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Multi-tilted layered soil is widespread in the mountainous areas of China, and pile systems are widely applied to foundation support and repair. In order to investigate the seismic response of pile systems in multi-tilted layered soils under earthquake and rainfall, two models were built and tested through a large 1-g shaking table. The interlayer was tilted and highly weathered, and it was saturated during rainfall. The piles were embedded in the bedrock with different lengths. The results showed that: 1) The acceleration response was weakened in the interlayer, and it diminished as the earthquake amplitude increased. The structures showed the maximum acceleration response. 2) The existence of water in the tilted interlayer led to a greater response of the superstructure. The bending moment of piles varied under different containers, which was mainly due to the inertial force of the container and the potential sliding force of the covering layer. The water in the interlayer from rainfall promoted the bending moment caused by the potential sliding force, increasing the potential risk of instability of the system. 3) The motion mode of the container under rainfall was translation. The rotation angle of the container with saturated moisture content was significant and it increased with the increase of the earthquake amplitude.
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INTRODUCTION
Multi-tilted layered soil is widespread in the mountainous areas of China. Seismic data indicates that the proportion of land area with high-intensity earthquake potential in China where the intensity degree is greater than VII is more than 50% based on the “Chinese Seismic Intensity Scale” (GB/T 17742-2008, 2008). Landslides provoked by earthquakes are common in this region. Besides, rainfall should not be ignored when performing site stability evaluations, as the subsequent rainfalls increased landslides by 68% in the Wenchuan earthquake-hit area (Tang et al., 2010).
Some researchers studied landslide susceptibility assessments using mathematical models (Jiang and Huang, 2016; Guo et al., 2021; Huang et al., 2021). Pile systems were widely applied to foundation support and repair of soil in potential landslide risk area, and their performance under static and dynamic loadings was studied by researchers. Earthquake loading is considered to play a significant role in designing the pile foundation and studying the dynamic response (Tokimatsu et al., 2005; Maiorano et al., 2009; Badry and Satyam, 2017).
Meanwhile, multi-layered soil with different stiffness is common, and it is important to build pile-supported structures whose piles are in this type of soil. The pile may be damaged during an earthquake, and the failure mode is significantly determined by the pile stiffness (Martin and Chen, 2005). Furthermore, rainfall should not be ignored because it is often accompanied by earthquakes and aftershocks. For example, rainfall happened frequently during the Wenchuan earthquake aftershock period, and more landslides were triggered by the coupled condition of aftershocks and rainfall (Tang et al., 2010). Researchers focused on physical models and mathematical statics models to study the rainfall-induced landslide. Ciurleo et al. (2018) and Michel et al. (2014) conducted physical experiments to explore the threshold of critical rainfall that created the slope instability. Adler (2008), Segoni et al. (2018) and Huang et al. (2021, 2022a, 2022b) researched the landslide early warning under rainfall. Samuele et al. (2018) propose a methodology to couple rainfall thresholds and susceptibility maps for dynamic landslide hazard assessment at regional scale. The soil shear strength may be weakened due to the pore-water pressure increase under rainfall (White and Singham, 2012). So, it matters greatly to study the seismic response of nonlinear soil-pile systems in multi-layered soil under earthquakes and rainfall.
More attention has been paid to the soil seismic response or pile dynamic response buried in homogeneous soil or two-layer soil. Wilson (1998) studied the dynamic features of a pile foundation in liquefying sand through centrifuge tests. He et al. (2009) explored the response of single piles embedded in saturated medium relative density sand due to liquefaction-induced lateral soil flow. Tang and Ling (2014) conducted shaking table tests on reinforced concrete cap pile foundations in two-layer soil during soil liquefaction and found that the bending moment of the pile was related to the frequency and amplitude of the earthquake. Mashhoud et al. (2018) explored the dynamic feature of micropiles in loose sand using shaking tables. Liu et al. (2022) investigated the dynamic characteristics of sandy soils with recycled tire rubber. Some numerical simulations were also conducted on this topic (Uzuoka et al., 2007; Elgamal et al., 2008; Choobbasti et al., 2012; Liu et al., 2016; Zhang et al., 2018).
Unlike popular research in the dynamic response of piles in double-layer soil, fewer studies have studied the dynamic response of piles in three-layer soil. Martin and Chen (2005) proposed a displacement method using FLAC 3D software to evaluate the response of piles in three-layer soils to lateral slope movement and found that the relative stiffness between the pile and soil had a great influence on the pile’s failure modes. Eight dynamic model tests were performed by Brandenberg et al. (2005) to study the behavior of single piles and pile groups in liquefiable and laterally spreading ground through centrifuge tests; the results reveal that the liquefaction of the sand layer beneath the crust led to a much larger displacement of the pile cap than expected. Chang and Hutchinson (2013) built a single pile system with no superstructure mass, embedded it in a three-layer soil with 2° of inclination, and mounted it on a shaking table. The pile bottom was fastened to the soil container, and the interlayer was saturated with loose sand. The calculation results show that 1.5D was the pile’s plastic region, larger than the assumed value in column capacity design. However, pile groups in tilted multi-layered soils were not considered, and there is no comparison on the responses of models with different moisture content.
Hence, this study took the coupled effects of earthquake and rainfall into consideration for a nonlinear soil-pile system in multi-tilted layered soils. A large 1-g shaking table test was conducted on two different water content models. There were five superstructures on the pile group, and the piles were lined up in a 2×2 manner in each model and were embedded in the bedrock with different lengths. Scaled El Centro earthquakes with different acceleration amplitudes were loaded. The acceleration response, bending moment of the piles, and isplacement distribution of superstructure were presented.
MATERIALS AND METHODS
Overview of typical sites
The area we studied is located in the southwestern part of China, as shown in Figure 1. It also shows the epicenter distribution of earthquakes (M≥4.7) between 186 BC and August 2008 in the Longmenshan fault zone, Sichuan Province. Given the high frequency of earthquakes, superstructures in this region are in great danger. The abundant underground water coming from rainfall also threatens site stability. The geological survey shows that the horizontal angle of tilted interlayer is 17°.
[image: Figure 1]FIGURE 1 | Epicenter distribution of earthquakes (M≥4.7) between 186 BC and August 2008.
Similitude rules
As shown in Table 1, 17 parameters were chosen as the scale factors for the model test. The gravity acceleration (g) was 1 for the 1-g shaking table test, and other control parameters were geometric dimension (L), density (ρ), and strain (ε). The scale factor of dimension λ was 70 according to the prototype and shaking table size. Based on the π theorem by Brand (1957) and experiment design by Curtis et al. (1982) and Meymand (1998), the scale factors of other parameters could be deduced.
TABLE 1 | Scale factors of the soil-pile system model.
[image: Table 1]Model test
Steel boxes for the model
Figure 2 shows the rigid boxes which were bolted to the platform of shaking table. The containers were 3.5 m (length) × 1.5 m (width) × 2.5 m (height). Thick foam was used between the soil and box to weaken the boundary effect according to Bhattacharya et al. (2012) and Cao et al. (2018).
[image: Figure 2]FIGURE 2 | Steel boxes for the model: (A) different moisture content model; (B) nuclear disposal container.
Model disposal container
The prototype, a nuclear disposal container, was 52 m (length) x 26 m (width) x 28 m (height) and weighs 17,576 tons. There were 5 containers (1#-5#), and the model container was 750 mm × 175 mm × 400 mm (long × wide × high) and weighed 102.5 kg based on the prototype data and scale factor. The pile cap was selected as a steel plate, and the thickness was 10 mm. Steel rings were welded with the cap, and the pile and cap were fixed and connected by bolts to simulate rigid connection. Also, rubber was filled in the interspace between the pile and steel ring. The connection simulation was simplified, and it was suitable because this part was safe in model design.
Model piles
The model piles were designed based on the total flexural rigidity similarity of piles (EI similarity). Prototype piles were in a group, and the total EI of piles was 8.07e24 Nmm2. The EI of model piles was 4.8e15 Nmm2 based on the flexural rigidity similarity. PVC piles whose outer diameter was 75 mm and thickness was 2.3 mm were suitable in view of the material parameters. Model PVC piles are shown in Figure 3. Four model piles were deployed at the corners of the container. The elasticity modulus of the pile was 3.5e9 N•mm2. The prototype pile was embedded in the bedrock with at least 1D pile diameter. Table 2 lists the lengths of model piles and shows that the pile lengths were different because of the tilted highly weathered layer.
[image: Figure 3]FIGURE 3 | Model piles used in the test: (A1) different piles; (A2) details of connection between containers and piles; (B) layout of piles.
TABLE 2 | Length of the model piles.
[image: Table 2]Model soil layers
The models were built from bottom to top. The angle of the interlayer was set 17° to the horizontal according to the prototype. Wang et al. (2013) in our team proposed the soil design for the simulation test based on G/Gmax-γ curve (G: shear modulus; γ: shear stain). The detailed process and material parameter were described in another paper of the same model (but without structure) (Cao et al., 2019).
Test facilities
The study was performed in the Nuclear Power Institute of China which is equipped with a 6 m-wide and 6 m-long shaking table. The parameters are listed in Table 3. Data was collected using a 128-channel data acquisition system.
TABLE 3 | Details of the shaking table.
[image: Table 3]Test model and deployment of the measured points
The pile group was lined up in 2×2 configuration under each disposal container that weighed 102.5 kg and was fixed on the top of the pile caps. Different sensors were employed to record the whole shaking process, as shown in Figure 4. Ten accelerometers in 3 soil layers, 8 laser displacement transducers on the structures and slope surface, and strain gauges were used in each model. In view of the general features of pile response, the most vulnerable container, and the limit of the number of channels, the piles of containers 3# and 5# were attached with strain gauges as shown in Figure 5. Also, the water content of the interlayer bottom was measured through a soil moisture sensor.
[image: Figure 4]FIGURE 4 | Schematic of the model: (A) profile map; (B) pop view (unit: mm).
[image: Figure 5]FIGURE 5 | Monitoring points deployment (unit: mm).
Seismic input motions
The El Centro seismic wave with amplitudes being 0.15, 0.33, 0.5, and 0.7 g and Gaussian stationary white noise (0.1 g) were chosen as excitation. The time was also compressed by 8.37 time based on the scale factor. Figure 6 shows the time history and Fourier spectrum of excited El Centro waves.
[image: Figure 6]FIGURE 6 | Input El Centro earthquake wave: (A) time history in horizontal direction; (B) Fourier spectrum in horizontal direction; (C) time history in vertical direction; (D) Fourier spectrum in vertical direction.
RESULTS
It was expected that earthquake wave propagation would be affected when it transmitted in multi-tilted-layered soils. Also, the different water content of the interlayer would influence the acceleration distribution in the soil body. The acceleration response, bending moment response, and displacement response are shown below.
Acceleration response of the system
Twenty accelerometers were used in the 2 models. Acceleration history, Fourier spectrums, and acceleration amplitude factor were analyzed to study the seismic response of the pile-soil system.
Acceleration history and Fourier spectrums
Figure 7 indicates the acceleration time history and the Fourier spectrum of the measured point near container 5# (section ΙΙ’) when the soil was saturated under 0.15 g El Centro earthquake excitation. It shows that the acceleration in the interlayer (AA8) had a deduction of 10.8% compared with the acceleration of point AA9 in the bedrock, then the acceleration became greater in the covering layer and superstructure. The acceleration amplitude of point AA6 on the container was 0.578 g which was 23.5% larger than that of AA7. The Fourier spectrums are also shown in Figure 7; it can be seen that there was an infiltration effect for the weak interlayer with the deduction of Fourier amplitude when the wave propagated upward. The amplitude of the Fourier spectrum for the bedrock was magnified near the frequency 31 Hz compared with that of the loaded wave. Meanwhile, at the frequency near 17 Hz, the amplitude was enhanced in the covering layer and superstructure. The Fourier analysis shows the infiltration of the interlayer and magnification of the covering layer and superstructure.
[image: Figure 7]FIGURE 7 | Acceleration time history and Fourier spectrum of measured points in section ΙΙ’ under 0.15 g earthquake excitation: (A) acceleration history of AA6 point; (B) Fourier spectrum of AA6 point; (C) acceleration history of AA7 point; (D) Fourier spectrum of AA7 point; (E) acceleration history of AA8 point; (F) Fourier spectrum of AA8 point; (G) acceleration history of AA9 point; (H) Fourier spectrum of AA9 point.
Acceleration amplitude factor
The acceleration responses of the measured points under wave excitations with different amplitudes were investigated using the acceleration amplitude factor (AAF) which was defined as [image: image] (Yi(t): acceleration of the measured point; X(t): bottom acceleration). The AAF distributions near container 3# (section Ι and section Ι’) and container 5# (section ΙΙ and section ΙΙ’) are shown in Figure 8 and Figure 9 for both models. It can be seen that the acceleration was nonlinear, especially in the interlayer. The AAF value went up with the elevation of the bedrock and decreased at the interlayer and then rose again in the cover layer before reaching the maximum on the container top. As the interlayer was of low stiffness and low effective stress, more energy would be dissipated, and thus the decrease of AAF occurred. Also, it is shown that the acceleration went down when the earthquake amplitude increased.
[image: Figure 8]FIGURE 8 | AAF of section Ι and section ΙΙ under general moisture content: (A) section I; (B) section II.
[image: Figure 9]FIGURE 9 | AAF of section Ι’ and section ΙΙ’ under saturated moisture content: (A) section I’; (B) section II’.
Rainfall added to the water content of the soil body, weakening the soil shear strength and affecting the dynamic response of the soil (White and Singham, 2012). By comparing the AAF distributions under different moisture contents, it can be seen that greater water content led to a stronger acceleration response of the bedrock, as presented in Figure 8 and Figure 9. This may be explained by the increase of bedrock unit weight as absorbing water. Also, container 3# in section Ι’ showed a greater response under saturated moisture content, which suggests higher risks for the structure because of the existence of water in the tilted interlayer. Furthermore, piles that stick through the 3 soil layers improved the overall stability of the model by comparing it with the result of a simple slope (Cao et al., 2019).
Bending moment response of the piles
Bending moment history
Strain gauges attached to piles P1- P4 of containers 3# and 5# at different depths were used to calendar the axial strain. The bending moment was converted through the method by Tokimatsu and Suzuki (2004). Figure 10 shows the bending moment history of measured points in P2 of container 5# with saturated water content under 0.15 g El Centro earthquake excitation. It can be seen that the bending moment near the soil interface increased, and reached the peak at the pile top, which means that the pile near the interface of soils and junction between the pile top and pile cap should have more attention paid to it.
[image: Figure 10]FIGURE 10 | Bending moment history of measured points in P2 of container 5# with saturated moisture content under 0.15 g earthquake excitation: (A) SS2 point; (B) SS4 point; (C) SS6 point; (D) SS8 point.
Maximum bending moment
The bending moment responses of piles were investigated. Figure 11 shows the maximum bending moment of the piles beneath the disposal containers 3# and 5# with general moisture content. With respect to the piles of container 3#, it is shown that the maximum bending moment increased linearly with height and reached the maximum at the pile top. The possible reason is that the interlayer under container 3# was shallow and gentle, and it had a low moisture content. Plus, piles were inserted into the bedrock, which may possibly have led to the sliding of the covering layer. The bending moment mainly came from the inertial force of the container. In terms of container 5#, the influence of the interlayer was slight under small earthquakes, and the inertial force of the container was the major contributor to the bending moment. However, under stronger earthquakes, the bending moment rose because the sliding force at the interface of the soil layer increased. Tang and Ling (2014) also found that the bending moment of piles near the interface of two layers of soil increased. It is also shown that the bending moment of the pile at the upper part rose with the increase of the acceleration amplitude because the inertial force strengthened.
[image: Figure 11]FIGURE 11 | Peak bending moment of the piles beneath disposal containers: (A) 3#-P1; (B) 3#-P2; (C) 5#-P1; (D) 5#-P2 with general moisture content.
Figure 12 presents the peak bending moment distribution of the piles under disposal containers 3# and 5# under saturated moisture content. It is evident that the CC response was significantly influenced by the soil water content. With the decrease of effective stress and shear strength caused by water, the bending moment of the piles near the interface of the soils under container 3# showed a rise. The bending moment of a pile’s upper part was not as appreciable as the results shown for the same pile with general moisture content in Figure 11. Table 4 shows the maximum bending moment and the increase range with different moisture content. The increase range was "+" near the interface of the soils, while it reversed near the top piles. The possible reason is that the pile in the covering layer was thin, and shaking the container with the covering layer led to the main transformation of the pile at the interface of soils. For the piles under container 5#, similar results were found near the interface of soils due to the saturated moisture content. By comparing the bending moment distribution of piles under small earthquakes, it was seen that the saturated moisture content posed a great threat to the stability of the soil-pile-structure system. It was also shown that container 5#, which was located at the downhill, was more vulnerable than container 3# during an earthquake.
[image: Figure 12]FIGURE 12 | Maximum bending moment of the piles under disposal containers: (A) 3#-P1; (B) 3#-P2; (C) 5#-P1; (D) 5#-P2 with saturated moisture content.
TABLE 4 | Maximum bending moment and increase range with different moisture content.
[image: Table 4]Displacement response of the disposal containers
In order to investigate the displacement response of the container under different earthquake amplitudes, laser displacement sensors were used to record the displacement history. As the container near the downhill was more the concern, the maximum displacement distribution of disposal container 5# is shown in Figure 13. It is seen that the displacement response was almost linear. The peak displacement of the container rose along with the increase of the acceleration amplitude. The rotation angle of container 5# with general moisture content was not noticeable, with the value being about 0.05°. With saturated water content, the larger the acceleration amplitude, the greater the rotation angle of container #5. Also, it is seen that the displacements of measured points at the bottom of container 5# did not vary much under different moisture content, but there was a rise in the rotation angle during stronger earthquakes when the soil was highly moist, which suggests the water content in the interlayer influenced the rotation angel. When the soil was saturated, both translation and rotation were the motion modes of container 5#, while translation dominated when the moisture content was general. Table 5 shows the displacement value and of top container 5# with different moisture content. The increase range for saturated moisture content was "+", and it increased with increasing IAA. It means that the water should not be ignored under safety evaluation.
[image: Figure 13]FIGURE 13 | Maximum displacement distribution of disposal container 5# with different moisture content: (A) low moisture content; (B) high moisture content.
TABLE 5 | Displacement of top container 5# and increase range with different moisture content.
[image: Table 5]DISCUSSION
Influence of interlayer soil
The elevation of the bedrock increased the AAF value, while it was not in the interlayer. At present, most of the research focuses on the dynamic response of pile foundation in homogeneous soil under earthquake action (Wilson, 1998; Miwa et al., 2006; He et al., 2009; Liu et al., 2022). The interface should not be ignored for slope stability and pile safety. Liu et al. (2015) also found the acceleration decreased in the interlayer through the shaking table test. Tang and Ling (2014) found that the bending moment reached a maximum level near the soil interface, and the piles were damaged when the sand soil was liquefied under 0.633 g earthquake excitation. Zhang et al. (2018) also found that the maximum bending moment appeared at the interface between loose sand and dense sand. But Huang et al. (2013) and Fan et al. (2016) found that the AAF of weak interlayer in bedding and counter-bedding slope was larger than those without a weak interlayer. The possible reason is related to the interlayer thickness, interlayer strength, wave reflection, and wave refraction (Yang et al., 2012). The amplitude of dynamic response may be superimposed or weakened in the slope compared with homogenous slope.
Influence of rainfall
The results show that existence of water in the tilted interlayer resulted in a greater response of the container, and there was infiltration effect for the weak interlayer. The rainfall splash erosion under different rainfall intensities was investigated by Majid and Sara (2016) and Sun et al. (2021). Lu et al. (2019) found that the structure stability was affected by uneven settlement caused by drying and wetting cycles of covering soil. There was an obvious creep characteristic for soft soil under high water content (Zhou et al., 2021). Liu et al. (2020) pointed out that the soil creep behavior was related to deformation, stress, strength, and time. The slope stability decreased with the rainfall time increasing, and the area with greatest sliding risk was slope foot (Yao et al., 2021). Also, the unit soil mass weight increased, and the effect stress decreased during rainfall (Terzaghi 1950; White and Singham, 2012). The above soil features during rainfall decreased the structure stability obviously. Although the influence of rainfall was significant, the critical rainfall threshold is not discussed in this article, and it will be studied in the future.
Limitations of physical test
The observed results are typical site seismic response with reinforcement under earthquake and rainfall. It should be noted that the seismic response of system was related to the seismic input motions, reinforcement type, and rainfall simulation.
1) El Centro waves with different amplitude were chosen as excitation, and other earthquake waves with different frequency spectrum were neglected in the presented tests. More model tests should be conducted if different earthquake spectrum is considered, and it will be studied in the future. 2) The prototype piles were in a group, and 4 model piles were deployed at the corners of the container based on the total flexural rigidity similarity of piles in consideration of scale limitation. 3) The rainfall simulation could be process simulation or end simulation. The water content of soil was set based on rainfall end simulation. The coupling condition could reappear in this test.
Therefore, the results of this study could be used to assess seismic response with reinforcement under earthquake and rainfall, considering the limitation of the model test.
CONCLUSION
The test model in this study is a prototype of a sandstone site in China. The test was conducted to research the seismic response of structures in multi-tilted-layered soils under earthquake and rainfall. The acceleration distribution, bending moment of piles, and displacement response of the container were analyzed. Some conclusions can be drawn as follows:
1) The elevation of the bedrock increased the AAF value, while it was not in the interlayer. The existence of water in the tilted interlayer resulted in a greater response of the container, and there was an infiltration effect for the weak interlayer. Also, the acceleration response was weakened when the earthquake amplitude increased.
2) The inertial force of the container and potential sliding force of the covering layer played major roles in making the maximum bending moment at the pile. The existence of water promoted the increase of bending moment of piles, which added to the potential risk of system instability.
3) The motion mode of the container with general moisture content was translation, and the rotation angle of the container with saturated moisture content increased with the rise of the earthquake amplitude. Higher water content led to larger displacement of the container.
4) The tilted weathered layer and different moisture content should be considered during earthquakes by analyzing the acceleration, Fourier Spectrum, and bending moment. Proper reinforcement should be considered in the tilted interface for this typical site.
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