speed. However, there was an upward trend in both total sand accumulation and sand accumulation of each height layer. When the wind speed was slower than 8 m/s, the sand accumulation behind the barrier was mainly concentrated in the 0–10 cm height layer, and when the wind speed was 12 m/s, it was mainly concentrated in the 30–60 cm height layer. At the leeward side of the wing bag sand barrier, sand particles were rejected in the range of 0–30 cm; however, they were conducted in the range of 30–60 cm. The protective effect of the wing bag sand barrier simulated in the wind tunnel experiment was consistent with that of the field experiment.
Discussion: For a wind speed of slower than 6 m/s, the recommended specification for the field-installed wing bag sand barrier was 25 cm × 20 cm or 30 cm × 20 cm. The specifications 25 cm × 20 cm and 25 cm × 25 cm were recommended at an inlet wind speed of 8 m/s. When the wind speed was greater than 12 m/s, the recommended specifications were 25 cm × 25 cm, 25 cm × 20 cm, and 20 cm × 25 cm.
Keywords: desertification, wing bag sand barrier, protection effect, wind tunnel simulation, Ulan Buh Desert
1 INTRODUCTION
China is one of the countries with the largest area of desertification in the world, covering around 2.7 million km2, which accounts for 27% of the total land area. The desertification in China has severely threatened the country’s ecological security and sustainable economic and social development activities. Wind erosion is one of the main forms of sandy desertification caused by wind-blown sand movement and is the main contributing factor to desertification in China. About 70% of the desertified area (1.832 million km2) in China has been caused by wind erosion (Yang, 2016; Guo, 2021).
Frequent and severe wind and sand activities in arid and semi-arid areas have damaged roads, railways, power transmission towers, and farmland in these regions (Gao, 2022). The wind-sand disaster prevention system can be divided into three categories: mechanical, biological, and chemical. The mechanical sand control system is the leading wind-sand disaster prevention system owing to its low price, convenient construction, quick effect, and less environmental pollution (Wu et al., 2003; Qu et al., 2014). The sand barrier is also called a mechanical sand barrier or wind barrier and is one of the main engineering sand fixation measures (Sun et al., 2012; Han et al., 2021a). It is constructed on the sand surface using firewood, straw, clay, branches, slats, pebbles, and other materials (Wu, 2003; Li et al., 2022).
According to Neuman et al. (2013), the roughness elements on the surface can significantly reduce the transport and migration of fine-grained sediments under wind action. Hu et al. (2002) conducted a comprehensive study on the protection techniques for preventing highway sand disasters. They observed a 26.1%–71.3% decrease in sediment transport following setting up a mechanical sand barrier which led to an increase in the surface roughness by 40–88 times compared to the mobile dune (Hu et al., 2002). A study by Li J Y et al. (2020) found that mechanical sand barriers have a clear positive impact on sand fixation and control and can effectively reduce wind erosion and improve the ecological environment. In addition to mechanical sand barriers, there are other types of traditional sand barriers, such as grass-checkered sand barriers (Qiu, 2004; Xu et al., 2018; Wang et al., 2020; Wang et al., 2021), clay sand barriers (Chang et al., 2000; Liu, 2008), geotechnical sand barriers (Dong et al., 2007; Bai, 2009; Nie, 2012), living sand barriers (Miao et al., 2018; Wang et al., 2018), branch sand barriers (Meng et al., 2014; Shi et al., 2021; Liang et al., 2022) and gravel sand barriers (Zhang et al., 2012; Li et al., 2022). All these traditional sand barriers have good wind-proof and sand-fixing effects. However, the above-mentioned traditional sand barriers have many drawbacks, such as being vulnerable to various forms of damage, degrading readily, being difficult to construct, having short material life, being expensive, and having limited practical applications (Dong, 2004). Therefore, developing advanced and efficient sand-fixing materials without the aforementioned drawbacks is urgently required to replace the conventional sand-fixing materials employed in current wind-sand disaster prevention and control systems.
A static sand fixation approach is used in conventional sand fixation methods, such as grass-checkered sand barriers or clay and gravel. In conventional sand fixation methods, sand mobility is very strong, and the sand burial process is passive (Wu, 2009). Plant sand fixation methods are dynamic and have strict environmental requirements during planting; hence, they cannot be applied under harsh natural environments (Luo, 2005). Therefore, it is crucial to develop a low-cost sand fixation technology that can adapt to the fluidity of sand and collect sand in situ. In the future, dynamic and static sand fixation methods will be the key breakthrough direction of desertification control research.
Wing bag sand barrier is developed based on the conventional sand barrier and consists of dynamic and static sand-fixing methods deviating from the standard approach of the single sand-fixing mode concept of a mechanical sand barrier (Yang et al., 2017). It is a new type of sand barrier with wind and sand resistance properties and has multiple benefits, including long service life, resistance to aging, convenient construction, durability, and controllable porosity (Gao, 2021). In the wing bag sand barrier, a wing is attached to the traditional bag-shaped sand barrier that can fluctuate with the wind (Han et al., 2021b). The wing attached to the sand barrier can make the sand wind more resistant and slow it down layer by layer, which will cause sand to settle in the bottom bag. The wing can reduce the wind by fluctuating, which also improves its wind-proof and sand-fixing effects (Gao et al., 2019). Furthermore, the coast can be reduced by increasing the distance between the two rows of sand barriers. Unlike other sand barriers, the size and the height of the wing bag sand barrier can be adjusted according to the topography and wind speed, which are not subject to the specifications and materials of the wing bag sand barrier. The selection of materials for the wing bag depends entirely on the location of the barrier and the climatic zone, and both can influence the best protective effect.
At present, the wing bag sand barrier technology has International and Chinese patent authorization and the support for significant special achievement authentication from the Ministry of Science and Technology and the Inner Mongolia Science and Technology Office. Nevertheless, the optimum specifications required to achieve the best protective effect by the wing bag sand barrier under different wind conditions are still unknown. Therefore, the main purpose of this study is to determine the best combination mode between the wing bag sand barrier bottom pocket diameter and the wing height under different wind conditions. This study carried out the wind tunnel simulation, field measurement of airflow velocity, and sand resistance characteristics near the double-row wing bag sand barrier under nine configuration modes. Furthermore, the airflow movement law, the action law of wind sand flow under the action of wing bag sand barrier, and its sand resistance efficiency were also analyzed. The study provides new ideas and techniques that can be applied to prevent and control sand disasters, and the theoretical basis and data support for the application of wing bag sand barriers in the future.
2 MATERIALS
The wing bag sand barrier was built using a biodegradable plant base as raw material, which is decomposed into carbon dioxide and water by microorganisms in the soil. This is an environmentally friendly biological sand control material as it is non-toxic and does not cause pollution (Figure 1A). Based on the wind tunnel simulation the field test material was thickened, and weather and wind erosion resistivity were enhanced to better adapt to the harsh field environment (Figure 1B).
[image: Figure 1]FIGURE 1 | Experiment diagram of wing bag sand barrier. Note: (A) wind tunnel test chart, (B) field layout of wing bag sand barrier.
3 METHODS
3.1 Construction and setting up of the wing bag sand barrier model
The wing bag sand barrier is a new type of combined sand barrier with two parts: the bottom bag and the wing. The bottom bag can fix the quicksand, and the wing can eliminate the wind by fluctuating. As a result, the conventional static sand fixation approach is transformed into a dynamic sand fixation. The field experiment was conducted at three bottom bag diameters (20 cm, 25 cm, 30 cm) and three wing heights (20 cm, 25 cm, 30 cm), with a total of nine configurations. A ratio of 1:2 (equal scale reduction) was employed between the wind tunnel simulation test and field-measured data to maintain comparability between the two data sets in the sand barrier model. For example, a 20 cm × 20 cm wing bag sand barrier was used in the modeling process (Figure 2). The dimensions of the material used in the sand barrier preparation were 10 m (Figure 2A) × 1.02 m (Figure 2B). Two 0.05-m adhesive strips were stitched on both ends of the material (Figure 2C), and the distance between the two adhesive strips was the wing height (Figure 2D). In the field construction, the sand barrier bottom belt (Figure 2E) was first irrigated before being filled with sand (Figure 2F) collected from the site. The sand content of the bottom belt exceeded 95% after joining the two rows of the adhesive belt. Secondly, the shrapnel (Figure 2G) was inserted up to 2/3 of the bottom pocket, and the top of the shrapnel was flush to the top of the adhesive tape to increase the wing strength. The spacing between the shrapnel (Figure 2H) was 0.3 m. Finally, the modeling was completed by gluing the double rows of adhesive tape. The wing bag sand barrier was simple to operate and implement in the field.
[image: Figure 2]FIGURE 2 | Wing sand barrier production flow chart (taking the size of 20 cm × 20 cm as an example). Note: (A) denotes the length of the material used (10 m), (B) denotes the width of the material used (1.02 m), (C) denotes reserve wing height (0.2 m), (D) denotes the width of the sticky bag (0.05 m), (E) denotes the circumference of the bottom belt (circumference 0.62 m), (F) denotes sand, (G) denotes the wing shrapnel which is made up with wire mesh (0.26 m × 0.05 m), (H) denotes width between two shrapnel (0.3 m), and (I) denotes the bottom band diameter (20 cm).
3.2 Wind tunnel simulation experiment
The wind tunnel (Shapotou Soil Wind Tunnel Laboratory, Institute of Environment and Engineering in Cold and Arid Regions, Chinese Academy of Sciences) (Figure 1A) used in this experiment was initially built in 1990 and was expanded in 2003. It is a DC closed-blowing, low-speed tunnel and is composed of five parts: power section, rectifier section, sand supply device, experimental section, and diffusion section. The other features of the wind tunnel are as follows: the total length is 40 m, the length of the experimental section is 21 m, the cross-sectional area is 1.2 m × 1.2 m, and the thickness of the boundary layer is 50 cm. Wind speed can be adjusted continuously from 0 to 40 m/s. The experiment can be synchronized through the speed control module. The source and the particle characteristics of sand material do not impact the wind tunnel experiment of the wing bag sand barrier. The sand material used in the wind tunnel experiment was obtained from Tengger Desert, China.
The main topics of wind-sand physics research have always been the wind velocity profile and wind-sand flow structure. In this study, the wind velocity profile and wind-sand flow structure were changed at different points to reflect the effect of the wing bag sand barrier on preventing wind and sand. Specific observation points are as follows:
(1) Airspeed: The clean air free of sand and other impurities has nine modes of wind speed. Three wind speed grades of 6, 8, and 12 m/s were selected for the present experiment. Once the airflow was stabilized, the wind speed started to blow. The recording frequency and recording time of wind speed were 1 and 20 s, respectively. The wind speed was measured using a sand prevention wind speed profile and a pitot tube connected with a digital pressure acquisition instrument. The computer automatically recorded acquisition heights at 0.4, 0.8, 1.2, 1.6, 3.2, 6.4, 12, 20, 35, and 50 cm (Figure 3). The measuring points before the model were 0.5H, 1H, 2H, 3H, and 5H, and after the model were 0.5H, 1H, 1.5H, 2H, 2.5H, 3H, 4H, 4.5H, 0.5H, 1H, 2H, 3H, 5H, 7H, and 10H (H is the model height) (Figure 3).
(2) Aeolian sand flow: Without using a model, the aeolian sand flow was measured before and after the cavity under carrying wind and sand conditions. Three wind speeds applied were 6, 8, and 12 m/s, and the corresponding steady blowing times were 10, 5, and 3 min. The structure of aeolian sand flow was measured by a continuous equal-step sand collector. The aeolian sand flow observation position was 1 m behind each row of sand barrier (Figure 3). The sand collector had a height of 60 cm (60 layers) and a cross-section of 0.5 cm × 1 cm.
[image: Figure 3]FIGURE 3 | Layout diagram of measuring points of wind cup in the wind tunnel test.
3.4 Sand barrier rejection rate/conductivity rate
The concept of rejection rate is proposed as it is assumed that the erosion process of surface sand is the superposition effect caused by pure wind shear stress and sand-bearing wind impact wear (McEwan and Willetts, 1993). That is, the number of eroded sand particles passed through the sand barrier can be calculated as the proportion of trapped/transported sand particles to the total sand. The formula is as follows (Eq. 1):
[image: image]
Where, n is the sand barrier interception rate/conductivity; W is the open-air sediment transport flux at the same height, g/(cm2·min); Q is the residual sediment transport flux after the influence of the sand barrier, g/(cm2·min).
4 RESULTS
4.1 Variation of the horizontal airflow velocity field in the wing bag sand barrier
The horizontal airflow field of the wing bag sand barrier was investigated under nine different configuration modes and three bandwidth spacing modes. After that, the optimal configuration mode and the layout spacing of the wing bag sand barrier were selected under various wind conditions.
4.1.1 Variation of the horizontal airflow velocity field of the wing bag sand barrier with different configurations
Figure 4 shows the horizontal airflow velocity field of the double-row wing bag sand barrier (distance 1.5 m) under wind speeds of 6, 8, and 12 m/s. The flow field characteristics of the wing bag sand barrier were similar under different configuration modes. The airflow started fluctuating at −5H, and the inflection point appeared at −2H. Due to the interference of the sand barrier, the lower airflow steadily raised, resulting in a strong airflow area at the top of the sand barrier. The wind speed decreased sharply when airflow passed through the barrier, and weak and calm wind regimes were developed inside and behind the barrier. The airflow returned to its original state as it moved away from the barrier.
[image: Figure 4]FIGURE 4 | Horizontal airflow velocity field of wing bag sand barrier at different configuration modes.
In the same configuration mode, the protection range of the wing bag sand barrier was decreased by 2–4H with the increase in wind speed. However, the varying wind speed had little impact on the airflow field’s variation. Also, the specific value of the disturbance effect of the wing on the wind speed was unaffected by the wind speed. The protection range of the nine configuration modes exceeded 16H when the wind speed was 6 m/s. For the wing bag sand barrier with specifications of 10 cm × 15 cm and 12.5 cm × 10 cm, the wind speed was only 2.78 and 3.24 m/s at the height of 50 cm of the measuring point within 16H. The inlet wind speed reached 8 m/s for three wing bag sand barrier specifications: 12.5 cm × 10 cm, 12.5 cm × 12.5 cm, and 10 cm × 15 cm. The thickness and protection distance of the static wind layer on the ground near the leeward side of the second-row sand barrier were better than those of the other configuration modes. When the wind speed was increased to 12 m/s and a wing height of 12.5 cm, the protection range decreased in the order of 0–14H > 0–12 H for 12.5 cm × 12.5 cm sand barrier and > 0–10 H for 15 cm × 12.5 cm sand barrier. The results showed that at 12 m/s wind speed and constant wing height, the diameter of the bottom bag was inversely proportional to the protection range. Table 1 shows the wind-proof effect of the wing bag sand barrier with different specifications at a wind speed of 12 m/s. For the 10 × 15 wing bag sand barrier, the best protective effect of up to 83.25% occurred at a wind speed of 2.01 m/s at 10H and 0.2 m height on the leeward side. The wing bag sand barrier with a bottom belt diameter of 10 cm showed a better protective effect than those with other specifications. The wing bag sand barriers with specifications of 12.5 × 15 and 12 × 12.5 showed relatively poor (both less than 50%) protective effects, proving the size of the wing bag sand barrier had minimum impact on the protective effect.
TABLE 1 | Comparison of the wind-proof effect of the sand barrier of wing bag of different specifications (indicating wind speed of 12 m/s).
[image: Table 1]4.1.2 Variation of the horizontal airflow velocity field of the wing bag sand barrier at different spacing
The airflow field variation under different spacing was investigated by taking the wing bag sand barrier specification of 10 cm × 15 cm. Figure 5 shows the wind velocity diagram of the wing bag sand barrier with a distance of 1, 1.5, and 2 m under different wind speeds. At 6 m/s wind speed, the effective protection range after the barrier was 14H, 16H, and 18H for a distance of 1, 1.5, and 2 m, respectively.
[image: Figure 5]FIGURE 5 | Horizontal airflow field diagram of wing bag sand barrier with different spacing.
The protection range at 8 m/s wind speed was 14H, 14.5H, and 18H, respectively, for the same distances, and when the wind speed increased to 12 m/s, the protection range was 12.5H, 13H, and 18H, respectively. Under the same wind speed, an increase in bandwidth spacing increased the protection range by 0.5–5H, and the protection area by 0.27–1.79 m2 (Table 2). Under the same bandwidth, the increase of wind speed led to a decrease in the protection range before and after the barrier by 0.5–1.5H and 0–3H, respectively, and the protection area by 1.91–4.06 m2, indicating a significant influence by bandwidth spacing while little impact by wind speed on the protection distance. The reduction of the protection area was mainly attributed to the gradual decrease in the thickness of the static wind layer above the surface. The best protective effect of the wing bag sand barrier was observed for a bandwidth of 2 m, followed by that of 1.5 m. The bandwidth of 1 m was too narrow, resulting in an overlap of the protective effect on the barrier, thereby generating a relatively weak protective effect.
TABLE 2 | Protective range and area of wing bag sand barrier.
[image: Table 2]4.2 Variation law of the vertical airflow velocity profile
The vertical airflow profile variation at various positions of the wing bag sand barrier with different specifications is shown in Figure 6. Figure 6A shows the vertical airflow profile of the wing bag sand barrier at a distance of 2 m and a specification of 10 cm × 12.5 cm under different wind speeds. The barrier settings used were: before the barrier (0.5H, 5H), in the barrier (0.5H, 4H), and after the barrier (0.5H, 7H). The vertical air velocity profile was unaffected by the wind speed, as shown by the negligible change of air velocity profile at three wind speeds and the same position of the wing bag sand barrier. Figure 6B shows the airflow profile variation of the wing bag sand barrier at various specifications and positions under one wind speed (12 m/s). The changes in the wind speed profile on both windward and leeward sides of the wing bag sand barrier were disturbed by varying degrees. The wind flow at the upwind side at −5H∼−2H was not disturbed by the wing swing of the sand barrier. However, wind flow at the −1H∼−0.5H fluctuated by varying degrees due to the influence of the sand barrier. The leeward airflow profile could be divided into three zones according to their shapes. In the first zone, the airflow velocity profile tended to have an “S” shape and was the best protection area, in which 0.5H–4H was the most affected by the sand barrier. The second zone was an airflow fluctuating area behind the barrier, and the airflow velocity profile tended to have an “S” shape in which 0.5H–7H is fluctuating state due to the influence of the sand barrier. The third zone was the airflow recovery area, and the airflow velocity profile tended to have a “semi-U” shape in which 10H was far away from the sand barrier and was not affected by the sand barrier.
[image: Figure 6]FIGURE 6 | Air velocity profiles of different wing bag sand barriers.
In front of the barrier, the wind speed at 0–1H was increased by varying degrees with the increase in height. There, the airflow below 3 cm was significantly affected by the sand barrier. The average wind speed of nine wing bags was decreased to 5.01–6.49 m/s, among which the decrease of 10 cm × 10 cm was the most obvious. The acceleration process of the airflow was increased by 13%–32% with the increase in vertical height, and the most significant enhancement of the airflow was observed at the wing bag sand barrier specification of 12.5 cm × 12.5 cm. In the barrier, the airflow produced a strong vortex near both sides of the sand barrier due to the swinging of the wings. The velocity of the airflow was decreased when the vortex collided with the incoming airflow. The sand barrier had a noticeable impact when the wind was quiet, below 0.2 m, and in the range of 0–4H. At the wing bag sand barrier specification of 12.5 cm × 15 cm, the airflow in the range of 0–5H fluctuated by the sand barrier. However, the airflow greater than 7H was not affected by the sand barrier. The airflow velocity higher than 20 cm was not affected by the sand barrier and returned to the indicated wind speed.
4.3 Variation of the characteristics of wind sand flow structure
Under three wind speeds of 6, 8, and 12 m/s, the vertical distribution of wind-blown sand flow in the middle and 1 m behind the barrier at nine configuration modes of the double-row wing bag sand barrier is shown in Figure 7. The change in wind speed had a significant effect on sediment transport (Figure 7). The total sediment volumes under the wind speeds of 6, 8, and 12 m/s were 0.134 g·cm−2·min−1, 0.673 g·cm−2·min−1, and 4.274 g·cm−2·min−1 respectively. In the 0–10 cm height layer behind the barrier, the sediment content accounted for 100%, 63%, and 31% of the total sediment content, respectively. In the 30–50 cm height layer, the sediment content accounted for 0%, 15%, and 16%, respectively, and in the 50–60 cm height layer, 0%, 21%, and 48%, respectively. At 6 and 8 m/s wind speeds, the deposited sand was mainly distributed in the 0–10 cm height layer. However, it was mainly distributed in the 50–60 cm height layer when the wind speed was 12 m/s. This was because the bottom of the bag of the sand barrier was sealed, and the swing of the wings disturbed the wind. Although the sand-carrying strong airflow can be blocked in a short time, it can be raised with a gradual increase in the wind speed. The specific gravity of sediment transport was gradually decreased at the height of 0–10 cm in the middle and behind the barrier, while that was steadily increased at the height of >10 cm. Table 3 shows the total amount of sand transport inside and after the sand barrier for different wing bag specifications at the wind speed of 12 m/s. The wing bag sand barriers with specifications of 10 × 10 and 10 × 15 had a relatively weak ability to reduce sediment transport. The wing bag sand barrier with the specification of 15 × 15 had the strongest ability to reduce sediment transport, which accounted for a reduction of 78.50%. The wing bag sand barriers with specifications of 12.5 × 15 and 15 × 12.5 decreased the sediment transport by 75.00% and 71.00%, respectively. The three bottom zone specifications (10 cm) cm showed a relatively weak ability to reduce sediment transport, indicating some degree of influence on sediment transport.
[image: Figure 7]FIGURE 7 | Vertical distribution of wind-blown sand flow on the wing bag sand barrier.
TABLE 3 | Total sand transport of the wing bag sand barrier of different specifications (indicating wind speed 12 m/s).
[image: Table 3]Table 4 shows the changes in interceptions/transmissibility on the leeward side of three wing bag sand barrier specifications with the bottom bag diameter of 12.5 cm at various heights and at wind speeds of 6, 8, and 12 m/s. The leeward side of the sand barrier functions as an interceptor in the 0–10 cm and 10–30 cm height layers and as a transporter in the 30–50 cm and 50–60 cm height layers. With the increase in wind speed, the interception rate in the 0–30 cm height layer decreased, while the conductivity in the 30–60 cm height layer increased. The interception rate increased with the wing height and was closer to 100% when the wind speed was 6 m/s. The increase in the wing height from 10 to 15 cm increased the interception rate of the sand barrier by 8% on average, mainly due to less amount of sand transported by the wind at low wind speed. When the wind speed increased to 12 m/s, the wing of the sand barrier appeared to be lopsided due to being in a higher position. Consequently, the interception effect of the wing bag sand barrier with the specification of 12.5 cm × 15 cm reduced (54%) at the height of 10–30 cm. At the height of 30–60 cm, the conduction effect was significant, and the average conductivity was 99%. At different wind speeds, the average interception rate at 0–30 cm height was 95%, and the conductivity rate at 30–60 cm height was 96%. Based on the results in Table 4, it is evident that the effect of the wing bag sand barrier with the specification of 12.5 cm × 15 cm was better than that of 12.5 cm × 15 cm and 12.5 cm × 10 cm.
TABLE 4 | Rejection rate/conducting rate of the wing bag sand barriers.
[image: Table 4]4.4 Field effect evaluation
4.4.1 Study area
The study area is located in the Ulan Buh Desert in the south of the sand-crossing highway of Dengkou-Ejina Banner, China (40°22°19″- 40°22°35″ and 106°48°35″- 106°49°4″) (Figure 8). The surface wind erosion in the area is strong due to frequent wind and sand activities. The main wind direction is NW-WNW, and the annual sand wind frequency accounts for 54% with 85 annual wind sand days. The annual average and maximum wind velocities are 3.7 and 21 m·s−1, respectively. A large number of horizontal dunes and dune chains are distributed across the study area, with low surface vegetation coverage. The area has sufficient sand sources and strong wind power, which can provide dynamic conditions for wind-blown sand activities. Therefore, the study area is an ideal place to investigate the protective effects of sand control measures.
[image: Figure 8]FIGURE 8 | Geographical location of the study area.
4.4.2 Measurement of field wind speed and flow field
A total of 15 wind speed values were measured at points in front of the sand barrier, in the middle of the barrier, behind the barrier, and in the wilderness using wind speed and direction collector (HOBO, United States). The measuring points were located at 4, 2, and 0.5 m in front of the barrier, at 0.5, 1.5, and 2.5 m in the middle of the barrier, and 1, 2, 3, 4, and 5 m behind the barrier. The control measuring points in the field were in the wilderness, and the heights of the wind cups in the wilderness measuring points were 0.3, 0.5, 1.0, 1.5, and 2.0 m. The heights of the wind cup at the other measuring points were 0.1, 0.2, 0.3, and 0.5 m (Figure 9). The observation step of the wind speed was 10 s, the observation time of each measuring point was not less than 30 min, and the measured wind speed was instantaneous.
[image: Figure 9]FIGURE 9 | Schematic diagram of field wind cup measuring point layout.
4.4.3 Verification of wind-proof effect in the field
Figure 10 shows the change in the wind-proof effect at the height of 0.2 m near the surface of nine configurations of double-row wing bag sand barriers with 4 m spacing at different positions and under the action of wind speed of 6.06, 8.50, and 10.07 m/s. As the airflow gradually approached the wing bag sand barrier, the inflection point was developed at −4H. The sand barrier exerted a protective effect and achieved the best wind protective effect as the airflow passed through the first row of sand barriers and gradually decreased as the airflow moved away from the sand barrier. The Windbreak effect increased steadily before the second row of the wing bag sand barrier, then decreased and gradually returned to the initial state. The overall wind proof effect was an “M” shape. In the wilderness, the increase in the wind speed weakened the wind proof effect of the same wing bag sand barrier. However, the wind proof effect law remained unchanged with the change in the wind speed.
[image: Figure 10]FIGURE 10 | Field windbreak effect of double-row wing bag sand barrier dune and the direction of movement.
When the wind speed was 6.06 m/s, the effective protection range behind the sand barrier with nine modes of specifications was more than 7.77 m. Among which the protective effect by the wing bag sand barrier having the specifications of 25 cm × 20 cm (10.43 m), 30 cm × 20 cm (9.78 m), and 25 cm × 25 cm (9.43 m) showed a better protective effect compared to the other modes. When the wind speed was 8.50 m/s, the three-wing bag sand barrier mode having a bottom bag diameter of 25 cm was the best. When the wind speed increased to 10.07 m/s, the effective protection distances of the sand barriers with specifications of 25 cm × 25 cm, 20 cm × 30 cm, and 25 cm × 20 cm were 8.91, 8.16, and 8.10 m, respectively, which were better than that of the other sand barriers. However, from the perspective of protective effect (Table 5), at the wind speed of 10.07 m/s, the protective effect of the wing bag sand barriers with specifications of 20 cm × 30 cm, 20 cm × 25 cm, and 25 cm × 30 cm showed a better protective effect at 8H on the leeward side and was accounted for 77.40%, 69.15%, and 65.76%, respectively. The protective effect of the three specifications with the bottom band diameter of 30 cm was relatively poor. The results of the wind tunnel simulation experiment were consistent with those of the field experiment.
TABLE 5 | Different specifications of wing bag sand barrier field wind-proof effect (indicating wind speed of 10.07 m/s).
[image: Table 5]5 DISCUSSION
5.1 Air velocity characteristics of wing bag sand barrier
The wing bag sand barrier is a combination of both dynamic and static sand fixation methods and has a “wing” added to the conventional bag sand barrier, which can fluctuate with the wind. The inclusion of a wing in the sand barrier can eliminate the wind, thereby increasing the resistance of sand wind and slowing down the sand wind layer by layer. This process facilitates fixing sand in the bottom bag, thereby improving the effect of wind prevention and sand fixation. The wing bag sand barrier can increase the wind protective effect by an average of 48% compared with the conventional banded sand barrier (without wings) (Gao et al., 2019) and the effective protection distance by 14.24H–41.70H (Han, 2022). During operation, the fluctuating wing has a significant effect on the wind speed. The wing part of the wing bag sand barrier used in this study was made up of airtight material. Consequently, the near-surface airflow formed a reverse vortex at different degrees in and behind the double-row wing bag sand barrier. When the reverse vortex collided with the incoming flow, the airflow weakened, forming a low-speed/calm wind zone in and behind the sand barrier. This phenomenon is similar to that of the conventional airtight sand barrier; however, the dynamic wing has a better wind energy weakening effect. In the wing bag sand barrier, both the scope of the leeward static wind zone and the thickness of the near-surface static wind layer of the wing have been improved compared to the conventional airtight sand barrier (Yuan et al., 2019; Yan et al., 2021).
The wing bag sand barriers with different specifications have an effective protection distance between 1 and 2.5H before the sand barrier, indicating that the wing swing also has a certain interference effect on the airflow. The protection area of the sand barrier of the wing bag decreased by 2–4H with the increase in the wind speed in the same configuration mode; however, the trend of the horizontal airflow field remained unchanged, indicating that the fluctuation of wind speed has no significant influence on the change law of the airflow field. Although the disturbance effect of the wing on the wind speed has a certain value, it also remained unaffected by the increase in the wind speed. The sand barrier specification effect was better for bottom bag diameter of 12.5 and 10 cm than that of 15 cm at three wind speeds, indicating a better effect as the specification increases. If the wing is too high, it can easily dislodge and affect the effective protection area behind the barrier. Bandwidth spacing is a key factor affecting the wind-proof effect of the double-row sand barrier. When spacing is too narrow, the protective benefit areas in the barrier can be overlapped, and when spacing is broad areas without protective benefits can be developed (Zhang et al., 2005; Jia, 2019; Li et al., 2019; Chen et al., 2020; Jia et al., 2020; Xi et al., 2021). In this study, the windbreak effect of the sand barrier was in the order of 2 m > 1.5 m > 1 m. In future research, the optimal distance between double-row wing bags and the maximum protection benefit can be achieved by modifying the bandwidth spacing. Han (2022) evaluated the impact of single and double rows of the wing bag sand barrier on sand resistance and showed that the protection range of the double row of the wing bag sand barrier could be increased by 1.04–1.96 times compared with the single row of the wing bag sand barrier. According to Xi’s research on the protective benefit characteristics and optimal configuration of nylon sand fixation barrier, the double sand barrier has significantly improved the sand blocking ability compared with the single sand barrier (Xi, 2022). Wang et al. (2008) measured the influence of nine kinds of ribbon sand barriers on wind speed, surface roughness, and near-surface sediment transport rate. The best effect was shown in the three-line belt with a height of 1.5 m and spacing of 1.5 and 10.5 m. The second best was a two-line belt with a height of 1.5 m, spacing of 1.5 and 7.5 m. The third was a three-line belt with a height of 1 m, spacing of 1, and 7 m. Therefore, Single line sand barriers, regardless of height, are not cost-effective (Wang et al., 2008). In practical application, the number of sand barrier rows determines the effectiveness of the sand barrier to a large extent. The best effect cannot be achieved with a few sand barrier rows. Conversely, a greater number of rows will increase the cost. Therefore, a low-cost sand barrier mode that provides benefits using fewer materials should be selected to obtain maximum output. The wind tunnel simulation pre-test on the wind and sand preventing effect of single-row, double-row, and triple-row wing bag sand barriers, showed that both double-row and triple-row wing bag sand barriers had better wind and sand preventing effects. Nevertheless, the double-row wing bag sand barrier was shown to be the best sand control mode when considering both wind and sand preventing effect and cost input.
5.2 Wing bag sand barrier wind sand flow structure characteristics
Based on the vertical distribution of wind-sand flow, the sediment transport per unit time per unit area was in the order of cavity > in the barrier > behind the barrier. The change in wind speed has a significant effect on sediment transport. At constant wing bag sand barrier size, the total sediment volume and sediment height increased gradually with the increase in wind speed. Previous research on the motion characteristics of aeolian sand flow shows that the sand content in the aeolian sand flow decreases with the increase of vertical height. A majority of the sand particles are transported within 30 cm near the ground, mainly in the airflow of 0–10 cm, and the increase of wind speed significantly increases the sediment transport (Chepil and Woodruff, 1957; Luo et al., 2019). According to Mao (2011), the amount of sediment transported within 30 cm height accounted for 64%–83% of the total amount of sediment transported. A study by Zhang et al. (2004) in Tengger Desert showed 96% of total sediment transport in the height range of 10 cm from the surface. Xu et al. (2013) reported 70% of total sediment transport within the height below 10 cm on the surface of the mobile dune in the Ulan Buh Desert. According to their study, the movement of wind-blown sand is a process of sand transport close to the surface (Xu et al., 2013).
Similarly, in this study, a significant effect on intercepting the sand load of the wind-blown sand flow below 20 cm was observed by setting the wing bag sand barrier with the diameter and height of the bottom bag of 20–30 cm. The difference observed in this study compared to the previous studies is that the wind-blown sand flow was affected by the wing bag sand barrier, which changed the original law and characteristics. The sand content in wind-blown sand flow decreased with the increase in vertical height. More than 81% of sediment transport in and after the barrier was distributed in the 0–10 cm when the wind speed was 6 m/s. When the wind speed was 12 m/s, sediment transport in the barrier accounted for only 28% of the 0–10 cm height. This was due to blocking the strong airflow carrying sand by the sand barrier when it was being passed through the wing bag sand barrier in a short time. As the sand-carrying airflow gradually raised, sediment transport at the height of 0–10 cm gradually decreased in and after the barrier. However, the amount of sediment transported above 10 cm increased gradually, and in the 30–60 cm height layer, the wind-blown sand flow raised twice after the second row of sand barriers. This was due to the wind-proof property of sand barrier material, which led to noticeable air uplift at high wind speed. Some scholars have used wind tunnel simulation to show the direct effect of nylon net sand barriers with different porosity on the penetration ability of sand particles (Zhang et al., 2004). They further stated that the nylon net sand barriers with different porosity also changed the turbulent characteristics of the airflow, which has a crucial impact on the protection benefits of sand barriers (Zhang et al., 2004).
The porosity of wings can change the overall wind-proof and sand-fixing effect of sand barriers. The effect of the wing bag sand barrier on sand grains in the 0–10 cm and 10–30 cm height layers was to block the leeward side of the barrier, and the effect of 30–50 cm and 50–60 cm height layers was to transport the sand grains, which is consistent with the research results of Yan et al. (2021). The interception rate in the 0–30 cm height layer decreased as the wind speed increased, while the conductivity in the 30–60 cm height layer steadily increased, indicating that the change in wind speed plays a dominant role in sand barrier interception rate/conductivity. In addition, Gao’s research team has already explained the surface erosion around the wing bag sand barrier (Gao, 2021). Their field and wind tunnel simulation experiments using the wing bag sand barrier with different specifications showed wind erosion before the sand barrier and accumulation of sand after the sand barrier. These results suggested effective sand fixation by wing bag sand barrier and reduced erosion of the sand surface by the wind.
5.3 Prospect
Conventional static sand-fixing can change into dynamic sand-fixing by lifting the sand barrier when the sand barrier is buried by quicksand. Hence, the theory of “the barrier grows with the sand, and the sand grows with the barrier” can be achieved. Therefore, dynamic sand fixation and dynamic-static sand fixation modes will be the new trends in the next few years.
The wind tunnel experiment is the commonly used simulation method to regulate experimental conditions more accurately. Moreover, wind tunnel experiment results are highly precise, and the experiment process is safer, with high efficiency and low cost. However, there are some limitations. The airflow in the wind tunnel test is DC down-blowing, which can well reflect the airflow variation around the sand barrier under a single wind direction. Nonetheless, there are some errors in the simulation of the airflow field of the sand barrier with a grid wing bag suitable for multiple wind directions. In future studies, the mode and specification of the wing bag sand barrier should be adjusted and tested in the field under windy conditions to fill the blank of the wing bag sand barrier under multi-wind conditions. Long-term monitoring studies on the vegetation coverage of the field study area should be combined with remote sensing interpretation methods (Huang et al., 2020a; Huang et al., 2020b; Huang et al., 2020c). Furthermore, the effect of the wing bag sand barrier on windbreak and sand fixation should be verified laterally.
6 CONCLUSION
The wing bag sand barrier is a new type of sand barrier with the advanced technology, breaking the single sand-fixing mode of the mechanical sand barrier for the first time. To select the best configuration mode of the wing bag sand barrier under different wind conditions, this paper compared and analyzed the wind-proof and sand-fixing effects of the double-row wing bag sand barrier with nine configuration modes. The findings are as follows:
(1) For the same specifications, the range of weak or still wind area on the leeward side of the wing bag sand barrier decreased with the increase in wind speed. At three wind speeds, the effective protection range of sand barriers was better for the sizes of 10 cm × 15 cm and 12.5 cm × 10 cm than that of the other specifications, and an optimal protective effect was observed when the bandwidth was 2 m.
(2) When the wind speed was less than 8 m/s, sand accumulation in and behind the barrier was mainly concentrated in the 0–10 cm height layer. As the wind speed reached 12 m/s, sand accumulation was significant in the 30–60 cm height layer, and behind the barrier, it was 58%–82% in the same height layer. Sand transport could be reduced by 21%–95% in the front row when airflow was affected by the sand barrier compared with that in the hollow. Sand transport could be reduced by 68%–99% in the second row when airflow passed through the sand barrier, and the sand resistance effect was apparent.
(3) The effects of the 0–30 cm layer and the 30–60 cm layer of the sand barriers on the sand particles were shown as interception and transport, respectively. With the increase in wind speed, the interception rate decreased while the conductivity decreased. At different wind speeds, the average retention rates of sand barriers with the specification of 12.5 cm × 12.5 cm were 94% at 0–30 cm height and 96% at 30–60 cm height, which were better than the specifications of 12.5 cm × 15 cm and 12.5 cm × 10 cm.
(4) In the field, at wind speeds less than 6 m/s, the recommended specifications of the wing bag sand barrier were 25 cm × 20 cm or 30 cm × 20 cm. At an inlet wind speed of 8 m/s, the recommended specifications were 25 cm × 20 cm and 25 cm × 25 cm. When the wind speed was greater than 12 m/s, specifications of 25 cm × 25 cm, 25 cm × 20 cm, and 20 cm × 25 cm were recommended.
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The new staggered story isolated structure is developed according to the base-isolated structure and the mid-story isolated structure. Quantitative calculation and evaluation of seismic damage are very important for structural safety. In this paper, the seismic damage evaluation of a new staggered story isolated structure is studied by numerical simulation and damage index calculation. A new staggered story isolated structure is established, and the effects of different layers and different chassis areas on the seismic response of the structure are studied. When the position of the bottom isolated layer stays the same, the upper isolated layer is set at different layers, which is set to the top of the 3rd, 6th and 9th layers. When the upper isolated layer keeps at the top of the 3rd layer, the chassis area is set at a different area, which is 26 m × 26 m, 36 m × 36 m and 46 m × 46 m. The results show that the new staggered story isolated structure has good isolated effects under the ground motion. For the structure set upper isolation layer is lower, the inter-layer shear force, inter-layer acceleration and inter-layer displacement are reduced. The energy dissipation effect of the structure improves. The core tube is less damaged and the plastic hinge is smaller. With the increase of chassis area, the isolated effect of the part above the upper isolated layer is good, while the shear force and acceleration of the part below the upper isolated layer of the structure increase, the damage at the core tube changed little and the appearance of the plastic hinge increased. Under earthquakes, with the change in position of the upper isolated layer and the area of the chassis of the new staggered story isolated structure, the displacement, tensile stress and compressive stress of the isolated bearing still meet the requirements of the standard.
Keywords: new staggered story isolated building, shock absorption effect, time history analysis, seismic response, earthquake
1 INTRODUCTION
Base isolated structures and mid-isolated structures are the focus of research on disaster prevention and mitigation. Based on this, the new staggered story isolated structure structure has been developed. The isolated layer of the base isolated structure and the mid-story isolated structure is located on a specific structure layer. In comparison, the isolated layer of the new staggered mid-story isolated structure can be set on different layers of the structure (Liu et al., 2022; Zhang Y F et al., 2022). The new staggered story isolated structure has been implemented in practical projects. For instance, after the Istanbul earthquake, a hospital was strengthened with a new staggered story isolated structure (Erdik et al., 2018).
Since earthquakes occur frequently around the world, the research on isolated structures has been more and more focused. The base-isolated structure can successfully protect buildings during powerful earthquakes (Losanno et al., 2021) and relieve the seismic response of structures (Cancellara and De Angelis, 2016); (Hayashi et al., 2018); (Park and Ok, 2021); (Pérez-Rocha et al., 2021); (Qahir Darwish and Bhandari, 2022). Fujii (2022) studied the influence of long-period pulse-type ground motion input angle of seismic incidence (ASI) on buildings with irregular base isolation and concluded that the ground motion spindle defined by cumulative energy input was more suitable for discussing the influence of ASI on the response of buildings with irregular base isolation (Micozzi et al., 2022). studied the seismic response and seismic risk of the base isolation structure in the RINTC project and concluded that the isolation structure can effectively limit the damage. According to the study (Wang et al., 2022), The semi-active tuned mass damper can effectively improve the displacement and acceleration performance of linear and non-linear base isolation structures (Vibhute et al., 2022). Research shows that both Friction Pendulum System (FPS) and Lead Rubber Bearing (LRB) isolation frames can effectively increase the seismic performance of structures (Zhao et al., 2022). Research shows that the pulse signal in pulsed ground motion will amplify the response of LRB base isolation structure (Nobari Azar et al., 2022). found that natural rubber base isolation can effectively meet the requirements of base isolation system (Rabiee and Chae, 2022). transmissibility-based semi-active (TSA) controller enables the system to have high damping under the action of long period ground motion and low damping under the action of short period ground motion, showing unique effects. The study shows the performance of linear shear layer structure with non-linear base isolation bearing. TMD can effectively change the performance of the isolation structure and increase the isolation effect (Hessabi et al., 2017; Ozturk et al., 2022). Köroğlu (2022) study found that the viscous damper can effectively increase the isolation effect of the structure. The method of machine learning has significance for the research of seismic isolated structure, and it has a high sensitivity rate prediction accuracy to put forward the early warning of disasters (Chang et al., 2022a; Chang et al., 2022b; Huang et al., 2022d).
The development of base isolation structures has been a long process, and it has been widely used all over the world. However, (Li et al., 2022), comprehensively investigated the seismic response of the simplified model and the story-separated seismic building, and the analysis showed that the simplified building model could provide accurate estimation of the important seismic response (Hur and Park, 2022). proposed a method to reduce the seismic load related to vertical strengthening of buildings while improving the seismic performance (Zhang S et al., 2022). proved that the damping coefficient of the Kelvin-Voigt model has a great influence on the mean square error of the total vibration energy, while the stiffness coefficient is less sensitive to it by comparing the seismic scheme and the layered interval seismic scheme (Ma et al., 2020). The dynamic response characteristics of the three structures under near-fault pulse-like ground motions are analysed and compared with the far-fault ground motions (Saha and Mishra, 2021a). found that storey interval earthquakes can effectively reduce the seismic vulnerability and loss of buildings under the action of ground motion, and increase the influence of resilience (Saha and Mishra, 2021b). Storey interval shock (ISI) shows good damping effect in relatively tall buildings (Donà et al., 2021). As shown in some studies, fluid viscous dampers (FVDs) installed in isolation systems can effectively reduce the deflections of isolators, but amplify the interstory displacement and floor acceleration (Li et al., 2014). This study found that both base isolation and layer interval shock have good isolation effect, and the isolation performance of base isolation structure is better than that of story-adding structure (Faiella et al., 2020). In this study, the model of story-separated seismic structure was established and it was found that the model effectively reduced the seismic response (Wu et al., 2019). This study will improve the understanding of eccentric structures with tower podium and provide guidance for the seismic design of such structures. Use machine learning methods to predict the occurrence of disasters in different environments (Huang et al., 2020a; Huang et al., 2020b; Huang et al., 2020c).
Theories are relatively complete for large chassis seismic structures (Pang., 2012; Li et al., 2021). The tower building on the large chassis is characterized by vertical irregularity. The isolated layer is set where the structure occurs an abrupt change by using the layer spacing technology to consume seismic energy and avoid the problem of complex internal force at the abrupt change of the stiffness (Zhang H et al., 2021). The seismic performance of the multi-tower foundation isolated structure is discussed, and the parameters such as inter-story displacement, shear force and displacement angle of the structure under ground motion are analyzed. The results show that the base-isolated structure has a favourable damping effect and can effectively suppress the structural torsion (Wang and Lei, 2021; Zhou, Y et al., 2018). Guo et al. (2021) improved the accuracy of the disaster prediction and used machine learning methods to predict and monitor the occurrence of disasters (Jiang et al., 2018).
According to the above analysis, most research currently focuses on the base-isolated structure and the mid-story isolated structure. However, there are fewer studies on the new staggered story isolated structure.
In this paper, the seismic response of a new staggered story isolated structure under ground motion is studied. The relationship between the upper and lower parts of the new staggered story isolated structure, the volume, the section of the component, the parameters of the isolation bearing and the layout principle are introduced. Under ground motions, the damping effect, structural damage, structural energy consumption, and the response of the isolated bearing of the innovative staggered story isolated structure are obtained. This research is expected to provide a reference for the design and development of the new staggered story isolated structure.
2 METHODS AND MATERIALS
2.1 Project overview
In order to verify the isolation effect of the new staggered story isolated structure under the action of ground motion, a frame-core tube structure with 20 layers, each layer is 4 m high and the building plane structure size is 26 m × 26 m is built. Figure 1 shows the aseismic structure, the base-isolated structure, the mid-story isolated structure, and the new staggered story isolated structure. Figure 2 depicts the three-dimensional finite element model of the structure. The seismic fortification grade is B, and the seismic fortification intensity is 8 (0.20 g) and the seismic group is designed to be Group II. The sectional dimensions of the structure can be seen in Table 1, Table 2. C40 concrete non-linear material was defined with Takeda hysteresis type and HRB400 steel reinforcement non-linear material was defined with Kinematic hysteresis type. The frame column is designated as PMM plastic hinge, and the frame beam and connecting beam are designated as M3 plastic hinge. The bottom two-layer core tube of the stratified separated seismic structure is the bottom strengthening area, which is adopted simulation of layered shell. The rest were non-bottom reinforced areas, which were simulated by elastic thin shell elements. The thickness of the concrete cover is 50 mm. The shear walls were simulated by thin shell elements with a concrete thickness of 250 mm.
[image: Figure 1]FIGURE 1 | Structure diagram: (A) aseismic structure, (B) base-isolated structure, (C) mid-story isolated structure, (D) new staggered story isolated structure (The blue part represents the core tube, the red part represents the frame, and the shadow part represents the isolated bearings).
[image: Figure 2]FIGURE 2 | 3D diagram of the new staggered story isolated structure.
TABLE 1 | Frame section parameters.
[image: Table 1]TABLE 2 | Shear wall section parameters.
[image: Table 2]2.2 Modelling
The ETABS software is used to extract the column bottom reaction f at the isolation support under the standard value of gravity load, and then the number and model of isolation supports are estimated according to the total horizontal yield force as 2% of the column bottom reaction under the standard value of gravity load. The isolation support LRB1000 is used for the core and LRB600 for the frame. The parameters of isolation bearings are shown in Table 2 below, and their arrangement is shown in Figure 3. Isolation bearing adopts Rubber Isolator and Gap elements to simulate the Vertical tension and compression non-linear stiffness. In order to make the restoring force characteristics of the isolation layer more consistent with the actual situation, Bouc-Wen model was used to represent the restoring force model of the isolation layer in the subsequent time history analysis.
[image: Figure 3]FIGURE 3 | Layout of isolated bearings.
2.3 Earthquake wave selection
The seismic fortification intensity is set to degree 8, and the basic acceleration of the earthquake is set to 0.2 g. Meanwhile, the site category is class 2, and the seismic group is designed as group III. The EMC wave, DUZCE wave and artificial wave are selected. Table 3 shows the information regarding the acceleration response spectrum of the ground motion. The acceleration response spectrum of the ground shaking is shown in Figure 4. When the input of three groups of acceleration time history curves is taken, the envelope values of the time history method and the larger values of the mode decomposition response spectrum method are appropriate for the calculation results. When using the time-history analysis method, the actual strong earthquake records and artificial simulated acceleration time-history curves should be selected according to the type of building site and the design earthquake group, among which the number of actual strong earthquake records should not be less than 2/3 of the total number. The average seismic influence coefficient curve of multiple groups of time-history curves should be statistically consistent with the seismic influence coefficient curve adopted by the mode decomposition response spectrum method. In elastic time history analysis, the base shear force calculated by each time history curve should not be less than 65% of the result calculated by mode decomposition response spectrum method, and the average value of the base shear force calculated by multiple time history curves should not be less than 80% of the result calculated by mode decomposition response spectrum method.
TABLE 3 | Parameters of isolated bearings.
[image: Table 3][image: Figure 4]FIGURE 4 | Acceleration response spectrum.
3 ANALYSIS OF THE SHOCK ABSORPTION EFFECT
The main difference between the new staggered isolated structure, the base-isolated structure, and the mid-story isolated structure is that the shear displacement and acceleration of the core tube and frame of the latter two kinds of structures are consistent. However, for the new staggered isolated structure with two layers, the displacement and acceleration of the core tube and the frame above the third layer keep consistent, while the core tube and the frame below the lower isolated layer are separate, and their shear displacement and acceleration are different. By integrating and analyzing the acceleration time-history data at each time step, the dynamic response state of the structure at each time step is determined. The dynamic time history analysis is conducted under the earthquake motions (peak acceleration of 200 cm/s2) to get the seismic response and the energy dissipation of a new staggered story isolated structure.
3.1 Seismic response analysis of a new staggered isolated structure with different fault heights
In order to compare and study the effect of different staggered layer heights on the new staggered layer isolated structure, the seismic structure model and three different new staggered story isolated structure models were established with the upper isolated layer set on the top of the 3rd floor (Model 1), the 6th floor (Model 2) and the 9th floor (Model 3), respectively, while keeping the large chassis area and the position of the isolated layer at the bottom of the core tube unchanged. The models are shown in Figure 5.
[image: Figure 5]FIGURE 5 | New staggered layer isolated structure with different isolated layers (A) Model 1, (B) Model 2, (C) Model 3.
3.1.1 Modal period
Table 5 compares the results of the first three modal periods for the aseismic structure and the new staggered story isolated structure (when the upper isolated layer is set at the top of the 3rd floor, the 6th floor and the 9th floor). It can be seen from Table 4 that the period of the first three steps of the new staggered story isolated structure is greater than that of the aseismic structure. When the chassis area of the new staggered story isolated structure remains unchanged, the lower the upper isolated layer is, the smaller the modal period of the whole structure is.
TABLE 4 | Basic information of earthquake motions.
[image: Table 4]TABLE 5 | The first three modal periods of the new staggered isolated structure with different fault heights.
[image: Table 5]3.1.2 Basal shear force
Figure 6 depicts the comparison of the base shear force between the aseismic structure and the new staggered story isolated structure with different positions of the staggered layer. It can be seen that compared with the aseismic structure, the base shear force of the new staggered story isolated structure (the upper isolated layer is set at the top of the 3rd floor, the 6th floor and the 9th floor) is reduced under the action of the ground motion, and the isolation effect is better. When the chassis area is the same, the lower the upper isolated layer is, the smaller the base shear force of the structure, and the better the isolated effect.
[image: Figure 6]FIGURE 6 | The comparison of the base shear force between the aseismic structure and the new staggered story isolated structure with different position of the isolated layer.
3.1.3 Inter-laminar shear force
The finite element models of the aseismic structure and the new staggered story isolated structure are developed. The dynamic time history analysis is conducted under the earthquake motions with the seismic fortification intensity of degree 8 (peak acceleration of 200 cm/s2). Figure 7 depicts the comparison of the inter-laminar shear force between the aseismic structure and the new staggered story isolated structure (when the upper isolated layer is set at the top of the column of the 3rd floor, the 6th floor and the 9th floor). It can be seen that compared to the seismic structure, the new staggered story isolated structure has a certain damping effect; the inter-laminar shear force is sharply decreased, and that of the core tube below the upper isolated layer of the new staggered story isolated structure is superior to the frame. The shear force of the part of the frame below the upper isolated layer is greater than that of the core tube. The isolated effect of the core tube part is better than that of the frame part, and the lower the upper isolated layer is, the better the isolated effect will be.
[image: Figure 7]FIGURE 7 | Story shear force.
3.1.4 Story displacement
Figure 8 illustrates the comparison of displacement between the aseismic structure and the new staggered story isolated structure (when the upper isolated layer is set at the top of the column of the 3rd floor, the 6th floor and the 9th floor). It can be seen that the displacement of the new staggered story isolated structure mainly occurs in the isolated layer. Compared to the seismic structure, there occurs some deformation in the upper structure of the new staggered story isolated structure, but it is greatly reduced. The average vertex displacement of the new staggered story isolated structure is slightly smaller than that of the non-isolated structure, and the part above the upper isolated layer is approximately flat. The displacement of the frame part below the upper isolated layer is greater than that of the core tube. The lower the upper isolated layer is, the smaller the displacement of the frame and the core tube is.
[image: Figure 8]FIGURE 8 | Story displacement.
3.1.5 Inter-layer acceleration
The comparison of the inter-layer acceleration between the seismic structure and the new staggered story isolated structure (when the upper isolated layer is set at the top of the column of the 3rd floor, the 6th floor and the 9th floor) is shown in Figure 9. According to Figure 9, the acceleration of the new staggered story isolated structure above the upper isolated layer is reduced compared to the seismic structure. The inter-layer acceleration of the core tube below the upper isolated layer of the frame decreases while the inter-layer acceleration of the frame increases.
[image: Figure 9]FIGURE 9 | Story acceleration.
3.1.6 Structural energy consumption
The comparison of the energy dissipation between the seismic structure and the new staggered story isolated structure (when the upper isolated layer is set at the top of the column of the 3rd floor, the 6th floor and the 9th floor) is shown in Table 6. It can be seen from Table 6 That when the chassis area of the new staggered story isolated structure remains unchanged, the lower the upper isolated layer, the more favourable the effect of the energy dissipation, and therefore the better the isolated effect.
TABLE 6 | Energy consumption of the new staggered story isolated structure.
[image: Table 6]3.2 Seismic response analysis of the new staggered story isolated structure with different large chassis areas
In order to comparatively study the influence of different large chassis areas on the new staggered story isolated structure, the upper isolated layer was kept at the top of the third layer, and three different types of new staggered story isolated structures with large chassis areas of 26 m × 26 m (Model 1), 36 m × 36 m (Model 4) and 46 m × 46 m (Model 5) are comparatively analyzed, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | New staggered layer isolated structure with different chassis area (A) Model 1, (B) Model 4, (C) Model 5.
3.2.1 Modal period
Table 7 compares the results of the first three modal periods for the new staggered story isolated structure with different chassis area. According to Table 7, the period of the first three steps of the new staggered story isolated structure is all greater than that of the aseismic structure. And when the position of the upper isolated layer of the new staggered story isolated structure is fixed, the whole modal period of the structure with smaller chassis area is larger.
TABLE 7 | The first three modal periods of the new staggered isolated structure with different chassis area.
[image: Table 7]3.2.2 Basal shear force
Figure 11 depicts the comparison of the base shear force between the aseismic structure and the new staggered story isolated structure with different chassis areas. Figure 11 demonstrates that, compared with the aseismic structure, the base shear force of the new staggered story isolated structure is smaller when the chassis area of the structure is relatively small, and larger when the chassis area of the structure is relatively large. When the position of the upper isolated layer is fixed, the larger the chassis area of the structure, the greater the base shear force and the poorer the isolation effect.
[image: Figure 11]FIGURE 11 | The comparison of the base shear force between the aseismic structure and the new staggered story isolated structure with different chassis areas.
3.2.3 Inter-laminar shear force
The finite element models of the aseismic structure and the new staggered story isolated structure (The upper isolated layer is set at the top of the column of the 3rd floor) are established, whose chassis area is 26 m × 26 m、36 m × 36 m、46 m × 46 m, respectively. The dynamic time history analysis is conducted under the earthquake motions with the seismic fortification intensity of 8° (peak acceleration of 200 cm/s2). Figure 12 compares the inter-laminar shear force between the aseismic structure and the new staggered story isolated structure; it can be seen that the larger the chassis area of the new staggered story isolated structure is, the greater the shear force on the frame part below the upper isolated layer is, while the shear force on the core tube does not change much. There is little difference in the shear force above the seismic layer of the frame isolated structure. Compared with the seismic structure, the shear force of the new staggered story isolated structure’s upper structure is significantly reduced, while the lower frame part is increased.
[image: Figure 12]FIGURE 12 | Story shear force.
3.2.4 Story displacement
Figure 13 illustrates the comparison of the story displacement between the aseismic structure and the new staggered story isolated structure (The upper isolated layer is set at the top of the column of the 3rd floor) with the chassis area of 26 m × 26 m、36 m × 36 m、46 m × 46 m respectively. It can be seen from Figure 13 that, compared with the seismic structure, the inter-layer displacement of the new staggered story isolated structure is significantly reduced, and the part above the upper isolated layer is approximately flat. The increase of chassis area has little effect on the story displacement, and the displacement of the frame part below the upper isolated layer is not much different from that of the core tube part.
[image: Figure 13]FIGURE 13 | Story displacement.
3.2.5 Inter-layer acceleration
Figure 14 shows the comparison of the inter-layer acceleration between the aseismic structure and the new staggered story isolated structure (The upper isolated layer is set at the top of the column of the 3rd floor) with the chassis area of 26 m × 26 m、36 m × 36 m、46 m × 46 m respectively. It can be seen that, compared with the seismic structure, the inter-layer acceleration of the new staggered story isolated structure above the upper isolated layer is significantly reduced, and the chassis area below the upper isolated layer increases, which increases the acceleration of the frame part and the core tube part.
[image: Figure 14]FIGURE 14 | Story acceleration.
3.2.6 Structural energy consumption
The comparison of the energy dissipation between the seismic structure and the new staggered story isolated structure (The upper isolated layer is set at the top of the column of the 3rd floor) with the chassis area of 26 m × 26 m、36 m × 36 m、46 m×46 m respectively is shown in Table 8. It can be seen that when the position of the upper isolated layer of the new staggered story isolated structure remains unchanged, increasing the chassis area is not conducive to the energy consumption of the structure, and the vibration isolated effect of the structure is poor.
TABLE 8 | Energy consumption of the new staggered story isolated structure.
[image: Table 8]4 RESPONSE OF THE ISOLATED BEARING
Structural dynamic time history analysis under the peak acceleration of the seismic wave of 400 cm/s2. Recovery force-displacement hysteresis curve of isolation K 1 under ground motion input is shown in Figure 15. As can be seen from the figure, the hysteretic curve is chaotic under the input of ground motion. In addition to the obvious hysteretic characteristics, it also has certain viscous characteristics, which indicates that the anisotropic responses after the input of ground motion are correlated, so the hysteretic curve of the support is irregular. The restoring force model of isolation bearing is bilinear model, as shown in Figure 16.
[image: Figure 15]FIGURE 15 | Force-displacement hysteresis curve.
[image: Figure 16]FIGURE 16 | Recovery force model of isolation bearing.
4.1 Bearing displacement
Under time-history working conditions, the maximum horizontal displacement of the isolated bearing is equal to the envelope value of the three seismic waves, and this value cannot exceed 0.55 times the effective diameter or 3 times the entire thickness of the rubber bearing according to the standard for building seismic design of GB50011-2010. In this paper, the isolated bearings of LRB600, and LRB1000 are employed; hence the minimum bearing displacement is 600× 0.55=330 mm.
After defining the envelope value of the load combination under seismic working conditions and extracting the envelope value of the horizontal displacement of the isolated bearing under time history working conditions of three distinct types of seismic waves, Figure 17 demonstrates that the maximum horizontal displacement of the isolated bearing under the action of the envelope value of the three seismic waves is less than the limit displacement min (0.55d, 3Tr), which meets the standard. Changing the position of the isolated layer and increasing the chassis area of the new staggered story isolated structure have little effect on the displacement of the isolated bearing.
[image: Figure 17]FIGURE 17 | Bearing displacement.
4.2 Stress of isolated bearing
Following the provisions on the maximum tensile stress limit value of the rubber isolated bearing in article 12.2.4 of the code for seismic resistance, the tensile stress of the isolated bearing must not exceed 1 MPa during earthquakes. Generally, 2 times the reference surface pressure can be used as the limit for the maximum surface pressure of the bearing. The structure described in this study is a class B structure, so the reference surface pressure should be 12MPa, and the limit value of the maximum surface pressure is 24 MPa. Since the tensile stiffness of the isolation bearing is only 1/10 of the compressive stiffness, parallel Isolator units and Gap units are used to simulate the isolation bearing.
Figures 18, 19 compare the maximum compressive stress and the maximum tensile stress of the isolated bearing of the new staggered story isolated structure. It can be seen that the maximum compressive stress and the maximum tensile stress of the isolated bearing under the action of the ground motion meet the code requirements, and the bearing located at the core tube is subjected to greater stress.
[image: Figure 18]FIGURE 18 | Maximum compressive stress of bearing.
[image: Figure 19]FIGURE 19 | Maximum tensile stress of bearing.
4.3 Damage research
The comparison of core tube damage and plastic hinge of the new staggered story isolated structure model 1-5 is shown in Figures 20, 21. As can be seen from Figure 18, under the action of ground motion, when the bottom area of the structure is the same, the lower the location of the frame isolation layer is, the less damage will be caused to the core tube of the structure, indicating the better the isolation effect of the structure. When the position of the frame isolation layer of the structure is unchanged, the change of the chassis area of the structure has little influence on the damage of the core tube.
[image: Figure 20]FIGURE 20 | Structure diagram:(A) Model 1, (B) model 2, (C) model 3, (D) model 4, (E) model 5 core tube damage.
[image: Figure 21]FIGURE 21 | Structure diagram:(A) Model 1, (B) model 2, (C) model 3, (D) model 4, (E) model 5 Plastic hinge.
According to Figure 19, under the action of ground motion, when the bottom area of the structure is the same, the position of the isolation layer of the frame is set low, and the fewer plastic hinges appear, indicating that the isolation effect of the structure is better and the safety performance is guaranteed. When the position of the frame isolation layer of the structure remains unchanged, the chassis area of the structure changes. Due to the inconsistent vertical stiffness, plastic hinges appear at the chassis. When the chassis area increases, the upper part of the frame isolation layer also needs to pay attention to the appearance of plastic hinges. The frame column is basically in elasticity, basically meet the LS performance level requirements.
5 DISCUSSION
In this paper, the finite element analysis software ETABS is used to analyze the seismic response of a new staggered story isolated structure. The seismic response analysis and the damage to the seismic structure are investigated from the perspectives of seismic wave, damping effect index, structural damage, energy dissipation, and the response of the isolated bearings. Under the ground motion, it is concluded that the new staggered story isolated structure has a good seismic isolated effect.
Further research can be carried out in the following aspects:
1) In this paper, the seismic response analysis of the new staggered layer isolated structure under the ground motion input is mainly based on numerical analysis. Different parameter settings may lead to certain errors in the results (Sugimoto et al., 2016). In the “multi-tower” isolated large chassis structure system, the interaction between the tower and the chassis cannot be ignored. The shaking table tests can be conducted on the new staggered layer isolated structure in the future to verify the analysis presented in this paper.
2) In this paper, the seismic response analysis of the new staggered layer isolated structure is mainly based on the horizontal ground motion (Quaranta et al., 2022; Wang et al., 2022), but the actual earthquakes are multi-dimensional. In many cases, the structure’s vertical force under the action of horizontal ground motion is primarily estimated. For some complex structures, the vertical seismic motion must be considered. The isolated effect of different parameters on the structure under vertical earthquakes needs to be further studied.
3) In this paper, the seismic response analysis of a new staggered layer isolated structure under the action of ordinary ground motions is studied. The damage effect differs in different areas under different types of earthquakes. For example, the natural vibration period of the structure is prolonged after being isolated, but the resonance may be generated under the action of a long period of ground motion, which intensifies the seismic response. The seismic response of the new staggered layer isolated structure under different types of ground motion can be studied later.
4) In this paper, the seismic response analysis of the structure is performed with a rigid foundation assumption. In practice, the interaction between the structure and soil presents a challenge and scholars have conducted numerous studies on this issue. The interaction effect of the soil and the structure on the seismic response of an isolated structure is still not clearly studied (Pang, 2013; Askouni and Karabalis, 2022; Zhang and Far, 2022). The negative impact of sandy soils on the dynamic behavior can be solved by optimizing the arrangement of dampers (Aydin et al., 2020). The effect of the interaction between the soil and the structure on the isolated structure of large chassis in new staggered layer isolated structures subjected to ground motions has not yet been investigated.
6 CONCLUSION
In this paper, the seismic response models of the aseismic structure and the new staggered story isolated structure are developed. Three forms of ground motions are input for the non-linear response analysis, and the discrepancies between the seismic response laws of these two kinds of structures under different ground motions are explored. The following conclusions are obtained:
1) Compared with the seismic structure, the inter-story shear force, inter-story displacement and story acceleration of the new staggered story isolated structure are less, and the new staggered story isolated structure has a greater effect on shock absorption;
2) The lower the isolated layer of the frame of the new staggered layer isolated structure, the better the isolated effect of the structure, the lower the inter-layer shear force, inter-layer acceleration and inter-layer displacement, and the better the energy dissipation effect of the structure, the core tube is less damaged and the plastic hinge is less;
3) By increasing the chassis area of the new staggered layer isolated structure, the part above the frame isolated layer will have a good isolated effect, while the shear force and acceleration of the part below the frame isolated layer increase instead, the damage at the core tube changed little and the appearance of plastic hinge increased;
4) Under rare earthquakes, when the position of the frame isolated layer and the area of the chassis of the new staggered layer isolated structure change, the displacement, tensile stress and compressive stress of the isolated bearing all meet the specification requirements.
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Porosity Saturation
n(%) Sr(%)
40.60 93.60
Dry density Void ratio
pa(g/cm3) (%)

162 069

Maximum soil moisture content (%)

28.30

Mass density Liquid limit
p(g/cm3) wi(%)
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Cohesion Internal friction angle
Cq(kPa) @)

37.00 1270

Average value of soil water content (%)
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Compressibility factor Compressive modulus
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Model wire Number of Calculated section External Calculated breaking Weight
strands/ area (mm?) diameter (mm) force (N) (kg/km)
Diameter (mm)

Aluminium  Steel Aluminium Steel Total

00/35 48/3.22 390.88 3436 | 42524 103900 1349
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Typical procedure Procedure 1 Procedure 2 Procedure 3 Procedure 4 Procedure 5

Maximum settlement value (mm) -5361 -9.4625 -9.7231 -9.8521 -9.952
Settlement proportion 53.87% 4121% 261% 1.3% 1.0%
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Construction stage

b el

Special construction item

Initial balance stage
Shaft excavated to 1.5 m below the arc top of the 1st layer pilot

Carry out pipe roof and deep hole grouting 0-8 m for the Ist layer pilot

Shaft excavated to 1.5 m below the inverted arc of the 1st layer pilot

The 1st layer pilot excavated 0-8 m (2 m length for each excavation, the same below)

Carry out pipe roof and deep hole grouting 8-16 m for the Ist layer pilot, Repeat stage 5 and stage 6 till to the Ist layer pilot end
sealing

Shaft excavated to 1.5 m below the inverted arc of the 2nd layer pilot

‘The 2nd layer pilot excavated 0-8 m

Shaft excavated to 1.5 m below the inverted arc of the 3rd layer pilot

The 2nd layer pilot excavated 8-16 m; The 3rd layer pilot excavated 0-8 m

Shaft excavated to L5 m below the inverted arc of the 4th layer pilot

‘The 2nd layer pilot excavated 16-24 m; The 3rd layer pilot excavated 816 m; The 4th layer pilot excavated 0-8 m
Shaft excavated to 1.5 m below the inverted arc of the 5th layer pilot

‘The 2nd layer pilot excavated 24-30 m; The 3rd layer pilot excavated 16-24 m; The 4th layer pilot excavated 8-16 m; The 5th layer
pilot excavated 0-8 m

‘The 2nd layer pilot excavated 30-42 m; The 3rd layer pilot excavated 24-30 m; The 4th layer pilot excavated 16-24 m; The 5th
layer pilot excavated 8-16 m

‘The 3rd layer pilot excavated 30-42 m; The 4th layer pilot excavated 24-30 m; The 5th layer pilot excavated 16-24 m
‘The 4th layer pilot excavated 30-42 m; The 5th layer pilot excavated 24-30 m
‘The 5th layer pilot excavated 30-42 m.
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Name Bulk density (kg/m”) Scope (m) Elastic Poisson ratio
modulus E (Pa)

Rail 7,840 - 28el1 029
Primary support 2,380 03 3e10 028
Deep hole strengthening ring 2,100 15 477867 02
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Name

Pain filling
Gravel pebble
Pebble

Ballast bed

Strengthening equivalent soil

Bulk density
(kg/m?)

1,750
2,100
2,180
2000
2,100

Scope (m)

35
05

Elastic modulus
E (Pa)

12¢7
3.657¢7
5.0¢7
1.3¢8
8.0¢7

Poisson ratio

03
023
02
03
03

Friction angle

/()

375
45
50

Cohesive C
(Pa)

5.0e3
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No.

Introduction of the
construction procedure

Shaft excavated down, set the side grouting pipe during
excavation, carry out arc top deep hole grouting when
shaft excavated to first layer pilot arc top

Temporary bottom sealing is done when the shaft is
excavated to 1.5 m below the inverted arch of 1st layer
pilot. The horse head gate lattice steel frame is chiseled
out. Excavate the first layer pilot, and carry out primary
support till to end of sealing

Temporary bottom sealing is done when the shaft is
excavated to 1.5 m below the inverted arch of 2nd layer
pilot. The horse head gate lattice steel frame is chiseled
out. Erect the lattice steel frame of the 2nd layer pilot.
Excavate the 2nd layer pilot, and carry out primary
support

After 8 m of the 2nd layer pilot is excavated, the shaft is
excavated to 1.5 m below the inverted arch of the 3rd
layer pilot. The horse head gate lattice steel frame is
chiseled out. Erect the lattice steel frame of the 3rd layer
pilot. Excavate the 3rd layer pilot, and carry out

primary support

Excavate the shaft and the fourth-floor pilot hole
according to the No.4 procedure until the sealing is
finished

Excavate the shaft and the fifth-floor pilot hole

according to the No.4 procedure until the sealing is
finished

Diagrammatic

“bottom sealing of shaft

Arch deep ol grouting renforcement

TR

s
[ e
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Aisle Strengthening length along Strengthening length perpendicular Strengthening depth

the railway line to the railway
direction line direction

1 50 12 35
50 12 8
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45 12 6
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Control index

Existing railway subgrade settlement
Average speed rate of subgrade settlement
Largest speed rate of subgrade settlement
Railway gauge

Rail height difference/rail settlement

Reference value

10 mm

1.5 mm/d

3 mm/d

<+7mm and > -4 mm

<6 mm
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Impact factor Area at different Number of disasters at different Evaluation
levels levels factor

Elevation m) Gradually increases Normal distribution Irregular Yes

Slope () Gradually decreases Gradually increases Exponential distribution Yes

Aspect () Almost identical Gradually increases Log distribution/linear Yes

distribution

PGA Normal distribution Gradually increases Parabolic increase Yes

Distance from fault (km) Irregul: Irregular Irvegular No

Historical earthquake Gradually decreases Gradually decreases Trregular No
effect

Lithology classification Irregular Irregular Trregular Yes

Distance from river (km) Irregular Irregular Exponential distribution Yes

Rainfall Gradually increases Irregular Parabolic increase Yes
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Engineering geological rock group Typical lithology Strength grading

Hard magmatic rock group Granite, thyolite, basalt, monzonite, etc. 1
Hard sedimentary rock group Sandstone, limestone, conglomerate, etc. i
Relatively hard metamorphic rock group Slate, sand slate, granitic gneiss, etc. m
Soft sedimentary rock group Shale, mudstone, carbonate rock, etc. v

Quaternary soft sediments Collapsing slope accumulation, residual slope accumulation, alluvial accumulation, etc. v
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ber of disasters (pieces) Area (10,000 km' EDDC (pieces/1

Shigatse 398 2.1 172
Yadong Port 65 4 1533
Zhangmu Port [ 66 8684 [ 760
Gyirong Port 82 9 [ 882
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ate type
Geologic map
Digital elevation model

Rainfall data

Resolu

1:200,000

135m x 135m

Notes

From China Geological Survey https://wwiw.cgs.gov.cn/
From Geospatial Data Cloud hitp://www gscloud.cn/sources/

From China Meteorological Administration hitp://swwiw.cma.gov.cn/

Seismic peak acceleration
Historical earthquake information

GeoEye-1

300 m

From China Earthquake Administration hitp://wwiw.ceagov.cn

From United States Geological Survey hitps://earthquake.usgs. gov/
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Fracture name

Micro sign

Displacement

Horizontal

Vertical

Largest earthquake in history

Classification

XTMF Surface rupture zone 10 km 2 4 62 Seismic fault
BXMLYF Hot spring development 75 Seismic fault
CDF Hot spring development Holocene inactive fault
DPE Holocene inactive fault
McT Surface rupture zone >.87 ki >6 >1 81 Seismic fault
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Earthquake Bearing Traditional 2D mid-story- 3D LRB mid-story- 3D T/C FPB mid-story- Decreasing

stress. isolated bearings (MPa) isolated bearings (MPa) isolated bearings (MPa) ratio
833 Compressive 3774 -1280 -1238 0.339/0328
stress
Borrego -3292 -1008 -10.13 0.306/0.308
Mountain
Kobe 3198 -112 -11.08 0.348/0346
Chi-Chi | -3717 1187 1122 om0
El Centro -2231 -11.99 -11.44 0.537/0.531
Hollister 2252 -8.67 -8.19 0.385/0.364
San Fernando | -2 1401 -12.49 0.435/0.387
833 Tensile stress 2692 <540 -443 | -0.197/-0.165
Borrego 18.79 -4.68 -4.90 -0.249/-0.261
Mountain
Kobe 1977 [ -551 -522 | oamreze
Chi-Chi 2497 -175 -164 ~0.70/-0.066
HCento 1086 [ -170 191 | ouszoars
 Holiser 1071 | -389 -406 ~0.363/-0.379
San Fernando 1554 | 047 -134 | 0000086
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Earthquake Traditional 2D mid-story-isolated 3D T/C FPB mid-story-isolated 3D LRB mid-story-isolated

structure (mm) structure (mm) structure (mm)
X XY XYz X XY XYz X XY XYz
direction  direction direction direction  direction direction direction  direction direction

Average value
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Level of destruction Without damage Slight damage Medium damage Severe damage Destroy
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Traditional 2D mid-story-isolated

structure(s)
3245
3192

2993

3D T/C FPB mid-story-isolated
structure(s)

3974
3678

2946

3D LRB mid-story-isolated
structure(s)

3993

3759

3016
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Isolated Vertical linear Transverse non- Slow friction Fast friction Ratio control Net swing
bearing type stiffness (kN/m) linear stiffness coefficient (Hmin) coefficient (Umax) parameter (s/m) radius (m)
(kN/m)

TIC FPBL

TIC FPB2
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Isolated Effective Total rubber Stiffness 100% equivalent 250% equivalent Vertical Yield

bearing type diameter thickness before horizontal stiffness  horizontal stiffness stiffness force
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Earthquake Mid-story-isolated structure without considering Mid-story-isolated structure considering SSI in sloping
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X direction XY direction XYZ direction X direction XY direction XYZ direction
Average value 7 197.73 1 7 25227 25426
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Parameter Young modulus (N/m?)  Shear modulus (N/m?)  Volumic weight (N/m?  Poisson's ratio Damping ratio

Concrete c40 3250 x 10" 1.354 x 10" 25000 02 0.05
c30 3.000 x 10" 1250 x 10
Steel reinfor | HRBA0O 2,000 x 10" 7.652 x 10" 77000 03
cement t

HPB300 2100 x 10" 8077 x 10"
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Component type  Floor  Sectional dimension ~ Concrete cover thickness (mm)  Stirrup diameter (mm) = Steel reinforcement

‘ Frame column 1-9 700 x 700 60 10 16C 20

‘ Main beam 1-9 700 x 350 40 ‘ 10 5C20

‘ Secondary beam 1-9 600 x 300 40 ‘ 10 5C20
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Soil layer no. Tangential spring stiffness (kN/m) Normal spring stiffness (kN/m) Damping ratio Damping parameter

1 4.16 x 10° 811 x 10° 0.042 0132
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Soil layer no. Center Density Poisson’s Shear modulus Volume modulus Internal friction
thickness (m) (kg/m?) ratio (N/m?) (N/m?) angle ()

30 00 03 557 x 10°

1.448 x 1
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metric wei

Elastic modulus (GPa)

Poisson ratio

le of internal friction

Miscellaneous fill 19 kNem™? 0,006 035 10 8 MPa
Silty clay 192 kNem™ 0015 03 15 30 MPa
Semi-weathered granite 26 kN-m™ 02 017 35 200 MPa
Steel tube 785 KNem™ 206 0.26 - -
Mortar 20 kN-m™ 20 03 - -
Spray mixing 22 KNem™ 204 02 - -
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0 63.02 | 4538 72.96 6447 | 7358
60 67.23 4539 8232 7624 | 7853
120 77.26 | 4675 95.01 79.18 | 8027
180 74.19 5571 85.61 8310 | 8102
240 6128 | 4256 70.52 7723 | 7945
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Model specification (cm X ci

10 x 10 8.33 -160 359 70.08

10 x 125 | 8.16 -0.80 445 | 62.92

» 10 x 15 8.06 -240 201 | 83.25
125 x 10 | 7.83 -340 565 | 5292

125 % 125 8.16 -320 52 56.67

| 125 x 15 | 8.06 -3.40 684 [ 43.00
7 15 x 10 8.09 ~-4.00 5.00 | 5833
15 x 125 [ 821 090 | 7.3 | 40.58

15% 15 8.19 -1.00 458 61.83

Note: WSBB, denotes the wind speed 5H before the barrier; WSIB, denotes the wind speed 4H in the barrier; WSAB, denotes the wind speed 10H after the barrier; WE, denotes the wind-proof
e
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Model specification (cm x cm) IWS (m/s) B (H) b (H)

6 2 >14 931

10 8 15 14 7.05

12 1 125 471

6 25 >16 10.15

10x 15 15 8 2 145 7.32

12 1 13 519

6 25 >18 11.94

20 8 2 18 7.8

12 1 18 597

Note: MS, denotes the model spacing; WS, denotes the indicated wind speed; B, denotes the effective protection distance before the barrier; b, denotes the effective protection distance behind

i s DA dicioiee ki alctieg siteti ook
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Model specification (cm X ci

20 x 20 8.16 268 4.60 5436
20 x 25 | 8.20 178 31 | 69.15
» 20 x 30 8.06 140 228 | 77.40
25 % 20 | 8.19 392 426 | 57.65
25%25 8.16 26 405 59.77
| 25 % 30 | 825 06 345 [ 65.76
7 30 x 20 8.26 326 5.60 | 44.35
30 x 25 [ 8.19 1.00 | 522 | 48.16
30 x 30 818 46 551 45.26

Note: WSBB, denotes the wind speed 5H before the barrier; WSIB, denotes the wind speed 4H in the barrier; WSAB, denotes the wind speed 10H after the barrier; WE, denotes the wind-proof
e
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Model specification (cm

TSTBB g/(cm’

10 x 10 11143 4274 33.00
10 x 125 12677 0436 [ 2010
10 x15 10.86 4641 18.00
125 x 10 5327 2307 60.00
125 x 125 4237 1578 68.00
125 %15 333 1972 | 75.00
15 x 10 4.682 2467 65.10
15 % 125 3.889 1.083 71.00
15x 15 2851 1.941 78.50

Notes: TSTBB, denotes the total sediment transport between barriers; TSTAB, denotes the total sediment transport behind the barrier; RSD, denotes the reduced
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Indicated wind speed (m/s) The height of the substratum (cm) Model specification (cm x

125 x 10 12,5 x 125
0-10 ~94.02% ~95.87% -94.79%
10-30 -89.23% -96.51% -96.37%
6
30-50 - - -
50-60 - e =
0-10 ~68.38% -93.02% -93.97%
10-30 | ~89.03% -9534% | -80.75%
¢ 30-50 +92.50% +9233% C sosos
50-60 | +94.26% | +95.64% +95.88%
0-10 -39.32% -91.95% ~70.82%
| 10-30 -97.76% -92.84% -37.38%
2 30-50 +94.35% +96.56% +99.08%
50-60 | +94.57% +97.85% +98.15%

Notes: - is the model rejection rate, + is the model conducting rate, -- represents no accumulated sand in this layer.
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Buried depth of  Horizontal displacement Horizontal displacement Horizontal displacement Horizontal displacement

the of of of of

tunnel/m the left arch the right arch the left arch the right arch
waist/mm waist/mm foot/mm foot/mm

30 466 -4.65 252 -242

10 863 -8.64 355 -354

50 12.90 -12.89 452 -451
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Material

Grade Va surrounding rock
Initial support

Secondary lining

Side wall anchor

Section steel arch frame
Locking anchor pipe
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earthquake
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earthquake
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Extremely rare 1504 0529 1.804 0.554
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Earthquake level 1% Story 4™ Story 7t Story
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Maximum interlayer displacement angle of lower Rare earthquake 7405% 10 | 2216 X107 | L175x 107 | 3152x10° | 5523x107° 1904 x
structure 102

Extremely rare 1448x 107 | 5649x107  1957x 107  7.616x10”  6.154x 107 2439 x
earthquake 10

Maximum inter-story displacement angle of upper Rare earthquake 1380107 | 4188x107  4187x 10  8359x 107 | 1624x10°  7.084 x
structure 10
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earthquake 10
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107

Extremely rare 5148x 107 | 9535x107  3986x 107  7.863x107 | 4401x107 8766 x
earthquake 10
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GM1 Big Bear-01 909 053 646 7733 7821
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GMI1 Caldiran, Turkey 1627 02 721 5078 5082
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Material Bulk density Cohesion c/kPa Friction angle Modulus of elastic Poisson’s ratio

K/(kN/m?) 9/() E/MPa
S-RM material 21 211 16.2 300 03
Strongly weathered argillaceous siltstone 23 100 25 100 025
I Moderately weathered argillaceous siltstone [ 24 600 344 1,000 | 0.18
Strongly weathered glutenite 26 100 25 150 031

Moderately weathered glutenite 2 600 344 2000 025
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WeggIC = 521 049 0490 0.190 0.870
alc - 521 3.09 3 165 650
’ % 521 5107 50 150 100
PSC MPa 521 613 0 0 100
& mm 521 2135 20 0 32
Y mm 521 2176 20 10 38

my kgm® 521 1,657.29 2320 10 2,880

my kgm® 521 1,535.76 2,540 0 2970

o % 521 3534 4100 0 1190
™ % 521 0.60 0.30 0 250
I - 521 672 0 0 2
In - 521 476 0 0 32

Compressive strength MPa 521 43.19 a5 15464 108.50
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Lower structure

Upper structure

Maximum shear strain of isolation bearing

Rare carthquake
Extremely rare earthquake
Rare carthquake
Extremely rare carthquake
Rare carthquake

Extremely rare carthquake

1175 x 107
1.957 x 10
4.187 x 107
5.495 x 10
1.347 x 107

3.986 x 1072

3152 x 107
7.616 x 10
8359 x 107
1329 x 107
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2346 x 107
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Material type Unit weight (kN/m?) Cohesion (kPa) Friction angle (o) Young's modulus (MPa) Poisson’s ratio

‘ Soil 18 10 20 18 025

‘ Pile u - - 30,000 02
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Earthquake level GM_1

Standard Standard
deviation deviation
Maximum interlayer displacement angle of lower structure Rare carthquake 2618 x 107 1169 x 107 2911 x 107 1369 x 107
Extremely rare 4.804 x 107 2.101 x 107 5.991 x 107 2466 x 107
earthquake
Maximum inter-story displacement angle of upper Rare earthquake 2394 x 107 9280 x 107 2664 x 107 1048 x 107
structure
Extremely rare 4399 x 107 2,089 x 107 5172x 107 2339 x 107
earthquake
Maximum shear strain of isolation bearing Rare earthquake 1248 0493 1402 0513
Extremely rare 1563 0539 1833 0570
carthquake
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Earthquake level Mea

Maximum interlayer displacement angle of lower structure Rare earthquake 001 00018
Extremely rare earthquake 001667 0.0030006
Maximum inter-story displacement angle of upper structure Rare earthquake 001 00018
Extremely rare earthquake 0.02 00036
Maximum shear strain of isolation bearing 3 075
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Each dynamic response

Earthquake
level

GM_0

Standard
deviation

GM_1

Standard
deviation

GM_2

Standard
deviation

Maximum interlayer displacement Rare earthquake 3.064 x 1129 x 107 3235 x 1386 x 107 3243 x 1389 x 107
angle of lower structure 107 107 107
Extremely rare 5637 x 2,008 x 10 6.867 x 2360 x 107 6893 x 2369 x 10
earthquake 107 10° 10
Maximum inter-story displacement Rare earthquake 2,067 x 8395 x 10 2312 8775 x 107 2318 x 8814 x 107
angle of upper structure 107 107 10
Extremely rare 3882 x 1784 x 107 4.486 x 1903 x 107 4449 x 1910 x 107
earthquake 107 107 10
Maximum shear strain of isolation Rare earthquake 1.167 0448 1314 0.476 1319 0478
bearing
Extremely rare 1484 0513 1769 0.540 1770 0542

earthquake
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Record information

PGAmax(9) PGVinax (cm/s)
£ 68 021 19
2 126 0.71 712
2 [ 169 | 035 33
4 181 0.44 1119
3 292 [ 031 45.5
6 741 i 0.64 55.9
7 802 038 55.6
8 825 143 119.5
9 828 0.63 62.1
10 879 0.79 1403
11 953 052 | 63
i 12 | 1004 | 0.73 | 70.1
13 1062 | 0.82 63
14 1063 0.87 167.3
15 1086 0.73 1228
16 1158 0.36 [ 59
17 | 1176 031 | 73
18 1244 0.44 115
15 1504 0.56 91.8
20 1787 0.34 2






