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ABSTRACT

Landslides, which have been existing around the world, are considered as
environmental hazards. The number of landslide hazard is increasing every year. Although
there are different causes of landslides, two major causes are rainfall and earthquake.
Rainfall increases pore water pressure, changes the degree of saturation and causes a loss of
strength in the soil. Therefore, the equilibrium can no longer be maintained in the slope, and
a failure occurs. Likewise, when an earthquake occurs, the seismic force associated with the
earthquake triggers mass movement such as rock fall, debris flow, and others forms of mass
movement. In an attempt to evaluate the effect of rainfall in triggering landslides, a series of
physical slope models were prepared in laboratory at different soil void ratios, and slope
inclinations. Slope stability and deformation analyses were carried out in order to not only
further understand the effect of rainfall on slope stability, but also obtain a relationship
between void ratio, intensity and duration of rainfall, and slope inclination on soil slope
stability. Collected soil samples from a compacted fill area in Mission Viejo, CA were placed
into the Plexiglas container and compacted to the desired void ratios to form physical models
at the inclinations of 40 and 45 degrees to introduce targeted rainfall with a rain simulation
system in order to measure the seepage rate, moisture content, degree of saturation and
surface erosion with time. After these static slope experiments, another experimental model
was prepared and shaken on the shake table to determine the relationship between void ratio,
seismic acceleration, seepage velocity and slope stability. The soil sample was placed into
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the same Plexiglas container and compacted to a void ratio of 1.2 to form the same 60 cm
thick model, which was later cut into a 40 degree slope. Accelerometers were then placed on
the slope to measure the amplification of seismic acceleration at different depths during
shaking. Tensiometers were also installed on the slope at different locations to measure the
variation of pore water pressure with time. The slope was shaken with different accelerations
and frequencies for multiple cycles. Rainfall stimulator device was then placed on the top of
the slope immediately after the shaking event. The targeted rainfall was introduced to
evaluate the stability of the slope after shaking event. The results were used to perform slope
stability and finite element analyses in Geo-Studio 2012- Slope/W, Seep/W, Sigma/W and
Quake/W. Overall, the results of static slope stability modeling showed that pore water
pressure and the velocity of wetting front of the slope do not increase uniformly over the
entire slope during the rainfall period. Time required to saturate the soil decreases with an
increase in the void ratio for the same intensity of rainfall. The velocity of movement of
wetting front decreased for the slopes prepared at larger angle of inclination compared to the
one prepared at smaller angle of inclination when subjected to same intensity and duration of
rainfall. The values of factor of safety of the slope for the same intensity and duration of
rainfall dropped with an increase in void ratio. In addition, a slope having smaller angle of
inclination is more stable than the one having lager angle of inclination for same void ratio,
and intensity and duration of rainfall. The results of seismic slope stability analysis subjected
to post-seismic rainfall event showed that there was no significant change in pore water
pressure during shaking and no catastrophic failure occurred during post-shaking rainfall
event. The velocity of movement of wetting front decreased for the post-shaking rainfallinduced slopes compared to the static condition. Besides, the slope subjected to rainfall
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without shaking event exhibited 10% lower factor of safety compared to the slope subjected
to post-seismic rainfall event. The deformation obtained from numerical analysis for both of
static and seismic slopes were larger than that obtained from the laboratory experiments.
Moreover, the numerical analyses for the case study matched well for the results obtained
from the laboratory experiments.
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CHAPTER 1
INTRODUCTION

Slope Stability related research has a history of more than 60 years. Such researches
are very important as they can help to determine solutions to protect a slope from sliding or
side collapse. One of the disasters triggered by slope instability condition is landslide.
Landslide is a widespread hazard that occurs all over the world including the United States.
Landslides can cause some severe damage to transportation routes, buildings, utilities, and
oil-field infrastructure. According to the United States Geological Survey (USGS), landslide
is one among the most dangerous hazards in the United States, which causes damages in
excess of 1 billion dollars and 25 to 50 deaths annually. Many researchers around the world
are working not only to identify main causes that trigger landslides, but also to increase the
accuracy of predicting slope failures. This field has obtained some considerable
achievements recently, especially with the development of modern technology. In previous
century, people always considered that a change in stability of slope is mainly due to natural
hazards such as earthquakes, rainfalls, snowmelts and erosions. However, it is well
understood lately that some man-made factors also attribute to the cause of landslides.
Examples of such causes include the increasing number of infrastructures developed on the
hillside and coastal areas.
One among the worst landslide disasters in the US in recent years is the Oso
landslide. In March 2014, a major landslide occurred 4 miles east of Oso, Washington. One
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of the main triggering factors of this landslide was the heavy rainfall that occurred at the
location during February and March, 2014. According to CNBC, this disaster killed 43
people, destroyed 30 houses, and blocked a major road temporarily. There was an estimated
approximately $42 million of damage and additional cost for cleanup. Likewise, example of
another landslide that was triggered by the heavy rainfall is the landslide occurred in
Maharashtra, India in July 2014 that killed at least 200 people (India Today). Figures 1 and 2
show the aerial view of Oso Landslide and Maharashtra Landslide, respectively.
An example of a seismic activity that triggered many landslides is the 7.8 magnitude
Gorkha Nepal Earthquake that occurred in April 25th, 2015 and killed more than 9,000
people, injured more than 23,000 people and caused a properly damage of over $ 5 billion.
Moreover, more than 400 aftershocks occurred in the span of a year and trigged many
landslides in the country.
Some road cuts stand up for a century with sometimes even no apparent loss of
safety, whereas some will already show failures during construction. Some will fail after one
year, and some after ten years. This raises a question why are they different (Huisman,
2006)? The objective of this study is to find an answer to this question. To evaluate the effect
of rainfall intensity and duration as well as seismic shaking intensity in triggering landslides,
experiments were conducted in the laboratory using Plexiglas container, shake table, rainfall
simulator system etc. Influence of various factors such as seepage pattern, the void ratio,
intensity of rainfall, pore water pressure, and seismic accelerations on slope stability have
been evaluated through this study.
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Figure 1. Photograph of Oso, WA landslide that was triggered in 2014
(Source: carleton.edu).

Figure 2. Photograph of Maharashtra landslide, India that occurred in July 2014
(Source: swadeshnews.com).
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CHAPTER 2
LITERATURE REVIEW

In the first part of this chapter, an overview of slope stability assessment methods are
mentioned, and then a few previous studies pertinent to the slope instability induced by
rainfall and earthquake will be presented.
2.1 Slope Stability Analysis Methods
To evaluate the effect of rainfall and earthquake on slope stability, all the slope
stability analyses in this study were performed using the Simplified Bishop’s Method for
unsaturated soils. Before explaining the method, some relevant backgrounds of
unsaturated soil mechanics are presented first.
2.1.1 Saturated and Unsaturated Soil
The soil is considered to be saturated when all the void spaces between the particles
are filled with water. When a proportion of the void space is filled with air, the soil is in
unsaturated state. Fredlund and Rahardjo (1987) stated that saturated soil mechanics
principles can be applied when the degree of saturation of a soil is more than 85%.
However, unsaturated soil mechanics principles are applied if the degree of saturation is
less than 85%.
To make it simple, the term water table is used in soil mechanics principles. Below
water table, soil behavior is governed by effective stress (σ- uw) principle, whereas the
unsaturated soil above the water table is governed by two independent stress varaiable: the
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net normal stress (σ- ua) and matric suction (ua - uw) (Fredlund & Morgenstern, 1977).
While a saturated soil possesses positive pore-water pressure, unsaturated soil is
characterized by negative pore-water pressure ( Wolfsohn & Fredlund, 1994) which is
also termed as “suction”.
Due to the fact that the soils are subjected to different types of pore-water pressures,
the stresses that develop in each zone also differ. Figure below shows the difference.

Figure 3. A visualization aid for the generalized world of soil mechanics
(D.G. Fredlund, 1996).

2.1.2 Shear Strength of Unsaturated Soil
Holtz and Kovacs (1981) defined the shear strength of a soil as the ultimate or
maximum shear stress that the soil can withstand. In saturated soil, the shear strength can
be explained by using Mohr- Coulomb failure criterion and the effective stress concept
(Terzaghi et al., 1996), as presented in Eq. 2.1.
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 f  c'  u w  tan  '
Where,

(Eq 2.1)

 f : shear stress on the failure plane at failure,
c’: effective cohesion,
(σ- uw) : effective normal stress on the failure plane at failure,
σ: total normal stress on the failure plan at failure,
uw: pore water pressure at failure,

 ’: effective angle of internal friction.
Equation (2.1) characterizes a line which is called the failure envelope as shown in Figure
4.

Figure 4. Mohr-Coulomb failure envelope for a saturated soil ( Terzaghi, et. al. , 1996).
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Fredlund and Rahardjo (2009) proposed an equation which interprets the shear
strength of unsaturated soils in term of two independent stress-state variable net normal
stress (σ- ua) and matric suction (ua - uw). The shear strength using these variables can be
expressed by Eq. 2.2.

 f  c'  u a  tan  'u a  u w  tan  b
Where,

(Eq 2.2)

τ: shear stress on the failure plane at failure,
c’: intercept of the extended Mohr-Coulomb failure,
envelope on the shear stress ( or effective cohesion)
(σ- ua): the normal stress state on the failure plane at
failure,
ua: the air pore- air pressure on the failure plan at failure

 ' : is the angle of internal friction associated with the net
normal stress state variable,
(ua - uw): matric suction on the failure plane at failure

 b : the angle indicating the rate of increase in shear strength
relative to the matric suction.
The extension of the Mohr-Coloumb failure envelope for unsaturated soil is visually
presented in Figure 5.
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Figure 5. Extended Mohr- Coulomb failure envelope for unsaturated soils
(Fredlund and Rahardjo, 1993).
b
'
According to Krahn (2004),  equals to  when the soil is in saturated
b
condition in the capillary zone, but the pore water pressure is under tension.  is directly

b
proportional to the degree of saturation implying that  decreases when the soil

desaturates.
When all voids are filled with water, ua= uw=u, the unsaturated state will be
replaced by saturated condition and Eq. 2.2 will convert to Eq. 2.1.
2.1.3 Slope Stability Analysis Methods
2.1.3.1 Factor of Safety (FS). The factor of safety, FS, which is defined as the ratio
of resistance offered by a slope to external destabilized factor, is defined with respect to
the force or moment equilibrium and assumed to be constant along the slip surface
(Duncan et al., 2005).
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Moment equilibrium: the factor of safety is defined as the ratio of the available
resisting moment divided by the actual driving moment as given by:

FS=

𝑀𝑟
𝑀𝑑

Where, Mr is the sum of the resisting moments and Md is the sum of the driving moments.


Force equilibrium: The factor of safety is defined as the ratio of the ultimate shear
strength (Fr) divided by the maximum mobilized shear force at failure (Fd), as
expressed in the equation below:

𝐹
F𝑆 = 𝐹 𝑟

𝑑

Figure 6. Two approaches of defining the factor of safety (Abramson et. al., 2002).

Plane slip surfaces, compared to circular failure surfaces, give similar but slightly
higher values for the factor of safety for a vertical slope. However, engineers need to provide
a reasonable factor of safety which has to satisfy not only the safety, but also the economic
concerns. Liu and Evett (2005) proposed some values of FS for design, as presented in Table
2.1 .
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Table 2.1. Significance of Factor of Safety for Design

2.1.3.2 Bishop’s Simplified Method for Unsaturated Slopes. The Simplified
Bishop Procedure is more accurate, especially for effective stress analyses with high porewater pressures. This procedure assumes a circular slip surface and horizontal forces between
slices. Moment equilibrium about the center of the circle and force equilibrium in the vertical
direction for each slice are satisfied.

Figure 7. Force polygon for the Bishop’s simplified method (Krahn, 2004)
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(Eq 2.3)

The factor of safety is derived from the summation of moments about a common point.
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(Eq 2.4)

The forces acting on each slice for a general slope problem are defined as follows:
W: the total weight of the slice,
N: the total normal force on the base of the slice,
Sm: the shear force mobilized on the base of each slice,
E: the horizontal interslice normal force ( The “L” or “R” subscripts designate the left or
right sides of the slice, respectively),
R: the radius for a circular slip surface or the moment arm that associated with the mobilized
shear force, Sm for any shape of slip surface,
f: the perpendicular offset of the normal force from the center of rotation,
α: the angle between the tangent to the center of the base of each slice and the horizontal,
β: sloping distance across the base of the slice.
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2.2. Previous Studies Pertinent to Rainfall-induced Landslides
An influence of rainfall-induced wetting on the stability of slopes in weathered soils
was studied by Kim et al., (2004). Well-graded and silty sand used in this study were
sampled from a site near Yonsei University in Seoul, Korea. The intention of this research
was to make correlation between theoretical and numerical analysis results in order to point
out the influence of wetting band depth and the magnitude of the wetting front suction on the
slope stability and investigated the effect of infiltration of rainfall on slope stability. Some
parameters were obtained based on theories and experiments. Following ASTM D5298-94,
Schleicher and Schuell (S&S) No. 589 and Whatman No. 42 were filter paper tests used to
determine the soil-water characteristic curves (SWCC), which was based on Van Genuchten
(1980) and Fredlund and Xing (1994), as seen in Figure 8.

Figure 8. SWCC for the SW soil: experiment data and fitted curve (Kim et al., , 2004).
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Meanwhile, they performed several lab tests on the sample soils to obtain wetting
front suction. Please note that the wetting front suction can be archived by using some
empirical relationships (Gree and Ampt, 1911 etc.). Transient seepage analyses and slope
stability analyses were conducted by using Seep/W and Slope/W (Geo-Slope 1998). The
authors made comparisons between the results obtained from theoretical and finite element
analyses. They concluded that a shallower failure mechanism is possible if the wetting front
suction is greater than 80 cm. They also found out that the factor of safety of infinite slope
reduced significantly when the wetting band depth was increased to more than 120 cm. In
addition, there was an increase in factor of safety of the slope when wetting front suction
head was increased from 40 to 120 cm. Figures 9, 10 and 11 (Kim et al, 2004) show the
variation of wetting band depth with wetting front suction for SW and SM soils with
different rainfall durations; the influence of wetting band depth on the factor safety of the
slope was also studied, and relationship between factor of safety and the wetting front suction
was developed.
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Figure 9. Variation of wetting band depth with wetting front suction for SW and SM soils
with different rainfall duration (T) (Kim et al., 2004)

Figure 10. The influence of wetting band depth on the factor of safety of the slopes studied
(Kim et al., 2004)
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Figure 11. Relationship between Factor of Safety and the Wetting Front Suction
(Kim et al., 2004).
Another discussion regarding the prediction of the depth and relative time of failure
for slope subjected to infiltration was made by Collins and Znidarcic (2004). The authors
utilized the predictive formulation to obtain the relationship between soil and rainfall
parameters and the cause of failure for slopes subjected to infiltration. Pore-water pressure is
developed in coarse-grain soil and such soils exhibit high infiltration rate as can be seen in
Figure 12a. Likewise, positive pore pressure doesn’t occur in fine-grained soils and such
soils exhibit low infiltration rates which also shown in Figure 12b. However, it can cause the
slope failure to happen more frequently because of the loss of suction and decrease in shear
strength. The authors concluded that shallower failure follows with the development of
positive pore pressure, while deeper failure follows with a loss in suction. However, not only
are the strength characteristic of the soil associated with the failure depth, but the hydraulic
characteristic is also. The authors recommended more experiments and field result to verify
their presented method.
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a/

b/

Figure 12. Infiltration results for coarse grained soil (a) and fine grained soil (b) with
superimposed stability envelope.

Another study, pertinent to rainfall induced slope stability result was performed by
Orense et al., (2004). They evaluated the influencing factors for the initiation process of
rainfall-induced slope failure. The authors made a series of slope models in a 220 x 80 x 100
cm tank using silty sand which was obtained from a landslide site in Omigawa, Japan. Porewater pressure meters, soil moisture content transducers and shear displacement transducer
were installed on the slope. Seepage tests and rainfall tests were then performed. During the
experiments, effects of initial relative density, slope inclination, slope configuration and
seepage operation were examined. Test results showed that slope failure always happened
when the soil moisture content within a certain region near the toe of the slope reached nearly
complete saturation, even though other parts of the sliding mass were still in a partially
saturated state. Slopes consisting of dense deposits failed later than those consisting of loose
deposits because of their higher strength and lower permeability. Generation of pore water
pressure and increase in the degree of saturation accompanied with the rise in the water level
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were essential to create highly unstable zone, as shown in Figure 13. It is possible to predict
the occurrence of rainfall-induced slope failure by monitoring the soil moisture content of the
slope and performing displacement measurement. Further studies based on numerical
analyses and in situ monitoring are necessary to verify this conclusion, according to the
authors.

Figure 13. Distribution of saturated zone at the time of failure (Orense et al., 2004).
A similar investigation was performed by Ling and Wu (2009). A series of
centrifugal tests were conducted on steep slopes at three different angles (90, 75, and 60°)
and heights (10, 15, and 20 cm) as shown in Figure 14 and Figure 15. The soils were pure
Nevada sand and sand-clay mixtures with 15 and 30% fines by weight, compacted at
optimum water content. The intensities of rainfall used in these tests were between 0.53
cm/h to 1.361 cm/h. The speed of the centrifuge was increased gradually at a rate of 1
rpm every 10 seconds during spinning. The acceleration was increased until the slope
failed. The author also conducted some triaxial and plane strain compression tests on these
three types of soil prepared under similar conditions as in the slope models to obtain the
shear strengths of soils. The results showed that the apparent cohesion obtained for the
triaxial and plane strain conditions are likely the same.
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The authors concluded that the shorter slopes were able to sustain higher
accelerations compared to taller slopes of the same inclination with the same soil properties.
Moreover, the apparent cohesion is reduced when the degree of saturation increased. The
apparent cohesion over the slope had to be reduced to a value such that the factor of safety
reached unity before slope instability occurred which is shown in Figure 16. The rate of
reduction in apparent cohesion depended on the infiltration of water into the slope.

Figure 14. Rainfall test setup (Ling and Wu, 2009).

Figure 15. Centrifuge modeling on slopes (Ling and Wu, 2009).
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Figure 16. Effects of apparent cohesion on slope stability (Ling and Wu, 2009)

Lu et al., (2012) observed the behavior of slope under rainfall based on local
factor of safety rather than global factor of safety. They used a 30° slope composed of
homogenous silty soil as an example to illustrate the effects of rainfall infiltration on
slope stability. The surface infiltration boundary is imposed using a 5 months rainfall
record for September 2005 to January 2006 collected in the Seattle, Washington area
(Godt et al., 2009), which is shown in Figure 17.
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Figure 17. Rainfall scenario from Seattle area recorded during 2005-2006. (Godt et al.,
2009)

Soil water retention and suction stress characteristic curves of the silty hillslope
are shown in Figure 18. They investigated the mechanical response by examining the
suction stress field. They observed that the suction stress varies linearly with depth and
is much smaller than soil suction, as shown in Figure 19. After the rainfall begins, suction
stress quickly increases behind the wetting front as shown in Figure 20.

Figure 18. Soil water retention curve (SWRC) and suction stress characteristic curve.
(Lu et al., 2012)
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Figure 19: Contours of simulated suction stress at different times for a silty slope under
rainfall conditions. (Lu et al., 2012)
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Figure 20: Profiles for (a) moisture content, (b) suction , (c) suction stress, (d) local factor
of safety, (e) and (f) factor of safety calculated using an infinite-slope stability
analysis in the middle of silty slope at different times. (Lu et al., 2012)
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They observed the local factor of safety (LFS) in light of varying field of effective
stress in the slope. The fields of LFS for the slope at different simulation times are shown
in Figure 21. Before the rainfall episode, the slope was stable and LFS near the slope
surface were between 1.5 and 2.0. After 112 days, LFS was less than 1.0 and this zone
expands to about a maximum thickness of 20 cm near the middle of the slope (Figure 21).

Figure 21. Contours of simulated LFS at different times for a silty slope under
rainfall condition (Lu et al., 2012).

They concluded that the approach of calculating a single FS for a slope does not
provide vital information on how the failure surface initiates and evolves with changes in
pore water conditions. Their FEM-LFS method show that the proposed LFS is consistent
with the classic methodologies and yields further insights into the geometry of the potential
failure surface and how the failure surface initiates and evolves. They found that local
failure could occur in a slope even if the global FS for the slope is calculated to be 2.39.
Their quantative assessments applying the new LFS field method to slopes under
infiltration conditions demonstrate that it has a potential to overcome several major
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limitations in the commonly used global FS methodologies, including accurate prediction
of the rupture surface.
2.3. Previous Studies of Slope Instability for Earthquake-induced Landslides
In another study on the effect of 2008 Wenchuan Earthquake, conducted by Tang et
al., (2012) focus was on the area situated 135 km northeast of the earthquake’s epicenter as shown
in Figure 22. The area, which is a part of Beichuan County in Sichuan Province, had the
highest levels of seismic shaking and was the location of the main fault rupture zone. This
study utilized field investigation, remote sensing and GIS technology to analyze the
landslides. Based on the aerial photographs before and after the earthquake, a variety of
landslides were determined due to the main shock of the earthquake. Cruden and Varnes
(1996) classification was used to characterize those landslides. The analysis of the strong
motion data indicated that the concentration of coseismal landslides increases with the
increase in the horizontal PGA values. Moreover, the effect of slope angle and elevation
also were investigated. About 75% of the total landslide area was found on the slope angle
ranging from 30 to 50 degree (Figure 23). 68% of the landslides occurred at elevations
between 700 to 1300 m (Figure 24). Besides, rainfall data were recorded at Beichuan and
Tangjiashan stations by an automatic rain gage after the earthquake. Figure 25 showed that
there was heavy rainfall from September 23 to 24, 2008. A large number of shallow
landslides were triggered on September 24 2008. The author concluded from this study that
a potential continuing landslide could happen because of the earthquake shaking that
severely disturbed surface strata. Slope instability occurs during heavy rainfall condition.
Future reconstruction planning must account for this long-term potential threat.
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Figure 22. Landslide Topography (Ding et al., 2012).
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Figure 23 . Plot of pre-earthquake, coseismal and incremental landslide-area density at
different slope angles (Tang et al., 2012).

Figure 24. Plot of pre-earthquake, coseismal and incremental landslide-area density at
different elevations (Tang et al., 2012).
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Figure 25. Hourly and cumulative rainfall for the 23-24 September 2008 at Tangjiashan
station.

A study of dynamic and static combination analysis method of slope stability analysis
during earthquake was conducted by Lu et al. (2014). The authors performed a series of
shaking table tests for vertical fill made of mountain sand slope (60 x 30 x 60 cm) with and
without reinforcement using various acceleration amplitudes and frequencies. The results
showed that for the vertical filling without earth reinforcement, the plastic displacement at
collapse is constant regardless of acceleration amplitude and frequency. Figure 26 shows the
elapsed time until collapse becomes shorter as the acceleration amplitude increases.
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Figure 26. Measured duration until the collapse of slope in different seismic wave. (Lu et al.,
2014).

Lu el at. (2014) proposed a new numerical procedure for the plastic and cumulative
plastic displacement. The plastic displacement at collapse is estimated by a static stability
analysis, which employed Mohr-Coulomb yield criterion and an initial stress method. The
cumulative plastic displacement is calculated by dynamic response analysis during vibration.
The relationship of rigidity and damping constant versus strain is given in terms of the
Hardin-Drnevich model as shown in Figure 27.
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Figure 27. Hardin-Drnevich model (Lu el at., 2014).
In the proposed procedure, the failure of slope occurred when the cumulative plastic
displacement using actual seismic wave exceeds the critical value of the plastic displacement.
The above method was applied to a large filling slope collapse at Mitsukoshi district in Otaki
village. The results indicated the possibility that the proposed procedure give realistic
predictions and provides a useful engineering tool to evaluate the slope stability during
earthquake.
2.4 Previous Experiments Conducted at CSUF
Lewis (2012) conducted some experiments on double washed sand samples with
void ratio of 0.7 prepared at different slope angles and rainfall intensities. Seepage rate,
pore water pressure, moisture content, degree of saturation, and surface erosion were
measured with time. The author also performed another series of experiments on shake
table to evaluate the seismic effects before and after the rainfall. Figure 28 (Lewis, 2012)
shows the slope model and location of tensiometers before the test was conducted.
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Figure 28. Location of the tensiometers to measure the pore water pressure (Lewis, 2012).

A stability analysis was also performed to analyze the results and obtain factor of
safety for static and seismic conditions. During rainfall condition, the factor of safety
decreases when the degree of saturation increases due to soil saturation. When a seismic
shaking was applied to model, the factor of safety shows a decrease due to the increase in
the degree of saturation. Figure 29 shows the factor of safety for slopes with different
degrees of saturation.
The author concluded that in static experiments, the variation of degree of saturation
depends on the steepness of the slope. For the shaking tests, the results showed that the value
of seismic acceleration increases with the increase in the distance from the base in the dense
soil, while the opposite was seen in the loose soil. Based on the data of tensiometers during
the earthquake event followed by rainfall, the variation of suction showed a loss in apparent
cohesion in saturated sandy soils which creates a loss of stability in the slopes. However, an
additional study is recommended by the author to verify this statement.
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Figure 29. Factor of safety versus degree of Saturation calculated using “Slide 6.0” ( Lewis,
2012).

A similar study was performed by Caballero (2013). A series of slopes were
prepared on high plasticity clay at the void ratio of 0.89 with different slope angles and
were subjected to different rainfall intensities. Void ratio, seepage pattern, intensity and
duration of rainfall, and clay slope stability were obtained to determine the relationship
between these factors. Figure 30 shows the slope model and location of tensiometers before
the test was conducted.
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Figure 30. Locations of the tensiometers to measure the pore water pressure
(Caballero, 2012).

The author installed a few copper wires on the 45 degree slope (intensity of rainfall
was 0.57mm/ min) to evaluate the potential sliding surface. Figure 31 shows the location of
copper wires before the test was performed. A sketch of copper wires before and after the
test is shown in figure 32. Figure 33 shows the weakest/ critical sliding planes found on the
slope based on the deformation of copper wires.
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Figure 31. The locations of copper wires before the test (Caballero, 2012).

Figure 32. A sketch of copper wires before and after the test (Caballero, 2012).
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Figure 33. The potiental/critical sliding planes found on the slope. (Caballero, 2012).
The author concluded that irregular permeability on clayey soil caused a loss of
strength slowly over the slope at different locations. Heavy and long rainfall produces
significant reduction in shear strength, which ultimately causes slope instability.
2.5. GEO-STUDIO Software
In this study, the Geo-studio 2012 is used for slope stability analysis. This is a suite of
Geotechinical software developed by GEO-SLOPE International Canada. It is considered to
be one of the most powerful software and widely used around the world nowadays. The suite
includes 7 modules:


SLOPE/W for slope stability analysis



SEEP/W for groundwater seepage analysis



SIGMA/W for stress-deformation analysis



QUAKE/W for dynamic earthquake analysis
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TEMP/W for geothermal analysis



CTRAN/W for contaminant transport analysis



VADOSE/W for vadose zone and covers analysis

In this study, only the first four modules: Slope/W, Seep/W, Sigma/W, and Quake/W
were used to study the behavior of the slope. All of these models can be coupled to evaluate
factor safety as well as deformation along with transient seepage analysis.
Before going into details of these 4 modules, a brief introduction to numerical
modeling will be presented, so the importance of using this software can be acknowledged.
2.5.1 What is Numerical Modeling?
A numerical modeling has been a useful tool for engineering design and analysis. The
definition of a numerical modeling may vary depending on the application, but the basic
concept remains the same: a mathematical simulation of a real physical process. Seep/W is
an example of a numerical model. According to GeoStudio Manual (2012), it can
mathematically simulate the real process of water flowing through a particulate medium.
Based on the basic concept of numerical modeling, it is entirely mathematical and
distinguishes between scaled physical modeling in the laboratory or full-scaled filed
modeling. Rulon (1985) built up a scaled physical model of a soil slope with a less permeable
layer embedded within the slope, and infiltration was simulated by sprinkling on the crest.
Pore water pressure at different locations was measured by installing instruments into the soil
through the side walls. Figure 34 shows the results of her experiment. Seep/W was used to
model Rulon’s laboratory experiment, and the results matched with the original laboratory
measurements, which is presented in Figure 35.
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Figure 34. Rulon’s laboratory scaled model results (Rulon, 1985).

Figure 35. Seep/W analysis of Rulon’s laboratory model (GeoStudio Manual, 2012).

There are some obvious advantages of numerical modeling. First, numerical models
can be created very fast for associated physical models. It might take a month to several
months to construct physical models while numerical models can be set up in minutes, hours
or days. Second, there are some confined conditions applied to a physical model while a
numerical model can be used to investigate a wide variety of different sequence of events.
For example, numerical models can justify gravity while gravity cannot be scaled in
laboratory modeling. A centrifuge is often used to break this limitation. Third, numerical
modeling has no concern with personnel safety issues. Heavy equipment might be used to
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construct physical models, so danger of physical harm to personnel is a concern. Fourth,
information and results at any location within the cross-section can be obtained from
numerical modeling; however, physical modeling only provides external visual responses
and data at instrumented points. Finally, numerical modeling can contain multiplicity of
boundary conditions while physical models have limitations in boundary conditions.
On the other hand, it is not true to think that there are no limitations in numerical
modeling. An example of Seep/W limitation is seepage flow cannot be accounted for
temperature changes, volume changes and perhaps chemical changes. It is impossible to
include all these processes in the same equation because the mathematics become quite
complex. A greater and faster computer processing power will be required to resolve these
problems. Nonetheless, it is important to keep in mind that numerical modeling products
were developed to consider specific conditions.
2.5.2 Why Model?
The objective of modeling is to analyze the problem from different angles. Upon
more thoughts, the answer becomes increasingly complex. Without a clear understanding of
the reason for modeling or identifying what the modeling objectives are, numerical modeling
can lead to a frustrating experience and uncertain results. As more details are going to be
presented in the next section, it is wrong to set up the model, calculate a solution and then try
to decide what the results mean. It is important to decide at the outset the reason for doing the
modeling. What is the main objective and what is the question that needs to be answered?
The following points are some of the main reasons for modeling, from a broad, high level
perspective. Models are often used to make quantitative predictions, compare alternatives,
identify governing parameters, and understand processes and train thinking.
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2.5.3 Slope/W
Slope/W has been designed and developed to be a general software tool for the
stability analysis of earth structures. Slope/W is used to compute the factor of safety of
slopes using the principles of limit equilibrium methods (Geo-Slope International, 2012). In
specific cases, Slope/W can integrate with Seep/W, Sigma/W, and Quake/W to solve stability
problems that takes the groundwater, pore water pressure, and deformation into account.
There are 11 methods of slices in this module. All of these methods are very similar. The
differences between these methods are what equations of statics are included and satisfied,
which interslice forces are included and what is the assumed relationship between the
interslice shear and normal forces (Krahn, 2012). Figure 36 shows a typical sliding mass
discretized into slices and the possible forces on the slice. Normal and shear forces act on the
slice base and on the slice sides.

Figure 36. Slice discretization and slice forces in a sliding mass. (GeoStudio manual, 2012)
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Table 2.2 lists the methods available in Slope/W and indicates what equations of
static equilibrium are satisfied for each of the methods. Table 2.3 gives a summary of the
interslice forces included and the assumed relationships between the interslice shear and
normal forces.
Table 2.2. List of the methods available in Slope/W (Krahn, 2012)
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Table 2.3. A summary of the interslice forces, interslice shear and normal forces. (Krahn,
2012)

The factor of safety calculations in this research were obtained based on the
Simplified’s Bishop Method combined with pore-water pressure analysis done in Seep/W
Input parameters for slope stability analysis using Slope/W are:
1. Unit weight of saturated soil (below water table)
2. Unit weight of unsaturated soil (above water table)
3. Unsaturated shear strength parameters of soil including: effective internal friction,
φ’ and effective cohesion, c’.
4. The angle defining the increase in shear strength due to the negative pore water
b
b
pressure  . In Slope/ W ,  is a constant value (Krahn 2012). For a practical

b
problem, the value of  can be taken to be about a half of effective internal
'
b
friction  . Please note that if  in Slope/W is undefined, any negative pore-
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water pressure will be ignored. An extra strength component depending on the
b
suction is added to the slice base shear strength if  is defined as a value more

than 0.
Depending on specific cases, the same cross-section will be used for Slope/w after
computation of other modules like Seep/W, Sigma/W, or Quake/W was performed. The
procedure for Slope/W includes:
1. Integrate the computed Seep/W, or Sigma/W, or Quake/W to the new model
Slope/W problem. As a part of this step, the finite element mesh will be imported
to Slope/W.
2. Specifying the pore water condition from previous analysis (Seep/W, Sigma/W,
or Quake/W)
3. Define soil property: The soil layer will be defined with its unsaturated and
saturated unit weights, shear strength parameters including effective cohesion,
effective internal friction, and also, the value of  .
b

4. Draw the slip surface: the option “Entry and Exit” was chosen to define the slip
surface.
5. Solve and view the results.

42

Figure 37. A completed model using Entry and Exit slip surface option.
2.5.4 Seep/W
Seep/W is a finite element software product to analyze pore-water pressures
associated with groundwater flow. The software can model both saturated and unsaturated
flow. The use of Seep/W module in this research is to calculate the initial condition of porewater pressure of the selected slope in the steady state. After that, a transient analysis at a
specific time step is applied to predict where the seepage will exit as the heavy rainfall event
is applied over the ground surface. The results then will be integrated to Slope/W for slope
stability analysis.
Seep/W is formulated only for flow that follows Darcy’s Law. The rule is that the
sum of the rates of change of flow in the x- and y- directions plus the external applied flux is
equal to the rate of change of the volumetric water content with respect to time (Krahn 2012).

  H    H 

  Q 
 kx
   k y
x  x  y  y 
t

(Eq 2.5)
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Where,

H: the total head,
kx: the hydraulic conductivity in the x-direction,
ky: the hydraulic conductivity in the y-direction,
Q: the applied boundary flux,

 : the volumetric water content ,
T: time.
The total hydraulic head, H, is defined as:
H=

𝑢𝑤
𝛾𝑤

+y

Where,

(Eq 2.6)

uw: the pore water pressure,
ɣw: the unit weight of water,
y: elevation.

Under steady-state conditions, the flux entering and leaving an element volume is the same at
all time. It means the right side would equal to zero and Eq. 2.5 now becomes

  H    H 
Q 0
 kx
   ky
x  x  y  y 

(Eq 2.7)
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Two types of flow can be modeled in Seep/W:
1. Steady-State flow where the flow rate of the fluid do not change over time
𝜕𝜃

( 𝜕𝑡 = 0).
2. Transient flow referred to the condition where the flow rate of the fluid changes
𝜕𝜃

over time ( 𝜕𝑡 ≠ 0).
The following steps have to be completed to solve a problem in Seep/W:
1. Sketch the problem.
2. Specify the analysis type: a steady-state analysis or transient seepage analysis.
3. Define the material properties: For a steady-state analysis, a hydraulic
conductivity function which defines the relationship between pore water pressure
and hydraulic conductivity must be declared. For a transient analysis, except from
the hydraulic conductivity function, a volumetric water content function has to be
declared to describe how the water content change with different pressures in the
soil as there is no fixed water content in time and space (Krahn, 2012).
4. Generate the mesh for the finite elements analysis.
5. Specify boundary conditions.
6. Solve the problem and view its results.
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Figure 38. The seepage model with finite element and assigned boundary condition of the
selected slope.

2.5.5 Sigma/W
Sigma/W is a powerful finite element method tool that can be used to model a wide
range of strain-pore water pressure problems to analyze the deformation of models. In-situ
conditions have to be established to compute the actual end conditions. This analysis requires
that both the stress-deformation and seepage dissipation equations be solved simultaneously.
Constitutive equation for soil structure:

1 0 0
 x  ua 
 1 0
  u 
E (1  ) 
 y
a



1
  z  ua  (1  )(1  2 ) 
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Where ,

ɛ: normal strain,

 : engineering shear strain,
σ: normal stress,
τ: shear stress,
ua: pore air pressure,
uw: pore water pressure,
E: elastic modulus for soil structure,
H: unsaturated soil modulus for soil structure with
respect to matrix suction (ua - uw)

 : Poisson’s ratio.
Alternatively, this incremental stress-strain relationship can be written as:
∆σ= D∆ɛ- D mH (ua- uw)+ ∆ua
Where ,

mH T= 〈

1 1 1
𝐻𝐻𝐻

0〉

[D] = drained constitutive matrix.

(Eq 2.10)

If it can be further assumed that air pressure remains atmospheric at all times, Equation 2.9
becomes:
∆σ= D∆ɛ- D mH uw

(Eq 2.11)

47
On the other hand, for a soil element which is fully saturated, the total stress on the soil
structure is given by:
∆σ= D∆ɛ + m ∆uw
Where,

(Eq 2.12)
{m} = unit isotropic tensor = < 1 1 1 0 >.

Comparing these last two equations, it can be seen that, when the soil is fully saturated (i.e.
S = 100%):
D mH= m

(Eq 2.13)

For a linearly elastic material, this condition is satisfied when:

H=

𝐸

(Eq 2.14)

1−2𝑣

Flow equation for water phase: The two-dimensional flow of pore water through an
elemental volume of soil is given by Darcy’s equation:

k x  2uw k y  2uw  w


0
 w x2  w y 2
t
Where,

(Eq 2.15)

kx, ky: the hydraulic conductivity in x and y direction, respectively,
uw: seepage velocity,

 w : the unit weight of water,
θw: the volumetric water content
t : time.
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The following steps have to be completed to solve a problem in Sigma/W:
1. Sketch the problem.
2. Specify the analysis type: in-situ condition has to be analyzed first, then coupled
stress/pore water pressure analyses will be performed.
3. Define the material properties: A linear-elastic, total stress analysis will be
performed to solve the problem in this module.
4. Generate the mesh of finite elements.
5. Specify boundary condition: Displacement is zero in both x-and y-directions
along the right vertical boundary and along the bottom horizontal boundary.
Along the left vertical boundary, the soil cannot move in the x-direction but is
free to move in the y-direction.
6. Solve the problem and view its result.

Figure 39. The Sigma/W model with finite element and assigned boundary condition of the
selected slope.
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2.5.6 Quake/W
Quake/W is a geotechnical finite element software product used for the dynamic
analysis of earth structures subjected to earthquake shaking and other sudden impact loading.
The simplest Quake/W soil model is the linear elastic model for which stresses are
directly proportional to the strains. The proportionality constants are Young's Modulus, E,
and Poisson's Ratio,  . The stresses and strains are related by the equation:
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 x 

  
1  
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E
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1
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  z  (1   )(1  2 ) 
1  2   
0
0
0
  xy 
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(Eq 2.16)

For a two-dimensional plane strain analysis, ɛz is zero.It is noteworthy that when 
approaches 0.5, the term

1  2
approaches zero and the term (1- ) approaches  . This
2

means that the stresses and strains are directly related by a constant, which is representative
of pure volumetric strain. Furthermore, the term

E
tends towards infinity as (1-2
(1  )(1  2 )

 ) approaches zero. Physically, this means that the volumetric strain tends towards zero as
Poisson’s ratio approaches 0.5. For computation purposes,  can never be 0.5; even values
greater than 0.49 can cause numerical problems. Consequently, Quake/W limits the
maximum value for Poisson’s ratio to 0.49.
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The following steps have to be completed to solve a problem in Quake/W:
1. Sketch the problem
2. Specify the analysis type: in-situ static analysis has to be solved first, then
dynamic analysis will finished later. In dynamic analysis, the data for acceleration
versus time will be imported from the lab test data.
3. Define the material properties: A linear-elastic analysis will be performed to
solve the problem in this module.
4. Generate the mesh of finite elements.
5. Specify boundary conditions: Displacement is zero in both x-and y-directions
along the right vertical boundary and along the bottom horizontal boundary.
Along the left vertical boundary, the soil cannot move in the x-direction but is
free to move in the y-direction.
6. Solve the problem and view its results.

Figure 40. The Quake/W model with finite element and assigned boundary condition of the
selected slope
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CHAPTER 3
RESEARCH METHOLOGY
Several approaches were utilized to achieve the effect of rainfall and seismic
activities on slope stability. A target rainfall was introduced through a rain simulator device
which made the soil saturate through seepage, similar to actual rainfall (Tiwari et. al.
2012). The first set of models were prepared at an angle of inclination of 40 degrees at
three different compaction densities, and two different intensities of rainfall to achieve
comparable data. The first 3 slopes with 3 different void ratios – i.e 0.89, 1.0 and 1.2 were
performed with a target rainfall intensity of 1.8 cm/hour. Following the experiments above,
experiments were performed on other 2 slopes with void ratio 0.89 and 1.2, which were
introduced to a target rainfall intensity of 3.6 cm/hour. The soil used to construct physical
models were collected from a residential area in Mission Viejo in Southern California,
where landslide was triggered in the past. Collected soil samples were tested in the lab to
measure geotechnical properties. The first part in this chapter includes the laboratory work,
which will be followed by the research methodology.
3.1 Laboratory Work and Results
Some laboratory tests were conducted for the collected soil from Mission Viejo
area. Those tests include grain size distribution analysis, specific gravity test, Atterberg
limit tests, and proctor compaction tests. The results of those tests are available in
Caballero (2014). Those data were used in this study. However, additional experiments,
such as permeability tests and direct shear were conducted in this study to achieve some
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parameters to provide the input data in seepage, deformation and stability analyses.
Following are the explanations why these lab experiments were conducted. The test
results are presented in section 3.1.7
3.1.1. Grain Size Distribution Analysis
Grain size distribution analysis is used to classify soils for engineering purposes,
and other geotechnical applications, such as, filter design. ASTM D422 explains about the
procedure of grain size distribution analysis. Grain size distribution is done with sieve
analysis and/or hydrometer analysis. Hydrometer analysis is done to measure the
distribution of the proportion of particles smaller than 0.075 mm. The test results will be
presented in section 3.1.7.
3.1.2 Specific Gravity Test
Specific Gravity Test follows ASTM D854 standard. Value of specific gravity of
soil is important in hydrometer analysis, and weight-volume related calculations. The test
result is presented in 3.1.7.
3.1.3 Proctor Compaction Test
The Proctor Compaction Test follows ASTM D698 (Standard Proctor) and D1557
(Modified Proctor) prcedure. This experiment determines the relationship between the
moisture content and the dry density of a soil for a specified compactive effort. The
compactive effort is the amount of mechanical energy that is applied to the soil mass,
which will become the densest and achieve its maximum dry density. Compaction of soil
is one of the most important processes in soil construction. The test result is presented in
3.1.7
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3.1.4 Atterberg Limit Tests
For fine-grained soils, the Atterberg Limit tests represent the soil moisture content
of the soil at which it changes from one state to another state. Basically, two main types of
limits are differentiated: Liquid limit and plastic limit.
Both tests are used to classify soil, correlate various soil properties with strength,
estimate swelling potential of soil, and hundreds of similar uses in geotechnical
engineering. The tests were conducted based on the ASTM D4318. All results of testing
are presented in section 3.1.7.
3.1.5 Falling Head Permeability Test
Permeability or hydraulic conductivity refers to the ease with which water can flow
through a soil volume. It is one of the most important geotechnical parameters, and
probably the most difficult parameter to determine. This parameter is necessary for the
calculation of seepage through earth dams or under sheet pile walls. It also controls the
strength and deformation behavior of soils. The falling head permeability measurement
method was used to determine the saturated coefficient of permeability (Ksat). This
method follows ASTM D2434 standard. The results for Ksat are illustrated in Appendix A
and summarized in section 3.1.7.
3.1.6 Direct Shear Test
Direct shear test follows the ASTM D3080 standard. This method gives shear
strength parameters (cohesion and friction angle) of soil. Shear strength parameters are
important in all types of geotechnical designs and analyses. The results of the test were
presented in Appendix A and presented in section 3.1.7. Moreover, an internal friction
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b
angle,  ,which is one of the important parameters for unsaturated soil mechanics was

calculated by using this test. The results are illustrated in Appendix A.

3.1.7 Test Results
Experiment

Grain size distribution

Liquid limit

Results
High plasticity clay (CH)
%Gravel = 0%
%Sand = 15%
% Silt = 65%
%Clay= 20%
56.9%

Plastic limit

26.7%

Plasticity Index

30.2%

Specific Gravity

2.69
Maximum dry density =110 pcf

Modified Proctor Compaction Test

Optimum moisture content = 15 %
Ksat (e=0.89) = 4 x 10-9 m/s

Falling Head Permeability Test

Ksat (e=1) = 5 x 10-9 m/s
Ksat (e=1.2) = 9 x 10-9 m/s
For S= 33%

Cohesion= 33.5 kPa

Friction angle= 27o
Direct Shear Test (e=1.2)

For S=100 % Cohesion= 0 kPa
Friction angle= 25.7o

 b = 27.20
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3.2 Research Methodology
After all the lab tests were conducted, sample soil which was used to construct a slope
model was placed on the plastic sheet to dry out under the sun for a few days, as shown in
Figure 41 .

Figure 41. Process of air drying the soil sample.
There were 7 stages to construct a slope before conducting the experiment. In the
first stage, an electric hand operated compactor was used to break the soil which was sieved
through 4.75 mm size sieve uniformly with a mechanical sieve shaker. Figures 42 and 43
show the tools that were used for the first stage.

56

Figure 42. Photograph of an electric hand operated compactor.

Figure 43. Photograph of a mechanical sieve shaker.
In the second stage, a drainage system was installed at the bottom i.e. inside base of
the Plexiglas box. A few circular holes were drilled around a plastic pipe, and it was put on a
5 cm thick gravel pack to allow the water to be drained out from the sealed container as
shown in Figure 44. A geotextile was placed on top of the gravel layer to prevent soil
movement. Figure 45 shows the geotextile used for the experimental models.
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Figure 44. Photograph of the drainage system with a 5 cm thick gravel layer at the bottom of
the Plexiglas box.

Figure 45. Photograph of geotextile placed on the gravel layer to control soil movement.
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In the third stage, the sample soil was mixed with water to obtain moisture content of
12%. This moisture content was used when the soil was compacted in the field. Shovel was
used for mixing the soil and water to make the mixture uniform. The soil was then placed
uniformly into the box in different layers. Each layer was 5 cm thick and compacted to the
desired dry density. Figure 46 shows the compaction work by using the manual compaction
device, and Figure 47 shows that the layers were drawn on the side of the Plexiglas container
for determination of desired void ratio and relative compaction.

Figure 46. Photograph showing the compaction work.
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Figure 47. Photograph showing layers drawn on the side of the box to achieve desired void
ratio at each layer.
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Next Stage involved compaction of soil using hand compaction using the form work
of hard wood in order to have a guide for the desired inclination. The soil was compacted
layer by layer until it reached to the top of the slope as shown in Figure 48.

Figure 48. Photograph of wood that was used to construct the desire slope angle.
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The fifth stage involved cutting the slope into the desired slope angle. Figure 49
shows the completed slope model with angle of inclination of 40 degree.

Figure 49. Photograph of the completed slope model.
In the sixth stage, vertical holes were drilled at different locations and depths to
install tensiometer devices, which was intended to measure the pore water pressure with
time. These tenisometer devices are Decagon T5 laboratory tensiometers. These
Tensiometers have an active surface of only 0.5 cm2 and a 5m diameter ceramic tip, and
work from +100 kPa (water pressure/level) to -85 kPa (suction/soil water tension).
Immediately after the installation of tensiometer devices, the same soil was used to cover the
holes and compacted lightly as not to damage the tensiometer with compaction. Therefore,
the compaction densities inside these holes were different than that in the entire slope which
can increase permeability in those specific zones. To avoid this, bentonite slurry was placed
on the top of all holes to prevent fast penetration of water through the holes and accelerate
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the movement of water in those holes. Figure 50 shows the tensiometer devices, whereas
Figures 51 and 52 show the installation of tensiometers and placing of bentonite on the top of
all holes. Figure 52 shows locations of all tensiometer devices installed on the slope.

Figure 50. Photograph of the Tensiometer devices used in this study.

Figure 51. Photograph showing drilling holes to install tensiometers devices.
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Figure 52. Photograph showing Bentonite slurry placement process on the top of holes.

Figure 53. Locations of all tensiometer devices installed on the slope.
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The last stage was that copper wires were placed at some pre-identified locations to
measure the deformation and potential location of critical sliding surface during the rainfall,
as shown in Figure 54. Figures 55 and 56 show locations of copper wires which were
installed before the experiment was conducted.

Figure 54. Locations of copper wires installed on the slope.
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Figure 55. Locations of coppers wires (plan view) installed on 40 degree slope before the
test. (Caballero, 2013)

Figure 56. Locations of coppers wires (section view) installed on 40 degree slope before the
test (Caballero, 2013).
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After all stages were completed, the rain simulator device was placed on the top of
container as shown in Figure 57. The rain simulator was secured and all valves were opened
to initiate the experiment. While the test was performed, run-off water was collected and
measured at a frequent time interval to determine actual amount of water that seeped into the
slope, as shown in Figure 58.

Figure 57. Photograph of rain simulator device placed on the top of the Plexiglas container.
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Figure 58. Photograph of run-off water collected during the experiment.
The second approach considered the evaluation of the effect of seismic activity on
slope stability using a shake table experiment, through the application of desired seismic
accelerations on the model. The shake table in the Civil Engineering Laboratory at California
State University, Fullerton has a dimension of 1.5m x 2m and has a hydraulic actuator of 25
KN force capacity and  6.5 cm horizontal displacement (Figure 59).
The same geotechnical conditions were used for this experiment as well. After the
sample was cut into the desired slope angle, 5 triaxial accelerometers were places into the
sample at different depths and locations, as shown in Figures 60, 61 and 62. The shake table
was then shaken with the acceleration ranging from 0.1 to 0.6g for 10 to 50 cycles at the
frequency of 1 to 3 Hz.
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Figure 59. Photograph of the shake table available at Cal State Fullerton.

Figure 60. Plan view of the locations of Accelerometers installed in the slope.
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Figure 61. Photograph of the Plexiglas container with soil sample on the shake table.

Figure 62. Photograph showing locations of tensiometer and accelerometers on the slope.
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To investigate the effect of rainfall on slope stability after a seismic event, a rainfall
simulation system was installed on the top of the Plexiglas immediately after the shaking
activity was stopped, as shown in Figure 63.

Figure 63. Photograph showing the rainfall events after shaking the model.
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CHAPTER 4
TEST RESULTS AND DISCUSSION

As mentioned earlier, several experiments were conducted on the CH material in
order to determine the relationship between void ratio, intensity and duration of rainfall, pore
water pressure and slope stability. A soil sample was placed into a Plexiglas container and
compacted at a few desired densities. The soil sample was then cut into a slope at different
angles. Different intensities of rainfall were introduced with a rain simulator device to
measure the seepage velocity, pore water pressure, degree of saturation, and surface runoff
with time. Tensiometers were installed at different locations and depths to measure pore
water pressure. As the test got started, the seepage rate and surface runoff were measured
over time increments through the Plexiglas container sides until entire visual soil saturation
was observed. Pore pressure readings were recorded every minute with a data logger. Runoff water was collected to determine the actual amount of water that seeped into the slope.
The rainfall stimulation device was stopped after the slope was fully saturated from visual
observation. Soil samples were collected immediately at the locations of tensiometers and
other random locations to calculate the moisture content and degree of saturation is presented
in Appendix C. Data analysis was performed for each test.
Following the rainfall experiments, the soil sample was again used to make a 40
degree slope with void ratio 1.2 as mentioned earlier. Then 5 accelerometers and 8
tensiometers were placed in the slope at different depths and heights. The slope was shaken
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with different accelerations for multiple cycles. Immediately after that, the rainfall stimulator
device was put on the top of the Plexiglas container and started to pour the rainfall with
intensity 3.68 cm/hour. The accelerometers were used to collect data for soil movement in x,
y and z directions, while tensiometers measured pore-water pressure inside the slope. The
analysis of data was performed right after the test.
The following analysis shows the seepage rate in the slopes compacted at different
slope angles, the variation of suction for different models, including model having seismic
acceleration applied to the base of the slope model. Table 4.1 shows details of lab
experimental models that were prepared and evaluated in this study, and Diagram 4.1 showed
the experimental process.
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Table 4.1 Details of laboratory experimental models that were prepared and evaluated in this
study.

Model Number

Angle of
Inclination

Void Ratio

(degree)

Rainfall
Intensity

Seismic
acceleration
(g)

(cm/hour)

& frequency
(Hz)

1

40

0.89

1.68

0

2

40

1

1.68

0

3

40

1.2

1.68

0

4

40

1.2

3.6

0

5

40

0.89

3.6

0

6

45

0.89

3.6

0

7

45

1

3.6

0

8

45

1.2

3.6

0

9

45

1

1.68

0

10

40

1.2

3.6

0.1 to 0.3 g
1 to 3 Hz
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Diagram 4.1. The process of experiments in this study

Soil collected from Mission Viejo

Air dry

Lab tests conducted to get Geotechnical Properties

Void ratio 1

Void ratio 0.89

40 degree slopes

The earthquake shaking
was initiated

Rainfall intensity
3.6 cm/hour

Void ratio 1.2

45 degree slopes

Rainfall intensity of 1.68 cm/hour
and 3.6 cm/hour
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4.1. Test Results
4.1.1. Experiments on Model Slopes Compacted at 40 Degrees Inclination.
In this approach, 5 experimental slopes were made and were then introduced to 2
different target rainfall intensities.
4.1.1.1. Rainfall Intensity of 1.68 cm/hour. In the Model 1, the sample soil was
compacted at the void ratio of 0.89 at the slope inclination of 40 degree under the rainfall
intensity of 1.68 cm/ hour. The observed wetting fronts with time are presented in Figure 64.
Suction values were measured at different locations and depths, as shown in Figure 65.

Figure 64. Observed wetting fronts on the side of the Plexiglas container of the Model 1 at
different period.
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Figure 65. Suction values recorded with time for the Model 1.
As it was expected, time required for the suction values to reduce to 0 from
Tensiometer readings had to be close to the observed wetting fronts on the side of the
Plexiglas container. Hence, these two results were compared and presented in table 4.

Table 4.2. Comparison between suction recorded by tensiometer and observed wetting front
on the side of the Plexiglas container for Model 1.
Tensiometer
Location

Time required for the
suction values to reduce to
0 from observed wetting
front (hour)

Time required for the
suction values to reduce
to 0 from Tensiometer
data readings (hour)

(1)

(2)

T1

2.5

2.5

1

T2

1

1.8

1.8

T3

6

6.5

1.08

T4

1.35

2.1

1.5

T6

3.5

3.5

1

( 2)
(1)
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The difference in time requirement between these two situations can be attributed to
capillary phenomenon, or that could have been due to unequal movement of wetting front
and unequal void distribution within the slope. As observed, it took more time to make
suction values returning to 0 even though the tensiometer devices were visually penetrated by
water at that depth.
In the Model 2, all the geotechnical conditions were the same as the first one except
for the void ratio which was increased to 1. The wetting front reached the bottom of the slope
in 8 hours. The wetting front locations that were recorded on the side of the Plexiglas
container is shown in Figure 66. Suction values were also measured at different locations and
depths at the frequency of 1 min, as shown in Figure 67.

Figure 66. Observed wetting fronts on the side of the Plexiglas container of the Model 2 at
different period.
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Figure 67. Suction values recorded with time for the Model 2.
Similarly, time required for the suction values to reduce to 0 at different Tensiometer
locations were compared with the observed wetting front on the side of the Plexiglas
container, as shown in Table 4.3
Table 4.3. Comparison between suction recorded by tensiometer and observed wetting front
on the side of the Plexiglas container for Model 2.

Tensiometer Location

Time required for the
suction values to
reduce to 0 from
observed wetting
front. (hour)

Time required for the
suction values to reduce
to 0 from Tensiometer
data readings. (hour)
(2)

( 2)
(1)

(1)
T1

2.5

2.5

1

T2

3

3

1

T3

5.2

7.9

1.5

T4

3.5

3.9

1.1

T8

1.2

1.2

1
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The results from the tensiometer readings and wetting front were matching well. At
some locations, it took more time to have zero suction values even though the tensiometer
devices were already visually penetrated by water at that depth. It can be attributed to
capillary effect, or that could have been due to unequal movement of wetting front and
unequal void distribution within the slope.
In Model 3, all the geotechnical conditions were the same as Model 1 except the void
ratio, which was increased to 1.2. The wetting front reached the bottom of the slope in 5
hours. The wetting front progression that was recorded on the side of the Plexiglas box is
shown in the Figure 68. Likewise, suction values at different locations and depths were also
recorded at the frequency of 1 min, as shown in Figure 69.

Figure 68. Observed wetting front advancement on the side of the Plexiglas
container for Model 3.
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Figure 69. Suction values recorded with time for Model 3.

Similarly, time required for the suction values to reduce to 0 from Tensiometer
recording were compared with the observed wetting front on the side of the Plexiglas
container, as shown in Table 4.4.
Table 4.4. Comparison between suction measured by tensiometer and observed wetting front
on the side of the Plexiglas container for Model 3.
Tensiometer
Location

Time required for the
suction values to reduce to 0
from observed wetting front
(hour)

Time required for the suction
values to reduce to 0 from
Tensiometer data readings
(hour)

(1)

(2)

( 2)
(1)

T1

2.0

2.3

1.15

T2

2.5

3.1

1.24

T4

3.5

5.2

1.5

T8

1.0

1.6

1.6
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Time required for the tensiometers to get to 0 pressure was longer than the
advancement of wetting front in this model. Such time lag can be attributed to the capillary
effect as the void ratio was large in this model, or that could have been due to unequal
movement of wetting front and unequal void distribution within the slope.
In Model 3, slope failure was expected to occur. Therefore, some copper wires were
installed to determine displacement of the slope as well as the potential sliding surface.
At the end of the experiment, there was no visual failure occurred on the slope as
shown in Figure 70. Copper wires were carefully taken out. They weren’t straight anymore,
which showed that there was a deformation inside the slope. Geometry of deformed copper
wires were measured. The deformation was obtained to identify the potential sliding plane.
Figure 71 shows the photographs of slope and copper wires after the test. The deformation of
copper wires 1, 2 and 3 after the test is shown in Figure 72. The deformation of copper wire
4, 5 and 6 after the test is shown in Figure 73.
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Figure 70. Photograph showing slope and copper wires for Model 3 after the test was
completed.

Figure 71. Observed deformation in mm of the copper wires 1, 2, and 3 for Model 3
after the test.
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Figure 72. Observed deformation in mm of the copper wires 4, 5 and 6 for
Model 3 after the test.
The measured deformation of cooper wires was then used to define the potential
sliding surfaces. Figures 73 , 74 , and 75 show the potential sliding surfaces in section A-A,
B-B, and C-C, respectively. (See details in section 2.4 and figure 31 for locations of section
A-A, B-B and C-C)
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Figure 73. The potential sliding surface at Section A-A.

Figure 74. The potential sliding surface at Section B-B.
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Figure 75. The potential sliding surface at Section C-C.

4.1.1.2 Slope subjected to the rainfall intensity of 3.6 cm/hour. Model 4 had the
same geotechnical conditions as Model 3; however, the intensity of rainfall was increased to
3.6 cm/hour. Void ratio was kept the same as 1.2. The wetting front reached the bottom of
the slope in 2.5 hours. Result of variation of seepage recorded at the side of the Plexiglas
container is shown in Figure 76. Suction values were measured at different locations and
depths at the frequency of 1 min, as shown in Figure 77.
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Figure 76. Observed wetting front on the side of the Plexiglas container of Model 4.

Figure 77. Suction values recorded with time during the rainfall event for Model 4.
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Only Tensiometer T1 worked in this model. Time required for the suction values to
reduce to 0 from Tensiometer locations were compared with the observed wetting front on
the side of the Plexiglas container, as shown in Table 4.5.
Table 4.5 Comparison between suction measured by Tensiometer and observed wetting front
on the side of the Plexiglas container for Model 4.
Tensiometer
Location

T1

Time required for the
suction values to reduce to 0
from observed wetting front
(hour)

Time required for the suction
values to reduce to 0 from
Tensiometer data readings
(hour)

(1)

(2)

( 2)
(1)

1

2.6

2.6

There was a significant time lag between the zero pore pressure recorded by
Tensiometer and the observed wetting front. It can be attributed to the capillary effect.
However, there were not many tensiometer data to confirm this fact.
A few copper wires also were installed in this slope at exact same locations as in
Model 3. After the test was performed, there were also no visual failures occurred on the
slope as shown in Figure 78. Copper wires were carefully taken out, and deflected geometry
of the copper wires were measured to obtain the deformation of the copper wires. Based on
the deformation, potential sliding plane was identified. The deformation of copper wire 1, 2
and 3 after the completion of the test is shown in Figure 79. The deformation of copper wire
4, 5 and 6 after the after the completion of the test is shown in Figure 80.
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Figure 78. Photograph showing slope and locations of the copper wires of Model 4 after the
experiment was completed.

Figure 79. Observed deformations of the copper wires 1, 2 and 3 for Model 4 after the test
was completed.
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Figure 80. Observed deformations of the copper wires 4, 5 and 6 for Model 4 after the
completion of the test.

Similar to Model 3, the deformation of copper wires in Model 4 was also analyzed to
obtain the potential sliding planes at 3 different view sections, as shown in Figures 81, 82 and
83. (See details in section 2.4 and Figure 31 for locations of section A-A, B-B and C-C).
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Figure 81. The potential sliding surfaces at Section A-A.

Figure 82. The potential sliding surface at Section B-B.
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Figure 83. The potential sliding surface at Section C-C.
Model 5 had the same geotechnical conditions and rainfall intensity as Model 4.
However, the void ratio was reduced to 0.89, which was denser than at Model 4. Results for
variation in seepage are shown in Figure 84. Suction values were measured at different
locations and depths at the frequency of 1 min, as shown in Figure 85.

92

Figure 84. Observed wetting front on the side of the Plexiglas container of Model 5 after the
completion of the test.

Figure 85. Suction values recorded with time during the rainfall event for Model 5.
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Similarly, time required for the suction values to reduce to 0 in the Tensiometer was
compared with the time required from the observed wetting front on the side of the Plexiglas
container, as shown in Table 4.6.

Table 4.6. Comparison between time required to reach 0 pressure in the tensiometer and the
time required for the wetting front to get to the Tensiometer for Model 5.
Tensiometer
Location

Time required for the suction
values to reduce to 0 from
observed wetting front (hour)

Time required for the suction
values to reduce to 0 from
Tensiometer data readings ( hour)

(1)

(2)

T1

1.5

1.5

1

T2

1

1.2

1.2

T3

2.5

2.5

1

T4

1

1

1

( 2)
(1)

The time required by the wetting front to reach the tensiometer matched well with the
tensiometer record, in general.
All the data collected from the above mentioned modeling experiments were then
analyzed. Same location was used to calculate seepage velocities for two slopes above and at
different conditions.
4.1.2 Slopes at an inclination of 45o
To determine if the slope angle is the major governing factor that affects slope
stability, 4 more slopes, which had the same geotechnical condition to those slopes presented
above but had an angle of inclination of 45 degree, were prepared and subjected to 2 different
rainfall intensities.
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4.1.2.1 Slope subjected to the rainfall intensity of 3.6 cm/hour. In Model 6, the
sample soil void ratio of 0.89 was used for a slope inclination of 45 degree subjected to the
rainfall intensity of 3 cm/hour. The advancement of the wetting front observed during the
experiment is shown in Figure 86. Suction values were recorded at the frequency of 1 min
different locations and depths, as shown in Figure 87.

Figure 86. Observed advancement of wetting front at different times, observed on the side of
the Plexiglas container of Model 6 after the completion of test.
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Fig. 87. Suction values recorded at different periods during the rainfall event for Model 6.

Similarly, time required for the suction values to reduce to 0 obtained from the
Tensiometer recordings was compared with the observed advancement of the wetting front
on the side of the Plexiglas container, as shown in Table 4.7.

Table 4.7 Comparison between time required to reach 0 pressure in the tensiometers data
readings and the time required for the wetting front to get to the tensiometer for Model 7.
Tensiometer
Location

Time required for the suction
values to reduce to 0 from
observed wetting front
(hour)

Time required for the suction
values to reduce to 0 from
Tensiometer data reading
(hour)

(1)

(2)

T1

0.75

1.20

1.60

T3

1.50

1.80

1.20

T4

1.60

2.40

1.50

T5

1.00

1.50

1.50

T8

1.25

1.30

1.04

( 2)
(1)
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The data obtained from the wetting front advancement with time, in general, matched
well with the observed from the tensiometer recording. The difference at some locations can
be attributed to the same facts explained earlier.
In this model, some copper wires were installed to monitor the deformation of the
slope and identify the potential sliding surface. At the experiment, there was no visual failure
occurred on the slope. Copper wires were carefully taken out, and post-rainfall geometry of
the copper wires were measured. The copper wires exhibited some deformations. These
deformations were measured carefully. The deformation of potential sliding plane was
identified based on the copper wire deformation. The deformation of copper wires 1, 2 and 3
after the completion of the test is shown in Figure 88. The deformation of copper wire 4, 5
and 6 after the completion of the test is shown in Figure 89.

Figure 88. Observed deformations of the copper wires 1, 2, and 3 for Model 6 after the
completion of the experiment.
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Figure 89. Observed deformation of the copper wires 4, 5 and 6 for Model 6 after the
completion of the experiment.

The measured deformation of cooper wires in Model 6 was then used to define the
potential sliding surfaces. Figures 90 , 91 , and 92 show the potential sliding surfaces in
sections A-A, B-B, and C-C respectively. (See details in section 2.4 and Figure 31 for
locations of section A-A, B-B and C-C)
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Figure 90. The potential sliding surface at Section A-A.

Figure 91. The potential sliding surface at Section B-B.
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Figure 92 The potential sliding surface at Section C-C.
In the model 7, all the geotechnical conditions were the same as the first one except
for the void ratio which was increased to 1. The wetting front reached the bottom of the slope
in 8 hours. The wetting front was recorded on the side of the Plexiglas box as shown in the
Figure 93. Suction values were measured at different locations and depths at the frequency of
1 min. Variation of suction with time during the rainfall event is shown in Figure 94.
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Figure 93. Observed advancement of the wetting front on the side of the Plexiglas container
for Model 7 after the completion of the test.

Figure 94. Suction values that were measured for different duration during the rainfall event
for Model 7.
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Similarly, time required for the suction values to reduce to 0 in the Tensiometer was
compared with the observed wetting front on the side of the Plexiglas container to reach the
tensiometer, as shown in Table 4.8.
Table 4.8. Comparison between time required to reach 0 pressure in the tensiometer, and the
time required for the wetting front to get to the tensiometers for Model 7.
Tensiometer
Location

Time required for the suction
values to reduce to 0 from
observed wetting front
(hour)

Time required for the suction
values to reduce to 0 from
Tensiometer data readings
(hour)

(1)

(2)

T2

1.5

2.2

1.5

T4

3.58

3.8

1.06

T5

2

2.2

1.1

T6

1.9

1.9

1

T7

3.7

4.3

1.16

T8

1.25

1.3

1.04

( 2)
(1)

The data obtained from the wetting front advancement with time reasonably matched
with the observed from the tensiometer recording. The difference can be attributed to the
same facts explained earlier.
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In this model as well, a few copper wires were installed to measure the deformation
of the slope to identify the potential sliding surface. After the experiment, there were no
visual failures observed on the slope. The copper wires were carefully taken out, and the
geometry of copper wires was measured to obtain the deformation. The location of potential
sliding plane was identified based on the copper wire deformation results. The deformation
of copper wires 1, 2 and 3 after the completion of the test is shown in Figure 95. The
deformation of copper wire 4, 5 and 6 after the completion of the test is shown in Figure 96.

Figure 95. Observed deformation of the copper wires 1, 2, and 3 for Model 7 at the end of the
experiment.
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.
Figure 96. Observed deformation of the copper wires 4, 5 and 6 for Model 7 at the end of the
experiment.

The measured deformation of cooper wires in this slope was then used to define the
potential sliding surfaces. Figures 97, 98, and 99 show the potential sliding surfaces in
sections A-A, B-B, and C-C, respectively (See details in section 2.4 and Figure 31 for
locations of section A-A, B-B and C-C).
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Figure 97. The potential sliding surface at Section A-A.

Figure 98. The potential sliding surface at Section B-B.
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Figure 99. The potential sliding surface at Section C-C.
In the model 8, all the geotechnical conditions were the same as the model 7 except
for the void ratio which was 1.2. The wetting front reached the bottom of the slope in 5
hours. The observed advancement of the wetting front was recorded on the side of the
Plexiglas container, as shown in the Figure 100. Suction values were measured at different
locations and depths at the frequency of 1 min, as shown in Figure 101.
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Figure 100. Observed advancement of the wetting front on the side of the Plexiglas container
for Model 8 after the completion of the test.

Figure 101. Suction values recorded with duration of rainfall for Model 8.
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Similarly, time required for the suction values to reduce to 0 in the tensiometer was
compared with the time taken by observed wetting front on the side of the Plexiglas container
for the tensiometers, as shown in Table 4.9.

Table 4.9 Comparison between time required to reach zero pressure in the tensiometers and
the time required for the wetting front to get to tensiometers for Model 8.
Tensiometer
Location

The time required for
the wetting front to get
to tensiometers. (hour)
(1)

The time required to
reach zero pressure in
the tensiometers.
(hour)

( 2)
(1)

(2)
T1

0.75

1.6

2.13

T3

1.1

2

1.8

T5

0.5

1.5

3

T8

0.5

1.2

2.4

The time required for the suction to reduce to zero at the tensiometer location in this
model was relatively longer than that observed through the advancement of the wetting front.
It can be attributed to the same reason explainer earlier.
A few copper wires were installed in this model as well to measure the deformation
of the slope as well as the potential sliding surface. After the experiment, no visual failures
were observed on the slope. Copper wires were carefully taken out, and the geometry was
measured to obtain the deformation of copper wires. The deformation of potential sliding
plane was then identified based on the copper wire deformation. The deformation of the
copper wires 1, 2 and 3 after the completion of the test is shown in Figure 102. The
deformation of the copper wire 4, 5 and 6 after the completion of the test is shown in Figure
103.
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Figure 102. Observed deformation of the copper wires 1, 2, and 3 for Model 8 at the
completion of the test.

Figure 103. Observed deformation of the copper wires 4, 5 and 6 for Model 8 after the
completion of the test.
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The measured deformation of cooper wires in this slope was then used to define the
potential sliding surfaces. Figures 104, 105, and 1056 show the potential sliding surfaces in
Section A-A, B-B, and C-C, respectively (See details in section 2.4 and Figure 31 for
locations of Section A-A, B-B and C-C).

Figure 104 .The potential sliding surface at Section A-A.
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Figure 105. The potential sliding surface at Section B-B.

Figure 106. The potential sliding surface at Section C-C.
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4.1.2.2 Slope subjected to the rainfall intensity of 1.68 cm/hour.
Model 9, which was the last model for this static slope stability analysis experiment,
had the same geotechnical conditions as in Model 7, but the intensity of rainfall was
decreased to 1.68 cm/hour. Void ratio was kept the same i.e. 1. The wetting front reached the
bottom of the slope in 10 hours. The observed wetting front on the side of the Plexiglas
container is shown in Figure 107. Suction values were measured at different locations and
depths at frequency of 1 min, as shown in Figure 108.

Figure 107. Observed advancement of the wetting front on the side of the Plexiglas container
for Model 9 after the completion of the test.
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Figure 108. Observed suction values recorded with time at different tensiometer locations
during the rainfall event of Model 9.

Similarly, time required for the suction values to reduce to 0 in the tensiometers was
compared with the time required by the observed wetting front on the side of the Plexiglas
container to reach the tensiometers, as shown in Table 4.10 for Model 9.
Table 4.10 Comparison between time required to reach zero pressure in the tensiometer and
the time required for the wetting front on the side of Plexiglas container to get to the
tensiometers for Model 9.
Tensiometer
Location

The time required for the
wetting front to get to the
tensiometers (hour)

The time required to
reach zero pressure in the
tensiometer (hour)

(1)

(2)

( 2)
(1)

T1

0.6

1.5

2.50

T2

1.66

4

2.40

T4

3.66

5.2

1.40

T8

2.66

4.5

1.69
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The time required for the suction to reduce to zero at the tensiometer location in this
model was relatively longer than that observed through the advancement of the wetting front.
It can be attributed to the same reason explainer earlier.
A few copper wires were also installed in this slope at exact same locations as in the
previous models as the slope failure was expected. At the completion of the test, no visual
failure were observed on the slope. Copper wires were carefully taken out , and the geometry
was measure to obtain the deformation of copper wires. The deformation of potential sliding
plane was then identified based on the copper wire deformation. The deformation of the
copper wires 1, 2 and 3 after the completion of the test is shown in Figure 109. The
deformation of the copper wires 4, 5 and 6 after the completion of the test is shown in Figure
110.

Figure 109. Observed deformation of the copper wires 1, 2 and 3 for Model 9 at the
completion of the experiment.
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Figure 110. Observed deformation in the copper wires 4, 5 and 6 for Model 9 after the
completion of the experiment.

Similar to the previous slopes, the deformation of copper wires in this slope was also
analyzed to obtain the potential sliding planes in 3 different view sections as shown in
Figures 111, 112 and 113 (See details in section 2.4 and Figure 31 for locations of section AA, B-B and C-C).
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Figure 111. The potential sliding surface at Section A-A.

Figure 112. The potential sliding surface at Section B-B.
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Figure 113. The potential sliding surface at Section C-C.
All the data collected for the 40 degree slope were then analyzed to obtain the
relationship between void ratio, rainfall intensity, seepage velocity and the factor of safety. A
random spot on the first model, point D, was chosen to evaluate seepage velocity at this
distance from the top of the slope. Similarly, seepage velocities at the same location on the
other slopes were also calculated. Figures 114 and 115 show the locations where the seepage
velocities were calculated for 40 degree slopes subjected to rainfall intensity of 1.68 cm/hour
and 3.6 cm/hour, respectively. Relationships between seepage velocity, rainfall intensity and
void ratio is presented in Figure 116.
4.1.3 Test results’s Comparison:

117

Figure 114. Location of point D where the seepage velocities were calculated for 40 degree
slopes subjected to rainfall intensity of 1.68 cm/hour.
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Figure 115. Location of point D, where the seepage velocities were calculated for 40 degree
slopes subjected to rainfall intensity of 3.6 cm/hour.

Figure 116. The relationship between void ratio and seepage velocity obtained for 40 degree
slopes at two different intensities of rainfall. Point with “?” was calculated from numerical
analysis.

119
As mentioned above, runoff water was also collected and measured. It was 0.24 cm/
hour and 0.36 cm/hour for rainfall intensity of 1.68 cm/ hour and 3.6 cm/hour, respectively.
Hence, the infiltration in this study were 1.44 cm/hour and 3.24 cm/hour.
It can be observed that the seepage velocity increases from 5 cm/hr to 11.6 cm/hr at
infiltration of 1.44 cm/hour and 8.75 cm/hr to 23 cm/hr at infiltration of 3.24 cm/hr when
void ratio changed from 0.89 to 1.20. It shows that seepage velocity increases with an
increase in void ratio. Furthermore, the relationship between seepage velocity and rainfall
intensity for different void ratios was obtained by plotting the seepage velocity against the
infiltration at different void ratios as shown in Figure 117, which shows that seepage velocity
increases from 5.0 cm/hr to 8.75 cm/hr at void ratio 0.89 and from 11.6 cm/hr to 23.0 cm/hr
at the void ratio of 1.20 when the infiltration changed from 1.44 cm/hour to 3..24 cm/hour. It
clearly shows that the seepage velocity increases significantly at the void ratio of 1.20 with
both of infiltrations, but the seepage velocity at the void ratio of 0.89 increases at lower speed
when the infiltration increased from 1.44 cm/hour to 3.24 cm/hour.

120

Figure 117. The relationship between seepage velocity and infiltration for 40 degree slope
compacted at different void ratio. Point with “?” was calculated from numerical analysis.
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Similar comparison was made for 45 degree slopes as well. Figure 118 shows the
location of calculated seepage velocities for 45 degree slopes.

Figure 118. Location of calculated seepage velocity for 45 degree slopes
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Runoff water was also measured during rainfall event for 45 degree slopes. The
measured runoff rate was 0.36 cm/ hour and 0.43 cm/hour for rainfall intensities of 1.68 cm/
hour and 3.6 cm/hour, respectively. Hence, the infiltration that penetrated inside the slope in
this study were 1.32 cm/hour and 3.17 cm/hour, respectively.
As done earlier, seepages velocities were plotted against void ratios for the infiltration
of 3.17 cm/hour as shown in the Figure 119. It can be observed that the seepage velocity
increases from 8 cm/hour to 17.5 cm/hour when the void ratio changed from 0.89 to 1.20.
Likewise, seepage velocity was plotted against the infiltration at void ratio of 1 (Figure 120)
to observe the effect of rainfall intensity on 45 degree slope. It showed that seepage velocity
increased from 4.04 cm/hour to 11.2 cm/hour when infiltration increased from 1.32 cm/hour
to 3.17 cm/hour.

Figure 119. The relationship between void ratio and seepage velocity for 45 degree slopes.
Point with “?” was calculated from numerical analysis.
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Figure 120. The relationship between seepage velocity and infiltration for the slopes
compacted at void ratio 1. Point with “?” was calculated from numerical analysis.

Furthermore, the results obtained for 40 degree slopes were also compared with
results obtained for the 45 degree slopes by plotting seepage velocity against void ratio under
rainfall intensity of 1.68 cm/hour and 3.6 cm/ hour, as shown in Figure 120 and Figure 121,
respectively. From those figures, it is observed that the seepage velocity for 40 degree slope
is higher than the seepage velocity for 45 degree slope. This is attributed to runoff water
being in direct proportion to slope steepness; therefore, the amount of water that infiltrates
into a slope having larger angle of inclination is less than that in a slope having smaller angle
of inclination.
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Figure 121. The relationship of seepage velocity and void ratio for 40 and 45 degree slopes.
Point with “?” was calculated from numerical analysis.

4.1.4 Finite Element Analyses
The results were used to perform slope stability and finite element analyses in
GeoStudio 2012 –Slope/W, Seep/W and Sigma/W. Factors of safety were obtained and
compared among all tested models. Before calculating the factor of safety, the experimental
results were verified with the wetting front obtained from Seep/W. To perform finite element
analysis for experimental models in this study, Seep/W was used. Before performing the
stability analysis, steady-state seepage analysis was performed first to obtain initial porewater pressure condition, and then the initiation model was imported into the Sigma/W for
transient analysis state. Sigma/W allows simulating rainfall on the slope in desired amount of
time, and change in pore-water pressure was also calculated by using this module. The
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required parameters for the numerical analysis were taken from laboratory experiment results
(see also in section 3.1.7 for details). The data required for using Sigma/W that coupled with
initial pore-water pressure from SEEP/W as discussed in section 2.5.5. There were a few
assumptions made in this analysis. Infiltration was considered as the only effect on seepage
condition within the slope, and the evaporation on the surface of the slope was ignored
during the numerical analysis. If rainfall intensity is smaller than the saturated hydraulic
conductivity, all rainfall infiltrate into the surface. The exceed amount will runoff and flow
down the slope. The amount of runoff does not affect the seepage conditions within the
slope. In Seep/W, a “q” unit flux boundary condition is assigned as the rainfall intensity,
which was 1.68 cm/hour and 3.6 cm/hour. This flux value is applied along the surfaces of the
slope, as shown in Figure 122. In Sigma/W, there were a few assumptions for input
parameters, such as Young’s modulus and Possion’s ratio. According to typical values of
Young’s modulus for cohesive material (kPa) based on Obrzud & Truty (2012) complied
from Kezdi (1974) and Prat el at. (1995), the value of Young’s modulus for high plasticity
clay (CH) material is 7000 kPa for void ratio of 0.89, 5500 kPa for void ratio of 1, and 4000
kPa for void ratio of 1.2. The value of Poisson’s ratio was 0.45 (Bowles, 1996). The
modeling processes for Seep/W and Sigma/W were presented in sections 2.5.4 and 2.5.5,
respectively. All values of required parameters used in Seep/W and Sigma/ W for Model 1 is
presented in Table 4.11. The results of Sigma/W included the variation of seepage patterns
with time and the soil swell after the test. Figures 122 and 123 show the variation of seepage
pattern with time and the soil swell after the completion of test for Model 1, respectively. The
results of variation of seepage patterns with time and the soil swell after the test for the other
models are presented in Appendix B.
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Table 4.11 Required Parameters used in Seep/W and Sigma/W.
Void Ratio

0.89

Hydraulic conductivity (m/s)

4 x 10-9

Rainfall Intensity (cm/hour)

1.44

Young Modulus (kPa)

5000

Poisson’s Ratio

0.45

Rainfall
Non-flow
boundary

Figure 122. The variation of seepage pattern with time for Model 1, obtained from
Seep/W and Sigma/W.
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Figure 123. Expected soil deformation after the completion of the test for Model 1, obtained
from Sigma/W. (Mesh size is 0.05m)
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Table 4.12 Comparison between soil swell obtained from laboratory experiment results
and soil swell obtained from Sigma/W analysis results for 40 and 45 degree slopes.
Model No.

Soil swell obtained from
laboratory experiment results (cm)

Soil swell obtained from
Sigma/W analysis results (cm)

1

4

5

2

2

5

3

2

5

4

2

5

5

2

5

6

2

5

7

1

5

8

2

5

9

2

5

10

2

5

As it can be observed in Table 4.12, the average soil swell obtained from laboratory
experiment models was about 2 cm on the top of the slope and decreased along the edge of
the slope. There was a minor change on the toe of the slope. However, the average soil swell
obtained from Sigma/W was about 5 cm on the top of the slope and also decreased along the
edge of the slope. The soil swell obtained from Sigma/W is larger than the one obtained from
the laboratory experiments. It might be because the evaporation and temperature effect on the
slope that were not taken into account during numerical analyses. The potential sliding planes
obtained from deformation of copper wires were compared with the potential sliding planes
obtained from Sigma/W analysis results. Figure 124 showed that the potential sliding plane
obtained from the deformation of copper wires was slightly shallower than the one from
Sigma/W analysis result for 40 degree slope prepared at void ratio of 0.89 and subjected to
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rainfall intensity of 1.68 cm/hour. Other results of comparison between the potential sliding
plane obtained from deformation of copper wires with the potential sliding plane obtained
from Sigma/W for 40 degree slopes are presented in Appendix B. Likewise, the results of the
comparison for 45 degree slopes were also obtained and are presented in Appendix B. Figure
125 shows that the potential sliding plane obtained from the deformation of copper wires
matched well with the potential sliding plane obtained from Sigma/W analysis results for 45
degree slope compacted at the void ratio of 0.89 and subjected to rainfall intensity of 3.6
cm/hour.

Figure 124. Comparison between the potential sliding plane obtained from the deformation
of copper wires with the potential sliding plane obtained from Sigma/W analysis results for
40 degree slope prepared at void ratio of 1.2 and subjected to the rainfall intensity of 1.68
cm/hour.
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Figure 125. Comparison between the potential sliding plane obtained from the deformation
of copper wires and the potential sliding plane obtained from Sigma/W for 45 degree slope
prepared at the void ratio of 0.89 and subjected to the rainfall intensity of 3.6 cm/hour.

After performing all the seepage analyses for 40 and 45 degree slopes using the
Seep/W as shown in Figure 120, seepage velocities at point D (see detail in section 4.1.) were
calculated and compared with the experimental results, as shown in Figures 126, and 128 for
40 degree slopes, and Figure 130 for 45 degree slope. As it can be observed in these figures,
the calculated seepage velocities from Seep/W were very close to the calculated seepage
velocities from experimental models. Moreover, the difference between the results obtained
from Seep/W and experiment results is presented in Figures 127 and 129 for 40 degree
slopes, and Figure 131 for 45 degree slopes
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Figure 126. The comparison of seepage velocities at different void ratios for 40 degree
slopes with rainfall intensity of 1.68 cm/hour between experimental and numerical results.

Figure 127. The comparison between results obtained from Seep/W and experiment
results for 40 degree slopes for the rainfall intensity of 1.68 cm/hour
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Figure 128. Comparison of seepage velocities at different void ratios for 40 degree slopes
subjected to the rainfall intensity of 3.6 cm/hour between experimental and numerical results.
Point with “?” was calculated from numerical analysis.

1:1 line

Figure 129. Comparison between the results obtained from Seep/W and experimental results
for 40 degree slopes subjected to the rainfall intensity of 3.6 cm/hour.
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Figure 130. Comparison of seepage velocities at different void ratios for 45 degree slopes
subjected to the rainfall intensity of 3.6 cm/hour between experimental and numerical results.

1:1 line

Figure 131. Comparison between the results obtained from Seep/W and experimental results
for 45 degree slopes subjected to the rainfall intensity of 3.6 cm/hour.
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As it can be observed from these figures, the difference in seepage velocities obtained
from laboratory experiment and Seep/W are negligible. This verifies the conditions set in the
Seep/W to perform slope stability analysis later using Slope/W. This module can calculate
the factor of safety of the slope with duration of any rainfall event and indicate the critical
sliding plane of the slope. All stability analyses were performed using the Simplified Bishop
Method (see details in section 2.1.3) using the results of corresponding Sigma/W models
results, as the required parameters in slope stability analysis (Section 2.5.3), as shown in
Table 4.13. The modeling process was also presented in section 2.5.3. Factors of safety
obtained for Model 1 at different duration of rainfall is presented in Figure 132. The potential
sliding plane for this slope is shown in Figure 133. All Factors of safeties and sliding planes
for other models are presented in Appendix B.
Table 4.13 The required parameters in Slope/W analysis.
Cohesion (kPa)

Unsaturated zone (S=33%) : c= 33.5
Saturated zone (S=100%):

Friction angle (degree)

c= 0

Unsaturated zone (S=33%)



Saturated zone (S=100%):

 = 25.7

 b (degree)

27

Unit weight (kPa)

13

= 27
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Figure 132. Reduction in the factor of safety of slope with duration of rainfall for Model 1,
along the critical sliding plane.

Critical sliding plane

Figure 133. Critical sliding plane of the slope for Model 1.
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The potential sliding planes obtained from deformation of copper wires were
compared with the critical sliding planes obtained from Slope/W analysis results. Figures
134, 135 show that the potential sliding planes obtained from the deformation of copper
wires were shallower than the critical sliding planes obtained from Sigma/W analysis result
for 40 degree slope prepared at void ratio of 1 when subjected to rainfall intensity of 1.68
cm/hour and 45 degree slope prepared at void ratio of 0.89 when subjected to rainfall
intensity of 3.6 cm/hour. Other results of comparison between the potential sliding plane
obtained from deformation of copper wires with the critical sliding plane obtained from
Slope/W for 40 degree slopes and 45 degree slopes are presented in Appendix B.

Figure 134. Comparison between the potential sliding plane obtained from deformation
of copper wires with the critical sliding plane obtained from Slope/W analysis result for
40 degree slope prepared at void ratio of 1.2 and subjected to rainfall intensity of 1.68
cm/hour.
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Figure 135. Comparison between the potential sliding plane obtained from deformation of
copper wires with the critical sliding plane obtained from Slope/W analysis result for 45
degree slope prepared at void ratio of 0.89 and subjected to rainfall intensity of 3.6 cm/hour.

Factor of safety calculated with Slope/W at critical sliding plane for 40 degree slopes at
different void ratios subjected to the rainfall intensity of 1.68 cm/ hour is shown in
Figure136. Figure 136 shows that all three slopes had factors of safety higher than 1. As none
of the experimental models failed, the Slope/W results is justified. Moreover, it clearly shows
that slopes with smaller void ratio has higher factor safety and vice versa. As each model
exhibited different factors of safety, normalized factor safety was calculated by normalizing
the calculated factor of safety with the factor safety prior to rainfall and plotted against time
as shown in Figure 137.This helps in understanding the rate of reduction in factor of safety
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with time for different conditions. The average reduction in factor of safety at the completely
saturated slopes that were prepared at the void ratio of 0.89, 1 and 1.2 were 20%, 28% and
32%, respectively. The saturated slope with smaller void ratio exhibited smaller reduction in
factor of safety with duration of rainfall. It means a slope with smaller void ratio is more
stable than a slope with higher void ratio for the same intensity and duration of rainfall.

Figure 136. Factors of safety for 40 degree slopes having different void ratios subjected to
rainfall intensity of 1.68 cm/hour at different durations of rainfall.
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Figure 137. Normalized Factor of safety for 40 degree slopes compacted at different void
ratios and subjected to the rainfall intensity of 1.68 cm/hour.

Following the approach explained above, factors of safety for 40 degree slopes
prepared at different void ratios and subjected to rainfall intensity of 3.6 cm/ hour was also
calculated and compared, as shown in Figure138. Figure 134 shows that both slopes had
factors of safety higher than 1, which means the slopes were stable. This verifies the
observation made during the experimental models. Moreover, it clearly showed that slopes
with smaller void ratio had higher factor of safety and vice versa for the same rainfall
intensity and duration of rainfall. The normalized factor of safety was also calculated and
plotted against duration of rainfall, as shown in Figure 139. The average reduction in the
factor safety at the completely saturated slopes prepared at the void ratio of 0.89 and 1.2 were
16% and 20%, respectively. This is justifies that the slopes with smaller void ratio have
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smaller reduction in factor safety compared to the large one and are considered more stable
during the same intensity and duration of rainfall.

Figure 138. Factor of safety for 40 degree slopes prepared at different void ratios subjected
to rainfall intensity of 3.6 cm/hour.

Figure 138. Normailzed factor of safety for 40 degree slopes prepared at different void ratios
subjected to rainfall intensity of 3.6 cm/hour
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Moreover, factors of safety for the 40 degree slopes prepared at the void ratio of 0.89
and subjected to the rainfall intensities of 1.68 cm/hour and 3.6 cm/hour for different rainfall
duration were shown in Figure 140. It shows that factor of safety for the slope subjected to
rainfall intensity of 1.68 cm/hour were higher than that with rainfall intensity of 3.6 cm/hour
as expected; however, there was just a small different i.e., only 0.7 % between the factors of
safety for both rainfall intensities at the void ratio of 0.89 for the same duration of rainfall.

Figure 140. Factors of safety for 40 degree slopes prepared at the void ratio of 0.89 and
subjected to different rainfall intensities.
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Similarity, factors of safety for the slopes prepared at the void ratio of 1.2 and
subjected to rainfall intensities of 1.68 cm/hour and 3.6 cm/hour were also calculated and
compared, as shown in Figure 141. It is observed that factors of safety of the slopes subjected
to rainfall intensity of 1.68 cm/hour was higher than that of slopes subjected to rainfall
intensity of 3.6 cm/hour; however, it wasn’t the same as in the slopes prepared at the void
ratio 0.89. There was a major different between the factors of safety for the slopes subjected
to different rainfall intensities but prepared at the void ratio of 1.2. Moreover, the normalized
factors of safety were also calculated and plotted against the duration of rainfall as shown in
figure 142. The average reductions in the factor of safety for the slopes subjected to the
rainfall intensities of 1.68 cm/hour and 3.6 cm/hour were 20% and 28%, respectively, which
was 10 times higher than the slopes prepared at the void ratio of 0.89. It shows that rainfall
intensity has a strong influence on slopes having higher void ratios.

Figure 141. Factors of safety for the 40 degree slopes prepared at the void ratio 1.2 and
subjected to different rainfall intensities.
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Figure 142. Normalized factors of safety for the 40 degree slopes prepared at the void ratio of
1.2 but subjected to different rainfall intensities.

For 45 degree slopes, factors of safety were calculated for slopes prepared at the void
ratio of 0.89,1, and 1.2 and subjected to rainfall intensity of 3.6 cm/ hour and compared, as
shown in Figure 143. Figure 143 shows that all of the three slopes had factors of safety
higher than 1, which means the slopes were stable. That was verified during the laboratory
experiments as well. Moreover, it clearly showed that slopes with smaller void ratio
exhibited higher factor safety and vice versa for the same intensity and duration of rainfall.
The normalized factors of safety were also calculated and plotted against rainfall duration, as
shown in Figure 144. The average reduction in the factor of safety for the slopes prepared at
the void ratio of 0.89,1 and 1.2 was 15%, 20% and 24%, respectively. This shows that slopes
compacted at smaller void ratio exhibited smaller reduction in the factor safety with duration
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of rainfall. It also shows that slopes prepared at smaller void ratios are more stable than the
slopes prepared at higher void ratios.

Figure 143. Factor of safety for 45 degree slopes prepared at different void ratios and
subjected to the rainfall intensity of 3.6 cm/hour.

Figure 144. Normalized factors of safety for 45 degree slopes prepared at different void
ratios and subjected to rainfall intensity of 3.6 cm/hour.
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Moreover, factors of safety for slopes prepared at the void ratio of 1 and subjected to
the rainfall intensities of 1.68 cm/hour and 3.6 cm/hour were also computed and compared,
as shown in Figure 145. Figure 145 shows that factors of safety for the slopes subjected to
the rainfall intensity of 1.68 cm/hour was higher than those slopes subjected to rainfall
intensity of 3.6 cm/hour as expected; however, there was a major different between the
factors of safety for slopes prepared at the void ratio of 1 and subjected to 2 different rainfall
intensities. Similarly, the normalized factors of safety for each model was calculated and
plotted against the rainfall duration, as shown in Figure 146. There was 5% reduction in the
factor of safety at the end of saturation, as shown in Figure 146.

Figure 145. Factors safety for 45 degree slopes prepared at the void ratio of 1 and subjected
to different rainfall intensities.

146

Figure 146. Normalized factors of safety for 45 degree slopes prepared at the void ratio of 1
and subjected to different rainfall intensities

Effort was made to compare the factors of safety for 40 degree and 45 degree slopes
for same void ratio and intensity of rainfall. Figures 147, 149, and 151 show the comparison
of the factors of safety between 40 and 45 degree slopes prepared at different void ratio and
subject to different rainfall intensities. These figures clearly show that factors of safety for 40
degree slopes is higher than that for 45 degree slopes for the same intensity and duration of
rainfall. Normalized factors of safety were plotted against the rainfall duration, as shown in
Figures 148, 150, and 152. As observed in these figures, the reductions in the factors of
safety for 45 degree slopes were lower than the reductions in the factor safety for 40 degree
slopes.
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Figure 147. Comparison between the factors of safety for 40 and 45 degree slopes prepared
at the void ratio of 0.89 and subjected to the rainfall intensity of 3.6 cm/hour.

Figure 148. Comparison between the normalized factors of safety for 40 and 45 degree
slopes prepared at the void ratio of 0.89 and subjected to the rainfall intensity of 3.6 cm/hour
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Figure 149. Comparison between the factors of safety for 40 and 45 degree slopes prepared
at the void ratio of 1 and subjected to the rainfall intensity of 1.68 cm/hour.

Figure 150. Comparison between normalized factors of safety for 40 and 45 degree slopes
prepared at the void ratio of 1 and subjected to the rainfall intensity of 1.68 cm/hour.
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Figure 151. Comparison between the factors of safety for 40 and 45 degree slopes prepared
at the void ratio of 1.2 and subjected to the rainfall intensity of 3.6 cm/hour.

Figure 152. Comparison between the normalized factor of safety for 40 and 45 degree slopes
prepared at the void ratio of 1.2 and subjected to the rainfall intensity of 3.6 cm/hour.
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4.1.5 Experimental modeling for post-earthquake rainfall events
The soil sample was placed into the Plexiglas container to make a 40 degree slope
(Model 10) at the void ratio of 1.2. Tensiomter devices and accelerometers were installed at
different depths within the sample. First, the seismic activity was introduced with a series of
sinusoidal waves for 20 cycles, separately at the frequencies of 1Hz, 2Hz, 3Hz and the
acceleration of 0.1g, 0.2g, 0.24g, and 0.3g. In addition, ground motion recorded at station
90095 during the 1994 Northridge Earthquake was also applied. Right after the shaking
event, rainfall simulation device was put on the top of the Plexiglas container. Rainfall
intensity of 3.6 cm/ hour was introduced to the slope. Figure 153 shows an example of the
seismic motion applied to the base of the model. Measured pore-water pressure during
shaking stage, and then during rainfall stages are shown in Figures 154 and 155, respectively.
The observed wetting fronts of post-shaking rainfall event with time on the side of Plexiglas
container is shown in Figure 156.

Figure 153. Applied cyclic motions on the experimental Model 10.
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Figure 154. Observed variation in suction with time during the seismic shaking event.

Figure 155. Observed variation insuction with time during the post-shaking rainfall event.
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Figure 156. The observed wetting fronts of post-shaking rainfall event with time on the side
of Plexiglas container.
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Similarly, time required for the suction values to reduce to 0 in the tensiometers were
compared with the time taken by the observed wetting fronts at the tensiometers, as shown in
Table 4.14.
Table 4.14. Comparison between time required to reach zero pressure in the tensiometer and
the time required for the observed wetting front to get to the tensiometes for Model 10.
Tensiometer
Location

Time required for the
observed wetting front to get
to the tensiometers (hour)

Time required to reach zero
pressure in the tensiometer
(hour)

(1)

(2)

( 2)
(1)

T1

0.33

3.2

9.6

T2

0.66

2.5

3.78

T6

1.8

3.8

2.1

T3

2

3.5

1.75

T8

0.5

2.5

5

The time required for the suction to reduce to zero at the tensiometer location in this
model was relatively longer than that observed through the advancement of the wetting front.
It can be attributed to the same reason explainer earlier.
Similar to other static slopes, a few copper wires were also installed on this slope at
exact same locations as in Model 4. At the completion of the test, there was no visual failure
occurred on the slope. Copper wires were carefully taken out, and the deformations of the
copper wires were carefully measured through their geometry. Based on the deformation
results, the potential sliding plane was identified. The deformation of copper wires 1, 2 and 3
after the completion of the test is shown in Figure 157. The deformation of copper wires 4, 5
and 6 after the completion of the test is shown in Figure 158.
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Figure 157. Deformation of the copper wires 1, 2 and 3 at the completion of the experiment.

Figure 158. Deformation of the copper wires 4, 5 and 6 at the completion of the experiment.
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Similar to the previous slopes, the deformations of copper wires that were installed in
the slope were also measured to obtain the potential sliding planes in 3 different sections, as
shown in Figures 159, 160, and 161(See details in section 2.4 and Figure 31 for locations of
section A-A, B-B and C-C).

Figure 159. The potential sliding surface at Section A-A.
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Figure 160. The potential sliding surface at Section B-B.

Figure 161. The potential sliding surface at Section C-C.
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Seepage velocity was also calculated at point A, as shown in Figure 162.

Figure 162. Locations of point A where seepage velocity was calculated.
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After completion of analyses for all of the experimental results, the results were compared
with the results obtained from the experimental results for the slope which was subjected to
rainfall only and had the same geotechnical properties. Figure 163 shows the comparison
between these results for 2 slopes. Figure 163 shows that seepage velocity due to postshaking rainfall for the same slope is smaller than that without shaking.

Figure 163. Comparison between the seepage velocities for the post-shaking rainfall and the
rainfall without shaking for the same slope having the void ratio of 1.2 and subjected to
rainfall intensity of 3.6 cm/hour.
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To verify the seepage information obtained above, suction values measured by
tensiometer for both slopes were also compared, as shown in Figure 164. Location T1 was
chosen for comparison. For slope subjected to post-earthquake rainfall, it took about 3.2
hours for the suction value to reduce to 0 at the location of T1; however, it took 2.7 hours to
reduce the suction to 0 for unshaken slope. This shows that seepage velocity for slope
subjected to rainfall only is higher than the seepage velocity observed for slope subjected to
post-earthquake rainfall.

Figure 164. Comparison of suction recorded at tensiometer T1 for the slope subjected rainfall
after shaking and slope subjected to rainfall without shaking.

Similar to the rainfall event without earthquake shaking, finite element analyses
were performed with Seep/w first, to obtain the pore-water pressure distribution/variation.
However, Quake/W (see section 2.5.6 for more details) was performed next instead of
Sigma/W to simulate the earthquake shaking from the same seismic wave data obtained from
the experimental model. After that, Sigma/W (see section 2.5.5 for more details) was used for
further analysis of slope subjected to rainfall after the shaking event. The results obtained
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from the Sigma/W included the variation of seepage patterns with time and the soil swell
after the test. Figures 165 and 166 show the variation in seepage pattern with time and the
soil swell after the completion of the test. The results of variation in seepage patterns with
time and the soil swell after the test for the other models are presented in Appendix B.

Rainfall
Non-flow boundary

Figure 165. The variation of seepage pattern with time for Model 10, obtained
from Seep/W and Sigma/W.
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Figure 166. Observed soil swell at the completion of the test for Model 10,
obtained from Sigma/W.

Similar to static slopes, the potential sliding plane obtained from deformation of copper
wires was compared with the potential sliding planes obtained from Sigma/W analysis
results. Figure 167 shows that the potential sliding plane obtained from the deformation of
copper wires was very close to the potential sliding plane obtained from Sigma/W analysis
result for 40 degree slope prepared at void ratio of 1.2 and subjected to post-shaking rainfall
intensity of 3.6 cm/hour.
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Figure167. Comparison between the potential sliding plane obtained from the deformation
of copper wires and the potential sliding plane obtained from Sigma/W analysis result for 40
degree slope prepared at void ratio of 1.2 and subjected to post-shaking rainfall intensity of
3.6 cm/hour.

After performing the seepage analysis for Model 10 using Seep/W, as shown in
Figure 165, seepage velocities at point A were calculated and compared with the
experimental results, as shown in Figures 163. As it can be observed in these figures, the
calculated seepage velocity from Seep/W were very close to calculated seepage velocity from
experimental model.
Finally, Slope/W was used to calculate the factor of safety for the slope subjected to
earthquake and rainfall events. Figure 168 shows the calculated factors of safety of Model 10
with duration of shaking. The factors of safety of model 10 subjected to post-shaking rainfall
with duration of rainfall after shaking event were also computed, as shown in Figure 169.
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Figure 168. Factors of safety of Model 10 with duration of shaking.

Figure 169. Reduction in factors of safety of Model 10 subjected to post-earthquake
rainfall with duration of rainfall after shaking, along the critical sliding plane.
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Factors of safety of the slope for post-earthquake rainfall (Model 10) was then
compared with that for rainfall only (Model 4), as shown in Figure 170. It shows that the
factors of safety of the slope for the post-shaking rainfall was higher than that for rainfall
only. Normalized factors of safety was also plotted against time. The difference can be
observed in Figure 171.

Figure 170. Comparison of factors of safety between static and post-shaking rainfall events.
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Figure 171. Comparison of the normalized factors of safety between static and
post-shaking rainfall events.

4.2 Discussion
The study results showed that pore water pressure and the velocity of movement of
wetting font increase with an increase in void ratio, and increase in the intensity of rainfall. In
other words, when rainfall occurs on loose slope, it causes the increment in pore water
pressure or reduction of suction in the soil, which produces significant reduction in shear
strength. The loss of strength is faster over the slope having low dry density, compares to the
slope that has higher dry density. Likewise, the relationship between the slope steepness and
the velocity of movement of wetting front was also computed. The velocity of movement of
wetting front decreases with an increase in slope angle. Moreover, the slope stability analysis
results show that the reduction in the factor of safety for 45 degree slopes is lower than that
for 40 degree slopes. However, 40 degree slope is much stable than 45 degree slope as the
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factor of safety for 40 degree slopes is much higher than that for 45 degree slopes. Hence, it
is important to evaluate the effect of seepage velocity and slope angle simultaneously.
Likewise, the wetting front analysis results of the slope materials were performed with the
measured location of wetting front and soil suction for different time period and the analysis
results from tensiometers were longer than the advancement of experimental results. Such
time lag can be attributed to the capillary effect. This study was useful to quantify the effect
of void ratio, and intensity and duration of rainfall on the slope stability.
The study results showed that pore water pressure during earthquake doesn’t change
significantly. Moreover, the velocity of movement of the wetting front decreases due to
seismic event. That could be due to the increase in density of soil after the earthquake. In
other words, shaking dramatically increases slope deformation with a decrease in void ratio.
Factor of Safety for the slopes were calculated in this study, based on seepage velocity. The
results showed that slopes subjected to rainfall without earthquake having 10% lower factor
of safety compared to the slope subjected to post-earthquake rainfall. This shows that postearthquake rainfall does not necessarily increase the number of landslides. This study was
useful to justify why post-earthquake rainfall after 2015 Nepal earthquake did not trigger as
many landslides as expected. However, to confirm this conclusion, similar experiments are
recommended to be conducted for slopes subjected to same rainfall intensity but prepared at
different void ratios and inclinations.
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CHAPTER 5
CASE STUDY

A case study site was selected in order to evaluate the effect of rainfall on a
compacted fill. The study area consists of a slope where slope instability was observed. The
slope site is located behind several residential homes along the eastern side of the
Ferrocarril and ascends to residences on Encorvardo Lane in the city of Mission Viejo,
California, as shown in Figure 172. The site was selected as the author was able to collect
soil from the area near this site. Soil samples were collected from an excavation location
during the construction of a swimming pool of another property in the area. Laboratory
tests were performed to obtain geotechnical properties of the soil existing on the slope.

Figure 172. Google earth image of the case study area. (Google maps, 2014)
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According to the Geotechnical Investigation of the Ferrocarril landslide published
by the city of Mission Viejo, the landslide occurred on January 20,2005 on an
approximately 70 feet high graded slope that was constructed in 1967. Initial
movement of the landslide began nine days after a series of heavy rainstorm swept through
southern California and dropped almost 10 inches of rain. Moreover, these storms occurred
on December 28, 2004 and continued through January 11, 2005. It poured down heavily in
daily total of 1 to 2 inches. The above-average rainfall is believed to be the triggering
factor for the landslide. Figure 173 shows the movement of landslide and aerial view for
the study area.
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Figure 173. Aerial view for the study area and landslide boundary. (Source:
cityofmissionviejo.org)

170
Also a cross-section of the slope was obtained from the landslide study report and is
presented in Figure 174. This slope is one of the models prepared at the void ratio of 0.89.

Figure 174. Cross-section of the study area. (cityofmissionviejo.org)
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Laboratory experiments on clay slopes showed that seepage velocity increases with
an increase in the void ratio and intensity of rainfall. In addition, a slope with smaller
void ratio will have higher factor safety and vice versa. Seismic shaking causes a
decrease in seepage velocity, and causes less reduction in the factor of safety during the
post-earthquake rainfall event ,compared to that in the static slopes.
Slope stability analysis was performed using Slope/W, Seep/W, Sigma/W and
Quake/W to find the factors of safety for the case study site, and the results is presented in
Appendix B. Data observed in the laboratory experiments such as variation in suction with
time, seepage rate and seismic data was adopted for the analysis.
To input the accurate boundary condition in the software, the actual site condition
was used. As mentioned above, the landslide occurred after the slope got 10 inches of
rainfall during nine days. The site had soil compacted at the void ratio of 0.89 and a
building with 200 psf pressure was constructed on the top of the slope. The rainfall
intensity used in the first attempt was 1.68 cm/ hour. Based on the analysis, the slope
need over 30 hours of rainfall with this intensity to drop the factor of safety below 1.
The boundary conditions of the slope that was used for the analysis is shown in Figure
175.
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Building Load

Ground Water Table
Non-flow boundary

Figure 175. Boundary condition used for slope stability analysis of the case study.

Figure 176 shows the factors of safety for the slope after 30 hours of rainfall
applied at the intensity of rainfall as explained above. Figure 176 clearly shows that the
factor of safety is lower than 1 after 30 hours of rainfall.
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Figure 176. Factors of safety obtained for the case study slope for 30 hours of rainfall.

Then the same boundary condition was applied for the slope having void ratio of
1.2 and subjected to the rainfall intensity of 1.44 cm/hour. Figure 177 shows the
variation in factors of safety of the slope with duration of rainfall. The slope fails after
12 hours of rainfall.

Figure 177. Factors of safety for the case study slope having void ratio of 1.2 and
subjected to the rainfall intensity 1.8 cm/ hour
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In the next analysis, same void ratio, boundary condition and rainfall intensity
was used; however, the slope was first subjected to a seismic acceleration recorded at
station 90095 during the 1994 Northridge Earthquake, then introduced to the target
rainfall of 1.44 cm/hour. Factors of safety of this slope were calculated and is shown in
Figure 178. The factors of safety of the slope for post-earthquake and pre earthquake
rainfall events were compared. Figure 179 shows the comparison between these 2
situations. Normalized factor of safety was also plotted against the duration of rainfall. The
difference can be observed in Figure 180. From the results, it is observed that the seepage
velocity was reduced by earthquake, and factor of safety of the slope subjected to the
post-earthquake rainfall was higher than the one subjected to rainfall only for the same
intensity and duration of rainfall.

Figure 178. Factor of safety of the slope subjected to the post-earthquake rainfall.
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Figure 179. Comparison between the factors of safety for slopes compacted at the void
ratio of 1.2 and subjected to pre and post-earthquake rainfall intensity of 1.44 cm/hour.

Figure 180. Comparison between the normalized factors of safety of the same slopes
subjected to pre and post-earthquake rainfall.

176
Moreover, the factors safety of the slope compacted to the void ratio of 0.89 was
also compared with the one having void ratio of 1.2, as showed in Figure 181 for slope
not subjected to earthquake shaking event. The normalized factor of safety was also
plotted against time. The difference can be observed in Figure 182. The result shows that a
slope having smaller void ratio is more stable than the one with higher void ratio.
Moreover, the rate of reduction in the factor of safety with rainfall duration is higher for
the slope having higher void ratio.

Figure 181. Comparison between the factors of safety for slopes having void ratio of
0.89 and 1.2 but the same intensity and duration of rainfall.
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Figure 182. Comparison between normalized factor of safety for slopes having void
ratio of 0.89 and 1.2 and subjected to the rainfall intensity of 1.44 cm/hour.
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CHAPTER 6
CONCLUSION

A number of experimental slope models were prepared with a high plasticity clay
sample at the void ratios of 0.89, 1, and 1.2 and inclination of 40 and 45 degrees. These
slopes were subjected to the rainfall intensities of 1.68 cm/hour and 3.6 cm/hour and different
seismic accelerations of 0.1g, 0.2 g, and 0.3 g at the frequency of 1 to 3 Hz. The slopes were
installed with tensiometers and accelerometers to measure suction and acceleration,
respectively. In addition, copper wires were installed on these slopes to obtain the
displacement of slope and determine the location of potential sliding plane.
The rainfall experiment showed that seepage velocity increases with an increase in
void ratio, and intensity of rainfall. However, seepage velocity decreases with an increase in
slope angle. If the intensity of rainfall is larger than the infiltration capacity of the soil
compacted at a specific void ratio, only a portion of rainwater infiltrates down and remaining
rainfall will run-off. Seepage velocities were calculated , using the advancement of the
wetting front with time, and was later confirmed with the numerical analyses results.
The wetting front was used to perform deformation and slope stability analysis in
Seep/W, Sigma/W and Slope/W (GeoStudio, 2012). The results showed that there was just a
small different i.e., only 0.7% between the factors of safety for slopes prepared at the void
raito of 0.89 and 40 degree angle of inclination and subjected to both rainfall intensities for
the same duration of rainfall. However, there was a major difference between the factors of
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safety for the slope prepared at void ratio of 1.2. The different was 10 times higher than the
slopes prepared at the void ratio of 0.89. The reduction in factor of safety for 45 degree
slopes was lower than that for 40 degree slopes, but 40 degrees slope is much more stable
than 45 degree slope as the factor safety of 40 degree slope is higher than that for 45 degree
slopes.
When the slope was shaken with different amount of base seismic acceleration and
subjected to a target rainfall later, the study results showed that pore-water pressure during
shaking does not change significantly. Seepage velocity of the slope subjected to postearthquake rainfall compared to the one subjected to rainfall without shaking for the same
intensity and duration of rainfall decreased due to the effect of earthquake. Likewise, slope
stability analysis was also performed by Slope/W. The results showed that slope subjected to
rainfall without earthquake showed 10% lower factor of safety compared to the slope
subjected to post earthquake rainfall. Using the experimental and numerical results, factors of
safety were calculated for a compacted fill site located in Mission Viejo, which had a history
of slope movement in 2005.
Overall, experiments performed in this research show the relationship between void
ratio, slope steepness, intensity and duration of rainfall, and seismic acceleration and the
stability of clay slopes. The increasing number of population and infrastructure on costal area
and hillside is a big concern, where reduction in slope stability with an increase in rainfall
and seismic acceleration can cause a massive mass movement. On the other hand, the results
of comparison between the potential sliding plane obtained from deformation of copper wires
were very close to the critical sliding plane obtained from numerical analysis; hence,
prediction of potential sliding surface during rainfall event can be made. Monitoring these
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slopes during rainfall or earthquake can prevent for causing more damages and fatalities. The
research result is very useful to evaluate stability of engineered fill slopes in Southern
California. Likewise the research results justifying why post-earthquake rainfall sometimes
doesn’t trigger as many landslide as expected.
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APPENDIX A
SOIL PROPERTIES RESULTS

Figure A.1 Shear strength of soil at different moisture contents measured by
Direct Shear Test.
Table A.1 Shear strength of soil at different moisture contents
Moisture content (%)

Cohesion (kPa)

Friction angle (degree)

12

35.70

27.61

16

19.15

30.64

20

10.35

29.29

45

0

25.75
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Figure A.2 Net normal stress at 60 kPa.

Figure A.3 Net normal stress at 110 kPa.
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Figure A.4 Net normal stress at 160 kPa.
Table A.2 Shear strength of soil at different normal stresses
Net normal stress (kPa)

 b (degree)

60

28.1

110

26.58

160

26.52

Table A.3 Falling Head Permeability test for void ratio of 0.89
Test
No.
1
2
3

Initial Head
(Ho) cm
57.00
56.20
55.65

Hydraulic
Gradient (i)
0.10
0.07
0.36

Final Head
(H1) cm.
56.20
55.65
52.90

Time
(t) sec
14400
10800
50400

Hydraulic
Conductivity (k)
cm/s
4.05 x 10-7
3.80 x 10-7
4.16 x 10-7
3
∑1 𝑘 =4 x 10-7
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Table A.4 Falling Head Permeability test for void ratio of 1.
Test
No.
1
2
3

Initial Head
(Ho) cm
55.00
54.30
53.8

Hydraulic
Gradient (i)
0.09
0.06
0.34

Final Head
(H1) cm.
54.3
53.8
51.2

Time
(t) sec
10800
7200
43200

Hydraulic
Conductivity (k)
cm/s
4.90x 10-7
5.30x 10-7
4.75 x 10-7
∑31 𝑘 =5 x 10-7

Table A.5 Falling Head Permeability test for void ratio of 1.2.
Test
No.
1
2
3

Initial Head
(Ho) cm
55.00
54.20
52.9

Hydraulic
Gradient (i)
0.10
0.17
0.27

Final Head
(H1) cm.
54.2
52.9
50.80

Time
(t) sec
7200
10800
18000

Hydraulic
Conductivity (k)
cm/s
8.4 x 10-7
9.3 x 10-7
9.35 x 10-7
3
∑1 𝑘 = 9 x 10-7
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APPENDIX B
GEOSTUDIO MODELING

Figure B.1 The variation of seepage pattern with time for Model 2, obtained from
Seep/W and Sigma/W.

Figure B.2 The variation of seepage pattern with time for Model 3, obtained from
Seep/W and Sigma/W.
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Figure B.3 The variation of seepage pattern with time for Model 4, obtained from
Seep/W and Sigma/W.

Figure B.4 The variation of seepage pattern with time for Model 5, obtained from
Seep/W and Sigma/W.
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Figure B.5 The variation of seepage pattern with time for Model 6, obtained from
Seep/W and Sigma/W.

Figure B.6 The variation of seepage pattern with time for Model 7, obtained from
Seep/W and Sigma/W.
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Figure B.7 The variation of seepage pattern with time for Model 8, obtained from Seep/W
and Sigma/W.

Figure B.8 The variation of seepage pattern with time for Model 9, obtained from
Seep/W and Sigma/W.

190

Figure B.9 Expected soil deformation after the test for Model 2, obtained from Sigma/W.

Figure B.10 Expected soil deformation after the test for Model 3, obtained from
Sigma/W.
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Figure B.11 Expected soil deformation after the test for Model 4, obtained from
Sigma/W.

Figure B.12 Expected soil deformation after the test for Model 5, obtained from
Sigma/W.
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Figure B.13 Expected soil deformation after the test for Model 6, obtained from
Sigma/W.

Figure B.14 Expected soil deformation after the test for Model 7, obtained from
Sigma/W.
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Figure B.15 Expected soil deformation after the test for Model 8, obtained from
Sigma/W.

Figure B.16 Expected soil deformation after the test for Model 9, obtained from
Sigma/W.
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Figure B.17 Critical sliding plane of the slope for Model 2.

Figure B.18 Critical sliding plane of the slope for Model 3
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.
Figure B.19 Critical sliding plane of the slope for Model 4.

Figure B.20 Critical sliding plane of the slope for Model 5.
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Figure B.21 Critical sliding plane of the slope for Model 6.

Figure B.22 Critical sliding plane of the slope for Model 7.
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Figure B.23 Critical sliding plane of the slope for Model 8.

Figure B.24 Critical sliding plane of the slope for Model 9.
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Figure B.25 Critical sliding plane of the slope for Model 10.

Figure B.26 Comparison between the potential sliding plane obtained from deformation
of copper wires and the potential sliding plane obtained from Sigma/W analysis for
Model 4.
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Figure B.27 Comparison between the potential sliding plane obtained from deformation of
copper wires and the potential sliding plane obtained from Sigma/W analysis for Model 7.

Figure B.28 Comparison between the potential sliding plane obtained from deformation
of copper wires and the potential sliding plane obtained from Sigma/W analysis for
Model 8.
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Figure B.29 Comparison between the potential sliding plane obtained from deformation
of copper wires and the potential sliding plane obtained from Sigma/W analysis for
Model 9.

Figure B.30 Comparison between the potential sliding plane obtained from deformation
of copper wires and the critical sliding plane obtained from Slope/W analysis for
Model 4.
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.
Figure B.31 Comparison between the potential sliding plane obtained from deformation
of copper wires and the critical sliding plane obtained from Slope/W analysis for
Model 7.

Figure B.32 Comparison between the potential sliding plane obtained from deformation
of copper wires and the critical sliding plane obtained from Slope/W analysis for Model
8.
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Figure B.33 Comparison between the potential sliding plane obtained from deformation
of copper wires and the critical sliding plane obtained from Slope/W analysis for
Model 9.

203
APPENDIX C
VERIFICATION OF DEGREE OF SATURATION AFTER EXPERIMENTS

Table C.1. Degree of saturation for model 1

Table C.2. Degree of saturation for model 2
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Table C.3. Degree of saturation for model 3

Table C.4. Degree of saturation for model 4
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Table C.5. Degree of saturation for model 5

Table C.6. Degree of saturation for model 6
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Table C.7. Degree of saturation for model 7

Table C.8. Degree of saturation for model 8
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Table C.9. Degree of saturation for model 9

Table C.10. Degree of saturation for model 10
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