[image: image1]Creep subsidence prediction algorithm considering the effect of stress history for subgrades

		ORIGINAL RESEARCH
published: 02 October 2023
doi: 10.3389/fmats.2023.1284068


[image: image2]
Creep subsidence prediction algorithm considering the effect of stress history for subgrades
Jian Huang1*, Xusheng Lu1 and Hexiang Hu2
1School of Civil and Transportation Engineering, Beijing University of Civil Engineering and Architecture, Beijing, China
2China Construction First Group Corporation Limited, Beijing, China
Edited by:
Bing Bai, Beijing Jiaotong University, China
Reviewed by:
Xirong Niu, Shanxi University, China
Lin Li, Chang’an University, China
* Correspondence: Jian Huang, huangjian@bucea.edu.cn
Received: 27 August 2023
Accepted: 07 September 2023
Published: 02 October 2023
Citation: Huang J, Lu X and Hu H (2023) Creep subsidence prediction algorithm considering the effect of stress history for subgrades. Front. Mater. 10:1284068. doi: 10.3389/fmats.2023.1284068

In this study, the power function model was modified to explain the creep strain of coarse-grain and fine-grain soils in a uniform manner. And then, two creep subsidence prediction algorithms considering stress history and without considering stress history were proposed based on the modified power function model and Bjerrum’s reclassification of consolidation. The two proposed algorithms were in comparison with two widely used subsidence prediction algorithms in practical engineering based on field subsidence observation data from the subgrade of Haolebaoji-Ji’an Railway. According to the comparison results, the prediction algorithm considering stress history provides a more precise and reliable prediction over two conventional algorithms with a limited amount of available observation data. However, the prediction algorithm without considering stress history have poor prediction results.
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1 INTRODUCTION
The filler of subgrade is generally earth-rock mixtures, which are composed of fine-grain soil such as clay and coarse-grain soil such as gravel. Thus, the creep properties of coarse grain and fine grain soils decide jointly the subsidence of subgrade. The consolidation lines of fine-grain soil are often drawn on the semi-logarithmic coordinate in soil mechanics because the creep part of the curves is almost straight (Bai et al., 2019; Bai et al., 2021; Wang et al., 2022). A large number of experimental results have shown that the consolidation lines of coarse grain soil are perhaps not suitable for drawing on the semi-logarithmic coordinate, but it can be well described by the power function model (Kuwano and Jardine, 2002; Cheng and Ding, 2007; Sun et al., 2016; Huang et al., 2023). However, when the power function model is used to explain the consolidation lines of fine-grain soil, the long-term trend of creep deformation is not satisfactory (Briaud and Garland, 1985; Briaud and Gibbens, 1999; Bi et al., 2019). Therefore, if the power function model is used to explain the creep strain of fine-grain and coarse-grain soils in a uniform manner, it needs to be modified.
It has been debated for decades whether creep is generated in the process of primary consolidation. There are two opposing views. According to Hypothesis A, creep is generated only in the process of secondary consolidation, while creep is generated both in the process of primary consolidation and secondary consolidation according to Hypothesis B. Proponents of both views have proposed theoretical explanations. For example, scholars holding the view of Hypothesis A believe that creep is a consecutive process of decreasing volume with time under constant effective stress (Mesri and Choi, 1985; Mesri, 2009; Feng, 2010), whereas scholars supporting Hypothesis B argue that creep is an intrinsic property of granular materials, including soils, and occurs at any stage of consolidation (Bjerrum, 1967; Stolle et al., 1999; Yin, 1999; Karim et al., 2010; Yao et al., 2013). However, Degago et al. (2011) demonstrate that Hypothesis B is more consistent with the experimental law after analyzing data from numerous sets of consolidation tests and field experiments.
In this paper, the power function model is modified and the reasonableness of the modified power function model (called MPF model below) is verified by indoor experiment data of silty clay and earth-rock mixtures. Based on the MPF model and Bjerrum’s reclassification of consolidation, two one-dimensional creep deformation formulas were proposed. Two simplified algorithms to predict creep subsidence were developed on the basis of these two formulas, which are the prediction algorithm considering the stress history and the prediction algorithm without considering the stress history. Finally, the feasibility of the two prediction algorithms was confirmed by using the field monitoring data of creep subsidence from three sections of the subgrade of the Haolebaoji-Ji’an Railway. Meanwhile, the reliability and accuracy of the two prediction algorithms were verified by comparing the prediction results with two widely used subsidence prediction algorithms in practical engineering.
2 THEORETICAL BASIS
2.1 The MPF model
Numerous consolidation tests have shown that the compression curves are not unique but are essentially parallel to each other in a cluster of curves (Crawford, 1964; Yao et al., 2013). Bjerrum (1967) confirmed this law and referred to these parallel lines as ‘time lines’. Assuming there exists an instant normal compression line (INCL) with a creep time of zero, Yao et al. (2013) established the UH model considering the time effect. INCL is used as a reference line to reflect the stress history, which is plotted as a solid blue line in Figure 1. The points on INCL indicate that the soil element is normally consolidated soil without any creep. Since there is a limit to creep, there is also a limit to the creep deformation in Figure 1 (Yao and Fang, 2019). The limit of creep deformation under different loads is named Stable Normal Compression Line (SNCL), which is plotted as a blue dotted line in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of timelines and deformation.
From Hypothesis B of creep, it is clear that the consolidation deformation of soil elements is practically caused by the mixture of an increase in effective stress and an increase in time. A new definition of instant compression and delayed compression was established by Bjerrum to clarify the deformation due to multiple factors. Point A to point A′ in Figure 1 is represented as instant compression. In this compression process, we assume that the pore water pressure dissipates instantaneously and the skeleton composed of soil particles bears all loads instantaneously. Point A′ to point B′ in Figure 1 is represented as delayed compression, in which the soil skeleton is assumed to creep only with time. The deformation in these two compression processes is referred to as instant deformation and delayed deformation, respectively.
The power function model is often used to calculate the creep strain of fine-grain soils such as clay and silty fine sand (Briaud and Garland, 1985; Briaud and Gibbens, 1999; Bi et al., 2019). The commonly used formula of the power function model is (1)
[image: image]
where t is the time that creep lasts; t1 is the unit reference time, generally expressed as 1s, 1min, or 1d; εt and ε1 are creep strain at time t and t1, respectively; n is the creep index.
According to Bjerrum’s division of the consolidation process, the delayed deformation includes the creep deformation in the primary consolidation process. As the focus is on creep, Eq. 1 is used to describe the delayed deformation without considering consolidation. Equation 1 indicates that in the bi-logarithmic coordinate, the deformation versus time is linear with a slope of n. However, as time t grows, creep deformation will keep growing until infinity. The true creep deformation law is that the creep rate decreases to zero as time t increases. The mathematical description is that the deformation-time curve will eventually be parallel to the time axis. Therefore, the MPF model can be expressed as:
[image: image]
where εt is creep strain; εt∞ is creep strain when creep time is infinite; t0 is the unit time used to unify the dimension of Eq. 1 and its value is one for the same dimension as creep time t; n is creep index dependent on the physical properties of soil.
By transforming Eq. 2, the expression of creep deformation εt can be obtained as:
[image: image]
According to Eq. 3, εt is zero when t is zero and εt increases to εt∞ when t is infinite. That is, the creep strain increases non-linearly with creep time t to the limit εt∞. When εt∞ is constant, creep index n controls the rate of creep deformation. Figure 2. Shows a diagram of the creep curves based on Eqs 1, 3. As can be seen from Figure 2, the MPF model is more consistent with the creep law of soil.
[image: Figure 2]FIGURE 2 | Schematic diagram for power function model and MPF model.
The value of strain measured by the dial indicator in the consolidation test is total strain. The creep deformation εt in Eq. 3 is only the delayed deformation. So, the formula of total strain ε is
[image: image]
where εep is the strain without creep, which is equivalent to instant deformation.
Similarly, the difference between the limit of total deformation ε∞ and the limit of creep deformation εt∞ is εep. Thus, the expression of ε∞ is given as
[image: image]
where ε∞ is the limit of total strain when t is infinite.
Combining Eqs 3–5 yields:
[image: image]
According to Eq. 6, ε is εep when t = 0, i.e., total strain is instant deformation at the beginning. When t is infinite, ε increases to ε∞, i.e., the total strain increases non-linearly with time to a stable value ε∞.
2.2 The verification of the MPF model
Equation 6 yields
[image: image]
Equation 7 yields
[image: image]
Equation 8 indicates that in bi-logarithmic coordinates, deformation versus time is also linear with a slope of -n. For clays, εep is the strain corresponding to the point where the primary and secondary consolidation divides. The strain εep can be determined by the ε-lgt curve obtained through consolidation tests. For earth-rock mixtures, there is no generally accepted standard for dividing instant deformation and delayed deformation. At present, the deformation value of 1 h under the last load is often used as the demarcation between instant and creep deformation of earth-rock mixtures (Cheng and Ding, 2007; Sun et al., 2016; Huang et al., 2023). If test data at 1 h is not available, the first measured deformation value after 1 h is used as an approximation of εep. Currently, there are two methods for identifying the value of ε∞: (i) The same soil is prepared into soil elements with different over-consolidated ratios and subjected to one-dimensional compression creep tests and one-dimensional expansion creep tests, respectively. The location of SNCL is then determined according to the relationship between the creep deformation and the over-consolidated ratio. In turn, the ε∞ under the corresponding load can be determined (Yao et al., 2013; Yao and Fang, 2019). (ii) The ε∞ is one of the parameters to be solved, which will be determined by optimization calculation. The first method to determine ε∞ is more complicated because it requires multiple creep tests. Therefore, the second one is selected.
Huang et al. (2023) used silty clay and Zhang et al. (2021) used three kinds of earth-rock mixtures to carry out consolidation tests. These experimental data were re-plotted under semi-logarithmic coordinates, as detailed in Figure 3.
[image: Figure 3]FIGURE 3 | The experimental data of different soils replotted in the ε-lgt coordinate: (A) clay; (B) earth-rock mixture of sample 1; (C) earth-rock mixture of sample 2; (D) earth-rock mixture of sample 3.
According to Figure 3A, the secondary consolidation part of clay’s experimental data under different stress levels is linear and with essentially the same slope. According to Figures 3B–D, the creep part of the experimental data of three kinds of earth-rock mixtures is essentially nonlinear, but the trends of deformation are broadly similar. Due to the lack of deformation data between 0 and 8 h in Zhang et al. (2021), the deformation corresponding to the 8th hour, which is also the first deformation data in Fig. 10, is used as the demarcation between instant and creep deformation. Through these test data, the parameters εep, ε∞, and n in Eq. 8 are determined, as shown in Table 1 and Table 2. Combined with the parameters in the two tables, these experimental data were sorted based on Eq. 8 and then replotted in bi-logarithmic coordinates, as shown in Figure 4.
TABLE 1 | Creep formula parameters of different soil elements.
[image: Table 1]TABLE 2 | Creep formula parameters of different soil elements.
[image: Table 2][image: Figure 4]FIGURE 4 | The experimental data of different soils replotted in the lg ((ε∞-ε)/ε∞)-lg (t/t0+1) coordinate: (A) clay; (B) earth-rock mixture of sample 1; (C) earth-rock mixture of sample 2; (D) earth-rock mixture of sample 3.
According to Figure 4, these rearranged experimental data for different soil samples at various stress levels are almost straight with essentially the same slope. This shows that Eq. 8 derived on the basis of the MPF model is consistent with the creep characteristics of granular materials. Therefore, the MPF model is suitable for creep calculations of subgrade soils.
2.3 Creep deformation formulas
2.3.1 Creep deformation formula without considering stress history
When the state point lies on the reference line INCL, as in point A in Figure 5, the soil element is in a normal consolidated state. There has been no creep of any time in history. ελ and ε denote the instant and total strain of normal consolidated soil elements under an effective stress σv1', respectively. At this point, the instant deformation εep of the normal consolidated soil element is ελ. Based on the MPF model and Bjerrum’s reclassification, the creep strain εt of a normal consolidated soil element from point A after time t is obtained from Eq. 6 as:
[image: image]
[image: Figure 5]FIGURE 5 | Schematic diagram for the creep of normally consolidated soil.
According to Eq. 9, εt is zero when t is zero, and εt is (ε∞-ελ) when t is infinite. That is, creep strain εt increases non-linearly with time to the maximum deformation (ε∞-ελ).
2.3.2 Creep deformation formula considering stress history
When the state point B lies below the INCL, as shown in Figure 6, the soil element is in an over-consolidated state. The load is unloaded from σv2' to σv1' and then held constant; Cc and Cs are the slopes of INCL and reload lines, respectively. εep is the instant strain corresponding to point B. ta is the equivalent creep time of the current state point with respect to the INCL. For state point B, ta is the equivalent creep time between point A and point B.
[image: Figure 6]FIGURE 6 | Schematic diagram for the creep of over-consolidated soil.
From the analysis of Figure 6, it can be seen that starting creep from the current state point B after time t, the corresponding creep strain εt is:
[image: image]
where ta is the equivalent creep time of the current state point relative to the reference line INCL.
When the normal consolidated soil element experiences the creep of time ta from point A to point B, the strain of point B can be obtained from Eq. 6:
[image: image]
From Eq. 11, the expression of ta can be obtained as:
[image: image]
Substituting Eq. 12 into Eq. 10 yields:
[image: image]
From Eq. 13, εt is zero when t is zero, and εt is (ε∞-εep) when t is infinite. That is, creep deformation εt increases non-linearly with time to the maximum deformation (ε∞-εep) in an over-consolidated state. It should be noted that after the same creep time t, the creep deformation εt between Figure 5 and Figure 6 are different. For the same soil, the void ratio in the over-consolidated state is smaller than that in the normal consolidated state. The creep rate of over-consolidated soil is smaller than that of normal consolidated soil under the same load σv1'. Therefore, the εt of the over-consolidated soil element in Figure 6 is smaller than that of the normal consolidated soil element in Figure 5, after experiencing the same creep time t.
The parameters ελ, εep, ε∞, n in Eq. 9 and Eq. (13) can be ascertained by one-dimensional creep tests (Bi et al., 2019; Huang et al., 2023). The creep strain εt of normal consolidated soil element and over-consolidated soil element is therefore only time-dependent. Let α = ε∞-εep, β = ε∞-ελ, then Eq. 9 and Eq. (13) are simplified as follows:
[image: image]
[image: image]
where α and β denote the maximum creep deformation of the over-consolidated and normal consolidated soil element, respectively, under the effective stress σv1', and β ≥ α > 0.
3 CREEP SUBSIDENCE PREDICTION ALGORITHM FOR SUBGRADES
3.1 The formula of the simplified algorithm
Referring to the idea of calculating the final subsidence by the layer-wise method, it is assumed that creep subsidence of each soil layer only occurs in the vertical direction and there is no lateral deformation. Based on the layer-wise method, the creep subsidence of the ith layer can be calculated as follows:
[image: image]
where εti and Hi are the creep deformation and thickness of the ith layer.
Assuming that all the soil layers of the subgrade are regarded as normal consolidated soils, substituting Eq. 14 into Eq. 16 yields:
[image: image]
If each soil layer’s parameters are known, creep subsidence of subgrade at different times can be calculated. After creep time t, the creep subsidence is:
[image: image]
where k is the layer number for subgrades.
As can be seen from Eq. 18, to calculate creep subsidence using the layer-wise method, it is necessary to know the parameters of all soil layers. These parameters are difficult to obtain accurately because of the complexity of the construction environment and the tight construction schedule. Therefore, for subgrades that lack soil parameters and have limited on-site subsidence monitoring data, the layer-wise method described above needs to be simplified when predicting creep subsidence. Treating subgrade and original foundation as a whole, a simplified algorithm without considering stress history is proposed with reference to Eq. 14. Since the subgrade soil is regarded as normally consolidated soil, the prediction algorithm is called the NC algorithm below. The formula of the NC algorithm can be expressed as:
[image: image]
where s is creep subsidence; s0 is the unit subsidence used to unify the dimension, which has the same dimension as s and the value of one; n is the subsidence index; α is the ultimate creep subsidence in the normally consolidated state; t0 is a specific time, which serves to balance dimension, and its value is one.
If the subgrade soil is regarded as over-consolidated soil, the simplified prediction algorithm is called the OC algorithm below. Similarly, with reference to Eq. 15, the formula of OC algorithm can be expressed as:
[image: image]
where the parameters n, α, and t0 have the same meaning as in Eq. 19; β is the final creep subsidence in an over-consolidated state.
3.2 Method of determining parameters
The parameters α, β, and n of the two simplified algorithms can be determined by parameter optimization based on monitoring data. The specific steps are as follows: (i) An objective function f is determined by the minimum residual sum of squares between subsidence monitoring data and subsidence calculation value at the corresponding monitoring time. The expression of the objective function is given by Eq. 21. (ii) After setting the parameter value scope for α, β, and n, the optimal parameters are obtained by using optimization algorithms such as genetic algorithm.
[image: image]
where p is the times of on-site subsidence observation; si is the subsidence value of the ith field observation; [image: image] is the subsidence calculation value based on prediction algorithms corresponding to the monitoring time.
4 CASE STUDIES AND COMPARISONS
4.1 Introduction of comparison algorithm
To validate the accuracy of the proposed algorithms, two prediction algorithms usually applied in real engineering were chosen for comparison in predicting creep subsidence. The subsidence value versus time of the Hyperbola algorithm is a simplified hyperbolic relationship (Prakash et al., 1987). The formula of the Hyperbola algorithm is expressed as:
[image: image]
where, t0 and s0 are the monitoring time and subsidence of the initial reference point, and the values of them are generally zero; α and β are parameters to be solved.
The Richards algorithm belongs to the growth curve model (Huang et al., 2018). The subsidence value predicted by the Richards algorithm increases non-linearly with time t until it tends to be stable. The expression of the Richards algorithm is as:
[image: image]
There are various indicators for evaluating the prediction results. After comprehensive consideration, the coefficient of determination DC was selected (Mei et al., 2018). The value range of DC is (-∞, 1]. The closer the DC value is to one, the better the fitting result is. It can be expressed as:
[image: image]
where, si and [image: image] have the same meaning as in Eq. 21; [image: image] is the average value of all the subsidence monitoring data used for fitting.
4.2 Subsidence prediction of Haolebaoji-Ji’an
Haolebaoji-Ji’an Railway is a heavy haul railway that connects Haolebaoji in Inner Mongolia with Ji’an in Jiangxi Province, and it is one of the strategic transportation corridors for China’s “north-south coal transport”. The foundation soils of a test section in Xinyu City, Jiangxi Province of the Haolebaoji-Ji’an Railway are mainly silty clay and fully weathered soft phyllite. The subgrade heights of three sections DK 1806 + 800, DK 1806 + 925, and DK 1807 + 250 are 11.12 m, 14.28 m, and 12.7 m, respectively, which are all filled with fully weathered soft phyllite. The subsidence observation is carried out by single-point settlement gauges. The subsidence monitoring of the three sections began on 11 September 2017 after the completion of filling and ceased on 24 February 2019, that is, the whole monitoring time was 528 days (Luo et al., 2020). The on-site subsidence observation data of the first 256 days were used to ascertain the computation parameters of these algorithms, and then, the determined parameters were used to plot the prediction curves. Finally, the prediction results during 256–528d of each algorithm were compared. The parameters are shown in Tables 3–5 respectively. Figures 7A–C show the prediction curves for each algorithm based on the parameters in Tables 3–5.
TABLE 3 | Algorithm parameters determined based on 256d subsidence monitoring data at section DK 1806 + 800.
[image: Table 3]TABLE 4 | Algorithm parameters determined based on 256d subsidence monitoring data at section DK 1806 + 925.
[image: Table 4]TABLE 5 | Algorithm parameters determined based on 256d subsidence monitoring data at section DK 1807 + 250.
[image: Table 5][image: Figure 7]FIGURE 7 | Prediction curves for different sections: (A) for section DK 1806 + 800; (B) for section DK 1806 + 925; (C) for section DK 1807 + 250.
According to Figure 7, all the curves fit the monitoring data from days 1–256 well. Combining the values of DC for the prediction stages of each algorithm in Table 3 ∼ 5, the OC algorithm has the best prediction results when predicting the subsidence from days 256–528.
4.3 Analysis and discussion
The prediction results of the Hyperbola algorithm and the Richards algorithm are almost smaller than the subsidence monitoring data from days 256–528. This is similar to the subsidence prediction results of other foundations (Yao et al., 2020). The prediction results of the NC algorithm are obviously larger than the actual subsidence because it regards subgrade soil as normally consolidated soil. In fact, each soil layer must be compacted in the process of subgrade filling, even utilizing dynamic compaction. In this compaction process, part of the subgrade soil has become over-consolidated soil. In addition, subsidence monitoring is generally carried out sometime after the completion of filling. During this time, the subgrade soil has experienced a period of creep. After creep deformation, the void ratio of subgrade soil is smaller, which is equivalent to increasing the over-consolidated ratio. Therefore, the effect of stress history should be considered in subsidence predictions. The OC algorithm regards the subgrade soil as over-consolidated soil and already takes into account the effect of stress history. This is also the reason the OC algorithm has the best prediction results among these four algorithms.
5 CONCLUSION
Based on the MPF model, this study derives two creep deformation formulas in normal consolidation and over-consolidated state. On this basis, two creep subsidence prediction algorithms are proposed, which consider stress history and do not consider stress history, respectively. The main conclusions can be drawn:
(1) The MPF model is capable of describing the creep properties in one dimension of both fine-grain soil and coarse-grained soil in a uniform manner. At the same time, it also meets the request that the creep deformation grows non-linearly with time to stability. The consolidation test can determine all the parameters of the MPF model.
(2) Based on the MPF model and Bjerrum’s reclassification, and using the INCL in the UH model as the reference line, the MPF model is developed into two creep strain formulas under normal consolidation and over-consolidation conditions. Both formulas satisfy that the creep deformation increases non-linearly from zero to a certain maximum deformation value with time.
(3) Referring to the idea of the layer-wise method, two creep subsidence prediction algorithms considering stress history and without considering stress history are proposed. The parameters of the two prediction algorithms can be obtained through on-site subsidence observation data.
(4) By comparing the fitting results and prediction results with two widely used subsidence prediction algorithms in practical engineering, the proposed prediction algorithm considering stress history has the best prediction results for the subgrade of Haolebaoji-Ji’an Railway because it treats the subgrade soil as over-consolidated soil and already takes into account the effect of stress history.
(5) The prediction algorithm considering stress history provides an efficient tool for calculating creep subsidence of subgrades. However, the applicability of the prediction algorithm for special soils such as expansive soil, wet-collapsible loess, and frozen soil needs further research. In addition, rainfall-induced wetting deformation can also affect the settlement of subgrades. In this case, the applicability of the proposed algorithm also needs to be further researched.
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