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This study investigates the effect of Soil-Water Characteristic Curve (SWCC)
parameters on the slope stability of an earth dam under steady-state and rapid
drawdown conditions. Given the importance of unsaturated soil behavior in earth
dams, this research employs principles of unsaturated soil mechanics to analyze
the influence of SWCC parameters on water flow rate and slope stability.The
results indicate that parameters a and n positively enhance the flow rate, while an
increase in parameter m reduces it. In slope stability analysis, parameters of
SWCC showed negligible effects on the downstream slope stability, whereas an
increase in m caused a slight reduction in the safety factor. Under rapid drawdown
conditions, all parameters initially led to a decrease in the safety factor, but
stability was restored after 10 days. Additionally, accounting for the unsaturated
unit weight of the soil improved the safety factor in both steady-state and rapid
drawdown scenarios. These findings highlight the critical role of unsaturated soil

conditions in the design and stability analysis of earth dams.

Introduction

Earth dams are among the most critical and
complex engineering structures. They often
require substantial investment for their study and
construction. Ensuring the safety of these
structures during both construction and
operation is of paramount importance.
According to the International Commission on
Large Dams (ICOLD), more than 81% of dams
globally are earth dams. These structures provide
several benefits, such as lower construction
costs, simpler technologies, and high
adaptability to various construction conditions.
However, operating earth dams requires careful
attention to specific conditions, particularly
regarding seepage from the dam body and
overall stability.

A crucial design consideration for earth dams is
the amount of seepage that occurs through their
bodies. Over the years, numerous analytical
methods have been developed to assess seepage
flow. Using Darcy's law, Dupuit (1863)

established a relationship to estimate flow
through any vertical surface. Dehisce et al.
(Djehiche et al., 2012) provided a formula for
estimating seepage from a homogeneous earth
dam on a permeable foundation. Casagrande
(Casagrande, 1925) introduced a methodology to
determine the flow rate through an earth
structure, considering parameters such as core
width, water height behind the dam, and core
embankment angle. Stello (1987) developed a
chart method to predict the phreatic line and
seepage flow in earth dams on impermeable
foundations. When compared to modern
software analyses, the chart method was found
to underestimate results by 18%. More recent
studies by Kasimov and colleagues (Kacimov et
al., 2021, 2020; Kacimov and Brown, 2015)
have explored the use of barrier strips and plant
growth patterns to examine flow lines within the
dam body. Seepage in earth dams is a critical
design consideration; exceeding acceptable
limits can lead to dam failure. Despite the
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availability of various investigation and analysis
techniques, inconsistencies in the hydraulic
behavior of water and seepage from the dam's
body and foundation may still exist (Rezaeeian
etal., 2019; Stark and Jafari, 2018). Determining
the position of the seepage line, is essential for
analyzing the hydraulic performance of both
homogeneous and non-homogeneous earth
dams, as it allows for the derivation of current
flow networks and seepage quantities (Rahimi,
2018).The seepage line (or phreatic line) is the
upper boundary of groundwater flow within the
body of an earth dam, where the water pressure
equals atmospheric pressure (zero gauge
pressure). This line represents the surface below
which the soil is fully saturated and seepage
occurs, while the zone above it remains
unsaturated. The degree of saturation in the
downstream shell of an earth dam significantly
impacts the stability of the structure; excessive
saturation can threaten dam integrity. Properly
addressing these factors can yield valuable
insights for dam designers and operators.
Understanding the soil behavior in earth dams
necessitates applying unsaturated soil mechanics
principles. Compared to classical soil
mechanics, unsaturated soil mechanics presents
many challenges, primarily due to the
complexities of unsaturated soil behavior. An
earth dam is considered stable when the stresses
applied at any given point are less than the
mobilized resistance of that segment. The
stability of an earth dam is relative and can vary
based on the interplay between destructive
forces and resisting forces (Guo et al., 2019).
Over recent decades, research has focused on
how various elements—such as dam material,
cohesion, friction, upstream slope, and discharge
rates—affect dam stability and deformation
(Athani et al., 2015; Hasani et al., 2013;
Mouyeaux et al., 2018; Shan et al., 2020; Wang,
2014).

The soil-water characteristic curve (SWCC)
plays a vital role in comprehending unsaturated
soil properties (Croney and Coleman, 1954;
Fredlund and Rahardjo, 1993). The

understanding of unsaturated soil behavior has
developed from laboratory research to
theoretical models. Initially, the focus was on
creating a single-valued effective stress equation
for unsaturated soils. However, by the late
1960s, it became evident that two independent
stress state variables would better align with the
principles of continuum mechanics (Fredlund,
1978). The 1970s saw the proposal and
evaluation of various constitutive relations
within classical soil mechanics for their
uniqueness (Fredlund and Rahardjo, 1993).
Early studies primarily addressed topics such as
seepage, shear strength, and volume change,
leading to the recognition that unsaturated soil
behavior naturally evolves from saturated soil
behavior (Fredlund, 1978). Many investigations
sought to link volume change and shear strength
through elastoplastic models, incorporating
findings from saturated soil research (Alonso et
al., 1990; Blatz and Graham, 2003). Moreover,
research into  properties connected to
contaminant transport, thermal behavior, and air
flow in unsaturated soils has advanced
understanding through nonlinear soil property
functions (Newman, 1995; Lim et al., 1998).
Asghari pari and Asghari pari (Asghari pari and
Asghari pari , 2025) studied the Seydon Dam in
Iran to investigate the impact of unsaturated soil
on the deterministic and probabilistic analysis of
the stability of earth dams under steady-state
conditions.

This study investigates the effects of Soil-Water
Characteristic Curve (SWCC) parameters on the
stability of earth dam slopes under both steady-
state seepage and rapid drawdown conditions.
The analysis begins with a theoretical
framework on unsaturated soil mechanics,
emphasizing its role in governing soil
permeability and shear strength. Subsequently,
the findings from detailed seepage and slope
stability simulations are presented. The paper
then evaluates the dam's performance during
rapid drawdown, highlighting critical failure
mechanisms. Finally, a sensitivity analysis is
performed to quantify the influence of saturated
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and unsaturated unit weight variations on slope
stability outcomes.

Methods and Materials

Effect of unsaturated soils on permeability and
strength of soils

Unsaturated soils significantly influence both
permeability and strength, playing a crucial role
in geotechnical engineering. Water movement
through soil is essential for understanding
seepage rates from structures like dams. Pore
pressure related to groundwater flow is a vital
factor in this discipline, with both positive and
negative pore water pressures impacting the
soil's stress state, shear strength, and volume
change behavior. Recent studies have
highlighted the necessity of comprehending
water flow in unsaturated soils for the effective
design of geotechnical structures. Historically,
groundwater flow analyses have focused on
saturated soils, classifying flow scenarios as
either confined or unconfined. Flow beneath a
structure is generally treated as a confined flow
problem, while flow through a homogeneous
embankment is  considered  unconfined.
Unconfined flow problems present greater
analytical challenges, as they require pinpointing
the location of the phreatic surface, which
separates positive and negative pore water
pressures. However, in these analyses, flow

Saturated Unsaturated

18 -8Sr

occurring in the capillary region above the
phreatic line is often neglected.

The saturated soil model is useful for quickly
identifying areas of soil that consistently remain
below the phreatic level. However, it is
inadequate for soils that may become partially
saturated during analysis. In such cases, the
unsaturated zone can conduct water at rates
similar to saturated soils, potentially leading to
overestimations of flow rates and unrealistic free
water levels. The soil's ability to transmit water
under both saturated and unsaturated conditions
is characterized by the hydraulic conductivity
function. In saturated soils, all pore spaces are
filled with water. When soils become slightly
unsaturated, air enters larger pores, making them
impermeable for flow and increasing the
tortuosity of the flow path, as depicted in Figure
1. This results in a decrease in hydraulic
conductivity. As pore water pressure becomes
more negative, more pores fill with air, further
reducing hydraulic conductivity. This illustrates
that the flow capacity through the soil profile
depends on the volumetric water content.
Although determining the hydraulic
conductivity function can be time-intensive and
expensive, it can be estimated using various
predictive methods based on grain size
distribution curves or measured volumetric
water content and saturated hydraulic
conductivity.

Fully Drained
Sr

» S =]
Fig. 1. The flow path in saturated and unsaturated soils(Dong et. al, 2020)

Understanding the connection between pore
water pressure and water content is crucial for
seepage analysis. Soil comprises solid particles
and voids that can be occupied by water, air, or
both. In saturated soils, all voids are filled with

water, and the volumetric water content (6,,)
equals the soil's porosity, as expressed in the
following equation:

6,, =nS 1)
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where n represents porosity and S denotes the
degree of saturation. In unsaturated soils, the
volume of water in the pores varies with matric
suction, defined as the difference between air
pressure (u,) and water pressure (u,,), Or ug —
Uy .

Water content is not constant over time or space,
necessitating a function to describe how it
changes with varying pressures in the soil. The
volumetric water content function characterizes
the soil's capacity to retain water under changes
in matric pressure. A typical volumetric water
content function is depicted in Figure 2,

«—— Saturated moisture content

Water

Volumetric Moisture Content

Airentry value

illustrating the volume of voids filled with water
as the soil drains. The three primary properties
defining this function are porosity (n), air entry
value (AEV), and residual volumetric water
content (0,.;). The AEV indicates the level of
negative pore water pressure at which the largest
voids begin to drain freely, influenced by the
maximum pore size and pore size distribution
within the soil. The residual volumetric water
content represents the percentage of water
content beyond which further increases in
negative pore water pressure do not significantly
alter the water amount in the soil.

Soil particle

Residual zone of unsaturation

zone

\
Boundary effect zone :
|
|

«+—— Residual degree of saturation —> \ "

Transition

Matric suction (kPa)

Fig. 2. Function of volumetric water content (Azmi et. al, 2016)

There are several methods to estimate the
volumetric water content function or SWCC.
Fredlund and Xing (Fredlund and Xing, 1994)
used the closed-form equation that requires
curve fitting parameters to generate the SWCC
as follows.
BOsat

Oy = C(¥) m[e+ (%)n]m (2)
where a, n and m are curve-fitting parameters
that control the shape of the volumetric water
content function, C(W) is a correlation function,
¥ is equal to the matric suction value, 6q is the
volumetric water content in the saturated state.
Volumetric water content functions exist for a

variety of soil particle size distributions, from
clay to sand. These functions are generated using
the characteristic curve fitting parameters in
Equation 2. To estimate the value of hydraulic
conductivity, we use the equation proposed by
Fredlund et al. (1994). The parameters in the
equation are generated by using curve-fitting
parameters from the volumetric water content
function and an input value for saturated
hydraulic conductivity (Ks,;). The closed-form
equation for hydraulic conductivity in general is
as follows:

few Ow— x

eres‘l’z(x)
OsatBsat—x
feres W2 (x) dx

K (ew)_ sat (3)
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In the investigation of soil slope stability in
geotechnical engineering, the shear strength
parameters of each soil type are typically
determined in the laboratory based on water
content and degree of compaction. Using these
parameters, the safety factor of stability can be
calculated for a given sliding surface. However,
it is important to recognize that earth slopes—
particularly in earth dams—exist under unique
conditions where the soil is neither fully
saturated nor completely dry, but rather in an
unsaturated state.

Consequently, when analyzing the stability of
earth dams using unsaturated soil mechanics
theory, the input parameters may differ
significantly from those used in saturated or dry
conditions. One of the most critical factors in
unsaturated soils is the influence of pore water
pressure and pore air pressure variations.
Additionally, shear strength is affected by matric
suction, which is highly variable and dependent
on factors such as degree of saturation,
permeability, and time.

The study of the unsaturated condition of soils
has been started since the 1960s and so far,
several researches have been conducted on it in
the form of laboratory, calculation and theory.
From a practical point of view, these theories and
the results of related experiments have been
analyzed and evaluated in terms of the specific
conditions of executive projects. The mechanical
behavior of soil can be described by the terms of
the state of stress in that soil, and the state of
stress also includes certain combinations of
variables, known as stress state variables. These
variables are independent of the physical
properties of the soil and their number mainly
depends on the number of phases that make up
the soil. To describe the mechanical behavior of
unsaturated soil according to the number of its
constituent phases, at least two stress state
variables are necessary. After much research,
scientists concluded that any combination of
three stress-state variables (o —uy,), (6 —uy,)
and (u, — u,,) can be used for this purpose. In
the current study, two variables (¢ — u,) and

(uq — uy,) are used, which are called effective
normal stress and matric suction, respectively.
The Coulomb equation for shear strength is
commonly used to determine the shear strength
of soils. The equation is typically expressed as:

T=c+ (6 — wtand’ 4)

Where: 7 is the shear strength, ¢' is the effective
cohesion, ¢ is the normal stress, u is the pore
water pressure, and ¢' is the effective angle of
internal friction. This equation is indeed valid for
saturated soils. In unsaturated soils, the shear
strength is influenced by factors such as matric
suction, which affects the pore water pressure,
and the soil-water characteristic curve, which
describes the relationship between water content
and suction. Therefore, when dealing with
unsaturated soils, it is important to consider
these additional factors in determining the shear
strength. However, for unsaturated soils, the
pore water pressure (u) and the -effective
cohesion (c¢") need to be adjusted to account for
the soil's unsaturated state. The unsaturated shear
strength angle (¢») can be determined through
laboratory testing using techniques such as the
direct shear test or triaxial shear test, with
consideration for the soil's degree of saturation.
The linear form of the shear strength equation
proposed by Fredlund et al. (1978) took the form
of an extension of the Mohr-Coulomb failure
criterion

t=c +(0c—uy)tand’ + (ug — u,) P, 5)

According to the above, due to the complexity of
the analysis and evaluation of the stability of
unsaturated soil slopes, usually in the designs
and normal executive works, there is not a lot of
interest in entering this topic. This proposition
and prejudgment are often satisfied that if the
soil is Unsaturated, the analysis is based on
saturated soil, and the results are reliable.
However, nowadays, the discussion of optimal
design, cost, and reliability of projects has
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caused more precise methods to be used in the
design of earth dams.

Software specification

In this paper, we used Geostudio 2018 software
to analyze seepage and slope stability.
GeoStudio 2018 is a comprehensive software
suite utilized for geotechnical analysis and
design, focusing on tasks such as slope stability,
seepage, and soil-structure interaction. Widely
used by civil engineers and geotechnical
professionals, GeoStudio includes several
modules like SLOPE/W for evaluating slope
stability, SEEP/W for modeling groundwater
flow and pore pressure, and SIGMA/W for
stress-deformation analysis. It can simulate
various  environmental and  engineering
scenarios, incorporating factors such as soil
properties and boundary conditions to ensure
accurate and reliable results. The software
supports both steady-state and transient

analyses, making it an essential tool for
assessing the safety and stability of geotechnical
structures under different conditions.

Specifications of the Earth Dam

Consider a homogeneous earth dam with a
height of 12 meters and a water level inside the
reservoir at 10 meters (Figure 3). The dam's
primary material is clay soil, with specifications
listed in Table 1. To examine the impact of
various SWCC parameters, other parameters are
held constant at values in Table 1. Parameter a is
varied with values of 10, 30, 50, 70, 90, and 110,
and its effect on the SWCC is shown in Figure 4.
For parameter m values of 5, 10, 15, 20, and 30
are analyzed, with corresponding impacts shown
in Figure 5. Parameter n is studied with values
of 1.5, 2, 3, 4, and 5, as depicted in Figure 6.
Lastly, saturated water content (0s.) values of
0.3, 0.35,0.4, 0.45, and 0.5 are used to assess its
effect on the curve, shown in Figure 7.

Table 1. Characteristics of earth dam parameters

Slope stability parameters SWCC parameters
Name Material Unit Weight Cohesion Friction o
Model (kN/m?) (kPa) Angle) | & || ™| %at | Bres(%0f bsar)
Dam Mokhr- 20 30 30 50 | 2 | 15 | 0.45 50
material Coulomb

T

v

12m

1710m4T

Fig. 3. Specifications of the Earth Dam
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Fig. 7. Effect of 0,,, parameter on SWCC

Results and discussion

Steady-state analysis results

To investigate the effect of different parameters
of SWCC, first, the analysis of the steady state
of the earth dam was carried out. The saturated
hydraulic conductivity value of the material is

Water X-Conductivity (m/d)

determined to be 0.85 m/day. Based on the
SWCC of the soil material, the hydraulic
conductivity curve in terms of matric suction is
prepared for different conditions and included in
the analysis. As an example, the effect of
parameter a on the permeability curve is given in
Figure 8.

" a=10
v a=30
v a=50
¢ a=70
o a=90
o a=110

o o — ol
—t— —t— t —t——t+
0.01 0.1 1 10

Matric Suction (kPa)

ol ol i eSS EEe
- — — =+

100 1000 10000

Fig. 8. Effect of a parameter on hydraulic conductivity function

The steady-state analysis results are presented in
Figure 9. The findings demonstrate that the flow

rate through the dam exhibits a positive
correlation with parameter a, indicating that an
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increase in a enhances the dam's flow capacity.
This suggests that a improves hydraulic
efficiency, facilitating greater water
discharge.Conversely, the flow rate decreases
with higher values of parameter m, implying that
m introduces flow resistance or restrictive
hydraulic ~ conditions,  thereby  reducing
permeability.Parameter n exhibits a more
complex relationship with flow rate: as n

increases, the flow rate initially rises but
stabilizes when n exceeds 4. This behavior
indicates a saturation effect, where further
increases in n yield diminishing returns in flow
enhancement.In contrast, the results reveal that
Bse: has no discernible impact on flow rate,
suggesting that it plays an insignificant role in
the dam's hydraulic performance under the
studied conditions.

Q(m?/d)

a=10 a=30

a=50 a=70 a=90 a=110

Q(m?/d)

n=1.5 n=2 n=3

Effect of a parameter

Effect of n parameter

Q(m?/d)

0.611
0.600
.58
ol

m=5 m=10 m=15 m=20 m=30

Q(m?/d)

w=0.3 w=0.35 w=0.4 w=0.45 w=0.5

Effect of m parameter

Effect of 6,; parameter

Fig. 9. The results of the seepage analysis in steady-state condition

The stability analysis results for the downstream
slope under steady-state conditions are presented
in Figure 10. The findings reveal the following
key observations: Parameter (a): The factor of
safety (FoS) remains relatively stable across the
tested range of a, with only minor fluctuations.
This indicates that variations in a have no
significant influence on slope stability,
suggesting a robust design within the examined
parameter space. Parameter (n): Similar to a, the
FoS exhibits minimal variation with changes in
n, as the values remain closely clustered. This
implies that slope stability is largely insensitive
to adjustments in n under the given conditions.

Parameter (m): A slight decrease in FoS is
observed as m increases, reaching a minimum at
m = 20, after which it stabilizes. While higher
values of m introduce a marginal reduction in
stability, the overall impact is negligible, and the
slope maintains sufficient stability across the
tested range. Parameter (0(1,71): The FoS
remains constant for all values of 071,
confirming that this parameter does not affect the
stability of the downstream slope under steady-
state conditions.indicating that this parameter
does not influence the stability of the
downstream slope. This suggests that variations
in saturation do not significantly affect the
slope's stability under the conditions tested.
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Fig. 10. The results of the stability analysis of the downstream slope under steady-state conditions

Results of rapid drawdown analysis

Figure 11 presents the results of the rapid
drawdown analysis, which was conducted using
a transient analysis with logarithmically
increasing time intervals. The reservoir was
assumed to drain at a rate of 1 meter per day.
Given an initial water height of 10 meters,
complete emptying occurs within 10 days. To

thoroughly investigate the rapid drawdown
process and assess the stability of the upstream
slope, a total duration of 90 days was considered,
with time steps selected to capture critical phases
of the drawdown. The analysis illustrates the
variations in the dam's water level throughout the
drawdown process, providing insights into slope
behavior under transient conditions.

Fig. 11. the result of the analysis of the rapid drawdown

The results of the stability analysis of the
upstream slope during the rapid drawdown
process and the effect of the SWCC parameters
on it are presented in Figures 12 to 15. The
results of Figure 12 showed that at the beginning

of the drawdown process (around day O to day
10), there was a noticeable drop in the factor of
safety for all values of a. This indicates that the
rapid drawdown significantly affects the stability
of the upstream slope during the initial phase,
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likely due to the sudden reduction in hydrostatic
pressure. After the initial drop, the factor of
safety stabilizes around 2.2 for all values of a
from approximately day 10 onward. This
suggests that, despite the initial instability, the
slope reaches a new equilibrium state where it
remains stable throughout the remainder of the
90-day period. The F.S. wvalues for
different a values (10, 30, 50, 70, 90, and 110)
show very little variation after the initial drop.
This indicates that the stability of the slope is
relatively consistent across these parameter
settings, suggesting that the slope design is
robust against variations ina. All F.S values
remain above 1.5, which is typically considered
a safe threshold in engineering contexts. This
indicates that the slope remains stable and safe
throughout the drawdown process.

Based on Figure 13 we can see that at the
beginning of the drawdown (0 to 10 days), there
is a noticeable decline in the factor of safety for
all values of n. This indicates that the rapid
drawdown significantly impacts the stability of
the slope during this initial period, likely due to
the sudden decrease in hydrostatic pressure.
After the initial drop, the factor of safety
stabilizes around 2.1 to 2.3 for all values of n.
This suggests that, despite the initial instability,
the slope reaches a new equilibrium state where
it remains stable throughout the remainder of the
90-day period. The F.S values for
different n values show minimal variation after
the initial drop. All curves converge around the
same range (approximately 2.1 to 2.3),
indicating that the stability of the slope is
relatively consistent across these parameter
settings. This suggests that the design is robust
against variations in the n parameter.

The results in Figure 14 showed that all curves
have a significant initial drop in the factor of
safety during the first 10 days. This indicates that
the rapid drawdown process has a pronounced
effect on slope stability, likely due to the sudden
reduction in hydrostatic pressure. After the
initial drop, the factor of safety stabilizes for all
values of m. The F.S. values settle around 2.0 to
2.3, indicating that the slope reaches a new
equilibrium state. This suggests that, despite the
initial instability, the slope remains stable
throughout the remainder of the 90-day period.
The curves for different m values show that the
factor of safety remains relatively consistent
across all values after the initial drop. The
highest F.S is observed for m=5, while the
lowest is for m=30. However, all values remain
above the safety threshold of 1.5, indicating a
stable condition.

Figure 15 illustrates the impact of the saturation
parameter @sat on the factor of safety (F.S) of the
upstream slope during a rapid drawdown process
over a 90-day period. The results showed that all
curves exhibited a significant drop in the factor
of safety during the first 10 days same as the a,
n, and m parameters. After the initial drop, the
factor of safety stabilizes around 2.1 to 2.3 for all
values of 8. This suggests that, despite the
initial instability, the slope reaches a new
equilibrium state where it remains stable
throughout the remainder of the 90-day period.
The curves for different fs.: values show that the
factor of safety remains relatively consistent
after the initial drop. The highest F.S is observed
for @sx =0.3, while the lowest is for @sa =0.5.
However, all values remain above the safety
threshold of 1.5, indicating a stable condition.
This indicates that the design is resilient to
variations in the saturation parameter fsa.
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Effect of unsaturated unit weight

In slope stability analysis, the total unit weight is
typically used to define soil weight. It is
commonly understood that the unit weight is
significantly lower above the water table since
the soil is unsaturated. However, in practice,
there isn't a distinct change in unit weight at the
water table, as the soil remains saturated in the
capillary zone above it, with the saturation
decreasing as you move further up.
Consequently, the unit weight above the water
table can vary, as it is influenced by the water
content.

In SLOPE/W, the total unit weight is typically
considered to be the saturated unit weight,
denoted as ¥sq, Which corresponds to the
saturated volumetric water content (VWC)
represented by 6. However, SLOPE/W also
can calculate the unit weight of unsaturated soil
based on its VWC denoted by 6. To do this, a
VWC function for the soil must be established,
indicating how water content varies across a
range of pore water pressures which is known as
SWCC (see Figure 2). Therefore, if the negative
pore-water pressure above the water table is

known, the water content can be derived from
the VWC function, and the soil's unit weight can
be computed using the following equation:

Y = Vsar — [yw * (65— 6)] (6)

where y., represents the unit weight of water.
As illustrated in Figure 16, the transition from
saturated to unsaturated unit weight conditions
demonstrates negligible impact on flow rates
through the dam body. This hydraulic
insensitivity suggests that pore water pressure
redistribution under unsaturated conditions does
not significantly alter the seepage regime,
maintaining  stable  flow  characteristics
regardless of saturation state.

The analysis reveals two critical stability
improvements when accounting for unsaturated
conditions:

In Steady-State Conditions, A measurable
increase in the downstream slope's factor of
safety (FoS) is observed under unsaturated unit
weight assumptions. This enhancement suggests
that matric suction effects provide additional
shear strength, thereby improving the slope's
inherent stability margin during prolonged
steady-state operation.
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The 90-day drawdown simulation reveals
consistently enhanced slope stability under
unsaturated conditions, with the safety factor
(FoS) demonstrating a 6.7% improvement (2.08
vs 1.95) by the 10th day compared to saturated
conditions. This stability advantage persists
throughout the entire drawdown period,
confirming that unsaturated soil mechanics -
particularly the development of matric suction -
provide sustained reinforcement against
potential slope failure during rapid water level
fluctuations. The time-dependent analysis
underscores how unsaturated zone contributions
become progressively more influential during
reservoir depletion, offering critical protection
during this hydrologically vulnerable phase.This
behavior underscores the importance of
unsaturated soil mechanics in maintaining slope
integrity during transient hydraulic events.

Pseudo-Static Analysis of Earth Dam

This study evaluates the stability of an earth dam
under seismic loads using the pseudo-static
analysis method in GeoStudio. In this approach,
the seismic effect is represented as an equivalent
horizontal force proportional to the soil mass
weight. A pseudo-static coefficient of 0.15 was
applied as the horizontal seismic acceleration,
selected based on common geotechnical
engineering standards, regional seismicity, and
the structure's importance.The stability analysis
was performed using SLOPE/W (part of the
GeoStudio suite), where the factor of safety
(FoS) of the dam slope was calculated under
combined static and pseudo-static loading
conditions. Figure 18 demonstrates the effects of
Soil-Water Characteristic Curve (SWCC)
parameters on the dam's behavior during rapid
drawdown conditions in Pseudo-Static Analysis.
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Fig. 18. Effect of SWCC parameters on the FoS of upstream slope in rapid drawdown (Pseudo-Static Analysis)
The results indicate an approximately 20% reduction in the safety factor due to all parameters of SWCC
compared to the static analysis.The results indicate that with a seismic coefficient of 0.15, the dam
remains in a stable condition, with the obtained FoS exceeding the allowable limit.
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Effect of Reservoir Drawdown Rate on
Stability Analysis Results

The influence of reservoir drawdown rate on the
stability analysis was investigated by varying the
rate from the initially assumed value of 1 m/day
to 0.5, 2, and 4 m/day. The results, as illustrated
in Figure 19, depict the relationship between the
Factor of Safety (FoS) and time for different
drawdown rates.the results showed that a slower
drawdown rate (e.g., 0.5 m/day) generally leads
to a more gradual reduction in the FoS, allowing
for longer-term stability as the pore pressure
dissipates more slowly.

3.00

2.80
2.60
2.40

2.20

Conversely, faster drawdown rates (e.g., 2 and 4
m/day) result in a sharper decline in the FoS,
indicating a higher risk of instability in the short
term due to rapid pore pressure changes. The
curves for t=2.5, 5, 10, and 20 days demonstrate
that the FoS stabilizes over time, but the rate of
stabilization is heavily dependent on the
drawdown rate. These findings highlight the
critical role of drawdown rate in slope stability
assessments, emphasizing the need for careful
consideration of reservoir operation strategies to
mitigate potential failure risks.The numerical
labels (4, 2, 1, 0.5 m/day) in the figure show the
reservoir drawdown rate.
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Fig. 19. Effect of Reservoir Drawdown Rate on Stability Analysis Result

Conclusion

This study investigates the influence of Soil-
Water Characteristic Curve (SWCC) parameters
on the hydraulic and stability behavior of earth
dam materials under steady-state and rapid
drawdown conditions. Given that earth dams
often exhibit partially unsaturated conditions,
understanding the hydro-mechanical response of
soils in such states is critical. The key findings
are summarized as follows:

Flow Dynamics Optimization:

1- Parameters a and n significantly influence
seepage flow through the dam, with optimization
of these parameters enhancing flow efficiency.
2- Parameter m requires careful management to
avoid reductions in flow performance.

3- Higher values of n lead to flow stabilization,
underscoring the need to identify optimal

parameter ranges for improved hydraulic
performance.

4- Saturated water content (001,[1) exhibits
negligible impact on flow dynamics, suggesting
its exclusion in flow management strategies.

Downstream Slope Stability:

5- Variations in parameters a, n, and 001,
have minimal influence on downstream slope
stability, with only marginal fluctuations in the
factor of safety (FoS).

6- While higher values of m slightly reduce
stability, the slope remains secure across all
tested ranges, indicating robust design resilience.

Upstream Slope Stability During Rapid
Drawdown:

7-The upstream slope experiences transient
instability during rapid drawdown but stabilizes
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rapidly (FoS~2.2) across all tested a values,
confirming design robustness under transient
hydraulic conditions.

8- Similar stability trends (FoS = 2.1-2.3) are
observed for varying n and m values,
reinforcing the slope’s resilience to parameter
fluctuations.

9- Saturation levels (00,1) do not significantly
alter post-drawdown stability (FoS =~ 2.1-2.3),
further validating the slope’s adaptive capacity.

Role of Unsaturated Conditions in Stability:
10-Steady-state analyses reveal that unsaturated
unit weight conditions enhance the safety factor
without affecting flow.

11- During rapid drawdown, the transition to
unsaturated conditions markedly improves the
FoS, highlighting the slope’s increased
resilience.

Effect of Reservoir Drawdown Rate:

12. The drawdown rate significantly impacts
slope stability, with slower rates (e.g., 0.5
m/day) resulting in a more gradual reduction in
FoS, while faster rates (e.g., 4 m/day) cause
sharper declines. However, the slope stabilizes
over time, emphasizing the importance of
controlled drawdown strategies to mitigate
short-term instability risks.

Pseudo-Static  Analysis Under  Seismic
Conditions:

13. Under seismic loading (pseudo-static
coefficient of 0.15), the dam remains stable,
though the FoS is reduced by approximately
20% compared to static conditions. This
highlights the need to account for seismic forces
in design, even though the structure maintains
stability within acceptable limits.

The study demonstrates that while SWCC
parameters influence flow and transient stability,
the dam’s design exhibits strong adaptability to
hydraulic and mechanical variations. The
consistent stability under rapid drawdown and
the negligible impact of 0[1,[1 underscore the
importance of parameter optimization in earth

dam engineering. Incorporating unsaturated soil
behavior into stability analyses is essential for
enhancing the safety and durability of dam
structures.
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