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Taking the loess high-fill project of Lv Liang airport in China as the research object, large-scale centrifugal tests were carried out to investigate the deformation characteristics of the collapsible loess ultrahigh-fill slope under natural moisture content and saturated state by using a joint model of undisturbed loess and remolded loess. The results show that the consolidation deformation of the collapsible loess ultrahigh-fill slope is the main factor causing its deformation. The post-construction deformation amount and deformation rate are large in the early stage, and the relationship between the post-construction deformation and thickness of filling body is linear. When the water content of soil increases due to infiltration, the consolidation of the filling body and the collapse of the undisturbed foundation loess will cause settlement and deformation of the slope. The slope may crack along the soft zone formed when the water infiltrates. When failure occurs, the sliding surface will pass through the collapsible soil layer. The contact surface between the collapsible loess layer and the adjacent soil layer is part of the sliding surface, and the contact surface with a relatively low strength will be damaged first. When the strength difference between adjacent soil layers is large, the upper soil layer on the slip surface shows a typical translational sliding mode. The slip surface is approximately arc-shaped, and there is a transition layer with a specific thickness between the slip surface and contact surface. The water content of the high-fill slope has a great influence on the post-construction settlement of the slope crest and slope stability. The post-construction settlement of the slope crest increases with the increase in the water content of the filling body, and the stability coefficient of the slope decreases with the increase in the water content of the filling body. In the saturated state, the sliding force of soil increases, the shear strength decreases, and the stability of high fill slope decreases. Therefore, it is necessary to strengthen the inspection of the rationality of drainage system design in slope construction to ensure slope safety.
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1 INTRODUCTION
To solve the contradiction between land supply and infrastructure construction, scientific researchers have increased the research on bad rock and soil mass (Fan et al., 2019; Liu et al., 2020a; Wang et al., 2021a; Wang et al., 2021b; Wang et al., 2022a). a large number of high-fill slopes have emerged in large-scale projects in collapsible loess regions of the world, typified by Western China. The stability of collapsible loess ultrahigh-fill slopes has attracted increasing attention from engineers and has become an important issue that needs to be studied urgently.
In the field of geotechnical engineering, to provide the same self weight stress level as the prototype, a physical model of scale is usually built in a large centrifuge (Schofield, 1980; Taylor, 1995; Shen et al., 2021). The centrifugal model can be used to extrapolate the results of the scale model to the full-scale prototype (Charles, 2014). It provides physical data for the study of deformation and failure mechanism, as well as for the verification and numerical analyses (Caicedo and Thorel, 2014). In recent years, the use of centrifugal model tests to study the slope deformation characteristics under different conditions has gradually emerged, and some important results have been obtained. Some scholars have studied the deformation characteristics of slopes in different regions and soils. Cheng et al. studied the influence of loess cracks on slope stability through geotechnical centrifugal test (Cheng et al., 2021). Based on the high-fill engineering of the Yan’an loess gully, Wu et al. studied the deformation characteristics and stability of the high-fill slope with the change in water level through centrifugal model tests and finite element stress analysis (Wu et al., 2017). Miao et al. then analyzed the stability and failure mode of slopes in the Three Gorges Reservoir area by centrifugal model tests and finite element simulation (Miao et al., 2018). Peng et al. analyzed and compared the deformation characteristics and failure mechanism of homogeneous loess slopes and a double paleosol-interlayer loess slope under different excavation slope angles based on centrifugal model tests. Then some scholars used centrifugal model tests to analyze the effect of rainfall on slope deformation characteristics (Peng et al., 2019). Ling et al. studied the mechanical behavior of soil under triaxial and plane strain conditions through a centrifugal model test and simulated the influence of rainfall on slope stability, which verified the importance of centrifugal model tests in slope instability research (Ling et al., 2009). Zhang et al. took the Jiaojia No. 13 landslide in Heifangtai area as the geological prototype and carried out a series of centrifugal tests to study the deformation and failure characteristics of the slope caused by a continuous rise in groundwater level. At the same time, centrifugal tests on the seismic performance of slopes have gradually emerged (Zhang et al., 2019). Enomoto et al. conducted A series of dynamic centrifuge model tests in order to evaluate some factors affecting the seismic performance of hillside embankments consisting of sandy or silty soils and resting on stiff base slope. The effects of seepage water elevation in embankments, toe drain, embankment height, base slope inclination, soil compaction, and fill materials on the seismic behaviour of embankments were investigated (Enomoto and Sasaki, 2015). Yan et al. used a dynamic centrifugal model to study the seismic performance and dynamic deformation characteristics of a pile group foundation with an inclined weak interlayer slope (Yan et al., 2020). Zhang and Wang (2017) studied the three-dimensional failure behavior of reinforced slopes through a series of centrifugal model tests and summarized four main failure modes of reinforced slopes. Based on the equivalent model, a slice method was proposed to analyze the stability level of reinforced slopes (Zhang and Wang, 2017). Park et al. mixed a small amount of Portland cement into different plastic clays for centrifugal tests, studied the static and dynamic failure mechanisms of sensitive clay slopes, and explained the experimental results in conjunction with the existing literature to further understand the controlling factors of clay instability caused by dynamic load (Park and Kutter, 2015). Li et al. reproduced the sliding instability process of the pre-reinforced high-fill slope at Panzhihua Airport through large-scale centrifugal model tests, obtained the characteristic parameters of slope deformation and rupture, and clarified the mechanism of slope instability (Li et al., 2013). Yang et al. conducted a series of dynamic centrifugal tests to study the influence of the angle of sand compaction pile (SCP) improvement zone on mitigating the liquefaction-induced settlement of embankment crests (Li et al., 2021a). Jing et al. studied the deformation behavior of high rockfill embankment during construction and operation through centrifugal model test (Jing et al., 2021). Luo et al. studied the law of sand slope stability with slope gradient and water content based on the geotechnical centrifugal model test technology, analyzed the deformation characteristics and failure mode of sand slope under a centrifugal load, and discussed the comparison mechanism of the influence of water migration phenomenon of sand with a higher water content on slope stability (Luo et al., 2018). Chen et al. revealed the deformation characteristics and the change characteristics of slope stress in the process of excavation and unloading through centrifugal model tests and analyzed the influence of the change in soil parameters (compactness and water content) on the deformation characteristics of the slope (Chen and Tang, 2008). The above research on the characteristics of slope deformation is less for high-fill slopes (Li et al., 2013; Wu et al., 2017; Cheng et al., 2021), especially for the deformation law of collapsible loess slope. Moreover, most of the same type of tests are carried out by using remolded loess instead of undisturbed loess to make models. Even though a few tests use undisturbed loess to make models, due to the small size of the models, the boundary conditions will have a great impact on the test results (Drnevich et al., 1989). The method of making large-scale undisturbed soil and geotechnical test models and the key technologies of the test have no matured experience to draw on.
This study took the loess high-fill slope project of Lvliang airport (as shown in Figure 1) as the research object. Undisturbed loess and remolded loess were used to make the model, and large-scale centrifugal tests were carried out to study the deformation characteristics of the collapsible loess ultrahigh-fill slope in natural moisture content and saturation state. The research results can provide a reliable basis for the design and construction of similar projects.
[image: Figure 1]FIGURE 1 | Project profile of test section in Lvliang airport.
2 TEST PLAN
The LXJ-4-450 geotechnical centrifuge model test machine of China Institute of Resources and Hydropower Research was used in the experiments. The effective radius of the centrifuge is 5.03 m, the maximum acceleration is 300 g, the effective load is 1.5 t, and the effective load capacity is 450 g t. The data acquisition equipment uses laser displacement sensors and matching acquisition and camera systems. The centrifuge used for the tests is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Centrifuge used in the tests.
2.1 Principle and Similarity of Centrifugal Model Test
In the centrifugal model test, when considering the geotechnical problems related to the model’s own gravity, the strain energy of the centrifugal test model and the prototype at the corresponding points can maintain good similarity (Hu et al., 2012a). The model and prototype similarity rates involved in the test are listed in Table 1.
TABLE 1 | Scaling velocity of centrifugal model test.
[image: Table 1]2.2 Model Design
Because the airport runway is built on a loess ridge, a large number of high-fill slopes emerged, and the differences between the slopes vary greatly due to the original terrain. In the selection process of the model section, the slope ratio, slope height of filling body, and the influence of foundation soil properties on the slope were mainly considered. To make the test results reflect more slope conditions as much as possible, the most representative sections were selected. The original plan was to carry out two groups of different slope tests to include more slopes in the tests. However, due to the limited fund, time, and equipment, the section with the lowest safety factor was finally selected as the object of the tests. Based on the preliminary design scheme and calculation results of Lvliang airport, a typical section is shown in Figure 3.
[image: Figure 3]FIGURE 3 | (A) Typical cross-section A, (B) Typical cross-section B; (C) plan, and (D) elevation.
According to the above section form and soil distribution, combined with the comprehensive consideration of the size of the test model box and the geometric size of the prototype, the similarity ratio of the test model was set as n = 180. The model soil layer was divided into three layers from the top to the bottom: Q3 Malan loess, which was compacted in the top layer, with a compactness of 93%; Q3 Malan loess, which was undisturbed in the middle layer, with loose structure, large pores, low toughness, and dry strength, with medium collapsibility; Q2 Lishi loess, which was undisturbed in the bottom layer, with hard plasticity, medium toughness, and dry strength. The main physical properties and shear strength indicators of each soil layer in the model are presented in Table 2.
TABLE 2 | Physical and mechanical incides of model soil.
[image: Table 2]The model size was 1,340 mm (length) × 400 mm (width) × 600 mm (height). There were four berms on the filling body. The slope was divided into four sections, the slope ratio from the top to the bottom is: 1:1.7, 1:1.9, 1:2, and 1:2.3, with a comprehensive slope ratio of 1:2.1. The model design and measurement point arrangement are depicted in Figures 3C,D.
2.3 Model Making
2.3.1 Making of Undisturbed Soil
The undisturbed soil samples of the model were obtained from a typical section of Lvliang Mountain, Shanxi and sealed and transported to the laboratory (Hu et al., 2012b; Hu et al., 2012c). After the soil samples were obtained onsite and transported to the laboratory, the process of laying out, cutting, and combining the samples according to the design size of the model is presented in Figure 4A.
[image: Figure 4]FIGURE 4 | (A) Model making; (B) Completed test model, (C) Soil sample opening for water injection.
To reduce the friction of the inner wall of the model box, transparent liquid silicone grease was applied to the inner wall and it was then covered with a plastic film to eliminate the boundary effect on the test results as much as possible (refer to Figure 4). The gap between the undisturbed soil samples was filled with quicklime, water, and loess soil mixture, where the thickness of the mixture did not exceed 5 mm. Furthermore, to maximize the restoration of stress and consolidation of the undisturbed soil, reduce the experimental errors caused by the weak joints, and prevent the soil samples from being broken due to uneven contact surfaces during loading, after the original undisturbed soil layer in the model was completed, a plastic film was used to cover the upper surface, and the plastic film was covered with loose Q3 Malan loess (layered and lightly compacted), and the compaction degree was controlled to approximately 85%. Based on the thickness of the overlying soil before sampling the original soil sample, the thickness of the overlying soil on the model was calculated to be approximately 20 cm according to the model similarity ratio.
After completion, the model was loaded on the centrifuge until the acceleration was 180 g. Then, the plastic film of the model was removed and the Q3 Malan loess was covered and compacted. After the upper overburden of the undisturbed soil layer was cleaned, the undisturbed soil layer was treated thoroughly to meet the requirements of the design size of the model. When the size error of each part was not more than 5 mm, the filling body of the model was made.
2.3.2 Making of Filling Body
The soil used for compacted the Malan loess filling body in the model was crushed by the disturbed Malan loess obtained from the field and then screened by a fine sieve with a diameter of 2 mm. The layer was compacted on the original soil layer of the model, where the compaction degree was controlled to 93%. When each part of the filling body reached the design size of the model, a geotechnical knife was used to trim the design, where the size error did not exceed 5 mm.
The model designed according to the above manufacturing method and measurement system is shown in Figure 4B.
2.4 Test and Measurement System
Considering the possible deformation of the slope body, the test needs to measure the vertical deformation of the slope crest and the berm at all levels and the internal deformation of the model. Limited by the test conditions, only five laser displacement sensors (C1 to C5) were set along the longitudinal centerline of the model box (Wang et al., 2020; Li et al., 2021b; Wang et al., 2022b).
The laser displacement sensor was placed 20 cm away from the boundary of the model box (which was outside the range of boundary influence) to minimize the influence of the side of the model box on the test results (Mei et al., 2015). The laser aiming positions were respectively the model deformation measuring points 1–5. The measuring points 1 and 2 displacement slope top and the measuring points 3, 4, and 5 are respectively located at each level of the berm on the slope.
Additionally, due to the limitation of the test method, it was difficult to perform a real-time dynamic measurement of the internal deformation trend of the model, and the internal deformation of the test model can only be measured at the end of the test.
In this test, the model was marked with pushpins with a reflective paper. The vedrtical and horizontal spacing was approximately 3 cm × 3 cm. A vertical and horizontal grid was set on the outer wall of the model box with a grid size of 10 cm × 10 cm. After the test, the relative displacements of the intersections of the markers with the grid lines on the glass plate of the model box were measured respectively, and the approximate trend of the internal displacement of the model was obtained.
2.5 Test Conditions
2.5.1 Working Condition 1: High Slope Stability Test With Natural Moisture Content
After the model was made, it was loaded in a centrifuge, and the centrifugal acceleration was increased by 20 g per stage to 180 g. During the loading process, each time the acceleration of the former stage was increased, the acceleration was maintained, and the operation was continued for 5 min to make the model deformation basically stable. According to the calculation, when the laser displacement sensor used in the test was under the acceleration of 180 g, the measurement error caused by the vibration of its instrument frame was not greater than ±0.2 mm (real-time data can be used for measurement during the test). Therefore, during the test, under each acceleration level, the centrifuge continued to run with constant acceleration. If the fluctuation range of the laser displacement sensor is less than ±0.2 mm, the model is considered to be stable in deformation, but it needs to be loaded for 5 min stably. If the model does not reach this standard within a certain level of acceleration within 5 min, the acceleration is maintained and the operation is continued until the requirements are met. After accelerating to 180 g according to the above loading system, we maintained the acceleration until the model deformation was stable, and then we unload in stages. During the unloading process, the acceleration decreased by 40 g per stage, and the final stage was 20 g until the machine was shut down. During the unloading process, when the acceleration was reduced, we maintained the acceleration and continued to run for 2 min. When the acceleration was reduced to zero, we continued to observe until the deformation of the model was stable.
2.5.2 Working Condition 2: High Slope Stability Test Under Saturated Conditions
In the actual project, due to poor drainage conditions, vertical caves are often formed in high-fill slopes (Jiang et al., 2016; Fan et al., 2020; Kang et al., 2020). A large amount of water enters the interior of high slopes through the caves, which saturates the slope soil and poses a great threat to the stability of such slopes. The centrifuge cannot immerse the model in the loading process. Therefore, after completing test condition 1, we stopped and removed the model sensor. Then, we drilled 5 immersion holes with a diameter of 5 mm at different positions of the model. The depth of the hole to the contact surface between the top filling body and the undisturbed Malan Loess in the middle layer, as shown in Figure 3D.
A medical infusion device was used to continuously inject water into the model, so that the average saturation of the model reached more than 75%. At this time, the saturation of the top filling body and the undisturbed Malan loess in the middle layer was estimated to be over 80% (The water content in the cave is large and the other parts are relatively small, which cannot be measured in real time due to the test conditions). It was estimated that 30 kg of water was needed for the test. The soil sample openings for water injection are shown in Figure 4C.
It should be noted that the purpose of the test in working condition 2 is to analyze the deformation law of the model in the saturated state of the top filling body and the middle layer of the original Malan loess. Although the submerged caves are unevenly distributed and anisotropic in the actual project (Liu et al., 2020b; Yuan et al., 2021; Yuan et al., 2022; Zhou et al., 2022), in the process of model making, it is impossible to make caves according to the actual shape of the cave. In addition, water immersion in the cave in the experimental model is only a simulation of the immersion path of the prototype, and it is not necessary to make the cave according to its actual shape. Therefore, according to the general principle that the simpler the centrifugal model, the more obvious the regularity of the test results, the test did not consider the heterogeneity and anisotropy of the cave. During the model water injection process, five groups of dial gauges were set at the position of the laser displacement sensor to measure the vertical deformation of the model during immersion. To prevent the model from softening after immersion in water, the dial gauges pierced the model. A 2 cm × 2 cm plexiglass sheet was placed. Moreover, to prevent water from overflowing from the water immersion holes and causing erosion and damage to the sloping surface when the water is soaked too fast, the surface of the sloping surface was covered with an absorbent cotton cloth to absorb the overflowing water during the immersion process. After completing the water immersion, the Q3 fine soil was used to fill the water immersion holes, and then the test was carried out according to the loading and unloading schemes of working condition 1. After the test, the model box was emptied. During the emptying process, the model was sampled to determine the moisture content.
2.5.3 Working Condition 3: Measurement of Model Box Deformation
After the model box was emptied, we installed the instrument and the instrument frame again. Then, we extended the No. 1 to 5 displacement sensor rods and aimed at the bottom of the model box. We put a steel block of the same quality as the model in the model box and placed the model box in the centrifuge. The machine was loaded to 180 g, and the deformations of the model box and the instrument frame during the loading and unloading processes were recorded. These were used to correct the data measured in working conditions 1 and 2.
3 TEST RESULTS AND ANALYSIS
The test results obtained include the following: vector diagram of the lateral deformation of the model before and after each test, deformation curve of each measuring point during the test, deformation curve of the position of each measuring point during the model immersion, moisture content of each part of the model after the test, deformation curve of the model box and the instrument frame at each level of acceleration, and crack development of the model during the test.
The preliminary analysis test results show that the moisture content of the model meets the test requirements of working condition 2 after immersion in water. The model reaches the stability standard within 5 min at each level of acceleration, and the test achieves the expected results.
3.1 Stability Analysis
According to the law of model similarity, when all the dimensionless independent variables of the model and the prototype have a one-to-one correspondence, the model and the prototype are completely similar. When the soil slope is stable, the slope deformation and the centrifugal acceleration are approximately linear; however, when the soil slope is unstable, the relationship between the slope deformation and the centrifugal acceleration will change, and even a small acceleration increase will cause a large lateral displacement and corresponding deformation. Therefore, the slope stability can be analyzed by using the trend of the relationship between the relative deformation Δδ (the ratio of the deformation value Si of the model measurement point position at a certain acceleration level to the thickness of the soil layer at the corresponding position of the measurement point is called relative deformation: (Δδ = Si/hi) of the model measurement point and the acceleration (a) curve.
Because the undisturbed soil of the model is pre-compressed, the deformation of the model under the condition of natural moisture content should mainly come from the top compacted Malan loess layer. However, under the condition of saturation, the strength of the top compacted Malan loess layer and the middle undisturbed Malan loess layer will be greatly reduced, and the deformation mainly comes from both. Therefore, the thickness of the deformed soil layer under the condition of natural water content is the thickness of the corresponding position of the top compacted Malan loess layer, and the thickness of the deformation soil layer is the total thickness of the corresponding position of the top compacted Malan loess layer and the undisturbed Malan loess layer in the middle layer. The relationship curve between the relative deformation of each measurement point and the acceleration of the model under natural water content and saturation state is illustrated in Figure 5.
[image: Figure 5]FIGURE 5 | Relation between Δδ and a, (A) Natural water content, and (B) Saturated water content.
It can be observed from Figure 5 that the relative deformation of each measurement point of the model increases with the increase in acceleration under the condition of natural water content, and basically changes linearly. No obvious turning point is found overall, indicating that the model is stable under the condition of natural water content. However, the curve between the slope deformation and the centrifugal acceleration of the model in the saturated state turns sharply when the acceleration is between 100 and 120 g. It can be judged that the corresponding slope of the model is unstable at this time. By observing the monitoring video of the slope top, it was found that cracks appeared on the slope top when the model had an acceleration of 116 g.
According to the definition of the slope safety factor of the centrifugal test model in the study by Xu et al. (2004), [image: image] , where [image: image] is the critical failure acceleration of the model, which can be determined based on the turning point on the relationship curve between the slope’s relative deformation and acceleration, whereas Ng is the model design acceleration. The slope safety factor of the test model is [image: image] = 0.664. It can be seen that when the model soil is saturated, the corresponding slope safety factor will be greatly reduced compared with that of the natural moisture content, and instability is likely to occur.
3.2 Analysis of Deformation Mode
Due to concerns on the centrifuge safety and stability of equipment, we did not perform a damage test under the state of natural water content. In addition, it was impossible to conduct an accurate measurement because some measurement points were buried in the soil during model making or due to small displacements; thus, we only obtained the displacement vectors of some measured points of the model. However, the possible slip surface positions of the slope can be analyzed based on this as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Displacement vector diagram and possible slip plane of model: (A) Natural water content, and (B) Saturated water content.
From Figure 6, it is clear that the deformation layers corresponding to the prototype slope of the test model under natural water content are mainly the compacted Malan loess layer at the top layer and the undisturbed Malan loess layer at the middle layer. Of the two, the top layer has a large deformation whereas the middle layer has a small one. In the saturated state, the strength of the filling body and the undisturbed Malan loess is greatly reduced. Moreover, the undisturbed Malan loess has collapsed; therefore, the deformation is large. In contrast, the bottom undisturbed Lishi loess layer is less affected by changes in the water content, and the deformation is still not noticeable.
In the state of natural water content, the possible slip surface of the model passes through the undisturbed Malan loess layer, and there is still a certain distance from the contact zone of each soil layer. Additionally, the upper soil layer on the slip surface does not show a complete overall slip pattern. This is because under the condition of natural water content, although the strength of the undisturbed Malan loess is weak, the difference in the strength of each soil layer cannot transform the undisturbed Malan loess layer near the contact zone into a weak interlayer; thus, the slip surface did not pass through the contact zone and the slip surface is approximately a circular arc. In the saturated state, the model slip surface passes through the top layer of the compacted Malan loess and the middle layer of the undisturbed Malan loess layer. This is due to the collapse of the undisturbed Malan loess in the middle layer when it saturates. At this state, the strength is greatly reduced, and the strength difference between the upper and lower soil layers becomes larger. Two weak intercalations are formed at the contact part of the adjacent soil layer. Because the depth of immersion is in the upper soft layer, the saturation of the upper soft layer is higher than that of the lower soft layer, and the normal stress of the lower soft layer is large. Therefore, the strength of the lower soft layer is still higher than that of the upper soft layer. When the slope is damaged, the upper soft intercalation would be damaged first, and the upper soil layer shows a typical overall sliding pattern.
It can be observed that whether the contact zone of each soil layer can form a weak interlayer depends on the strength difference between it and the adjacent soil layer. Only when the strength difference is large can a weak interlayer be formed. When the slope is unstable, the contact surface of each soil layer may not be a slip surface. However, if the contact surface forms a weak interlayer due to the large difference in strength between the upper and lower soil layers, the contact surface would be part of the failure surface, and the upper soil layer would appear as a more typical translational sliding pattern. On the contrary, the slip surface is approximately arc-shaped, and there is a transition layer between the contact surface with each soil layer.
It should be particularly pointed out that, in the saturated state, the top of the slope basically cracks along the line of the immersion hole, and the slope is damaged. It can be seen that in the actual project, similar slopes are likely to crack at vertical caves. The drainage of the slope should be ensured in the project. The crack on the model slope is presented in Figure 7.
[image: Figure 7]FIGURE 7 | Slope crest cracking in saturated condition.
The analysis shows that the slip surface of the model under the natural water content and saturation state passes through the collapsible soil layer. Therefore, the strength of the collapsible soil layer determines the stability of the collapsible high slope.
3.3 Deformation After Construction
According to the basic principle of the centrifugal model test, when the acceleration is increased to 180 g, the construction of the prototype corresponding to the model is completed. At this time, the vertical settlement (deformation) of each measurement point can be referred to as the post-construction settlement at the corresponding position of the measurement point (deformation).
It can be observed from Figure 8 that the model corresponding to the prototype slope has a large deformation rate in 3 months after construction, which then gradually decreases. After 8 months, the deformation is basically stable, and the slope edge (measurement point 2) has the largest deformation after construction, which reaches 435.6 mm. It is followed by the slope top (measurement point 1), and the deformation of other measurement points (measurement points 3, 4, and 5) goes down the filling body and decreases as the thickness of the slope decreases (the thickness of the filling body in the text refers to the prototype at 180 g acceleration level). Moreover, it can be observed that the smaller the thickness of the slope, the shorter the time required for the slope deformation to become stable; conversely, the greater the thickness of the fill, the longer the consolidation time. Therefore, for this type of slope, it is recommended to stop the construction before completion of the filling body, and then fill to the design elevation after the deformation is basically completed to prevent excessive deformation after construction of the foundation.
[image: Figure 8]FIGURE 8 | Under the condition of natural water content, post-construction deformation curve of undisturbed slope.
The post-construction deformation of the high-fill slope in the state of natural water content is mostly caused by the consolidation of the filling body. For a certain location, the thickness of the filling body is closely related to the post-construction deformation. In addition, since the test sensors are aimed at the top of the slope or the berm, the horizontal displacement of the slope has little effect on the change in the measured value of the sensor. Therefore, the measured values basically reflect the settlement of each measurement point. Considering the boundary conditions, the relationship between the thickness of the filling body H at the corresponding position of the prototype and the post-construction settlement s corresponding to the position can be analyzed by using the deformation of measurement points 2 to 5 on the slope surface, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | The relationship between the thickness of the filling body H at the corresponding position of the prototype and the post-construction settlement s.
From Figure 9, it is evident that there is a linear relationship between the thickness of the filling body and the settlement after construction, which conforms to the general law, indicating that the test results are relatively reliable. After completion of the actual project, the deformation at any position of the slope can be estimated by linear interpolation according to the settlement observation values at each step of the berm.
3.4 Deformation Analysis of Model Immersion
The vertical deformation curve of each measuring point in the model during immersion is exhibited in Figure 10. It can be observed from this figure that the expansion deformation of the model is produced in the process of water immersion. The deformation is mainly composed of two parts, namely deformation of the undisturbed Malan loess in the middle layer and that of the compacted Malan loess in the top layer, which are basically balanced within a certain time range at the beginning of the immersion; however, when the soil saturation reaches a certain level (because the water content of each layer of soil cannot be measured in real time, it was estimated that the saturation of the top and middle layers would be above 70% according to the amount of water injected), the deformation of the model changes abruptly and then remains stable.
[image: Figure 10]FIGURE 10 | Immersion deformation curve of model.
It should be noted that the model is immersed in water at an acceleration of 1 g, and the model deformation does not meet the similarity rate. Furthermore, because the model is immersed for a short time, the model deformation does not include the consolidation deformation of the soil. Thus, it is necessary to compare and analyze the immersion deformation during model loading.
According to the operation process of the “single line method” and “double line method” in the data processing of loess immersion load tests, this test can compare and analyze the deformation when the water content of the model suddenly changes to saturation. However, since the centrifuge used in the test cannot be immersed into the water during the loading process, the “single line method” is no longer applicable. If the “double line method” is adopted, two identical models need to be loaded according to working condition 1; one of them is immersed in water, and then two models are loaded. This method has a large error and is difficult to complete. The loading systems of working condition 1 and condition 2 of this test are the same; the unloading curve of model working condition 1 is approximately regarded as the reloading curve of the model under the condition of natural moisture content in this study. By comparing this curve with the loading curve of the model in saturated state, the deformation difference of each measuring point under a certain acceleration level before and after the model is immersed, which is used to analyze the deformation law of the model when the soil moisture content suddenly changes to saturation, can be obtained. The calculation method of [image: image] is illustrated in Figure 11A.
[image: Figure 11]FIGURE 11 | (A) Calculation schematic of [image: image], (B) Relation curve of [image: image] and a.
According to the abovementioned processing method, the relationship between the deformation and acceleration of the model slope before and after immersion in water (a ≤100 g) at different acceleration levels is obtained, as indicated in Figure 11B.
Figure 11B reflects the general law of settlement and deformation of the slope when the soil of the prototype slope is saturated. It should be particularly noted that the model appears to have a tendency of expansion and deformation relative to the state of natural water content at low acceleration levels, but this does not mean that the prototype slope corresponding to the model will undergo expansion and deformation when the soil is saturated. The reason for this error is that the model has the characteristics of uniform compaction of the filling body relative to the prototype, and lateral deformation is completely limited. Moreover, because the test uses the method of increasing model acceleration to increase the model self weight, the model soil self weight loading rate is large, and the permeability of cohesive soil is poor. The dissipation of excess pore water pressure caused by the increase in self weight stress in the model is too late, and the consolidation deformation of the model is not completed. Therefore, the deformation of the saturated state is not in accordance with the general law compared with the natural moisture content state at the low acceleration level, but with the increase in acceleration and the extension of loading time, the model finally shows a clear settlement deformation trend.
4 NUMERICAL ANALYSIS
4.1 High Fill Foundation Model
The three-dimensional finite element model is established by using the finite element software ABAQUS, as shown in Figure 12A. The original foundation and the filling material adopt M-C model. In the simulation process, the filling body is divided into 8 levels, the filling height of each level is 10 m, the longitudinal length of the model is 660 m, the transverse length is 370 m, and the height of the highest point of the model is 230 m, the unit type is tetrahedron element, the filling gully is approximately north-south direction, the front, rear, left and right side nodes of the model are subject to normal constraints, and the bottom is subject to fixed constraints, the filling process is simulated by the birth and death element method, and the foundation settlement results are obtained.
[image: Figure 12]FIGURE 12 | High fill foundation model (A) 3D finite element mesh model of high fill, (B) The comparison of numerical simulation results, centrifugal test results and field monitoring results.
The comparison of numerical simulation results, centrifugal test results and field monitoring results is shown in Figure 12B. It can be seen from the figure that the foundation settlement deformation trend obtained by the three methods is basically the same, and the difference is small. It can be considered that the method of using centrifugal model experiment and finite element method to simulate the surface settlement deformation law of high fill is accurate and can be used as an effective means to assist engineering design.
4.2 High Fill Slope Model
The strength reduction method is used to calculate the safety factor of high fill slope under natural water content and saturated state (He et al., 2021;Wang et al., 2022) It can be seen from Figure 13 that under natural water content, the plastic zone of high fill slope runs through from slope toe to slope crest, and the displacement of plastic zone is basically the same, with the safety factor of 1.68; In the saturated state, due to the increase of soil gravity, the sliding force increases, while the effective stress decreases and the shear strength attenuates, so the anti sliding force decreases. Due to the above factors, the plastic zone of high fill slope begins to develop near the slope toe, the soil is destroyed, and the safety factor is reduced to 1.32. Therefore, in slope construction, it is necessary to strengthen the inspection of the rationality of drainage system design to ensure slope safety.
[image: Figure 13]FIGURE 13 | High fill slope model (A) Cloud diagram of natural water content plastic zone, (B) Cloud diagram of plastic zone in saturated state, (C) Safety factor in natural state, (D) Safety factor in saturated state.
5 CONCLUSION

(1) The high-fill slope of collapsible loess has good stability under the state of natural water content. The post-construction deformation and deformation rate are larger in the early stage and smaller in the later stage. The deformation of the filling body is the main factor that causes the entire slope deformation. There is a linear relationship between the thickness of the filling body and the post-construction settlement of the corresponding position.
(2) When the soil is saturated, settlement and deformation of the collapsible loess high-fill slope will occur. The consolidation of the filling body and the collapsibility of the soil layer will cause the settlement and deformation of the high-fill slope. The slope may crack along the weak zone formed by water immersion.
(3) The strength of the soil layer determines the stability of the collapsible loess. The slip surface will pass through the collapsible soil layer when the slope is damaged, and its position depends on the strength difference between the collapsible loess layer and its adjacent soil layer. When the strength difference causes a weak interlayer between the collapsing loess layer and the adjacent soil layer, the contact surface must be part of the slip surface; thus, the relatively weaker contact surface is damaged first, and the upper soil layer on the slip surface shows a typical translational sliding pattern. The slip surface is approximately circular, and there is a transition layer with a certain thickness between the slip surface and the contact surface. The moisture content of the high-fill slope has a greater effect on the settlement after slope construction and slope stability
(4) In the saturated state, the sliding force of soil increases, the shear strength decreases, and the stability of high fill slope decreases. Therefore, it is necessary to strengthen the inspection of the rationality of drainage system design in slope construction to ensure slope safety. The centrifugal model experiment is reliable in simulating the surface settlement deformation law of high fill and can be used as an effective means to assist engineering design.
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