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Abstract: Rainfall-induced shallow landslides are 
known to be extremely dangerous since the sliding 
mass can propagate quickly and travel far from the 
source. Although the sliding mechanism in sloping 
ground is simple to understand, the problem may be 
complicated by unsaturated transient water flow. The 
flow behavior of rainwater in unsaturated sloping 
ground and the consequent factor of safety must be 
clearly understood to assess slope stability under 
rainfall conditions. A series of laboratory experiments 
was conducted to examine the critical hydrological 
states so that assessment of slope stability under 
rainfall condition can be performed. Based on the test 
results, a unique relationship between critical 
hydrological states, rainfall intensity, and soil 
properties was formulated. Sequential stability 

analysis provided insights into the stability of slopes 
subjected to variations in soil properties, slope angles 
and rainfall intensities, and the consequent variation 
in the depth of the failure plane, vital in landslide risk 
assessment, was determined through this analysis. 
The variation of rainfall intensity was found to 
strongly affect the depth of the failure plane in 
cohesionless sloping ground. Furthermore, the 
influence of rainfall intensity on the depth of the 
failure plane may be alleviated by a small magnitude 
of cohesive strength. The results of this study will 
reinforce knowledge of landslide behavior and help to 
improve mitigation measures in susceptible areas.  
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Introduction  

Rainfall-induced landslides are natural 
disasters that are encountered in many parts of the 
world and they always result in massive destruction 
and loss of human life (Yumuang 2006; Guzzeti et 
al. 2008). Among the various types of landslides, 
shallow landslides present a special danger since 
they can potentially initiate debris flow (Trustrum 
et al. 1999), particularly when rainfall continues 
after the initiation of the failure. The huge scale of 
damage caused by shallow landslides has been 
reported in the literature (Gabet and Mudd 2006; 
Postance et al. 2018). Shallow landslides are 
typically translational slope failures that involve 
the upper few meters of unconsolidated surficial 
material. Recent reports (Li et al. 2013; 
Chinkulkijniwat et al. 2016; Yubonchit et al. 2016; 
Naidu et al. 2018) have concluded that, for rainfall-
induced translational slides in terrains of 
homogeneous soil, the sliding failure can be 
categorized as occurring in two major phases: the 
infiltration phase and the saturation phase. In the 
infiltration phase, rainwater infiltrates the sloping 
ground advancing the wetting zone. If the failure 
takes place in this phase, the failure plane can 
occur at any depth depending on factors such as 
the slope angle, rainfall intensity, and soil 
properties. The saturation phase takes place during 
the rising of the water table, which initially occurs 
after rainwater reaches the impermeable interface. 
In this phase, the failure plane occurs only at the 
impervious interface.  

The ability to predict the depth of the failure 
plane is vital when assessing slope stability during 
a rainfall event. A number of reports (Shimoma et 
al. 2002; Chaminda 2006; Tohari et al. 2007) 
found that slope failure is initiated at the slope toe 
since the fully saturated condition of soil at this 
position results in the development of excessive 
positive pore water pressure. However, their 
findings were based on homogeneous soil slopes, 
where the dominant failure mode will be a circular 
or noncircular sliding failure. Although the danger 
of shallow landslides has been recognized, reports 
that focused on the depth of the failure plane in 
shallow landslides have been limited in number 
(Tsai et al. 2008; Li et al. 2013; Ali et al. 2014; 
Chinkulkijniwat et al. 2016) and few attempted a 
rigorous understanding of the stability 

characteristics of shallow landslides. 
Chinkulkijniwat et al. (2016) were among the 

few to attempt a characterization of the stability of 
shallow landslides that took multiple factors into 
account. They conducted a series of artificial 
rainwater infiltration tests and introduced a 
mathematical model to approximate the magnitude 
of water content in sloping ground subjected to a 
certain magnitude of rainfall intensity. This 
approximated water content was used to create a 
profile of the factor of safety of a sloping terrain 
subjected to various magnitudes of rainfall 
intensity. Subsequently, they developed a critical 
depth chart based on relationships between the 
depth of the failure plane, the rainfall intensity and 
the steepness of various slopes. The stability of 
shallow slopes was then characterized via the 
critical depth chart and, using this chart, the 
possible depth of the failure plane was 
comprehensively defined. They reported that the 
depth of the failure plane can be determined from 
the soil frictional angle ( ), the soil saturated 
permeability ( sk ), the steepness of the slope ( ), 
and the rainfall intensity ( i ). However, the 
conclusions of Chinkulkijniwat et al. (2016) were 
limited to cohesionless sandy soil possessing no 
fine fraction. Soils in mountainous terrain typically 
possess both a certain amount of fine fraction and 
either intrinsic cohesive strength or apparent 
cohesive strength, especially due to plant roots, 
which reinforce soil by their tensile strength and 
adhesion properties to form enclosed root matrix 
systems that give soil additional apparent cohesion 
(Tosi 2007; Burylo et al. 2011). Failure 
characteristics of these soils might well differ from 
those of cohesionless sandy soil.  

To further knowledge of the stability 
characteristics of sloping grounds, this study 
extends the work of Chinkulkijniwat et al. (2016) to 
soils that contain a certain amount of fine fraction 
and possess cohesive strength. The work extended 
the analysis of the critical depth charts for various 
soil types so that a comparison among the stability 
characteristics of different soils could be 
thoroughly interpreted.  The study began with a 
series of laboratory tests to clarify the hydrological 
behavior of the studied soils and, based on the 
conclusions drawn for hydrological behavior, 
continued by analyzing the stability of the soils 
using the infinite slope model under various 
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rainfall intensities. Results from this study will 
reinforce related research that seeks to design 
landslide mitigation measures.  

1    Hydrological State at the Wetting Front  

For a ponded surface, the maximum water 
content during the infiltration phase is equal to the 
saturated water content, Green and Ampt (1911). 
However, in the case of an unponded surface, 
although Mein and Larson (1973) and Chu (1978)  
elaborated the model proposed by Green and Ampt 
(1911), they did not clearly elaborate the maximum 
magnitude of water content during the infiltration 
process, which in the present work is termed water 
content behind the wetting front, wb . Mostly, the 
saturated water content was assumed without 
consideration of rainfall intensity and soil 
hydrological properties. Chinkulkijniwat et al. 
(2016) reported a unique relationship between  
and the infiltration index ( ski / ), defined as the 
rainfall intensity ( i ) over the saturated soil 
permeability ( sk ), regardless of the slope gradient 
and initial water content. However, their report was 
based only on test results from a cohesionless sand, 
which were considered to have distinct (or sharp) 
wetting front characteristics. In this work, the 
relationship between  and ski /  found in 
Chinkulkijniwat et al. (2016) was further validated 
with two soils that possessed a certain amount of 
fine fraction. Furthermore, the water content ( w ) 
profile of studied soils that possessed a certain 
amount of fine fraction was revisited to test the 
validity of the proposed sharp wetting front 
boundary during various rainfall intensities. 

1.1 Laboratory tests and experimental setup  

The two soils used in this study contained a 
certain amount of fine fraction. The soil water 
characteristic (SWC) curve of the studied soils was 
determined in accordance with the ASTM D6836-
02. The air-dried soils were compacted to the 
retainer rings placed on a saturated ceramic plate 
in the pressure chamber. Saturation state was 
acquired by spraying water from above the soil 
specimens. After being encapsulated, the airtight 
pressure chamber was subjected to a specific air 
pressure in order to push the water out of the 

specimens. The air pressure was kept constant 
until no more water was released from the chamber. 
The specimens were then placed into the oven to 
determine their water content. The above 
procedures were repeated for various magnitudes 
of air pressure. The dataset between air pressure 
and soil water content was used to plot the SWC 
curve of the studied soils. Shear strength 
parameters were determined from the direct shear 
test (ASTM D3080). Each studied soil was 
compacted to three identical density specimens. 
Direct shear testing was conducted under three 
normal stress levels of 50,100 and 200 kPa with a 1 
mm/min displacement rate. The strength 
parameters ( , c ) were acquired from the peak 
shear stress values of shear stress-horizontal 
displacement plots.   

A series of infiltration tests were carried out in 
a one-dimensional column to simulate infiltration 
processes in the studied soils, which were later 
classified as SM and SM-SP soils. Figure 1 shows 
the schematic diagram, dimensions and a 
photograph of the one-dimensional soil infiltration 
test apparatus. The apparatus consisted of a rainfall 
simulator, a steel frame and an experiment column. 
The experiment column was made from an acrylic 
tube 100 mm in diameter and 1000 mm in height. 
An impervious acrylic plate 15 mm thick was used 
as the base of the experiment column. Five holes of 
5 mm diameter were made in the column 100, 200, 
300, 400, and 500 mm from the base. These were 
for the installation of moisture sensor probes. To 
ensure homogeneity, 7728 grams of SM soil and 
8247 grams of SP-SM soil were dried in air before 
being layered into the standing pipe column. Ten 
compacted layers 60 mm thick were put in place to 
create a column of soil 0.6 m high. The unit weight 
of the SM soil and SP-SM soil columns was 16.4 
kN/m3 and 17.5 kN/m3, respectively. Five moisture 
sensor probes (Decagon 5TE, Decagon Devices Inc. 
(2007-2010)) and a piezometer were then installed. 
The piezometer was placed in the base of the 
column. An open valve was also placed in base of 
the column close to the piezometer to prevent the 
occurrence of trapped air during the tests. 
Rainwater infiltration tests were conducted by 
assigning the desired intensities of rainfall to the 
experiment column. The desired rainfall intensities 
were assigned through a well-calibrated rainfall 
simulator comprising a water tank, a constant 

wb

wb
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water pressure pump, a pressure gauge, a plastic 
pipe, a control valve, and a fine spray nozzle placed 
in the plastic pipe. 

The experimental program is summarized in 
Table 1. The magnitudes of rainfall intensity used in 
the experiment were determined by the saturated 
permeability of the studied soils. Rainfall 
intensities of 5, 10, 20, and 45 mm/hr were assigned 
to the SM column, whose saturated permeability 

was 15 mm/hr ( satk  = 4.167 × 10-6 m/sec ≈ 15 

mm/hr). Rainfall intensities of 10, 20, 45, 70 and 
100 mm/hr were applied to the SP-SM column, 

whose saturated permeability was 65 mm/hr ( satk  

= 1.806 × 10-5 m/sec ≈ 65 m/hr). These variations 
were applied to demonstrate the hydrological 
responses under three rainfall conditions: rainfall 
intensity lower than the soil saturated permeability 

( ski  ), rainfall intensity approaching the soil 

saturated permeability ( ski  ), and rainfall 

intensity greater than the soil saturated 

permeability ( ski  ). In each rainfall test, rainfall 

was applied until the steady state was reached. The 
onset of the steady state was indicated when the 
values for water content remained constant at all 
moisture sensors. 

1.2 Test results   

The grain-size distribution and SWC curves of 
the studied soils are respectively presented in 

Figures 2(a) and 2(b). Atterberg’s limits, specific 
gravity of the soil ( sG ), strength parameters ( ,
c ), and the saturated permeability ( sk ) are given 
in Table 2. The studied soils were classified, 
according to Unified Soil Classification (ASTM 
D2487), as silty sand (SM) and poorly graded sand 
with silt (SP-SM). The fine fractions were about 40% 
for the SM soil and about 10% for the SP-SM soil. 
The SWC test data were fit using the van 
Genuchten (VG) equation (van Genuchten 1980) 
written in Eq. (1) as, 

 
Figure 1 Schematic diagram (a) and photograph (b) of one-dimensional soil column apparatus used in this study. 

 

Table 1 Infiltration tests in one-dimensional column 
conducted in this study  

Soil property  Value 
Soil type (USCS classification) SM SP-SM 
 % Clay 2 1 
 % Silt 36 10 
 % Sand 62 89 
Atterberg’s limits   
 Liquid limit, LL

 
(%) 19.80 NP 

 Plastic limit, PL
 
(%) 14.95 NP 

 Plasticity index, PI (%) 4.85 NP 
Specific gravity, Gs  2.59 2.62 
Dry unit weight, γd (kN/m3) 16.4 17.5 
Soil hydrologic parameters  
 Saturated permeability, ks (mm/hr) 15 65 
 Saturated volumetric water content, θsat

 
 0.350 0.323 

 Residual volumetric water content, θr 0.040 0.025 
 Fitting parameter, α (kPa-1) 0.112 0.186 
 Fitting parameter, n 1.445 1.798 
Soil strength parameters  
 Internal friction angle,  (°) 30 36 
 Cohesion, (kPa) 5 0 
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where eS  is the effective degree of saturation, w  

is water content, r  is water content at residual 

state, sat  is water content at saturated state, 

wa uu   is matric suction, which is the difference 

between pore air pressure ( au ) and pore water 

pressure ( wu ), and   and n  are VG parameters 

relating to the inverse of air-entry pressure, and pore 
size distribution, respectively. The validated VG 
parameters for the tested soils are given in Table 2.   

Figures 3 and 4 respectively present the time 

series plots of w  and the development of the w  

profile in the SM column subjected to various 
rainfall intensities. Test results obtained from the 
SP-SM column (Figures 5 and 6) were similar to 

those from the SM column. The w  responses 

clearly depended on the magnitude of rainfall 
intensity and could be classified according to the 

ski / ratio. When 0.1/ ski , the response of w  

could be categorized into infiltration and 
saturation phases. In the infiltration phase, the 
volumetric water content increased from its initial 

value ( wi ) to the maximum volumetric moisture 

content, known as the volumetric water content 

behind the wetting front ( wb ).  

Figure 6 presents the w  profile in the SM-SP 

soil. The value of w  changed from wi  to wb  

within two consecutive probes, which implied the 

presence of a sharp wetting front. The w  profile in 

SM soil (Figure 4) showed that the w  increased 

immediately from wi  to an intermediate 

magnitude of w  before slightly increasing again to 

a final value of wb . These results indicated that 

the wetting front in the SM soil was not as distinct 
as it was in the SM-SP soil, although the various 

values of w  in the wet zone were very close to wb . 

Soon after the wetting front reached the 
impervious bottom, the saturation phase began as

w , the volumetric water content, increased from 

wb  to the saturated water content ( 35.0sat ). 

This increase in water content corresponded to the 

rising of the water table. When 0.1/ ski , w  

increased from wi  to 35.0sat  since water 

started infiltrating into the soil column. Once the 

Table 2 Summary of properties of soils used in this 
study  

Experiment  
No. 

Soil  
used 

γd
  (kN/m3) 

i  
(mm/hr) 

i/ks
 

1 SM 16.4 5 0.333 
2 SM 16.4 10 0.667 
3 SM 16.4 20 1.333 
4 SM 16.4 45 3.000 
5 SP-SM 17.5 10 0.154 
6 SP-SM 17.5 20 0.308 
7 SP-SM 17.5 45 0.692 
8 SP-SM 17.5 70 1.077 
9 SP-SM 17.5 100 1.538 

Notes: γd, dry unit weight; i, rainfall intensity; ks, 
saturated permeability; i/ks, infiltration index.  

 
Figure 2 Properties of silty sand (SM) and poorly graded sand with silt (SP-SM) soils used in this study (a) grain size 
distribution curves and (b) soil water characteristic curves. (r2, coefficient of determination.) 
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Figure 3 Time series plots of volumetric water content (θw) in the silty sand (SM) column for various magnitudes of 
rainfall intensity (i). 

 
Figure 4 Development of volumetric water content (θw) profile in the silty sand (SM) column for various magnitudes 
of rainfall intensity (i). 
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void spaces were fully filled with water, no further 

increment of w  was observed.  

1.3 Water Content behind the Wetting Front 

As long as rainfall intensity is lower than the 
soil saturated permeability, the maximum water 
content during the infiltration process, namely the 

water content behind the wetting front ( wb ), will 

be lower than the saturated water content. The 

unique relationship between wb  and ski /  in 

sandy soil was reported in Chinkulkijniwat et al. 

(2016) and modelled as 

  
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   (2) 

However, Chinkulkijniwat et al. (2016) 
validated this model only for a cohesionless sandy 
soil. Since previous research works (Lee et al. 2011; 

Chinkulkijniwat et al. 2016; Wu et al. 2017) 

revealed that the magnitude of wb  does not 

depend on the slope angle, we validated Eq. (2) 
with test data from a one-dimensional infiltration 
test. Figure 7 presents the relationship found in this 

 

 

Figure 5 Time series plots of volumetric water 
content (θw) in the poorly graded sand with silt 
(SP-SM) column for various magnitudes of 
rainfall intensity (i). 
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study between wb  and i  for SM and SP-SM soils. 

There were 10 and 15 measurements taken in SM 
and SM-SP soils, respectively. The measured values, 
taken from 5 TRD probes at each rainfall intensity, 
were close to each other in both soils, which 
indicates a unique water content for a particular 
soil at a given rainfall intensity. Using the van 
Genuchten parameter values reported in Table 1, the 
measurements fitted well with Eq.  (2), giving an r2 of 
0.996 and 0.997 for the SM and SP-SM soils, 

respectively. Therefore, Eq. (2) is valid for the soils 

studied, which had a certain amount of fine fraction. 

2    Analysis of Shallow Landslides 

2.1 FS at the depth of wetting front’s advance 

In shallow landslides triggered by rainfall 
infiltration, the failure has a small depth to length 
ratio and forms a failure plane parallel to the slope 

 

 

Figure 6 Development of volumetric water 
content (θw) profile in the poorly graded sand 
with silt (SP-SM) column for various 
magnitudes of rainfall intensity (i). 
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surface. Therefore, infinite slope analysis is 
justified when assessing the stability of a shallow 
landslide. The minimum FS is calculated from the 

depth of wetting penetration. Although the w  

profile in SM soil did not exhibit a sharp wetting 

front, the value of w  in the wet zone varied very 

close to wb . Therefore, for the sake of simplicity, 

this study assumes a magnitude of water content in 

the wet zone equal to wb , and hence the minimum 

FS  is at the wetting front.     
The FS  under vertical seepage and 

unsaturated conditions is written as (Duncan and 
Wright 2005) 

 


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           (3) 

where   is the unit weight of soil above the wetting 

front, Z  is the particular depth where FS  is being 

calculated, c  is effective cohesion,   is the 

effective frictional angle,   is the inclined angle of 

the slope, and s   is suction stress (Lu and 

Griffiths 2004; Lu and Likos 2006) defined as  
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Combining Eq. (2) with Eq. (1), the suction at 

the wetting front (expressed as bwa uu )(  ) is  

)/ln(
1

)( sbwa kiuu


                   (5) 

Since wb  can be approximated using Eq. (2), 

the suction stress at the wetting front can be 
written as  
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and, therefore, the magnitude of FS  at the depth 

of the wetting front’s advance, wZ , can be 

calculated by substituting Eq. (3) for the expression 

of s   in Eq. (6). Figures 8a and 8b respectively 

present the change of FS  with the wetting front’s 

advance wZ , namely the wZFS   plot, in SM and 

SP-SM soils for slopes of various gradients 
subjected to various magnitudes of infiltration 

index ( ski / ). In the SP-SM soil, at every value of 

ski / , the magnitude of FS  decreased very rapidly 

with wZ , and then leveled off to become 

asymptotic at the lower limit. In the SM soil, the 

reduction in FS  was slower than in the SP-SM 
soil. This result suggests that when a wetting front 

advances at shallow depths, the FS  value in SM 
soil will be higher than the FS  value in SP-SM soil.  

To investigate the influence of soil properties 
on the above mentioned characteristics, graphs of 

FS  against wZ  were plotted using varying soil 

parameters. Figures 9a – 9d present the change of 

FS  with wZ for various values of the parameters 

c ,  ,  , and n . The variation of the parameters 

c and  is presented through lines of different 

symbols (Figures 9a and 9b), while the variation of 
the infiltration index is presented through different 
types of lines (full and dashed lines). At any 

particular depth of the wetting front’s advance, wZ , 

the lower the infiltration index was, the greater the 
FS  was. Figure 9a shows clearly that cohesive 

strength governs the shape of the wZFS   plot: 

the lower the cohesive strength, the sharper the 
reduction of FS  with increasing depth. Thus, the 
FS value reached the asymptote earlier in soil of a 

 
Figure 7 Relationship between volumetric water 
content behind wetting front (θwb) and rainfall intensity 
(i) for silty sand (SM) and poorly graded sand with silt 
(SP-SM) soils. (r2, coefficient of determination) 
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lower cohesive strength than in soil of a higher 
cohesive strength. With regard to the soil frictional 
angle, the plots reveal that this factor played no 

role in the shape of the wZFS   plot, changes in 

the value of the soil frictional angle only resulted in 
a sideways shift of the plot. 

Figures 9c and 9d present the wZFS 
 
plots 

produced by varying the van Genuchten 
parameters   and n , respectively. When 

0.1/ ski  (full lines), changes of   and n  did not 

affect the wZFS   plot since the magnitude of 

wb  was equal to the saturated water content and, 

hence, suction stress, which is a function of the van 
Genuchten parameter  , and n  was completely 

 
Figure 8 FS-Zw plots for various magnitudes of infiltration index i/ks and inclined angle of the slope β in (a) silty 
sand (SM) soil and (b) poorly graded sand with silt (SP-SM) soil. 

 

 
(a)                                                                                                 (b) 

 
(c)                                                                                                 (d) 

Figure 9 The FS-Zw 
plots for various values of the parameters: (a) cohesive strength , (b) soil frictional angle , 

(c) van Genuchten (VG) parameter , and (d) VG parameter . 
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eliminated. When 0.1/ ski  (dash lines), 

changes in the van Genuchten parameters had less 

effect on the wZFS   plots than the strength 

parameters did. The greater   and n  values 

yielded wZFS   plots with smaller curvatures. 

Therefore, with identical strength parameters, a 
sloping ground possessing greater   and n  values 
might exhibit a lower FS  at the depth of the 

wetting front wZ , particularly when advancing at 

shallow depths.  

2.2 Analysis of critical depth  

The critical depth is the depth at which a 
failure plane is likely to occur and it can be 
approximated by taking FS  to equal 1.0 in Eq. (3). 

After rearranging the equation, the critical depth 
can be expressed as 

(1 )sin cos

tan

(1 )sin cos

cr

s

c
Z

A

A

  
 

  





 




              (7) 

where A  is the stability index, expressed as 

 tan/tan  , and crZ  is the critical depth or the 

depth at which FS   is equal to 1.0. Understanding 

the critical depth characteristic is vital for landslide 
mitigation and prevention measures, stability 
reinforcements and the installation of monitoring 
devices for landslide early warning systems. To 
characterize the depth of the failure plane, we 
analyzed a normalized critical depth as a ratio of 
the critical depth to the depth of the sloping ground 

( tZ ), as expressed in Eq. (8),   

(1 )sin cos

tan

(1 )sin cos

cr

t t

s

t

Z c

Z Z A

Z A

  

 
  






 




            (8) 

Figure 10 presents the relationships between 

the normalized critical depth ( tcr ZZ / ) and the 

infiltration index ( ski / ) with various magnitudes 

of stability index ( A ) for different values of 
strength parameters ( c  and  ) and van 

Genuchten parameters (  and n ). All the plots of 

tcr ZZ /  against ski /  indicate that steep slopes 

(low A  values) yield critical planes at shallow 

depths (small values of tcr ZZ / ). In cohesionless 

sloping ground, particularly moderately sloping 
ground where the gradient was little greater than 
the soil frictional angle, the critical depth was very 

sensitive to the rainfall intensity ( ski / ). In 

cohesive soil, on the other hand, the critical depth 
was less sensitive to the rainfall intensity. Even a 
small value of cohesive strength ( kPa 5c ) in 
sloping ground could reduce the sensitivity of the 
critical depth to rainfall intensity.   

A higher   value represents a lower air entry 
suction, and hence water entry suction. A larger n  
value represents a more uniform pore size 
distribution resulting in less suction loss with 
increments of water content. Typically, coarse 
grain soil possesses higher   and n  values than 

fine grain soil. The plots of tcr ZZ /  against ski /  

indicate that, for a given ski /  in sloping ground 

with larger n  and   values, the failure plane 
should occur at a shallower depth. For cohesive 

sloping ground, the plot of tcr ZZ /  against ski /  

does not change much with n  and   values, 
whereas the same plot for cohesionless sloping 
ground does change. For cohesionless sloping 
ground, larger values of n  and   clearly result in 

a flatter plot of tcr ZZ /  against ski / .  

3   Conclusions 

To verify the unique relationship between wb  
and ski / , presented in Chinkulkijniwat et al. 
(2016), a series of one-dimensional infiltration 
tests was conducted with silty sand (SM) and 
poorly graded sand with silt (SP-SM). The stability 
of these soils in shallow slopes under various 
rainfall conditions was analyzed. The following 
conclusions can be made based on this research: 

 The unique relationship between wb  and 

ski /  can be formulated either in sandy soil or in 
soil with a certain amount of fine fraction. 

 Strength parameters play a more 
important role than VG parameters in the variation 
of FS  with the depth of the wetting front’s 
advance. 

y 

, 
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 For a given ski / , lower values of the 
strength parameters c  and  result in failure 
planes at shallower depths. 

 In cohesionless sloping ground having a 
gradient close to the soil frictional angle, when the 

rainfall intensity approaches the value of the soil 
saturated permeability, the variation of rainfall 
intensity plays the major role in the eventual depth 
of the failure plane.  

 
Figure 10  vs.  plots with various magnitudes of  for different values of strength parameters ( ,

) and van Genuchten parameters ( , ). 
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A little cohesive strength in sloping ground 
can reduce the influence of rainfall intensity on the 
depth of a potential failure plane.  

Given two soils with identical strength 
parameters, the more uniformly grained soil which 
possesses the greater   and n values, tends to fail 
at a shallower depth.  
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