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Stability Analysis of Unsaturated Sand Slope

Considering Suction Stress Concept

by
Lee, Nam Woo

Department of Civil and Environmental Engineering
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Korea Maritime University

Abstract

In this study, a stability analysis of unsaturated sand slope existing
water table is conducted considering suction stress concept. It is
assumed that slope is composed of sand with the range of relative
densities 40%, 60%, and 75%, respectively. The analysis considers the
ground water level located at depth of 5m below the ground surface,
and variation of suction stress, moisture content and matric suction
above the water table under steady infiltration rate conditions. To
analyze the stability of unsaturated sand slope, the Soil Water
Characteristics Curve (SWCC) of the sand with the range of relative
densities 40%, 60%, and 75% were measured using the automated

SWCC apparatus. Based on the SWCC, the Suction Stress
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Characteristics Curve (SSCC) and the Hydraulic Conductivity Function
(HCF) were estimated by van Genuchten (1980)'s SWCC fitting
parameters both drying and wetting processes. The stability analysis of
unsaturated sand slopes was carried out under no infiltration and steady
infiltration rate conditions using these experimental results.

As the results of stability analysis, under no infiltration condition, the
factor of safety is increased at the zone between O to 0.4m above the
water table due to effect of suction stress. However, under infiltration
rate conditions, the factor of safety is increased at the all depths in
slope due to effect of suction stress. Of course, as infiltration rate
approaches the value of the saturated hydraulic conductivity, the
stability of sand slopes are decreased due to decreasing suction stress.
However, slopes are maintained in a more stable states under steady
infiltration rate conditions than no infiltration condition. It is confirmed
that the unsaturated sand is reached to pendular state at the relatively
small matric suction range, and suction stress does not occurred at all

depths in slope under no infiltration.
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Chapter 1. Introduction

1.1 Necessity and objective

Rainfall is the most important factor occurring landslide, because
most of the landslides are occurred during the rainy season. In Korea,
most of annual rainfall is concentrated on from June to September.
During this period, the occurrence of landslides due to torrential rains
are frequent and growing each year resulting in landslides (Hong et al.,
1990; Park et al., 2008). Most of the landslides occurred in Korea are
appeared in the form of a shallow plane failure within 2m in depth
(Hong and Song, 2006; Kim et al., 2007). Because of the infiltration of
rainfall, degree of saturation of unsaturate ground located at high level
of ground-water levels is increased and matric suction is decreased.

Unsaturated soil is conceptualized as partially saturated soil which is
intermediate range between dry soil and saturated soil. It has different
behavior characteristic compared to saturated soil. Therefore, it 1is
important to estimate the soil parameters for unsaturated soil, such as
Soil Water Characteristic Curve (SWCC), Hydraulic Conductivity Function
(HCF), and Suction Stress Characteristic Curve (SSCC) related with
strength of unsaturated soil. Many researchers have been conducted on
estimating the ground parameters and analyzing the behavior for
unsaturated soil is mainly conducted (Jennings and Burland, 1962;
Fredlund and Morgenstern, 1977; Fredlund et al., 1978; Lu and Likos,
2006; Lu et al., 2007, 2009; Chae et al., 2010; Kim and Kim, 2010).

The stability of natural and engineered earthen slope is a classical



subject in soil mechanics, slope hydrology, and geomorphology (Lu and
Godt, 2008). In Korea, until recently, most slope stability analysis has
been based on Terzaghi's effective stress principle in which pore water
pressure is quantified by saturated seepage theories (Cho, 2000).
However, in well-drained colluvial soils, shallow slope failures may
occur within the vadose zone under partially saturated soil conditions
(Wolle and Hachich, 1989; de Campos et al.,, 1991; Godt et al., 2006).
When the moisture variation in the vertical direction in hillslope is
important, the consequent effective stress above the water table may
need to be considered rigorously. The effective stress in partially
saturated soil is no longer the difference between the total stress and
pore-water pressure or soil suction. The generalized effective stress
which unifies both saturated and unsaturated conditions has been
proposed by Lu and Likos (2004, 2006) considering suction stress,
which is conceptualized as the resultant of interparticle physicochemical
stresses.

Therefore, the aim of in this study is to analyze how generalized
effective stress or suction stress can be affected to stability of infinite

slope under unsaturated condition.

1.2 Thesis organization

The thesis i1s divided into five chapters.
Chapter 2 introduces background of unsaturated soil mechanics, such
as matric suction, general Soil Water Characteristic Curve (SWCC), and

major cause of hysteresis between drying SWCC and wetting SWCC.
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Chaper 3 introduces overall composition and principle of Automated
SWCC Experiments as well as shows the characteristic of soil sample
using in this study.

Chapter 4 shows the Experimental results and analysis. As the
results, matric suction and volumetric water content for three sands
within the range of relative densities 40%, 60%, and 75% are measured
using automated SWCC apparatus both drying and wetting. Using this
experimental results, SWCC and Hydraulic Conductivity Function (HCF)
is estimated by van Genuchten (1980)'s model. Moreover, Suction Stress
Characteristic Curve (SSCC) related to soil strength is estimated using
the relationship between matric suction and volumetric water content.

Chapter 5 shows the results of stability analysis of unsaturated sand
slope considering suction stress concept. Based on SSCC, stability
analysis of unsaturated sand slope is conducted considering weathering
and variation of friction angle at different depth in slope. Futhermore,
variation characteristic of factor of safety for slope at different depth is
assessed under no infiltration conditions and steady infiltration
conditions.

Chapter 6 represents conclusion. All analysis results for unsaturated
characteristic of sand and stability of unsaturated sand slope are

summarized in this chapter.



Chapter 2. Background

2.1 Matric suction

Water is retained in soil by effect of physical and chemical energy.
This energy is typically divided to be in the form of kinetic energy and
potential energy. However, Kkinetic energy in soil is neglected in
geotechnical engineering generally, because water flow in soil has slow
velocity enough to ignore the velocity head. Therefore, potential energy
is the primary component that determines the water condition in soil. As
shown in Eq. 2.1, the potential energy is defined as the algebraic sum
of the matric potential, osmotic potential, pressure potential and

gravitational potential (Campbell, 1988; Or and Wraith, 1999).

Ur=¥y+ Yot Upt ¥y (2.1)

where,

¥r=Total potential
Y\y=Matric potential
Yo=0smotic potential
Up=Pressure potential

¥,=Gravitational potential

Matric potential (%) is often the largest component of the total

potential in unsaturated soils, resulting from combined effects of



capillarity and adsorptive forces within the soil. The capillary effect can
be explained by surface tension forces at the air—-water interface and
the adsorptive forces arise primarily from electrical and van der Waals
force fields occurring within the vicinity of the soil-water. Osmotic
potential (@) is the result of dissolved solutes in the pore water and
pressure potential (¥p) is the hydrostatic pressure exerted by water
above a point. Lastly, gravitational potential (¥7) is determined by the
elevation of the point relative value from an arbitrary reference level.
However, in case of typical unsaturated soil, pressure potential is zero,
and gravitational potential is also zero as it is a relative value from an
arbitrary reference level (Nam et al., 2009).

Therefore, the practical total potential consist of matric potential and

osmotic potential. It can be represented as Eq. 2.2.

U=+ Ep():(ua—uw)zﬂpo (2.2)

where,

Uy=(u, —u,)

Matric suction is defined as the pressure difference between the pore
air pressure and the pore water pressure. Thus, the value of matric
suction is the soil water pressure deficit with respect to air pressure,
or the soil water potential deficit with respect to soil water potential at
the ambient air pressure. This matric suction is variable by external
environment and affects the equilibrium of the soil. Also, osmotic

suction according to variation of soil solution effects the structural



behavior of soil. However, variation of total suction according to
external environment 1s same as variation of matric suction in the
general geotechnical engineering. Therefore, matric suction is mainly

considered as the main component of total suction.

2.2 General soil water characteristic curve (SWCC)

Figure 2.1 shows the typical Soil Water Characteristic Curve (SWCC).
The horizontal axis can be expressed as gravimetric water content (w),

volumetric water content (0) or effective degree of saturation (S,). The

gravimetric water content is the ratio of the mass of water to mass of
soil, and the volumetric water content is the ratio of the volume of
water to the total volume. Basic quantities required to establish the

SWCC include the saturation water content (6,), residual water content
(6,), and the Air-Entry Value (AEV, ¥,). The saturated water content is

the maximum volumetric water content of soil when the soil is
saturated. The residual water content is the minimum volumetric water
content of soil where the water 1s not expel any more despite large
matric suction change. It i1s only eliminated by heating the soil. The
AEV is defined as matric suction where air starts to enter the largest
pores in the soil (Fredlund and Xing, 1994). Typically, soil with the
finer particle has higher AEV and saturated water content (Nam et al,
2009).

As shown in Fig. 2.1, depending on the magnitude of matric suction,
SWCC can be divided into three zones. Within the zone of capillary

saturation, matric suction is less than the AEV and within the zone of



residual saturation, pore water 1s retained by molecular bonding
mechanism. Within the desaturation zone, pore water is retained in the
pore of thin films on the particle surfaces under the influences of
solid-liquid interaction mechanism. The amount of water adsorbed within
the first two zone is a function of the surface area of the soil particles,
the surface charge density of the soil mineral, and the type and valency
of any adsorbed exchangeable cations. When the adsorbed films on the
particle surface grow thick enough to extend beyond the range of
influence of the short-range solid-liquid interaction effects, the
characteristic curve enters a regime dominated by capillary pore water
retention mechanism. The amount of water adsorbed here is a function
of the particle and pore size properties, terminating at the AEV where
the capillary air-water interface began to disappear as the system
approaches saturation.

The soil typically shows a volumetric water contents that is less for a
wetting process than for drying process at a given matric suction. The
non-coincidence between drying process and wetting process is defined

as hysteresis in the SWCC.
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Fig. 2.1 General Soil Water Characteristic Curve

Figure 2.2 shows a typical SWCC for sand, silt, and clay. As shown in

figure, AEV and saturated water content (6,) are larger in the order of

sand, silt and clay. Especially, for sand, variation of water content is
relatively larger than others according to variation of matric suction. It
1s verified that sand has sensitive characteristic according to variation
of water content. The water content retained at the each matric suction
is affected by capillary effect, pore size distribution and particle size.
Therefore, 1t can evaluate that SWCC 1is greatly affected by soil

structure with particle size.
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Fig. 2.2 Representative Soil Water Characteristic Curves
for sand, silt, and clay (Lu and Likos, 2004)

2.3 Hysteresis

The significant insight into soil-water hysteresis has been gained from
both experimental and theoretical perspective (Haines, 1930; Mualem,
1984; Israelachvili, 1992; Nimmo, 1992; Iwata et al.,, 1995; Lu and
Likos, 2004). Hysteretic behavior in SWCC has been attributed to
several mechanisms that often referred to as the ink-bottle effect,
capillary condensation, entrapped air, swelling and shrinkage, and
contact angle hysteresis. Among the several mechanisms, ink—bottle
effect and contact angle hysteresis are representative.

Ink-bottle effect in porous media arises due to nonhomogeneity in

pore size and shape distribution. As shown in Fig. 2.3, this effect can



be understood through analogy by considering the nonuniform capillary
tube. The capillary tube is described by two different radii, R being the
larger tube radius and r being the smaller tube radius. During upward
capillary flow, which is a wetting process, the maximum height of

capillary rise h, is controlled by the smaller tube radius, ceasing at the

w

point where the larger radius is encountered. If the tube is initially
filled, which is a drying precess, then the capillary height h; during
drainage may extend beyond the larger pore radius R. Therefore the
total water content of the capillary tube during drainage is larger than
during wetting.

At many solid-liquid—air interfaces, the wetting solid-liquid contact
angle is substantially larger than the drying contact angle. Figure 2.4
shows a classic conceptual example for drop of water on an inclined
solid surface. As the drop geometry reaches steady-state under the
influence of gravity, a wetting front characterized by relatively large

contact angle «, develops at the advancing edge of the drop. A drying
front, which is characterized by a much smaller contact angle oy,

develops at the receding edge. The difference between wetting and
drying contact angles in unsaturated soil can be significant. In
experimental studies based on capillary rise and horizontal infiltration
testing, wetting contact angles in sand can be as high as 60°~80°
(Letey et al., 1962; Kumar and Malik, 1990). On the other hand, drying
contact angles have been estimated to range from O° to as much as 20

° to 30° less than the corresponding wetting angles (Laroussi and

DeBacker, 1979).
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Fig 2.3 Ink-bottle effect (Lu and Likos, 2004)

Oly> Oy
Drying Front

Wetting Front

Fig 2.4 Contact angle hysteresis (Lu and Likos, 2004)
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Chapter 3. Automated SWCC Experiments

3.1 Composition of test device

Figure 3.1 shows a overall appearance about automated Soil Water
Characteristic Curve apparatus (Song et al., 2010). It is composed with
combinations of pressure panel, water reservoir, air bubble trap,
flowcell, shelf and storage box, balance, and automated soil-water
retention system. This apparatus needs to be placed on the flat location

without vibration.

Fig. 3.1 Overall appearance of automated SWC apparatus
(Song et al., 2010)

3.1.1 Pressure panel

Pressure panel controls the air pressure supplied by compressor and
delivers the controlled air pressure into flowcell. As shown in Fig. 3.2a,
Right tube is connected with compressor and left tube is connected with

flowcell. So, controlled air pressure is supplied to soil placed on

_12_



flowcell through the left tube. As shown in Fig. 3.2b, left regulator
controls the low air pressure from O to 1bkPa and right regulator
controls the relatively high air pressure from 15kPa to 300kPa. This air

pressure acts matric suction (¥) of unsaturated soil.

(a) Backside of pressure panel (b) Frontside of pressure panel

Fig. 3.2 Pressure panel

3.1.2 Water reservoir

Water reservoir supplies the water into entire apparatuses with the
aim of eliminating the air bubble. As shown in Fig. 3.3Db, it is connected
with flowcell, air bubble trap, and balance as well as it is higher than
the other apparatuses. Therefore, through the difference of head, all
apparatuses can be saturated by opening and closing the water

reservoir's valves.

_13_



(a) Injection of distilled water (b) Connection of water reservoir

Fig. 3.3 Water reservoir

3.1.3 Flowecell

Figure 3.4 shows a flowcell which consists of connections of air
pressure and air bubble flushing system. The connection of air pressure
is connected to pressure panel, and then air bubble flushing system is
connected to water reservoir and air bubble trap. As shown in Fig.
3.4(b), saturated soil and HAE (High Air Entry) disk are placed on air
bubble flushing system. As a shape of cylinder, soil's diameter is
5.05cm and height is 3.89cm, which is installed by using the plastic
mold. Diagram of the air bubble flushing system is shown in Fig. 3.5.
Water is injected through the thin tube (1.59mm tube) and air is
removed through the tube that connects to the air bubble trap. For the
system to work, it i1s important that water is only injected through the

thin tube, so air is not trapped underneath the HAE disk. An O-ring

_14_



that is placed between the 1.59mm tube and the connector 2 ensures
water flow only through the thin tube. The O-ring makes an effective
seal when pressed against connector 2 through a spacer tube and

connector 3.

(a) Air bubble flushing system (b) HAE disk and saturated soil

To air pressure

(c) Fixing the soil (d) Connection of flowcell

Fig. 3.4 Flowcell

_15_
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Fig. 3.5 Diagram of the air bubble flushing system

3.1.4 Air bubble trap

The air bubble trap is incorporated into the system to quantify volume
of air dissolved through the HAE disk. The air bubble trap has four
connections, two on top and two on bottom (Fig. 3.6). The bottom cap
is connected to the flowcell on one end, and to the balance on the
other end. The top cap is connected to the water reservoir on one end,

and can be vented to the atmosphere on the other end.

_16_



Fig. 3.6 Air bubble trap

3.1.5 Balance

The amount of water that is expelled from the soil sample due to an
increase in air pressure is measured on the balance (Fig. 3.7). The
balance is then connected to a computer so that all data obtained is

recorded automatically from automated soil-water retention system.

(a) Small reservoir cap (b) Balance

Fig. 3.7 Measurement apparatus
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3.1.6 Automated soil-water retention system
A LabVIEW program allows the user to monitor and control the
logging of the data. Figure 3.8 shows the software interfaces which are

composed of 10 items.

Balance
Mass

093111

2l

Balance Mass (g) balance port m

|- Item 7

Item ﬁ—l
Item 8 T
wrie terval (s): - MM NotetoDa e : Ivented by Mg Lo, Willkam

Last Data Logged: STOP

Filename: It Mo e e

Item 10

Fig. 3.8 SWRC program

" "

Item 1: Run button. To run the program the "run" arrow must be
pressed. If the arrow is filled black, the program is running.

[tem 2: Stop button. if the arrow is white, the program has been stop.

Item 3: Output air pressure. Type in the air pressure applied to the soil

sample in the window.
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Item 4: Balance mass. This window outputs the reading of the balance.

Item 5: This window plots live data of the mass measured by the
balance as a function of time.

Item 6: Balance port. The port in the computer used by the balance
must be selected in this window.

[tem 7: This is write interval. The time unit is seconds.

Item 8: Last data logged. This window displays when the last data point
was saved in your data file.

Item 9: Note to data file. Any additional comments can be typed.

Item 10: Filename. This window displays the name and location of data

file.

3.2 Principle

Automated SWCC apparatus can simply control the drying process
which makes a saturated soil into an unsaturated soil by applying the
alr pressure, and the wetting process which makes an unsaturated soil
into a saturated soil by injecting the water. Therefore, this apparatus
can assess comprehensive Soil Water Characteristic Curve (SWCC) of
unsaturated soil. Figure 3.9 shows diagram of automated SWCC
apparatus. Above all, before conducting the test, all apparatus have to
be saturated using water reservoir, because air bubble can cause the
error of experimental results during the test process. Then, saturated
soil and HAE disk are placed on the air bubble flushing system. After
the test preparation is finished, the air pressure supplied from the

compressor 1s controled by pressure panel. This controled air pressure

_19_



1s applied to saturated soil in flowcell. When the air pressure exceeds
the AEV of soil, pore water is begin to be expelled, and then it is
transferred to the balance through the HAE disk and air bubble trap. In
contrast, when the increased air pressure is lowed using the pressure
panel, expelled pore water is injected into soil. The applied air pressure
and measured the mass of the pore water is available to verification
and storage through the SWRC program in real-time, because the
balance is associated with a computer. Therefore, automated SWCC
apparatus can comprehensively understand the soil-water characteristic
of unsaturated soil by conducting the drying process and wetting
process. Where, air pressure is acted to matric suction of unsaturated
soil, and HAE disk restricts translation of pore air and soil particles

excluding pore water.

Pressuie ——— Drying process
ancl | 999090900 \ St SNy 000 i
p Vg Wetting process
Flow cell
[
O-ring
HAE disk . W;]ter
Air bubble | outtlow
P app———_ == Balance
) trap Water
O-ring inflow
Spacer tube l
Water inflow
. SWRC
Reservoir
Program

Fig. 3.9 Diagram of automated SWCC apparatus
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3.3 Testing preparation

3.3.1 Characteristics of the soil sample

In this study, to understand the characteristic of sand according to
density, Joomunjin sand was used as experimental soil sample within the
range of relative densities 40%, 60%, and 75%. On the basis of the
experimental method of ASTM D 4253-83 and ASTM D 4254-83,
maximum dry density and minimum dry density of Joomunjin sand were
obtained. Figure 3.10 shows the particle size distribution curve of

Joomunjin sand, and Table 3.1 shows the properties of Joomunjin sand.

Table 3.1 Properties of Joomunjin sand

Description Symbol Property
Specific gravity G, 2.621
Max. void ratio Crn o 0.919
Min. void ratio Emin 0.625
Max. dry density Coi 15.82 kN/m?
Min. dry density Ydmin 13.40 kN/m?

Effective particle size Dy, 0.42 mm
Dy, particle size Dy, 0.51 mm
Dy, particle size Dy, 0.63 mm

Uniformity coefficient C, 1.5

Coefficient of curvature G 1.0
Soil classification USCS SP
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Fig. 3.10 Particle size distribution curve of Joomunjin sand

3.3.2 Saturation of soil and HAE disk

To shape a soil sample, plastic mold in which its diameter is 5.05cm
and height is 3.89cm was used. As shown in Fig. 3.11, before saturating
the soil, uniformed soil within the range of relative densities 40%, 60%,
75% was made and porous stone was placed at top and bottom of soil
sample to effectively flow the water, while saturating the soil. To
saturate the soil sample and HAE disk, desiccator and vacuum pump
were used. First, distilled water was injected into desiccator and shaped
soil was placed in a desiccator where the top lcm is under vacuum and

the rest of the soil

1s submerged under water. Lastly, inside of

desiccator was made into a vacuum by using the vacuum pump to

saturate the soil saturation of soil was

and HAE disk. Therefore,
progressed by flowing the distilled water from bottom to top in soil,
Saturation time is

while eliminating the air bubble in void of soil
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depended on the soil type. For sand, it can get saturated in about 30
minutes. On the other hand, silt and clay should be allowed at least 24

hours.

. D,
(a) Soil compaction (b) Desiccator

Fig. 3.11 Saturation of soil and HAE disk
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Chapter 4. Experimental Results and Analysis

4.1 Soil-water characteristic

As shown in Fig. 4.1, the line shows the mass of water outflow from
the soil sample as a function of time. Whereas, the dotted line shows
the applied matric suction to soil sample as a function of time. For
drying, mass of water out was drastically increased at the beginning
according to variation of matric suction step by step, and then mass of
water outflow became constant with the passage of the time. In the
same manner, For wetting, mass of water outflow was drastically
decreased at the beginning according to variation of matric suction step
by step and then, mass of water outflow became constant with the
passage of the time. Therefore, after confirming the mass of water
outflow remained stay at certain levels of matric suction, next level of

matric suction was applied.

Drying Wetting
Process Process
35 60
——Water outflow

30 —— ----Pressure l 50
— 25 ©
) I 40 &
S =
o 20 o
b= l 30 §
3 g
= 15 + »
£ 2
F 20 =
= 0 | =

5 :' ------ " I 10

4 L.
o £ T . e e 0
V] 10000 20000 30000 40000 50000
Time (min)

(a) Relative density=40%
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(a) Relative density=75%

Fig. 4.1 Mass of water outflow according to matric suction

Figures 4.2 and 4.3 show the relationship of matric suction and
volumetric water contents or effective degree of saturation. As the
relative density decreases, the saturated water content is increased.
However, residual water contents are almost equal regardless of

density. As the results, for sand with the relative density of 40%, it is
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the highest saturated water content at drying (6,=0.44) and wetting (6,
=0.42). One the other hand, for sand with the relative density of 75%, it
is the lowest saturated water content at drying (0,=0.41) and wetting (6,
=0.39). Table 4.1 shows the values of saturated water content and

residual water content according to relative density. These values are

attributed to difference of soil's pore size and porosity.

100 ;

®Measured value (Dr=40%, drying)
I & OMeasured value (Dr=40%, wetting)
B Measured value (Dr=60%, drying)
A DMeasured value (Dr=60%, wetting)
A AMeasured value (Dr=75%. drying)
A AMeasured value (Dr=75%, wetting)

105 """" n

Matric suction (kPa)
c i
=
o
(o)
®
[

0.1

——r—r—r—rr—rrrrrrrrrr A~ ]
0.00 0.10 0.20 0.30 0.40 0.50

Volumetric water content (e)

Fig. 4.2 Relationship between matric suction and
volumetric water contents
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Fig. 4.3 Relationship between matric suction and
effective degree of saturation

Table 4.1 The values of saturated and residual water content

Drying Wetting
0, 0, 0, 6,
D =75% 0.413 0.028 0.394 0.028
D =60% 0.426 0.028 0.404 0.028
D =40% 0.445 0.034 0.421 0.034

4.2 Soil water characteristic curve

In estimating the SWCC, numerous models have been proposed for
fitting analytical functions through experimental results (Gardner, 1958;
Brooks and Corey, 1964; Campbell, 1974, 1980;

Fredlund and Xing, 1994). Among many models, van Genuchten (1980)'s
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model 1s most frequently and representatively used to estimate the
SWCC. Moreover, it has ability to facilitate closed form analytical
solutions for suction stress profiles with a minimum number of
parameters.

van Genuchten (1980) proposed the three-parameter equation based
on a particular case of the original equation of Mualem (1976). It has

shown good results for a variety of soils and is defined as follows

5 —g =20 ! :
©e 05_97‘_[1—'_[04(“@_“10)”]}

(4.1)

where,

S =Effective degree of saturation
0,=Effective volumetric water content

#=Volumetric water content

0,=Saturated water content
0.=Residual water content

u, —u,=Matric suction
a=Parameter related to the AEV

n=Parameter related to the slope of SWCC

m=Parameter related to the residual water content

As the «, n, and m are curve fitting parameters, intermediate point

(P) between 6, and 6, need to be estimated to obtain these parameters.

The matric suction corresponding to P 1is (ua—uw)p and slope
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corresponding to P is 5;,. Thus, curve fitting parameters «, n and m can

be obtained by substituting the (u,—u,), and S, into Eq. 4.2,

p

m=1—exp(—0.85) 0<s8 <1) (4.2a)
—1_ 0.5755_'_0;1 0.0if) (5; ~1)
S 85
n=1/(1—m) (4.2b)
o= 1 (21/m _1)1—m (42C)
(ua_uw D

Table 4.2 shows the values of parameters according to drying and
wetting processes. They correspond with range of parameters proposed
by Lu et al. (2010). Figures 4.4, 4.5, and 4.6 show the SWCC by van
Genuchten's model according to the range of relative density. SWCC
shows nonlinear relationship between matric suction and volumetric

water content at drying and wetting process (Kim et al., 1996).

Table 4.2 The values of parameters

1 AEV

a (kPa ") n m (kPa)

D=40% Dryllng 0.415 8.724 0.855 L4
Wetting 0.524 5.625 0.822

D,=60% Dryl.ng 0.399 8.586 0.884 901
Wetting 0.548 5.625 0.822

D=75% Dry1.ng 0.393 8.553 0.883 910
Wetting 0.593 5.561 0.820
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Fig. 4.4 SWCC by van Genuchten model (D,=40%)
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Fig. 4.5 SWCC by van Genuchten model (D .=60%)
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Fig. 4.6 SWCC by van Genuchten model (D =75%)
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As the results, for drying, the values of « and n are decreased as
relative density is increased. For wetting, the values of a are increased
and the values of n are decreased as relative density is increased. If
the wvalue of « which has the inverse relationship with AEV is
decreased, the value of AEV is increased. Moreover, if the value of n
is increased, slope of SWCC is parallel with the horizontal axis.

Therefore, for drying, AEV and variation of volumetric water content
under equal variation of matric suction are increased as relative density
is increased. Besides, difference of saturated water content (6,) between
drying and wetting are decreased as relative density is increased.
Therefore, difference of hysteresis for SWCC between drying and
wetting are decreased as relative density is increased. It is verified by

SWCC for drying and wetting as shown in Figs. 4.7 and 4.8.
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4.3 Hydraulic Conductivity Function (HCF)

To determine the Hydraulic Conductivity Function (HCF) of
unsaturated soil, experimental and theoretical methods have been used.
As the experimental methods, steady state method using vertical soil
column (Richards, 1931), steady state method using semi-permeable
membrane (Hassler and Brunner, 1945) and unsteady state method
(Welge, 1952) have been mainly used. As the theoretical methods,
parameter estimation method or inverse problem solution technique
proposed by many researchers have been mainly used (Zachman et al.,
1981; Dane and Hruska, 1983; Abu—-Hejleh et al., 1993; Wildenschild et
al., 1997). Among these methods, the parameter estimation method
which analogizes the hydraulic conductivity function of unsaturated soil
through SWCC 1is the most widely used due to the difficulty of
experimatal method. One of the most popular analytical functions for
predicting unsaturated hydraulic conductivity of soils is the van
Genuchten's parameter estimation method developed by van Genuchten

(1980) based on Mualem (1976)'s theory for predicting the k&, from

SWCC (Eq. 4.3). This equation is composed of the parameter m or n
(m=1—1/n). Table 4.3 provides information about saturated hydraulic
conductivity according to relative density and Fig. 4.9 shows HCF of

sand for drying and wetting according to the range of relative density.

k=k, x5 2[1—1—8 V™)) (4.3)
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where,

k=Unsaturated hydraulic conductivity

k,=Saturated hydraulic conductivity
S, =Effective degree of saturation

m=1—1/n (0<m<1)

Table 4.3 Comparison for saturated hydraulic conductivity

, . Saturated hydraulic conductivity, &, (cm/sec)
Relative density - —
Drying Wetting
D =40% 2.080E-03 1.583E-03
D =60% 1.998E-03 1.539E-03
D =75% 1.887E-03 1.482E-03
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As the results, hydraulic conductivity is decreased both drying and
wetting as matric suction and effective degree of saturation are
increased. As relative density increases, hydraulic conductivity is
decreased under equal matric suction and effective degree of saturation.
Especially, for drying process, variation for hydraulic conductivity is
larger than wetting as well as when water flow start to be occurred in

soil, the values of matric suction is higher than wetting.

4.4 Suction Stress Characteristic Curve (SSCC)

4.4.1 Existing stress theory of unsaturated soils

There are currently two widely recognized macroscale approaches for
describing the state of stress in unsaturated soil. First, the modified
effective stress approach, which is generally attributed to the work of
Bishop (1959). Second, the independent stress state variable approach,
which is generally attributed to the work of Fredlund and Morgenstern
(1977).

Bishop's effective stress approach involves a modified form of

Terzaghi (1943)'s classic effective stress (Eq. 4.4).

o' =o—u,+xu,—u,) (4.4)
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where,

oc=Total stress
o '=Effective stress

u,=Pore air pressure
u,=Pore water pressure

x=Effective stress parameter

(v, —u,)=Matric suction

The effective stress parameter X 1s generally considered to vary
between zero and one as a function of the degree of pore water
saturation.

Following Fredlund and Morgenstern's independent stress state
variable approach, net normal stress and matric suction are treated
independently in terms of their roles in the mechanical behavior of
unsaturated soil. The shear strength by Fredlund and Morgenstern is
described as Eq. 4.5. Where, the first two terms comprise the classical
Mohr-Coulomb criterion and the third term introduces as an additional
friction angle to capture the contribution of matric suction to shear

strength.

T Zc'-l-[(o—ua)—i-x(ua—uw)]tanqb' (4.5)

These two different approaches for describing the state of stress and
corresponding behavior of unsaturated soil remain largely uncertain in
terms of effectiveness, validity and practicality (Lu and Likos, 2006). In

case of Bishop's approach, difficulties associated with experimentally or
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theoretically determining the effective stress parameter x have limited
the general applicability. Experimental studies have suggested the
non—uniqueness of x=f{(S). Also, in case of Fredlund and Morgenstern's
approach, similar experimental and conceptual difficulties associated with
determining necessary material variables such as <;5b and uncertainties in
their uniqueness over wide range of saturation have limited the practical
applicability of the independent stress variable approach.

Many alternative approaches for stress—strain analyses have been
offered in the form of modified stress variables. For example, Matyas
and Radhakrishna (1968) explicitly accounted for the contribution of
surface tension to intergranular stress. Alonso et al. (1990) expanded
the concept of critical state soil mechanics to include volumetric strain
due to matric suction. Gallipoli et al. (2003) proposed a stress variable
which depends on both the degree of saturation and matric suction for
elasto-plastic analysis. Houlsby (1997) illustrated that although the
choice of stress state variables for unsaturated soil following
phenomenological approaches could be subjective, the strain variables
for should be properly identified by the principle of work conjugacy.
Identifying the most appropriate and practical approach for
conceptualizing and quantifying the state of stress in unsaturated soil
and predicting its corresponding macroscopic strength and deformation

behavior remains a highly active area of research.
4.4.2 Suction stress for unsaturated soil

In recent, Lu and Likos (2006) introduce theory to represent the state

of stress for unsaturated soil as Eq. 4.6. It is an expansion to both
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Terzaghi’'s effective stress for saturated soil and Bishop's effective

stress for unsaturated soil.

’

o :at—ua—l—apc—l—awp-i-x(ua—uw) (4.6)

where,

o, —u,=Net normal stress
UpC=Interparticle physicochemical stress

o.,=Capillary stress due to surface tension.

As shown in Eq. 4.6, assuming that interparticle physicochemical
stress and capillary stress are eliminated, effective stress proposed by

Lu and Likos is equal to expand Bishop’s approach.

Suction stress (¢°) is conceptualized as Eqg. 4.7. Where, F, 1s

interparticle physicochemical force and Z.  is capillary force arising

cap

from surface tension.

s pe Ezap
o Zapc—i-amp%-x(ua—uw): +—A +x(u, —u,) 4.7)

As shown in Eq. 4.8, it 1is the resultant of interparticle

physicochemical stresses attributable to cementation o,, van der Waals
attraction o,,,, double-layer repulsion o,,.

t0.4 (4.8)

0, =0, 1T0

pc vdw
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Thus, effective stress is estimated by introducing suction stress and
considering a variety of states arising from unsaturated soil. As the
results, suction stress can be used as an index which assesses the
state of stress for unsaturated soil, because it has closed relationship
between matric suction and degree of saturation. The effective stress of
unsaturated soil can be arrived as Eq. 4.9 by reorganizing suction stress

shown in Eq. 4.6 (Lu and Likos, 2006).

o' =(o—u,)—0"=(—u,)+ W, —u,)s (4.9)
where,
o’ =— (ua —uw)LS;

S, = Effective degree of saturation

As shown in Eq. 4.9, suction stress is expressed as a negative (-)
value and it can be considered as the effective stress under no
external stress condition. Therefore, it is important to be considered In
determining the strength of unsaturated soil. Moreover, the graphic
representation of suction stress is the area under the normalized
SWCC. Thus, suction stress has closed relationship with SWCC. This
relationship between suction stress and matric suction or effective
degree of saturation is defined as Suction Stress Characteristic Curve
(SSCC) which can estimate and predict the strength of unsaturated soil
according to water content (Lu and Likos, 2006; Lu et al., 2010).

Figure 4.10 shows the relationship between SWCC and SSCC. The van

_42_



Genuchten’s parameters of SWCC can be used to determine the SSCC
according to effective degree of saturation by Eq. 4.10, and effective
water content by Eq. 4.11. A closed—-form equation of suction stress for

the full range of saturation can be arrived at by substituting Eq. 4.1

into Eq. 4.9.
100000 5 5 100000
10000 3 4 10000
& 1 swcc 1 w
> 1000 A 4 1000 &
.E(UQ-UW):.- E E
B 1 o
I e o L e 2
@ Iy sscc 1 100 =
Q o
& ] a
= 10 5 10
1 41
01 1 1 L L 1 1 1 L L 1 1 1 L O‘I
0.0 02 > 04 0.6 0.8 1.0

Effective degree of saturation

Fig. 4.10 Relationship between SWCC and SSCC
(Lu and Godt, 2008)

(Relationship between suction stress and effective degree of saturation)

1
S| 1o "
o =—lg 0<9 <10 (4.10)

(Relationship between suction stress and matric suction)
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o =—(u, —u,) u, —u, <0 (4.11a)

w T

(ua_uw) 0 (4.11b)
s B - |
g (1+ [a(ua_uw)]n)(n—l)/n Uy ™ Uy,

4.4.3 Comparison and analysis for suction stress of sands

Figure 4.11 shows the SSCC for sand with the range of relative
densities using fitting parameters («, n). As the results, suction stress
has increased—and-decreased characteristic along with increasing matric

suction as well as maximum suction stress is showed at AEV (¥).

Moreover, suction stress is zero at zero matric suction (saturated
condition) and at value of matric suction more than about 8kPa
(pendular zone). For drying process, maximum suction stress is
increased as relative density increases. However, for wetting process,
maximum suction stress is increased as relative density increases.
Table 4.4 shows the values of maximum suction stress for unsaturated
sand with the range of relative densities.

This behavior of maximum suction stress is well-known for
sand-sized granular media (Schubert, 1975; Kim, 2001; Lu et al., 2007).
A practical illustration of such mechanical behavior is the building of
sandcastles. If the sand is too dry or too wet, the sand cannot be used
to build a structurally sound sandcastle. It is important that this
behavior cannot be effectively described using Bishop’s effective stress

approach.
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Fig. 4.11 Comparison for SSCC according to relative density
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Table 4.4 The values of maximum suction stress

v, (kPa) S, o’ (5)
D =40% 1.94 0.88 1.71
Drying D =60% 2.01 0.88 1.78
D.=75% 2.10 0.88 1.80
D =40% 1.52 0.77 1.24
Wetting D =60% 1.45 0.77 1.19
D.=75% 1.34 0.77 1.10

Figure 4.12 illustrates the relationship for SSCC and state of suction

stress at saturation, ¢ =— (ua—uw). Once the matric suction reaches and

exceeds the soil's AEV, suction stress of sand is rapidly decreased

Therefore,

after

matric

suction exceeds

AEV,

effective

unsaturated soil has difference value compared to saturated soil.
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Fig. 4.12 Relationship between SSCC and suction
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Chapter 5. Stability Analysis of Unsaturated Sand Slope

5.1 Theories

The stability of natural and engineered earthen slope is a classical
subject in soil mechanics, slope hydrology, and geomorphology (Lu and
Godt, 2008). Until recently, most slope-stability analyses have been
based on Terzaghi (1943)'s effective stress principle in which pore
water pressure is quantified by saturated seepage theories (Cho, 2000).
However, in well-drained colluvial soils, shallow slope failures may
occur within the vadose zone under partially saturated soil conditions
(Wolle and Hachich, 1989; de Campos et al., 1991; Godt et al., 2006).

When the moisture variation in the vertical direction in hillslope is
important, the consequent effective stress above the water table may
need to be considered rigorously. The effective stress in partially
saturated soil is no longer the difference between the total stress and
pore—-water pressure or soil suction. The generalized effective stress
which wunifies both saturated and unsaturated conditions has been

proposed by Lu and Likos (2004, 2006).
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Fig. 5.1 General infinite slope

where,

z=Distance above water table

z,=Weathering zone

[B=Slope angle
For the factor of safety under partially saturated conditions, the

general equation for factor of safety of slope is represented as shown

in Eq. 5.1.

Ty ¢ +o'tang’
f=—=———— .
T vH, sinfcosf (5.1)

The effective stress (Eq. 4.9) considering suction stress can be

inserted into Eq. 5.1 for infinite slope stability.
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¢’ +IvH, cos’f—0o’ltang”  tang 2 o
~vH, sinfcosf tang = yH,sin28 vH,

F= (tan B+ cot B)tan¢’

(5.2)

The first term on the right side is represented as the internal
frictional resistance of the soil. The second term is represented as
cohesion, and the third term is represented as the suction stress.
Suction stress is greatly reduced as soils near saturation, and this
phenomenon could be the physical mechanism triggering many shallow
landslides, when hillslopes are subjected to intense precipitation.
Therefore, Eq. 5.2 can be used to assess the impact of soil properties
and infiltration conditions on the stability of an infinite slope (Lu and
Godt, 2008).

In the general infinite slope theory, if the type of soil is uniform, the
friction angle (¢’) is constant regardless of depth. However, for soils
with the same chemical composition, soil porosity at the ground surface
is typically greater than at the deeper locations. Therefore, since soil
porosity (n) is different depending on the depth of the slope, friction
angle (¢') is affected depending on the depth of the slope. Experimental
evidence shows that the friction angle for a sand can vary from 30° to
55° and is inversely linearly proportional to its porosity (Rowe, 1969;
Mariachi et al., 1969; Conrforth, 1973; Cornforth, 2005). Thus, such

dependency can be mathematically described as shown in Eq. 5.3.

¢=¢0+%(no—n) (5.3)
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where,

¢,=Friction angle at the ground
n,=Porosity at the ground

A¢p=Range of variation in friction angle within the weathering zone

An=Range of variation in porosity within the weathering zone

Reduction of porosity according to depth i1s mainly a result of
compaction and consolidation under the soil's self weight or external
loadings. The functional relationship between porosity and soil depth

(H,,) can be described as shown in Eq. 5.4.

n=n,————— (5.4)

Equation for friction angle depending on depth of slope (Eq. 5.5) can
be arrived by substituting Eq. 5.4 into Eq. 5.3. Figure 5.2 shows the
relative change in friction angle as a function of soil depth for various

weathering zone parameters (z,=0.2m, 0.5m, 1.0m).
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Change in friction angle((¢/¢,)/ Ag )

Fig. 5.2 Variation in friction angle following weathered zone depth

With the above conceptualization of a weathered soil, a generalized
factor of safety equation both saturated and unsaturated conditions is
described as shown in Eq. 5.5. With the seepage rate (¢), the soil's

hydrologic properties (a, n, k,), shear strength parameters (¢’, ¢'), and

weathering characteristics (A¢’, z,), Eq. 5.6 can be readily used to

assess the stability of unsaturated infinite slopes.

26/

T —2Jsinzp " tanftcotB)tang’(z)
wt

A¢

1+—
H

Ss
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The matric suction or suction stress generally varies within a slope,
depending on soil types, location of water table and slope configuration,
and infiltration condition. For a one-dimensional steady state matric
suction profile, the matric suction on all these afore mentioned factors

can be expressed as shown in Eq. 5.7 (Lu and Griffiths, 2004).

u —u Z—%ln[(l—i-q/ks)e_%m—q/k;s] (5.7)

a w

where,

q=Steady infiltration rate (=) or steady evaporation rate (+)

k,=Saturated hydraulic conductivity
v,=Unit weight of water

z=Vertical coordinate upward positive

The equation for suction stress under steady infiltration or steady

evaporation conditions can be leaded by substituting Eq. 4.1 and Eq. 5.7

into Eq. 4.9.
o* =—(u, —u,) (5.8a)
In[(1+g/kJe ™ —q/k,]
(6% n n

[+ {-mla+g/m)e ™ —g/m]})

When the flow rate is equal to zero, the Eq. 5.8b recover to an

analytical equation of SSCC (Eq. 4.11). This equation provides a way to
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expand the classical infinite slope model for unsaturated condition.

5.2 Conditions of sand slope

As shown in Fig. 5.1, to assess the stability of unsaturated infinite
slope existing water table, slope is assumed that it is composed of sand
within the range of relative densities 40%, 60%, and 75%, respectively.

Table 5.1 shows the conditions of infinite sand slopes.

Table 5.1 Conditions of sand slopes

D.=40% 37.54
Direct shear test ¢ (%) D.=60% 39.98
D =75% 43.27
Agp (7) 6
Slope conditions 2w 15
H, (m) 5
Z,, (m) 0.5

As shown in Table 5.1, infinite slope is assumed that it is composed

of sand (D,=40", 60°, 75°) and it's gradient is 45°. Moreover, range

of variation in friction angle within the weathering zone is assumed to
be 6° (Lu and Godt, 2008). Also, parameters («, n) are equal to SWCC
parameters. As the results of direct shear test, values of friction angle
are increased along with increasing relative density and value of
cohesion is zero regardless of relative density. In this study, to assess
the stability of sand slope according to variation characteristic of water
content, water table was considered from ground below 5m and stability

analysis was conducted under no infiltration conditions and steady
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infiltration conditions.

5.3 Under no infiltration

Suction stress in sand under hydrostatic equilibrium conditions can be

assessed by Eq. 4.11 for three sands according to relative density. For

no infiltration condition, factor of safety according to drying and wetting

process at different depths in sand slope is shown in Fig. 5.3.

Distance above water table (m)

Failurezone ...

—— Dr=40% (drying)
===-Dr=40% (wetting)

===-Dr=60% (wetting)

——Dr=75% (drying)

(

(

(

(
——Dr=60% (drying)

(

(

(
====Dr=75% (wetting)

Dr=40% (saturation)

Dr=60% (saturation)

Dr=75% (saturation)

0.9 1.0 1.1 1.2 1.3 14

Factor of safety (F.)

Fig. 5.3 Analysis for factor of safety under no infiltration condition

For slope with relative densities of 60% and 75% sands, the factor of

safety (F)) reaches 1 at about 2.4m and 4.8m above the water table.

Therefore, these two sand slopes inclined at 45° will not be stable if
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the unsaturated zone is thicker than 2.4m and 4.8m respectively. For
slope with relative density of 40% sands, the factor of safety is less
than 1 in all the depth.

In the three sand slopes, the variation of the factor of safety shows
the four distinct zone ; the zone of sharp increasement between 0 to
0.2m above water table, the zone of sharp reduction between 0.2m to
0.4m above water table, the zone of gradual reduction between 0.4m to
4.0m, and the zone of increasingly sharp reduction is within 1m to the
ground surface due to decrease of friction angle by weathering. The
two zones of sharp increasement and sharp reduction between O to
0.4m are affected by suction stress and the other two zones are

affected by friction angle.

For these sand slopes, maximum suction stress (¢° . ) is occurred at

max

the location of sand's Air Entry Value (AEV, ¥ ), and the maximum

factor of safety (F._. ) nearly accord with the location of the maximum

smax
suction stress. As the results, the maximum factors of safety about
drying are 0.98, 1.06, and 1.19 respectively. In the same way, for
wetting, maximum factors of safety are 0.96, 1.05, and 1.14
respectively.

If the slope exists on the full saturated state, effect for weathering
and suction stress is not occurred in slope. Therefore, stability of slope
are decided only slope angle and friction angle. As the results, factor of
safety of sand slope under saturated state shows linear pattern
regardless of slope depth and exist more unstable than unsaturated

state.
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5.4 Under steady infiltration rate

For steady infiltration conditions, predicted slope failure in unsaturated
ground can be assessed by Eq. 5.7. To assess the factor of safety at

different depths in sand slope, saturated hydraulic conductivity (k,)

according to relative density has to be measured through the water
permeability tests previously.

In this study, steady infiltration rates are assumed as -1.0x10"cm/s,
-1.5%10%cm/s, and -1.8x10%cm/s. Such series of infiltration rates
represent very heavy rainfall intensity which is realistically impossible.
However, in this study, infiltration rates are considered theoretically,
because Joomunjin sand has high saturated hydraulic conductivity. By
mathematical definition, the infiltration rate ¢ should be less or equal to
the saturated hydraulic conductivity. Figures 5.4, 5.5, and 5.6 show the
volumetric water content and suction stress according to distance above

water table under assumed steady infiltration rates.
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——q=0(drying)

-=-=-q=0 (wetting)
——q=-1.0 E-3cm/s (drying)
----g=-1.0 E-3cm/s (wetting)
——q=-1.5 E-3cm/s (drying)
----g=-1.5 E-3cm/s (wetting)
——q=-1.8 E-3cm/s (drying)
----g=-1.8 E-3cm/s (wetting)

Distance above water table (m)

0 0.1 0.2

0.3

04 0.5 0.6

Volumetric water content (e)

(a) Relationship of distance above water table vs volumetric

water content

—q=0 (drying)

====-g=0 (wetting)
—q=-1.0 E-3cmI/s (drying)
==-=-g=-1.0 E-3cm/s (wetting)
—=-1.5 E-3cm/s (drying)
===-g=-1.5 E-3cm/s (wetting)
—q=-1.8 E-3cm/s (drying)
----g=-1.8 E-3cm/s (wetting)

Distance above water table (m)

2 3

Suction stress (-kPa)

(b) Relationship of distance above water table vs suction stress
Fig. 5.4 Variation for matric suction and suction stress

under steady infiltration
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5 ——q=0(drying)
\ ===-q=0 (wetting)

——q=-1.0 E-3cm/s (drying)
-=---g=-1.0 E-3cm/s (wetting)
——q=-1.5 E-3cm/s (drying)
-=-=--q=-1.5 E-3cm/s (wetting)
——q=-1.8 E-3cm/s (drying)
=-==-0g=-1.8 E-3cm/s (wetting)

Distance above water table (m)

0 0.1 0.2 0.3 04 0.5 0.6
Volumetric water content (e)

(a) Relationship of distance above water table vs volumetric water content

——=0(drying)
==-=--¢=0 (wetting)
——q=-1.0 E-3cmis (drying)
----¢=-1.0 E-3cm/s (wetting)
—q=-1.5E-3cm/s (drying)
----g=-1.5 E-3cm/s (wetting)
——0q=-1.8 E-3cm/s (drying)
----q=-1.8 E-3cm/s (wetting)

Distance above water table (m)

0 1 2 3
Suction stress (-kPa)

(b) Relationship of distance above water table vs suction stress

Fig. 5.5 Variation for matric suction and suction stress
under steady infiltration rates (D,=60%)
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(a) Relationship of distance above water table vs volumetric water content

——q=0(drying)

===-0=0 (wetting)
——q=-1.0 E-3cm/s (drying}
===-q=-1.0 E-3cm/s (wetting)
——q=-1.5 E-3cm/s (drying)
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(b) Relationship of distance above water table vs suction stress

Fig. 5.6 Variation for matric suction and suction stress
under steady infiltration rates (D,=75%)
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As shown in above figures, the profiles of the volumetric water
content are sensitive to the applied infiltration rates, and are varying
from nearly zero saturation to nearly full saturation at the ground
surface. Variation of volumetric water content 1s decreased in drying
and wetting as infiltration rate is increased. The profiles of suction
stress also vary with the variation of infiltration. The value of suction
stress 1s decreased in drying and wetting as infiltration rate 1is
increased. Changing the infiltration rate from 1.5%x107cm/s to 1.8x
107%cm/s causes a drastic decrease in suction stress into nearly zero
but not to zero different with no infiltration. Therefore, increasement of
strength is predicted due to suction stress at all depth of slope. Figures
5.7, 5.8, and 5.9 show the relationship between factor of safety and
distance above water table for sand slopes. Table 5.2 shows the failure

zone of sand slopes under infiltration rate conditions.

Table 5.2 Failure zone of sand slopes under infiltration rate (Fs<1)

Failure zone (m)
(below the ground surface)
Infiltration rate conditions D =40% D =60% D=75%
(Cm/S) T T T
0 0~5.0 0~2.5 0~0.2
1.0x<107° 1.5~5.0 - -
1.5x107° 0.5~5.0 - -
1.8x107° 0.1~5.0 0.2~2.0 -
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Failure zone

Distance above water table (m)

—q=0 (drying)
| —q=-1.0 E-3cm/s (drying)
T —q=-1.5 E-3cm/s (drying)
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Factor of safety (F,)

(a) Drying
Failure zone
5

E, ]
o "]
=] 4
]
T ]
- ]
2 3
© J
z |
[}] o
B ]
2 21
@ -
8 —(=0 (wetting)
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1 —0q=-1.8 E-3cm/s (wetting)

0

0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
Factor of safety (F,)

(b) Wetting

Fig. 5.7 Relationship between factor of safety and distance above
water table for sand slope (D.=40%)
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Fig. 5.8 Relationship between factor of safety and distance above
water table for sand slope (D,=60%)
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Factor of safety (F.)
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Fig. 5.9 Relationship between factor of safety and distance above
water table for sand slope (D,=75%)
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Under no infiltration rate condition, factor of safety is increased at
the zone between O to 0.4m above the water table due to effect for
suction stress. However, under infiltration rate condition, factor of
safety 1s increased at the all depth in slope due to effect for suction
stress. Of course, as Infiltration rate approaches the value of the
saturated hydraulic conductivity, stability of sand slope 1s decreased
result from decreasing suction stress. However, slope i1s maintained in a
more stable conditions under infiltration rate condition than no
infiltration condition. As indicated in SWCC and SSCC, these results are
caused as state of sand is reached to pendular zone at the relatively
small matric suction range and suction stress does not occurred in the
all slope depth. Therefore, in case of such coarse sand slopes, they
show the unstable state by themselves under no infiltration condition.

For the slope composed with relative density of 40% sands, full-scale
landslide may be occurred under no infiltration rate and infiltration
rates. For the slope composed with relative density of 75% sands,
shallow landslide may be occurred enough to be ignored near the
ground surface under no infiltration condition. However, for the sand
slope composed with relative density of 60%, a zone where the factor
of safety is less than 1.0 is observed in the zone between Om to 2.5m
below the ground surface under no infiltration and a zone where the
factor of safety is less than 1.0 is observed in a zone between 0.2m to
3.0m below the ground surface under infiltration rate of 1.8x10cm/s.
Therefore, if rainfall does not occurred or occurred (when ¢ is closed

to 1.8x107%cm/s) on this slope, shallow landslide may be occurred.
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Chapter 6. Conclusions

In this study, matric suction and volumetric water content were
measured for sand within the range of relative densities 40%, 60%, and
75% according to drying and wetting process using automated Soil
Water Characteristic Curve apparatus. As the results, Soil Water
Characteristic Curve (SWCC), Hydraulic conductivity function (HCF), and
Suction Stress Characteristic Curve (SSCC) were obtained through van
Genuchten (1980)'s closed-form equation. Moreover, to assess the
stability of unsaturated infinite slope existing water table, slope was
assumed that it is composed of sands with the same relative densities
40%, 60%, and 75%, respectively. The results can be summarized as

follows.

1. Automated SWCC apparatus can comprehensively assess SWCC of
unsaturated soil by conducting the both drying and wetting processes.
Moreover, it can minimize errors which can be occurred by

experimenter and measure the soil-water characteristic accurately.

2. To wunderstand the characteristic of sand according to relative
density, Joomunjin sand was used as experimental sample within the
range of relative densities 40%, 60%, and 75%. For drying, as the
relative density is increased, Air Entry Value (AEV) and variation of
volumetric water content is increased. For wetting process, difference

of hysteresis for SWCC is decreased as relative density is increased.
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3. The suction stress of sand has increased—-and-decreased
characteristic as well as maximum suction stress is showed at AEV and
suction stress is zero at zero matric suction. Besides, suction stress
reaches a maximum value generally less than 0.4m above the water
table. For drying process, maximum suction stress 1s increased as
relative density is increased. While, for wetting process, maximum

suction stress is decreased as relative density is increased.

4. Analysis of infinite slopes under possible rainfall conditions indicate
that variation of friction angle, moisture content, and suction stress all
vary greatly above the water table. As the results, for sand slope within
the relative densities 40%, 60%, and 75%, as the infiltration rate
approaches the value of the saturated hydraulic conductivity, suction
stress is closed to zero but not to zero and stability of sand slopes are

decreased due to decreasing suction stress.

5. As the stability analysis of unsaturated sand slope, slope are
maintained in more stable condition under infiltration rate condition than
no infiltration condition. These results are caused as state of sand is
reached to pendular zone at the relatively small matric suction range
and suction stress does not occurred at all depth in slope. Therefore, in
case of these coarse sand slopes, they show the unstable state by
themselves under no infiltration conditions. For the slope composed of
relative density 60% sand, the zone where the factor of safety is less
than 1.0 is observed in a zone between 0.2m to 3.0m below the ground
surface under infiltration rate of 1.8x10°cm/s. Therefore, if rainfall of

which infiltration is 1.8x10°cm/s is occurred on this slope, shallow
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landslide may be occurred.
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