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ABSTRACT 

This study uses laboratory experiment to clarify the failure mechanism of granular soil slopes when subjected to high rainfall 
intensity. A rainfall simulator was employed to perform tests on slopes with convex and concave profiles; the slopes were non- 
homogeneous and had a dip stratum underneath. In addition, different fines contents (0 ~ 12%) and rainfall intensities (78 and 287 
mm/hr) were considered as variables. During the experiment, the variations in pore water pressure and volumetric water content 
in the soil were measured. The characteristics of the failure mechanism and the responses of pore water pressure and water con-
tent in the model slopes are compared and discussed as functions of the variables. For samples with fines content of 12%, failure 
was more likely initiated by surface erosion. In contrast, for samples with fines content less than 10%, slope failures were initi-
ated near the toe, where the soil was highly saturated. The profiles of total head above the impervious stratum were generally 
nonlinear and the pressure head near the toe of the slope could be even higher than the equivalent head of overburden pressure. 
Moreover, the initial failure in concave slopes occurred sooner than that in convex slopes; it was attributed to the thin soil layer 
near the toe of the slope, so that a high hydraulic gradient was induced to cause piping to be initiated. With regard to rainfall in-
tensity (78 versus 287 mm/hr), less time to failure and longer failure surface were observed in the higher intensity condition; 
however, the length of failure surface and the runout distance were about the same irrespective of slope profiles. 

Key words: Model test, slope, granular soil, failure, rainfalls.

1. INTRODUCTION 
In recent years, dramatic weather changes due to global 

warming have resulted in more frequent and severe slope failures, 
and in Taiwan there have been several recent incidents. On July 
17 ~ 19, 2008, Typhoon Kalmaegi brought 1040 mm of rainfall 
in 48 hours, with the maximum intensity of 148 mm/hr, causing 
serious flooding in the central and southern parts of Taiwan. 
Then on August 6 ~ 10, 2009, Typhoon Morakat brought 1400 
mm of rainfall in just one day, with a near record-breaking rain-
fall of 2300 mm in 48 hours and maximum intensity of 117 
mm/hr. Again, the southern part of Taiwan was not only inun-
dated by floods in many areas, but a huge landslide was also in-
duced at Shiaoling Village, where hundreds of people were bur-
ied by the debris. It is clear that the high intensity and the high 
amount of rainfall were the predominant factors to cause this 
disaster. In addition, it is expected that the effects of global 
warming will increase, resulting in more disasters in the future. 

The landslide at Shiaoling was about 1200 m long, 40 m 
deep, and 2.4 × 106 m3 in volume. The slipped material was 
mainly composed of pervious colluviums deposited on the top of 
impervious shale layers, which dip at 15 ~ 25° with the horizon-
tal. Because of the hydraulic characteristics of the geological 
materials, the high intensity and long duration rainfall allowed 
water to infiltrate easily and deeply into the slope and to accu-

mulate on top of the impervious strata. As the pore-water pres-
sure within the slope continued to increase, the shear strength of 
the material gradually decreased until the slope failure was in-
duced.  

Many researchers have studied slope failures caused by 
rainfall infiltration (Lumb 1975; Brand 1982; Iverson and Major 
1986; Chen et al. 1999; Kim et al. 2004; Chen et al. 2004; Chen 
et al. 2009). There are also related research topics such as: Rain-
fall intensity, water supply type (i.e., rainfall or ground water), 
fines content and/or relative density of soil, and the size of 
physical model (Wang and Sassa 2003; Chen et al. 2004; Mori-
waki et al. 2004; Orense et al. 2004; Tohari et al. 2007; Huang et 
al. 2008, etc). Furthermore, Ried and Iverson (1992) employed 
numerical analysis to show that slope profile and hydraulic con-
ductivity of soil are the two dominant factors for slope stability. 
Regarding slope profile, Lee (1982) reported that slope failures 
induced by rainfall in Japan were commonly in concave shape.  

This current study uses a laboratory experiment to clarify 
the failure mechanism of granular soil slopes when subjected to 
high rainfall intensity. A rainfall simulator was employed in the 
laboratory to perform tests on the slopes with convex and con-
cave profiles. In addition, the tested slopes had a dip stratum 
underneath because slope failures occur faster in non-   
homogenous slopes with a dip stratum than in homogeneous 
slopes (Chen et al. 2011). Therefore, non-homogenous slopes are 
more critical for this study. 

2. MODEL TEST 

In studying slope failure induced by rainfall infiltration, 
three commonly adopted methods are site investigation, numeri-
cal analysis, and model test. Generally speaking, site investiga-
tion is suitable to only case studies and is costly, while the nu-

Journal of GeoEngineering, Vol. 7, No. 1, pp. 021-031, April 2012 



22  Journal of GeoEngineering, Vol. 7, No. 1, April 2012 

merical method needs to collect many parameters related to geo-
logical materials. In these respects, model testing is a compara-
tively efficient method because it can be performed in well con-
trolled conditions such as boundary and loading conditions. More 
importantly, a test can simulate how slope failure is initiated and 
it also allows the whole process of failure be observed in the 
laboratory. Over the past ten years, model tests have been em-
ployed by several researchers (Wang and Sassa 2003; Moriwaki 
et al. 2004; Orense et al. 2004; Tohari et al. 2007; Huang et al. 
2008). 

2.1 Similarity Analysis 
When performing a model test, the model and the prototype 

should be related by satisfying geometric similarity, kinematic 
similarity, and dynamic similarity to ensure the feasibility and 
reliability of test results. For instance, the scaling factor of length 
between the prototype and the model may be chosen as λ (= 
Lp / Lm) and the materials used in the prototype-slope and the 
model-slope can be the same, e.g., having the same unit weight. 
From similarity analysis (Rocha 1957; Roscoe 1968), the rela-
tionship between the physical quantities of prototype- and model- 
slopes is shown in Table 1. Note that λ and ρ are scaling factors. 
In this study, the value of ρ was equal to 1 and λ was assumed to 
be 10. 

2.2 Experiment Setup 
The test device consists of a sand tank supported by a steel 

frame, with the walls made of 10 mm thick tempered glass. The 
sand tank is shown in Fig. 1. The experimental setups for convex 
and concave slopes are shown in Figs. 2(a) and 2(b), respectively. 
The convex slope has a 20° upper slope and a 30° lower slope; 
while the slope angles of concave slope are reverse. Both slopes 
have an impervious stratum inclining at 10° with the horizontal. 
The flow chute is 0.3 m wide, and the deposition area is 0.6 m 
wide (Fig. 2(c)). 

A rainfall system was set at 1.6 m above the slope to generate 
uniformly distributed rainfall. The sprinkler system can produce 
rain drops of less than 0.1 mm in diameter to prevent soil from 
being eroded by large rain drops. Water can also be supplied from 
the bottom of the tank to simulate the rise of ground water level, 
if needed. The rainfall intensities for this study were 78 mm/hr 
and 287 mm/hr. The low intensity was based on the result of 
previous studies (Brand 1984; Lumb 1975) that the threshold 
value for most slopes in Hong Kong to fail was about 70 mm/hr; 
while the high intensity was to simulate extreme weather condi-
tions. 

Pore-water pressures were recorded by piezometers installed 
close to the impervious stratum, where the variation in pore water 
pressure was expected to be more significant. The accuracy of 
the piezometers, Kyowa PGM-G, is ±0.5% and the allowable 
pressure is 20 kPa. Several moisture sensors, Delta-T SM200, 
were used to measure the volumetric water content of the soil. 
The accuracy of the sensor is ±3%, with an operating range be-
tween 0 ~ 60°C. Moisture sensors M1-M7 were installed on one 
side of the tank. The coordinates of the installed sensors and the 
depths of the piezometers are tabulated in Fig. 2. In addition, 
three CCD cameras were aimed at different angles, i.e., normal to 
the side of the tank, the lower slope, and the deposition area to 
record the process of the test. These cameras have a resolution of 

640 × 480 pixels and a maximum frame rate of 30 fps. 

2.3 Test Material 

The coarse material used for testing is uniform, sub-angular 
sand with diameter of 0.1 ~ 0.4 mm. It is classified as poorly- 
graded sand (SP) as per the Unified Soil Classification System, 
with a coefficient of uniformity of Cu = 1.29, a coefficient of 
curvature of Cc = 0.97, maximum dry unit weight γd,max =    
16.1 kN/m3, and minimum dry unit weight γd,min = 13.3 kN/m3. 
The fine material used for testing was quartz powder with di-
ameter in the range of 0.001 ~ 0.1 mm and is classified as silty 
fine sand (ML). The grain size distribution curves of the test sand 
and the fines are shown in Fig. 3. 

There were four kinds of sample tested, each with different 
fines content. For example, sample S0 was composed of 100% sand 
and no fines; sample S5 was a mixture of 5% fines and 95% sand, 
and so on. Table 2 shows the test program and soil properties. In the 
test program, the symbols V, C, H, and L represent convex, con-
cave, high rainfall intensity, and low rainfall intensity, respec-
tively. The saturated volumetric water content of soil is obtained 
from the soil-water characteristics curve using pressure plate test. 
The friction angles of the sand are obtained by triaxial consoli-
dated-undrained test at relative densities of 55% and confining 
pressures of 50, 100, and 200 kPa, respectively. The friction an-
gles of samples S0 and S10 are 36.6° and 35.1°, respectively. 

When conducting model tests, strictly speaking, the rainfall 
intensity and the hydraulic conductivity of the soil should be 
modified. However, the hydraulic conductivity of the soil was so 
small that the modified value seems to have had little effect on 
test results. Furthermore, the scaling factors for the two quantities 
are the same, and so the rainfall intensity was not modified. 

2.4 Test Procedure 

The test procedures are briefly described as follows. 
 1. The inclined impervious stratum, made of plywood, was 

placed at the beginning. Then the gap between this stratum 
and the wall of the tank was sealed with silicone sealant to 
make it waterproof. 
 
 

Table 1 Dimensional analysis of the physical quantities in model 
testing (modified from Chen and Chi 2010) 

Physical quantity Relationship 

Length Lm = (1/λ) Lp 

Slope angle θm = θp 

Unit weight γm = (1/ρ) γp = γp 

Friction angle φm = φp 

Pore water pressure (or stress) um = (1/λ) up 

Strain εm = εp 

Time tm = (1/ )λ tp 

Remark: λ and ρ are scaling factors 
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Fig. 1  Test sand tank 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Side view of convex slope 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Side view of concave slope 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Top view of sand tank 
 

Fig. 2  Experimental setup: (a) Side view of convex slope; (b) Side view of concave slope; (c) Top view of sand tank 
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Fig. 3  Grain size distribution curves of the test sand and fines 

Table 2  Test program and soil parameters 

Test Profile Sample 
Fines 

Content 
% 

β 
deg. 

α 
deg. 

I 
mm/hr 

γd 
kN/m3 

γsat 
kN/m3 

θs 
% 

ks 

(×10−4) 
m/s 

φ 
deg. 

V0H Convex S0 0 30 20 287 14.7 19.0 45.0 1.43 36.6 

V0L  S0 0 30 20 78 14.7 19.0 45.0 1.43 36.6 

V5L  S5 5 30 20 78 15.1 19.3 42.0 0.26 − 

V10L  S10 10 30 20 78 15.3 19.4 41.5 0.13 35.1 

C0H Concave S0 0 20 30 287 14.7 19.0 45.0 1.43 36.6 

C0L  S0 0 20 30 78 14.7 19.0 45.0 1.43 36.6 

C5L  S5 5 20 30 78 15.1 19.3 42.0 0.26 − 

C10L  S10 10 20 30 78 15.3 19.4 41.5 0.13 35.1 

C12H  S12 12 20 30 287 15.5 19.5 40.8 0.068 − 

Remark: α = upper slope angle, β = lower slope angle, I = rainfall intensity, γd = dry unit weight, γsat = saturated unit weight, θs = saturated volumetric water 
content, ks = saturated coefficient of hydraulic conductivity, φ = friction angle 

2. The slope was then formed, with the help of a shaping plate 
to retain soil in place. Subsequently, the soil was pluviated in 
layers, each being 0.025 m thick, from the bottom to the top. 
In addition, the plate was lifted after each layer of soil had 
been placed. This procedure was repeated till a specified full 
height was reached. With this method, the relative density of 
the sample should be approximately 55%. 

3. The water valve at the bottom of the tank was opened to al-
low water to flow slowly into the tank. After the water table 
had reached the top of the slope, the valve was closed. The 
slope was then left 12 hours for soaking in order to reach as 
much saturation as possible. 

4. Later, the valve was reopened to let water drain out until the 
water table was lowered to the elevation at the toe of the 
slope. It usually took about several hours for the water to 
drain, a rate of 5 × 10−4 m3/min, so that the settlement of soil 
was insignificant.   

5. The monitoring system was turned on, including CCDs, 
moisture sensors, and piezometers. 

6. The infiltration test was started by turning on the sprinkler 
system to generate rainfall with a specified intensity.  

7. When there was no significant movement of soil observed, 
the test was terminated.  
Note that the purpose of soaking soil before testing was not 

only to simulate the effect of precedent rainfall in the field but 
also to expedite the test.  

3. TEST RESULTS 

The following test results describe the observed failure 
process, the variations in volumetric water content and pore- 
water pressure in the soil. The characteristics of the failure 
mechanism as well as the responses of pore water pressure and 
water content in the model slopes of various slope profiles, fines 
contents, and rainfall conditions are discussed. 
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3.1 Failure Process 

The observations showed that slope failure was initiated as 
piping occurred at the toe of the slope, after which, the failure 
extended upward and induced retrogressive shallow slides. The 
phenomena in which the fines were flowing out of the slopes are 
shown in Fig. 4. In Test-V5L, the flow was small in quantity, low 
concentration, and light color. By contrast, the flow in Test-V10L 
was faster and had more quantity. Later, erosion by water flow 
continuously progressed into the slope and caused gradual col-
lapses of soil. According to previous research (Thevanayagam, 
1998), fine materials will flow through and out of the interstices 
of coarse material if the ratio between two materials’ medium 
diameters, D50 / d50, is greater than 6.5. In this study, the ratio 
between sand and fines was about 10. Hence, the fines could be 
washed out, and even piping was induced when the hydraulic 
gradient was high enough. 

Several final surfaces are depicted for comparison. Herein, the 
final surface is defined at time te (Table 3) when mass movement 
was insignificant. In Fig. 5(a), Test-V0L had only shallow flow 
failure occurring at the toe of the slope. On the other hand, the 
failure surface of Test-V5L extended to about the middle of the 
lower slope, while the failure surface of Test-V10L extended even 
upwards and was also deeper. Thus, larger failure surfaces oc-
curred in soils with more fines, and this result was observed irre-
spective of the slope profiles (Figs. 5(a) and 5(b)). Furthermore, 
comparing V10L and C10L, the convex slope had deeper failure 
surface and thicker deposition area than the concave slope. 

As to the effect of high rainfall intensity, the induced failure 
surface was, as expected, deeper and the deposition was longer 
than under lower rainfall intensities; furthermore, the convex 
slope had a deposit angle of 11° and the concave slope had a 
gentler angle of 8°. It is also shown in Table 3 that the failure 
lengths of V0H and C0H were about the same (570 mm versus 
578 mm). Herein, the failure length is defined as the length of 
failure surface, measured from the toe of the slope to the upper 
end of the surface. This result was unlike those with low rainfall 
intensities.  

The failure length and the time to the end of failure also 
varied with fines content and rainfall intensity. In Fig. 6, the soil 
with more fines failed earlier and the corresponding failure sur-
face developed faster and longer. The reason could be due to the 
samples with more fines content having lower friction angle and 
higher unit weight (Table 2). In Fig. 7, it can be seen the solid 
curves for high rainfall intensity are steeper than the dotted 
curves for low intensity. In other words, less failure time and 
longer failure length were observed under higher intensity condi-
tion. This figure also shows concave slopes failed earlier than 
convex slopes. However, the two solid curves attain about the 
same failure length as mentioned above. The above observation 
can be explained from the aspect of the hydraulic gradient near 
the toe of a slope. Further details are discussed in the section of 
pore-pressure. 

The variation of slope surface condition for concave slopes 
with different fines content is shown in Fig. 8. For samples with 
fines content less than 10%, as shown in Figs. 8(a) ~ 8(c), the slope 
surfaces had insignificant to small rills developed at final stage. It 
can also be seen that samples S0 and S5 had obvious large scarps 
after failure, while sample S10 had only small scarps and rills. 

Table 3  Summary of test results 

Test Si 
% 

Sf 
% 

Fl 
mm

Rl 
mm 

hp4 
mm 

tp 
s 

te 
s 

te - tp
s 

V0H 49.7 97.9 570 400 52 320 4200 3880

V0L 60.1 77.4 150 110 37 1056 3960 2904

V5L 55.4 82.5 255 166 49 645 3200 2555

V10L 53.6 88.9 432 213 48 210 4365 4155

C0H − − 578 444 41 36 1905 1869

C0L − − 375 283 10 759 3000 2241

C5L − − 458 285 43 540 4500 3960

C10L − − 473 296 1 162 1320 1158

C12H − − − − − 39690 − − 

Remark: Si = initial degree of saturation measured at M2, Sf = final degree 
of saturation measured at M2, Fl = failure length measured from 
the toe of the slope to the end of failure surface, Rl = runout dis-
tance, hp4 = pressure head of P4 measured at tp, tp = time when ini-
tial piping was observed, te = the time at the end of significant 
mass movement, te - tp = duration of failure process 

 
For the sample containing 12% fines, settlement was in-

duced both during soaking the slope and after draining the water 
out of the sand tank. Besides, a different failure mechanism was 
observed. Because only a small amount of rainwater could infil-
trate into the slope, no significant changes in water content and 
pore-pressure were measured. In this soil, the failure process can 
be distinguished into three different stages (Fig. 8(d)). At the 
initial stage, there was obvious runoff flowing on the loose sur-
face of slope, so the soil was quickly carried away and deposited 
at the toe of the slope. After three hours of rainfall, several small 
irregular rills had gradually developed on the upper slope, with 
small parallel rills appearing on the lower slope. Seven hours 
later, the small rills had merged into large gullies. Subsequently, 
as more runoff flowed on the lower slope, the gullies gradually 
deepened until about eleven hours, when piping was noticed at 
the toe of the slope. 

3.2 Volumetric Water Content 

A typical example showing the variations in volumetric wa-
ter content and pore water pressure during testing is presented in 
Fig. 9(a). Two moisture sensors and one piezometer are chosen 
for explanation. At the beginning of the test, sensor M7 near the 
toe of the slope had a high initial degree of saturation, about 95%, 
due to the preceding soaking of the sample. However, sensor M2, 
located at the upper part of the slope, had only 50% of initial 
degree of saturation, and so more obvious changes in water con-
tent at M2 could be measured. Likewise, piezometer P4, located 
near the toe, had also noticeable changes in pore water pressure. 

The curves shown in Fig. 9(a) were obtained from Test-V0H. 
These curves may be divided into following three stages separated 
by tp and tf. The definition of tp is the time when initial failure oc-
curred and when piping was observed, while tf is the time when 
obvious mass movement was initiated. Note that the curve of M2 
has obvious inflection points at tp and tf, and the curve of P4 is 
hyperbolic shape. By contrast, the volumetric water content at 
M7 varied only slightly, due to the high initial degree of satura-
tion. This suggests that failure was predominantly caused by the 
increase in pore water pressure rather than soil saturation. 
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Fig. 4 Fines flowing out of convex slopes: (a) Test-V5L; (b) Test-V10L 
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Fig. 5  Final surfaces of the slopes composed of soils with different fines contents: (a) convex slope; (b) concave slope 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Failure length versus time for the convex slopes composed of soils with various fines content (I = 78 mm/hr) 
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Fig. 7  Comparison of failure length versus time for sand slopes subjected to rainfall of different intensities 

 
at final stage                     at final stage                    at final stage 

(a) C0L (Sample S0)             (b) C5L (Sample S5)             (c) C10L (Sample S10) 

 

at initial stage            3 hours later             7 hours later 

(d) C12L (Sample S12) 
Fig. 8  Parallel rills developed in soils of different fines content for concave slopes 
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 1. Initial stage: From the beginning to the occurrence of initial 
failure when piping was observed. The time tp was at 320s. 

 2. Progressive failure stage: From tp to tf  (= 800s), when an 
obvious mass movement was initiated. During this stage 
both the volumetric water content at M2 and the pore water 
pressure at P4 were increasing rapidly.  

 3. Final stage: After about 2000s, all the curves became stable. 
A retrogressive type of failure continued, extending to the 
intersection between the upper and lower slopes. Then the 
upper slope started to collapse, forming a vertical scarp on 
the slope face.  
The variation in water content depends also on fines content 

and rainfall intensity. In Fig. 9(b), the maximum difference in 
volumetric water content among the three tests (V0L, V5L, and 
V10L) was not more than 5%, and the variation gradually became 
insignificant as time went on. It can also be seen that high rainfall 
intensity induced both higher rate of change and higher volumetric 
water content than induced by lower rainfall intensities. 

3.3 Pore Water Pressure 
The effect of fines content on pore water pressure variation 

is demonstrated in Fig. 10, which shows the pressure head meas-
ured at P4 (hp4) for three tests with various amounts of fines. As 
the fines content increased, the pore water pressure built up faster, 
and so tp was less. The values of tp and hp4 for each test are tabu-
lated in Table 3. This table also shows the high rainfall intensity 
resulted in higher hp4 and less tp than the low rainfall intensity did, 
e.g., V0H versus V0L. 

The total head profiles at two different times, tp and te, for 
convex and concave slopes are shown in Figs. 11 and 12, respec-
tively. The profiles are generally nonlinear and have a high gra-
dient near the toe of the slope. For example, at tp when piping 
occurred, the hydraulic gradients near the toes of both slopes 
(Figs. 11(a) and 12(a)) were higher than those of the other pie-
zometers. Furthermore, the total head at the toe was close to the 
surface for the convex slope (Fig. 11(a)); it was even higher for 
the concave slope (Fig. 12(a)). 

For the sake of comparison, the hydraulic gradient at tp for 
each test is tabulated in Table 4. As shown in the table, the hy-
draulic gradients of concave slopes were generally higher than 
those of convex slopes. This suggests, e.g., C0H (i34 = 0.41) 
would fail earlier than V0H (i34 = 0.23), and vice versa. At te 
when significant mass movement ended, the total head profiles 
(Figs. 11(b) and 12(b)) were higher than the profiles at time tp, 
which can be attributed to continuous accumulation of pore water 
pressure. Thus, the higher hydraulic gradient, resulting in larger 
seepage force and less shear strength of soil, in the concave slope 
could induce longer failure length than the convex slope, even 
though the former was gentler than the latter (20° versus 30°). 

Moriwaki et al. (2004) conducted a full-scale experiment to 
clarify the failure process of a landslide triggered by rainfall. The 
soil was loose sand with relative density of 35% and initial water 
content of 8%. A similar result, in which the pressure head at the 
toe of the slope was higher than the head equivalent to overbur-
den pressure, was also measured. They concluded this resulted 
from the compression of soil mass. 

For convex slopes, the profiles at te were higher for higher 
fines content and rainfall intensity (Fig. 11(b)), though the pro-
files at tp were not significantly different (Fig. 11(a)). In addition, 
the differences for concave slopes are less significant (Fig. 12). 

 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Different locations 

 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Different fines contents 

Fig. 9 Variations of volumetric water content and pressure 
head: (a) different locations (Test-V0H); (b) different 
fines contents (moisture sensor M1) 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Variations of pressure head in the convex slopes consisted 
of soils with different fines contents (P4, I = 78 mm/hr) 
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(a) At time tp 

 
 
 
 
 
 
 
 
 

(b) At time te 

Fig. 11 Total head profiles in a convex slope: (a) at time tp; 
(b) at time te 

 
 
 
 
 
 
 
 
 

(a) At time tp 

 
 
 
 
 
 
 
 

(b) At time te 

Fig. 12 Total head profiles in a concave slope: (a) at time tp; 
(b) at time te 

 
 

 

 

 

 

 

 

 

 

Fig. 13 Initial failure time for convex and concave slopes com-
posed of soils with different fines contents (I = 78 mm/hr) 

 

Fig. 14 Ratios of several parameters under high and low rainfall 
intensities (Sample S0) 

Table 4 Total head and hydraulic gradient at time tp for each 
test 

Test Total head (mm) Hydraulic gradient 

 h1 h2 h3 h4 i12 i23 i34 

V0H 282 264 238 196 0.05 0.10 0.23

V0L 313 260 229 182 0.15 0.12 0.26

V5L 293 243 225 194 0.14 0.07 0.17

V10L − − − − − − − 

C0H 332 302 259 186 0.09 0.17 0.41

C0L 313 271 241 155 0.12 0.12 0.48

C5L 317 264 244 188 0.15 0.08 0.31

C10L 310 255 220 146 0.16 0.14 0.41

C12H − − − − − − − 

Remark: h1 = total head of P1 measured at tp 
i12 = hydraulic gradient between P1 and P2 
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4. DISCUSSION 

The effect of fines content on failure initiation is shown in 
Fig. 13, in which tp decreases with increasing fines content of the 
sample. It is also apparent that concave slopes took less time to 
initiate failures than convex slopes, though this difference gradu-
ally became insignificant as the fines content increased.  

In order to focus on the effect of rainfall intensity (78 versus 
287 mm/hr), several parameters are considered as follows: Fail-
ure length, Fl; runout distance, Rl; the pressure head at P4 when 
piping occurred, hp4; the time of piping, tp; and the duration of 
failure process, te - tp. These parameters are compared by the 
ratio of the values obtained under high and low rainfall intensities, 
respectively. The soil for comparison is sample S0. These values 
are tabulated in Table 3. 

In Fig. 14, the solid bars stand for the ratios of convex slopes, 
V0H/V0L, while the slash bars stand for those of concave slopes, 
C0H/C0L. For the first two parameters, Fl and Rl, the ratios for 
convex slopes are 3.80 and 3.65, and for concave slopes are 1.54 
and 1.57, respectively. In other words, the ratios of Fl and Rl are 
about the same irrespective of the slope profiles. This may be 
because the quantity of soil removed from the slope was about 
the same as the quantity of soil deposited at the toe of the slope. 
It is also note worthy that these ratios, 3.80 and 3.65, approxi-
mate the ratio of rainfall intensity, 3.7 (= 287/78). By contrast, 
the ratios for concave slopes are only 1.54 and 1.57, probably due 
to inadequate amounts of soil available for removal by the rain-
fall. This result also implies that the rainfall would have caused 
as much soil to fail as it could if there was enough soil. 

With regard to hp4, the trend is reverse; i.e., the ratio for 
concave slope is 4.10 and for convex slope is 1.41. This result is 
not surprising because the soil at P4 was so thin that water could 
not pass through easily. As a result, the pore water pressure 
accumulated and rose up easily when the slope was subjected to 
high rainfall intensity. Consequently, initial failure occurred 
sooner for concave slopes than for convex slopes, as illustrated 
by the ratios of tp, 0.05 and 0.30, respectively. 

The duration of failure process can be represented by the 
time interval between tp and te, i.e., te - tp. Estimated from Table 3, 
the ratios of duration for convex and concave slopes are 1.34 and 
0.83, respectively. This result is apparently connected to the 
slope profile that determined the removable soil, which in turn 
depended on the shear strength of the soil. Since the convex slope 
was thicker than the concave slope, the ratio for the convex slope 
is thus higher than that for the concave slope. 

5. CONCLUSIONS 

This experiment employed a rainfall simulator to generate 
rainfall on model slopes of different profiles to study slope sta-
bilities. The slopes were composed of sandy soils with a variety 
of fines contents and had a dip stratum at the bottom. The char-
acteristics of the failure mechanism and the responses in pore 
water pressure and water contents were observed.  

For samples with fines content less than 10%, slope failures 
were initiated close to the toe, where the soil had high degree of 
saturation. Initial failure was noticed as piping occurred at the toe 
of the slope. As water continued to infiltrate into the slope, the 
saturated zone propagated upwards. Meanwhile, the pore water 
pressure accumulated and raised high enough to cause a series of 
retrogressive failures. In general, concave slopes failed earlier 

than convex slopes. This can be attributed to the thin soil near the 
toe of the slope, so that a high hydraulic gradient was induced, 
which caused the piping to be initiated. In contrast, the slope with 
high fines content of 12% showed a different failure mechanism, 
in which failure was more likely initiated by surface erosion.  

Under low rainfall intensity, the soils with more fines in-
duced higher degree of saturation than those with lower fines 
content. When subjected to high rainfall intensity, the soil was 
near fully saturated in the vicinity of failure zone, where the de-
gree of saturation could be as much as 90%. It is also note worthy 
that the curve of volumetric water content versus time has two 
inflection points at tp and tf; the steepest section between the two 
inflection points indicates the failure process was on going.  

The profiles of total head above the impervious stratum 
were generally nonlinear because the dynamic pore water 
pressure varied with time. Usually the hydraulic gradient was 
higher near the toe than any other places in the slope. The 
pressure head near the toe of the slope could be even higher than 
the equivalent head of overburden pressure. Moreover, the 
hydraulic gradients in concave slopes were generally higher than 
those of convex slopes. Thus, the higher hydraulic gradient in the 
concave slope could induce longer failure length than the convex 
slope, even though the former was gentler than the latter. It was 
also found that fines content affected the failure mechanism, the 
dimension of failure surface, and the time when piping occurred.  

Regarding the rainfall intensity, it significantly affected the 
scale of failure mass. If there was enough available soil, high 
rainfall intensity would quickly remove as much soil as possible. 
This was illustrated by the ratios of Fl and Rl under high and low 
rainfall intensities, respectively, being about the same irrespec-
tive of slope profiles. In other words, the amount of soil that can 
be removed is proportional to the rainfall intensity. This explains 
why the recent catastrophes induced by typhoons Kalmaegi and 
Morakat were so devastating.  

This study shows that different types of remedial work may 
be applied to stabilize slopes, depending on soil properties. For 
soils with fines content less than 10%, work to prevent piping is 
especially important in the vicinity of the toe of the slope, either 
enhancing drainage or reinforcing the toe zone. On the contrary, 
for soil with high fines content, since failure was more likely 
initiated by surface erosion, anti-erosion works applied to the 
slope surface will be more effective. 
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