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 This paper aims to disclose the influence of seepage on high slope during the operation phase. 

Multiple techniques were adopted to disclose how the clogging rate of drain holes affects slope 

stability, including but not limited to in-situ probe test, close-range photogrammetry, indoor 

test, and numerical simulation. Firstly, the groundwater was monitored by digital level meter 

and pore osmometer. The monitoring results show that, when the clogging rate surpassed 80%, 

the groundwater level in the slope rose by 13m, the porewater pressure grew by 25kPa at the 

maximum. Next, the rebar stress and anchor cable axial force were measured, revealing that, 

when the clogging rate surpassed 80%, the shear force on the main rebar of the anti-slide pile 

increased by 20%, and the axial force of the anchor cable climbed up by 30kN. After that, the 

slope surface deformation was evaluated by close-range photogrammetry. The evaluation 

indicates that the surface deformation was 44mm, about 30mm above the alarm value, i.e. the 

slope faces the risk of instability. Furthermore, the changes in groundwater level and 

mechanical response of supporting structures were analyzed at different clogging rates, 

through numerical simulation and finite-element calculation based on strength reduction 

theory. The numerical results show that: the stress on supporting structures and slope 

deformation increased linearly, when the clogging rate grew below 60%, while the stress on 

supporting structures surged up, once the clogging rate exceeded 80%. The finite-element 

results indicate that, when the clogging rate exceeded 60%, the safety factor of the slope 

plunged deeply, an evidence of the instability risk. The research results provide new insights 

into the slope protection in engineering practices.  
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1. INTRODUCTION 

 

Water is a key inducing factor of slope instability. Cao et al. 

[1] suggested that seepage failure accounts for 88% of the 

safety accidents in foundation pits and slopes. According to 

statistics from provinces in southwestern China (e.g. Yunnan, 

Guizhou and Sichuan), water-related disasters occur more 

frequently than any other geological disasters in mountainous 

areas. The situation is particularly serious in slope sections, 

which take up about 40~55% of mountain roads [2]. 

Drain holes have been commonly adopted for slope 

drainage. Previous surveys show that, in the operating phase, 

the drainage pipelines are often clogged due to the deposition 

of fine particles, the crystallization and seepage of 

groundwater, as well as the growth of microbes. As a result, 

the groundwater level in the slope will rise, posing a serious 

threat to the stability of the slope and the safety of the 

supporting structure. During the construction of transport 

infrastructure in mountainous areas of southwestern China, it 

is a top priority to ascertain how slope stability is affected by 

the water accumulated in the slope after the drain holes are 

clogged. This is both an engineering geological problem and 

geotechnical problem [3]. 

Many engineers and scholars have explored the slope 

instability induced by clogged drain holes. For example, 

Pedescoll et al. [4], Hua et al. [5], Morvannou et al. [6], Zhao 

et al. [7], Yu [8], Zhu and Chen [9] analyzed the clogging 

mechanism of artificial wetlands, and put forward a series of 

treatment measures. Liu et al. [10] conducted a clogging 

experiment with an inner inlay helical teeth labyrinth channel 

irrigation emitter, and determined the sand diameter and 

content that are most likely to clog the emitter. Using empirical 

formulas and model tests, Zhou [11] investigated the clogging 

mechanism of drainage pipes in tunnels caused by 

groundwater crystallization. Li et al. [12] and Liu et al. [13] 

conducted drip irrigation experiments to study the clogging 

law of drippers under different levels of water hardness. 

Richardson et al. [14] and Garcia and Garcia [15] 

demonstrated that drainage pipelines could be clogged by 

factors like organic matter deposition and microbial growth. 

However, the deep drain holes in high slopes are clogged 

under the combined effects of multiple factors. It is difficult to 

fully examine this clogging phenomenon by the above 

methods. An effective measure is to numerically analyze the 

seepage field and stress field of the slopes. 

Currently, drain holes are mainly simulated by “replacing 

holes with pipelines” [16], line sink drainage elements [17], 

drainage substructure [18] and air elements [19]. In previous 

studies, the function of the drainage hole was often simulated 

after setting the water head at each point of the hole. In high 

slope projects, however, the water head varies from drain hole 

to drain hole, and may be zero at some holes. It is not 

necessarily reasonable to simulate the drainage effect by 

assigning a fixed water head. To solve the problem, the “air 

elements” method can be extended to determine the equivalent 

permeability coefficient of drainage holes, according to the 

Instrumentation Mesure Métrologie 
Vol. 18, No. 6, December, 2019, pp. 603-613 

 

Journal homepage: http://iieta.org/journals/i2m 
 

603



 

principle of equivalent head. In other words, each drain hole is 

treated as a highly permeable medium to simulate its drainage 

effect. By adjusting the permeability coefficient, it is possible 

to calculate the stress field and seepage field of each drain hole 

under different clogging conditions. 

Considering the above, this paper aims to further disclose 

the influence of clogged drain holes on the stability of high 

slopes. Taking the deep cut slope 2# of Dawangou, China, this 

paper explores the change of water level in the slope and the 

mechanical response of the supporting structure, under 

different conditions, with the aid of in-situ probe test, close-

range photogrammetry and numerical simulation. In this way, 

the influence of clogged drain holes on slope stability was 

analyzed in a quantitative manner. 

 

 

2. IN-SITU PROBE TEST AND DATA ANALYSIS 

 

In this section, multiple sensors, namely, digital level meter, 

pore osmometer, rebar stress meter and anchor cable axial 

force meter, are adopted to measure the change of water level 

in the slope and the mechanical changes of the supporting 

structure, laying the basis for slope stability analysis. 

 

2.1 Groundwater level and porewater pressure 

 

The clogging of drain holes will push up the water level in 

the slope dramatically, especially on rainy days. In this 

research, both digital level meter and pore osmometer (Figure 

1) were buried in boreholes of Dawangou deep cut slope 2#, 

and used to capture the changes in groundwater level and 

porewater pressure (Figures 2 and 3) through the operation 

phase of the slope. 

 

 
 

Figure 1. The pore osmometer 

 
 

Figure 2. Changes in groundwater level 

 

 
 

Figure 3. Changes in porewater pressure 

 

2.2 Forces on anti-slide pile 

 

In the pile-anchor support system, the anti-slide pile is 

subjected to complex forces, including the lateral earth 

pressure from the soil behind, the passive earth pressure from 

the soil in the front, the tension from the anchor cables and its 

internal force. To identify the forces on the pile at different 

depths and conditions, ten rebar stress meters (Figure 4) were 

buried in the slope to measure forces on the pile-soil interface 

and the free-face. The measured data are presented in Figure 

5. Table 1 lists the parameters of the cast-in-situ (CIP) anti-

slide pile. 

 

Table 1. The parameters of the cast-in-situ (CIP) anti-slide pile 

 
Rebar 

radius R 

mm 

Rebar elastic 

modulus E 

N/mm2 

Rebar 

sectional size S 

mm2 

Concrete elastic 

modulus E 

N/mm2 

Concrete 

sectional size 

mm2 

Pile elastic 

modulus E 

N/mm2 

Pile sectional 

size 

mm2 

Fy kN 

28 1.95*105 15,393.8 2.8*104 7.7*105 31,371.2 7.85*105 360 221.67 
Note: The models of rebar and concrete are HRB400 and C30, respectively. 

 

The forces on the pile-soil interface and the free-face can be 

inversely calculated from the stress on the main rebar of the 

pile. According to the principle of coordinated deformation, 

the result of rebar stress meter equals the rebar strain and the 

pile strain. Hence, the rebar strain 𝜀𝑔 and pile strain 𝜀𝑧 can be 

respectively computed by: 

 

g
g

gE


 =                                 (1) 

where, 𝜎𝑔 and 𝛦𝑔 are the stress and elastic modulus of rebar, 

respectively. 

 

z
z

zE


 =                                  (2) 

 

where, 𝜎𝑧 and 𝛦𝑧 are the stress and elastic modulus of the pile, 

respectively. 
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Figure 4. JMZX-428AT rebar stress meters 

 

 
 

Figure 5. The measured data of rebar stress meters 

 

2.3 Forces on anchor cable  

 

The mortar is anchored by its cohesive force and the 

prestress of the anchor cable, which is transmitted to the soil 

around the anchor via steel strands. Thus, the elongation of the 

anchor cable 𝛥𝐿 (mm) can be computed by: 

 

PL
L=

EsAs
                                        (3) 

 

where, P is the tensile force (N); L the length of the free section 

of the prestressed anchor cable (mm); Es is the elastic modulus 

of the anchor cable (2×105N/mm2); As is the total sectional size 

of each strand of steel wire (mm2). 

To disclose the forces on the pile at different depths and 

conditions, two anchor cable axial force meters (Figure 6) 

were buried to monitor the stress state (Figure 7) of the anchor 

cable. 

 

 
 

Figure 6. JMZX-3320AT anchor cable axial force meter 

 
 

Figure 7. The measured data of anchor cable axial force 

meters 

 

2.4 Data analysis 

 

After 8 months of monitoring, the measured data were 

subjected to statistical analysis. The results show that, when 

the drain holes were blocked by more than 80%, the 

groundwater level in the slope rose by 13m, the porewater 

pressure grew by 25kPa at the maximum, the shear force on 

the main rebar of the anti-slide pile increased by 20%, and the 

axial force of the anchor cable climbed up by 30kN. 

 

 

3. NONCONTACT DIGITAL CLOSE-RANGE 

PHOTOGRAMMETRY 

 

3.1 Principle of noncontact digital close-range 

photogrammetry 

 

Following using optical principles, the noncontact digital 

close-range photogrammetry aims to calculate the 3D 

coordinates of the target point, according to the image 

information of the target point, the relevant parameters of the 

digital camera, and a known point in the same space.  

 

 
 

Figure 8. Mathematical principle 
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The mathematical principle of this approach is explained in 

Figure 8, where P(X, Y, Z) is a point in space, and 𝑃′(𝑥1, 𝑦1) 

and 𝑃′′(𝑥2, 𝑦2)  are its projection points on two images; 

𝑆(𝑋𝑠, 𝑌𝑠 , 𝑍𝑠) is the projection center, i.e. the location of the 

camera taking the two images; 𝜔 , 𝜑  and k are the angles 

between the three axes of the camera coordinate system and 

those of the coordinate system of point P, respectively; f is the 

focal length of the camera. 

As shown in Figure 8, P, P'(or P'') and S fall on the same 

straight line. According to the collinearity equation, the 

relationship between the three points can be expressed as: 

 

𝑥𝑖 = −𝑓 ∙
𝑟11(𝑋−𝑋𝑠)+𝑟12(𝑌−𝑌𝑠)+𝑟13(𝑍−𝑍𝑠)

𝑟31(𝑋−𝑋𝑠)+𝑟32(𝑌−𝑌𝑠)+𝑟33(𝑍−𝑍𝑠)
              (4) 

 

𝑦𝑖 = −𝑓 ∙
𝑟21(𝑋−𝑋𝑠)+𝑟22(𝑌−𝑌𝑠)+𝑟23(𝑍−𝑍𝑠)

𝑟31(𝑋−𝑋𝑠)+𝑟32(𝑌−𝑌𝑠)+𝑟33(𝑍−𝑍𝑠)
              (5) 

 

where, i=1, 2; rij can be described as: 

 

𝑅(𝜔𝑖 ,  𝜑𝑖 , 𝑘𝑖) = 𝑅(𝜔𝑖)𝑅(𝜑𝑖)𝑅(𝑘𝑖) = [

𝑟11 𝑟12 𝑟13

𝑟21 𝑟22 𝑟23

𝑟31 𝑟32 𝑟33

]   (6) 

 

where, 

 

𝑅(𝜔𝑖) = [
1 0 0
0 𝑐𝑜𝑠 𝜔𝑖 𝑠𝑖𝑛 𝜔𝑖

0 − 𝑠𝑖𝑛 𝜔𝑖 𝑐𝑜𝑠 𝜔𝑖

] 

 

𝑅(𝜑𝑖) = [

𝑐𝑜𝑠 𝜑𝑖 0 − 𝑠𝑖𝑛 𝜑𝑖

0 1 0
𝑠𝑖𝑛 𝜑𝑖 0 𝑐𝑜𝑠 𝜑𝑖

] 

 

𝑅(𝑘𝑖) = [
𝑐𝑜𝑠 𝑘𝑖 𝑠𝑖𝑛 𝑘𝑖 0

− 𝑠𝑖𝑛 𝑘𝑖 𝑐𝑜𝑠 𝑘𝑖 0
0 0 1

] 

 

Of course, the 3D coordinates of point P cannot be obtained 

by the collinearity equation alone. Another set of relationships 

needs to be established. As shown in Figure 3, point P and the 

two different camera points S′ and S′′ belong to the same plane. 

Hence, the coplanarity equation between the three points can 

be established as: 

 

𝐹 = |
𝑏𝑥 𝑏𝑦 𝑏𝑧

𝑢1 𝑣1 𝑤1

𝑢2 𝑣2 𝑤2

| = 0                        (7) 

 

where, [

𝑢𝑖

𝑣𝑖

𝑤𝑖

] = [

1 −𝑘𝑖 −𝜑𝑖

𝑘𝑖 1 −𝜔𝑖

𝜑𝑖 𝜔𝑖 1
] [

𝑥𝑖

𝑦𝑖

−𝑓
]  𝑖 = 1, 2  and [

bx

by

bz

]  is 

the size of the vector between points S′ and S′′. 

 
3.2 Analysis of measured displacement 

 

Considering the feasibility, merits and defects of different 

techniques, the author selected the PhotoModeler Scanner 

(Eos Systems Inc.) (Figure 9) to process and analyze the 

measured data, and adopted the FZ-35 camera (Panasonic) and 

EOS 7D (Cannon) to collect the images (Figure 10). 

 
 

Figure 9. The interface of PhotoModeler Scanner (PMS) 

 

 
 

Figure 10. The cameras 

 

Figures 11-14 show the results of the noncontact close-

range photogrammetry on Dawangou deep cut slope 2#. 

 

 
 

Figure 11. Scatter plot of the slope 

 

 
 

Figure 12. Scan model of the slope 
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Figure 13. Cloud map of the slope 

 

 
 

Figure 14. Displacement of scattered points 

 

Through the auto-scanning of the images by the PMS, the 

scattered points were obtained from different positions of the 

slope. As shown in Figure 14, the scattered points are irregular 

in distribution, but each point has a fixed number for 

identification.  

In the outdoor test, the straight-line distance between any 

two points (the red points in Figure 14) was obtained by field 

measurement, and recorded in the software. On this basis, the 

distance between any other two points in the figure can be 

derived according to their relative positions, making it possible 

to monitor the displacement change of the slope (Figure 15). 

 

 
 

Figure 15. The 3D coordinates and distance between any two 

points 

 

Statistical analysis (Figures 16 and 17) shows that more 

than 80% of drain holes in the target slope were clogged. The 

maximum displacement of the slope was 39.78mm, about 

30mm above the alarm value. This means the slope faces the 

risk of instability. 

 

 
 

Figure 16. Displacement points on the slope 

 

 
 

Figure 17. The measurement errors 

 

Through the analysis, it is confirmed that the noncontact 

close-range photogrammetry controlled the measurement 

errors in all directions within 1mm. The measuring accuracy 

obviously satisfies the technical requirements. 

 

 
4. NUMERICAL SIMULATION 

 

4.1 Prototype parameters and constitutive model 

 

The rock stratum of Dawangou deep cut slope 2# can be 

divided into two layers: a 1m-thick silty clay layer and a 

slightly weathered limestone layer. The slope is supported by 

two methods, namely, a lattice anchor retaining wall and a 

pile-anchor support system.  

The 3D numerical model of the lattice anchor retaining wall 

(Figure 18) extends 6m along the slope. The size of the model 

is 100m in length, 6m in width and 77m in height. The rock 

mass and drain holes were meshed into C3D8RP pore pressure 

elements, the lattice into C3D8R stress elements, and the 

anchor rods into T3D2 embedded truss elements. 

Centering on the anti-slide pile, the 3D numerical model of 

the pile-anchor support system (Figure 19) extends 60m inside 

the slope, 50m outside the slope, 30m beneath the pile, and 6m 

along the slope. The size of the model is 112m in length, 6m 

in width and 77m in height. The rock mass and drain holes 

were meshed into C3D8RP pore pressure elements, the anti-

slide piles and concrete retaining wall into C3D8R stress 

elements, and the anchor cables into T3D2 embedded truss 

elements. 

607



 

 

 

Figure 18. The 3D numerical model of the lattice anchor 

retaining wall 

 

 

 

Figure 19. The 3D numerical model of the pile-anchor 

support system 

The rock stratum of the slope was described by the model 

based on the Mohr-Coulomb theory of soil strength. This 

general model of geotechnical mechanics has been 

successfully applied to simulate the stratum conditions (e.g. 

soil and rock) in slope support and underground excavation. 

The model can characterize the engineering mechanics of 

materials accurately, providing an efficient plastic calculation 

method. The Mohr-Coulomb model adopts the Mohr-

Coulomb criterion and the maximum tensile stress criterion as 

the failure criteria. 

Specifically, the failure envelope 𝑓(𝜎1, 𝜎3) = 0 is defined 

by the Mohr Coulomb criterion 𝑓𝑠=0: 

 

𝑓𝑠 = 𝜎1 − 𝜎3𝑁∅ + 2𝑐√𝑁∅                       (8) 

 

From B to C, the failure envelope is defined by the tensile 

failure criterion ft=0: 

 

𝑓𝑡 = 𝜎3 − 𝜎𝑡                                  (9) 

 

where, φ is the friction angle; C is the cohesive force; 𝜎𝑡 is the 

tensile strength. 

 

4.2 Simulation parameters and boundary conditions 

 

In Abaqus simulation, the model parameters are given in 

Table 2 below. 

 

4.3 Simulation conditions 

 

According to the monitored groundwater level and indoor 

test, the permeability coefficient of the rock and soil of the 

target slope was set to 0.475m/s. The drain holes were replaced 

by drain plates for Abaqus simulation (Table 3). 

 

Table 2. Model parameters 

 

Material 
Material 

model 

Density 
Elastic 

modulus 
Poisson’s 

ratio 

Saturation 

permeability coefficient 

Cohesive 

force 

Friction 

angle 

(kg/m3) (GPa) (m/s) (MPa) (°) 

Rock mass 
Mohr 

Coulomb 
2,450 0.9 0.35 4.75E-7 4.168 35.23 

Drain hole 
Linear 

elasticity 
1.0 0.9 0.35 4.75E-1 - - 

Drain plate 
Linear 

elasticity 
2,480 0.9 0.35 3.56E-5 0.28 30 

Lattice 
Drucker 

Prager 
2,550 28 0.3 - - - 

Anchor rod 
Linear 

elasticity 
7,800 210 0.2 - - - 

Anti-slide 

pile 

Drucker 

Prager 
2,550 28 0.3 - - - 

Anchor cable 
Linear 

elasticity 
7,800 210 0.2 - - - 

 

Table 3. Simulation conditions 

 

Conditions 
Saturation permeability 

coefficient of drain holes 

Degree of 

clogging 
Conditions 

Saturation permeability 

coefficient of drain holes 

Degree of 

clogging 

Condition 1 4.75×10-1 Normal drainage Condition 4 4.75×10-5 60% clogged 

Condition 2 4.75×10-3 20% clogged Condition 5 4.75×10-6 80% clogged 

Condition 3 4.75×10-4 40% clogged Condition 6 4.75×10-7 100% clogged 
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5. ANALYSIS OF NUMERICAL RESULTS AND 

MEASURED DATA 

 

5.1 Comparative analysis on the change of groundwater 

level 

 

Under each condition, the saturation of each part in the rock 

mass of the slope was obtained through numerical simulation. 

The cloud maps of the saturation variation in the lattice anchor 

retaining wall and the pile-anchor support system are shown 

in Figures 20 and 21, respectively. Note that the red color 

stands for full saturation, orange for near saturation, and blue 

for low saturation. The degree of saturation of the rock mass 

reflects the groundwater level variation to a certain extent. 

The following can be obtained through the comparison 

between the simulated results and the measured data: 

(1) Under the lattice anchor retaining wall, the groundwater 

level when the drain holes were 40% clogged was nearly 10m 

higher than that when the drain holes were 20% clogged; the 

groundwater level increased slowly, after the clogging rate 

surpassed 60%. 

(2) Under pile-anchor support system, the groundwater 

level first rose slowly with the growth in the clogging rate. 

Before the clogging rate reached 40%, the groundwater level 

increased very slightly by less than 1m. Once the clogging rate 

exceeded 80%, the groundwater level surged up. When the 

drain holes were fully clogged, the groundwater level climbed 

up by 13.8m, about twice that at the clogging rate of 80%. 

 

 
 

Figure 20. Cloud map of saturation variation in the lattice anchor retaining wall 

 

 
 

Figure 21. Cloud map of saturation variation in the pile-anchor support system 
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5.2 Comparative analysis of forces on supporting 

structures  

 

The slope failure occurs when the deformation induced by 

stress field changes exceeds the limit. Here, the slope stability 

is studied by analyzing the forces on supporting structures. 

The results of numerical simulation are displayed in Figures 

22-25.

 

 
 

Figure 22. Stress cloud map of the lattice anchor retaining wall 

 

 
 

Figure 23. Stress cloud map of the pile-anchor support system 
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Figure 24. Cloud map of axial force on anchor rods 

 

 
 

Figure 25. Cloud map of axial force on anchor cables 

 

The above simulation data reflect the change laws of the 

axial forces on anchor rods and anchor cables at different 

clogging rates. As shown in Figures 22-25, the axial force on 

anchor rods remained basically unchanged when the clogging 

rate was smaller than 80%, and slightly increased when the 

latter surpassed that level; the axial force on anchor cables 

increased at an approximately linear rate, when the clogging 

rate was growing below 60%, had limited changes, when the 

clogging rate rose from 60 to 80%, and increased further by 

10%, after the clogging rate surpassed 80%. 

5.3 Comparative analysis of slope stability 

 

Due to the clogging of drain holes, the rock and soil of the 

slope tend to be saturated, causing a certain reduction in shear 

strength. To evaluate the slope stability, this paper adopts a 

reasonable strategy called the strength reduction method. The 

cohesive force and friction angle of the rock mass were 

simultaneously reduced for numerical calculation [20, 21]: 

 
' 'tanc  = +                          (10) 
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where, 𝑐 ′ and 𝜑′ are the cohesive force and friction angle of 

the rock mass after the reduction, respectively. The two 

parameters can be initially calculated as: 

 

'

' tan
tan

s

s

c
c

F

F





=



 =


                                (11) 

 

where, Fs is the reduction factor for the limit equilibrium state, 

i.e. the safety factor. In numerical calculation, the safety factor 

is defined as the reduction factor, under which the feature point 

displacement suddenly changes.  

Here, the strength reduction method is used to calculate the 

safety factor of the slope, and the relationship between the 

drain hole blocking rate and the slope safety. Taking the 

displacement change of a node on the top of the slope as the 

standard, the strength reduction factor at the sudden change of 

this displacement was taken as the safety factor of the slope. 

The safety factors of the slope under two supporting structures 

at different clogging rates were plotted into curves (Figure 26). 

 

 
 

Figure 26. Change laws of safety factors of the slope under 

two supporting structures at different clogging rates 

 

The following can be derived from the curves in Figure 26: 

(1) Whichever the clogging rate, the pile-anchor support 

system achieved a higher safety factor than the lattice anchor 

retaining wall; with the growth in the clogging rate, the safety 

factors under two supporting structures both decreased 

gradually; the decrement was relatively small, when the 

clogging rate was below 60%. 

(2) The safety factors of the slope under both supporting 

structures plunged deeply, when the clogging rate fell between 

60% and 80%.  

 

 

6. CONCLUSIONS 

 

This paper explores how the clogging rate of drain holes 

affects slope stability, using in-situ probe test, noncontact 

close-range photogrammetry, numerical simulation, and 

finite-element calculation based on strength reduction theory. 

The main conclusions are as follows: 

(1) The groundwater was monitored by digital level meter 

and pore osmometer. The monitoring results show that, when 

the clogging rate surpassed 80%, the groundwater level in the 

slope rose by 13m, the porewater pressure grew by 25kPa at 

the maximum. According to the monitoring by rebar stress 

meter and anchor cable axial force meter, when the clogging 

rate surpassed 80%, the shear force on the main rebar of the 

anti-slide pile increased by 20%, and the axial force of the 

anchor cable climbed up by 30kN. 

(2) The slope surface deformation was evaluated by close-

range photogrammetry. The results show that, the surface 

deformation was 44mm, about 30mm above the alarm value. 

This means the slope faces the risk of instability. 

(3) The changes in groundwater level and mechanical 

response of supporting structures were analyzed at different 

clogging rates, through numerical simulation and finite-

element calculation based on strength reduction theory. The 

numerical results show that: the stress on supporting structures 

and slope deformation increased linearly, when the clogging 

rate grew below 60%, while the stress on supporting structures 

surged up, once the clogging rate exceeded 80%. The finite-

element results indicate that, when the clogging rate exceeded 

60%, the safety factor of the slope plunged deeply, an evidence 

of the instability risk. The theoretical, numerical and test 

results are basically the same. 
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