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Abstract: More than 60,000 landslide deposits were induced by 2008 Wenchuan earthquake. Most of these high-suspending 

loose deposits are in a limit equilibrium state. They can be easily reactivated under rainfall conditions, which seriously 

threaten the safety of people's life and property. The natural deposit material are various, the soil property of which has a 

significant effect on the failure mode of the slope. Because of the different permeability and mechanical parameters, the 

failure mode and the displacement behavior of slopes with different materials are obviously different during the infiltration 

processes. In this paper, four kinds of deposit slope models (clay, sand, gravel and heterogeneous gravel slope in high 

permeability area) are tested by a model test device of rainfall-induced landslide. In these tests, landslide process, pore water 

pressure, and deformation are studied, the influence of material composition on slope stability is also discussed. The results 

show that the overall pore pressure and displacement of clay slope are small, and two tension cracks occur, resulting in small-

scale landslides. The overall pore pressure of sand and gravel slopes is higher, the displacement is larger, and the stepped 

landslides occur. The high permeability interlayer at the foot of slope can significantly change the value and distribution of 

overall pore pressure, improve the stability of slope. There is a cubic polynomial relationship between rainfall and slope 

displacement. Future research can be extended to multi-layered soil slopes, and the movement of debris can be studied by 

dyed soils. 
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1 Introduction 

 

Landslide disasters occur frequently in China. Most of them happened in deposit slopes. The soil of deposit is 

generally Quaternary loose accumulation with large porosity, high permeability and poor sliding resistance, so it 

is highly sensitive to rainfall. 

At present, scholars have conducted a lot of experimental and theoretical researches on the impact of 

rainfall on the deposit slope. Agyei et al. (1996) concludes that there is a logarithmic relationship between 

landslide deformation and rainfall base on a series of long-term observation data. Ng et al. (1998) found that the 

stability of unsaturated soil slope was mainly affected by rainfall intensity, duration of rainfall and initial 

groundwater level. Chen et al. analyzed the characteristics of rainfall-type accumulation landslide and deduced 

the transfer coefficient method considering permeability. Liu et al. (2014) summarized the law of landslide 

induced by heavy rainfall and the critical threshold of rainfall in Sichuan from space and time, and considered 

that the accumulation landslide had a special formation mechanism under rainfall. Cheng et al. (2008) 

preliminarily analyzed the characteristics of depositional landslides in the near horizontal strata of Wanzhou 

syncline area. Zhang et al. (2014) systematically studied the stability of low-gentle shallow accumulation 

landslide and its influencing factors in Sichuan Province under rainfall conditions by numerical simulation.  

Because of the randomness of rainfall process and the diversity of natural deposits, there is still much room 

for the study of slope instability under different rainfall patterns and different deposits soil. 

In order to find out the influence of various factors on deposit slope stability, this paper studies the response 

of different deposits material landslides under different rainfall patterns by model tests, and provides a reference 

for future stability analysis of deposit slope. 

 

2 Model Test Scheme 

 

2.1    Physical and mechanical properties of soils 

Before the model test, the physical and mechanical properties of the three soils (clay, sand and gravel) were 

tested. The hydraulic characteristics and strength parameters of the three soils are shown in Table 1. 
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Table 1.  Parameters of slope soils. 

 

soil clay sand gravels 

ρ/(g.cm-3) 1.62 1.69 1.73 

K/ (m·s-1) 8×10-7 1.07×10-4  8.2×10-5 

c kPa  20 2 2 

φ °  27 32 41 

 

2.2    Model box and slope soil laying out 

The bottom of the model box is 6 meters long and 1.5 meters wide, and the height of the surrounding glass baffle 

is 1.1 meters. The concrete is used to represent the bedrock strata at the bottom, which is divided into three 

sections vertically. The inclination angles of each section from bottom to top are 10 degrees, 15 degrees and 30 

degrees, respectively, to simulate the most common concave bedrock. 

Four types of slopes will be tested. The SM#1 is a clay slope, the SM#2 is a sand slope, the SM#3 is a 

gravel slope, and the SM#4 is a heterogeneous gravel slope with high permeability area at the toe of the slope. 

As shown in Figure 1, for the group SM#1, SM#2 and SM#3, soil with equal thickness is laid on the bedrock 

surface in the middle and upper part of the model box, the thickness is 0.8m. On the lower slope, the soil is 

natural accumulation, the slope is steep on the both sides and gentle in the middle. The laying scheme of group 

SM#4 is similar to that of group SM#3, except that a high permeability interlayer is laid on the bedrock near the 

toe of the slope.  

 

      
  (a)                                                                                (b) 

Figure 1.  The slope soil laying scheme (a: SM#1, b: SM#2~SM#4).  

 

2.2    Rainfall schemes 

The rainfall device is installed on the model box. The system consists of main controller of simulated rainfall, 

water supply pipeline, water pump, simulated rainfall sprinkler, rainfall gauge and analysis software. 

Because of the low permeability of clay, the results of previous tests show that when rainfall intensity 

reaches 30 mm/h, runoff will form on the slope surface. It can be considered that the rainfall intensity greater 

than this intensity will have no other effect on the pore water pressure inside the slope. Therefore, 30 mm/h 

rainfall intensity is adopted in clay group (SM#1) test. For sand and gravel slope with high permeability area, 

rainfall intensity of 60 mm/h is adopted. The rainfall and duration are shown in the figure below. 

 

         
 

Figure 2.  The rainfall and duration. 

 

2.3   Sensors and measurement scheme 

The sensors used in this experiment include surface displacement meters, pore water pressure cells and soil 

pressure cells. 

As shown in Figure 1, on each group of slopes, three or five cross sections are selected from top to bottom 

to bury sensors. From the top to the foot of the slope, the order is section 1 to section 5. On each section, the pore 

pressure cells are symmetrically embedded along the central axis of the slope, and the surface displacement 
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meter is installed on the central axis of the slope. The surface displacement and pore water pressure of each 

group of slopes can be recorded. 

 

 
 

Figure 3.  The measurement scheme. 
 

3 Test Process 

 

3.1    Response of slopes under rainfall 

The rainfall tests were carried out on three different soil slopes, and the deformation, pore pressure and earth 

pressure of the slope were observed. The response of the three groups under rainfall is shown in Table 2.  

 
Table 2.  Rainfall schemes and slope responses. 

 
Slope The failure process of slope 

SM#1 Shallow sliding occurs quickly at the foot of the slope, and the deformation increases continuously. 

After 1.5 hours, a deep sliding surface crossing the bottom of the slope appeared in the lower half of 

the slope a deep sliding surface crossing the bottom of the slope appeared in the lower half of the 

slope. Slope angle gradually slowed down, and no large-scale landslide occurred finally. 

SM#2 Soil at the toe of the slope saturates quickly and slides rapidly. The debris are transported by rainwater 

and eventually form a gentle slope. The original slope continues to slide and destroy at the foot of the 

newly formed slope, and small-scale collapses occur continuously. In 2.5 hours, the height of the 

landslide body develops to the same height as that of the original slope, deformation does not continue 

to increase. 

SM#3 Slow shallow small-scale sliding occurred at the foot of the slope in the early stage of rainfall, and 

stepped small-scale landslides occurred continuously in the latter half of the slope. The final landslide 

body is smaller and the slope angle is steeper. 

SM#4 After raining for 1 hour, the slope began to deform obviously. The middle part of the slope began to 

slide in a small area at 3.2 hours. Under the influence of the landslide, the upper part of the slope 

continued to destroy step by step and eventually stabilized to a gentle slope angle. After the rainfall 

resumed, the shape of the slope remained unchanged for the next two hours, and multiple seepage 

channels were observed at the inter-layer position. 

      

                
(a                                               (b)                                         (c)                                        (d) 

Figure 3.  Photos of slope failure process: (a) SM#1  (b) SM#2 (c) SM#3 (d) SM#4. 

 

3.2    Displacement and pore pressure  

 

3.2.1    Clay slope 

The deformation at the toe of the slope increases sharply and destroys quickly. The displacement at the middle 

and upper parts of the slope increases slowly. After the rainfall, the deformation of the two places stopped 

gradually, the maximum displacement was 20 mm in 20 hours. 
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Figure 4.  The deformation of clay slope.                              Figure 5.  The pore pressure of surface in clay slope.  

 

After 15 minutes, the pore pressure in the section 2 and 3 increase rapidly. As shown in Fig. 4, after half an 

hour, the pore pressure at these places gradually reaches saturation, the maximum pore water pressure is 1kPa. 

After that, a small shallow landslide occurred at the toe of the slope.  

 

3.2.2    Sand slope  

In SM#2 group test, after 1.5 hours, the landslide occurred in the toe of slope. The reading of the displacement 

meter at the section 5 increased to the maximum value and the gauge broken. After that, the displacement of all 

the monitoring sections began to rise, and the deformation of the lower part was faster. within 0.5 hours, 

landslides occur successively in the middle and lower parts of the slope.  
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                       Figure 6.  The deformation of sand slope.          Figure 7.  The pore pressure of typical section in sand slope. 

   

After 10 minutes of rainfall, the overall pore pressure began to rise. The soil at 4 and 5 sections reached 

saturation in half an hour. During rainfall cessation, pore water pressure decreases slightly. After the recovery of 

rainfall, the pore pressure continued to increase to its maximum and the slope was damaged in 1.4 hours.   

 

3.2.3    Gravel slope  

In gravel slope test, at the beginning of rainfall, the deformation of the lower part of the slope (section 4, 5) 

increases rapidly, and landslides occur one hour later. The deformation of the slope stops during the stop of 

rainfall. After the recovery of rainfall, the whole slope began to deform obviously again. The displacement of the 

four sections increased rapidly and landslides occurred in 2.5 hours. Then the deformation of the other three 

points continued to increase. Landslides occurred in sections 3 and 2 within 3 hours successively. With the 

debris being transported by rainwater, the landslide body decreased and reached stability after 3.2 hours. 

 

                   
                             

          Figure 8. The deformation of gravel slope.                       Figure 9. The pore pressure of typical section in gravel slope. 

 

The overall pore pressure of the slope rises, and the pore water pressure at the foot of the slope (section 5) 

rises sharply and reaches its maximum soon. Then, the damage occurs and the sensor slips. Later, the pore water 

pressure increased to 2.2 kPa and tension cracks appeared in four sections. Rainfall stopped after one hour, pore 

water pressure began to dissipate at some points (e.g. section 4). After 2 hours, rainfall resumed, the overall pore 
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water pressure of the slope increased rapidly. The slope surface of section 2, 3 and 4 was saturated successively.  

The section 1 was located at the top of the slope, the pore pressure of section 1 was lower than that of other 

sections. After 3.2 hours, the landslide was basically completed. 

 

3.2.4    Gravel slope with high permeability area at the toe of the slope. 

The instrument faults at section 3, so the data of the remaining four sections are analyzed. From the graph, it can 

be seen that the displacement at each monitoring section of the slope began to change at the beginning of rainfall, 

the change rate gradually increased. The pore pressure dissipation of section 1 and 2 farthest from the high 

permeability interlayer is slow, so the deformation increases rapidly. There are high permeability interbeds in the 

bottom of section 4 and 5 at the foot of slope, so the deformation is obviously less than 1 and 2 sections. At 3.2 

hours, shallow landslides occurred in the two sections, while the deformation of the lower half of the slope 

(section 4 and 5) remained steadily rising, and no landslides occurred during the subsequent high-intensity 

rainfall process. 
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Figure 10. The deformation of the gravel slope with inter-layer.             Figure 11. The pore pressure of section 2 

 

Although the rainfall intensity of 100mm/h in this group is much higher than that of 60mm/h in the SM#3 

slope, the pore pressure of this slope is significantly lower than that of the SM#3 slope. The maximum pore 

water pressure of section 4 with high permeability interlayer is 2.5 kPa, while that of section 1 and 2 without 

high permeability interlayer is 4~4.5 kPa, which indicates that the existence of high permeability interlayer 

greatly accelerates the discharge of water. The variation of pore pressure curves of five sections corresponds to 

the starting and pause time of rainfall, which indicates that the hysteresis effect of rainfall on high permeability 

slope is not obvious. 
 

4 Analysis of Experimental Observation Results 

 

4.1    The relationship between total rainfall and displacement 

In this section, several sets of displacement curves are selected and the cumulative rainfall is calculated. 30 data 

points are randomly selected from each section for fitting function relations. The relationship between rainfall 

accumulation and displacement is fitted by the third-order polynomial. The results are shown in Table 3. 

 
Table 3.  The correlation coefficients of rainfall and displacements. 

 

Section 
Rainfall and displacement 

y: displacement, x: rainfall  

Correlation  

coefficients 

clay slope section 1 y= (9.2*10-5) x3-0.0015x2+0.0238x+0.5692 0.9936 

clay slope section 2 y=0.0004x3 +0.0019x2+0.2721 0.9022 

sand slope section 1 y=(5.3*10e-5) x3+0.0066x2-0.1199x+0.3266 0.9969 

sand slope section 2 y=0.0014x3-0.058x2+0.8308x-2.0148 0.9888 

gravel slope section 4 y= (6*10-6) x3+0.0003x2-0.0004x+0.0177 0.993 

gravel slope section 5 y=0.0001x3-0.0086x2+0.1588x-0.5257 0.9813 

 

According to the fitting results, the relationship curve between rainfall and displacement can be fitted by 

third-order polynomial, and the correlation coefficients are mostly above 0.98. Only in clay soil slope section 2, 

the correlation coefficient is small, The reason may because of the small permeability coefficient of clay, in 

which only a small proportion of total rainfall can infiltrate in which only a small proportion of total rainfall can 

infiltrate, rainfall infiltration only accounts for a small part of the actual rainfall.  

The results show that cumulative rainfall controls the total displacement of slope, especially for high 

permeability slope with complete rainfall infiltration, while for low permeability slope, actual rainfall infiltration 

is more important. 
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4.2    Effect of high permeability inter-layer on slope stability 

Displacement data show that the displacement of the foot in SM # 3 slope (section 4 and section 5) is more than 

30 mm, while that in SM # 4 slope is only 10-15 mm. The high permeability interlayer at the foot of the slope 

significantly reduces the displacement in the part.   

 

     
Figure 12.  The maximum displacement and pore pressure of SM#3 and SM#4 slopes. 

 

Pore pressure monitoring data also showed the similar laws. High permeability interlayer accelerates water 

removal and reduces pore water pressure in this part. Therefore, the existence of high permeability interlayer at 

the foot of slope can effectively improve the stability of slope. 

 

5 Conclusions 

 

Through the model test, the failure mode, pore pressure and displacement of each group of slopes were observed 

and analyzed, the following conclusions can be obtained: 

1. Comparing For the deformation of these four slopes, when landslides occur, the deformation of clay slope 

(SM#1) is the smallest, while the other three high permeability slopes have larger displacements. 

2. For the pore pressure, the clay slope is difficult to infiltrate because of poor permeability, and the whole   

pore pressure is the lowest. For high permeability slopes such as sand slope and gravel slope, the whole 

pore pressure is higher because of the complete infiltration of rainfall. Pore water pressure rises and 

dissipates faster in slopes with larger permeability coefficient.  

3. The high permeability area can improve the stability of the slope by speeding up the drainage of water and 

reducing the pore pressure. 

4. Rainfall has a third-order polynomial relationship with slope displacement, especially for sandy and gravel  

slopes with complete infiltration of rainfall. 
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