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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 

et al., 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 

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.

 
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 (𝜃𝑤 ) 

equals the soil's porosity, as expressed in the 

following equation: 

𝜃𝑤 = 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 (𝑢𝑎) and water pressure (𝑢𝑤), or 𝑢𝑎 – 

𝑢𝑤.  

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, 

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 (𝜃𝑟𝑒𝑠). 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. 

 

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. 

𝜃𝑤 = 𝐶(Ψ)
𝜃𝑠𝑎𝑡

ln[𝑒+(
Ψ

𝑎
)

𝑛
]

𝑚            (2) 

where 𝑎, 𝑛 and 𝑚 are curve-fitting parameters 

that control the shape of the volumetric water 

content function, C(Ψ) is a correlation function, 

Ψ is equal to the matric suction value, 𝜃𝑠𝑎𝑡 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 (𝐾𝑠𝑎𝑡). The closed-form 

equation for hydraulic conductivity in general is 

as follows: 

𝐾𝑤(θ𝑤) = 𝐾𝑠𝑎𝑡

∫
θ𝑤−𝑥

Ψ2(𝑥)

θ𝑤
θ𝑟𝑒𝑠

 𝑑𝑥

∫
θ𝑠𝑎𝑡−𝑥

Ψ2(𝑥)

θ𝑠𝑎𝑡
θ𝑟𝑒𝑠

 𝑑𝑥
           (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 (𝜎 − 𝑢𝑎), (𝜎 − 𝑢𝑤) 

and (𝑢𝑎 − 𝑢𝑤) can be used for this purpose. In 

the current study, two variables (𝜎 − 𝑢𝑎)  and 

(𝑢𝑎 − 𝑢𝑤) 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: 

τ =  c′ + (σ −  u)tanϕ′                (4) 

Where: τ is the shear strength, c' is the effective 

cohesion, σ is the normal stress, u is the pore 

water pressure, and ϕ' 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 (ϕb) 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 

τ = 𝑐′ + (𝜎 − 𝑢𝑎) tan 𝜙′ + (𝑢𝑎 − 𝑢𝑤)𝜙𝑏   (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 (θsat) 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 

SWCC parameters Slope stability parameters 

Name 
𝜃𝑟𝑒𝑠(% 𝑜𝑓 𝜃𝑠𝑎𝑡) 𝜃𝑠𝑎𝑡 m n a 

Friction 

Angle (°) 

Cohesion 

(kPa) 

Unit Weight 

(kN/m³) 

Material 

Model 

50 0.45 15 2 50 30 30 20 
Mohr-

Coulomb 

Dam 

material 

 
Fig. 3. Specifications of the Earth Dam 
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Fig. 4. Effect of a parameter on SWCC 

 
Fig. 5. Effect of n parameter on SWCC 

 
Fig. 6. Effect of m parameter on SWCC 
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Fig. 7. Effect of 𝜽𝒔𝒂𝒕 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 

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. 

 
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 

𝜃𝑠𝑎𝑡 has no discernible impact on flow rate, 

suggesting that it plays an insignificant role in 

the dam's hydraulic performance under the 

studied conditions.

 
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 (θₛₐₛ): The FoS 

remains constant for all values of θₛₐₛ, 

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 0 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. values 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 in a. 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 θsat 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 θsat. 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 θsat values show that the 

factor of safety remains relatively consistent 

after the initial drop. The highest F.S is observed 

for θsat =0.3, while the lowest is for θsat =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 θsat. 
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Fig. 12. Effect of a parameter on the safety factor of upstream slope in rapid drawdown 

 
Fig. 13. Effect of n parameter on the safety factor of upstream slope in rapid drawdown 

 
Fig. 14. Effect of m parameter on the safety factor of upstream slope in rapid drawdown 
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Fig. 15. Effect of 𝜽𝒔𝒂𝒕 parameter on the safety factor of upstream slope in rapid drawdown 

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 𝛾𝑠𝑎𝑡, which corresponds to the 

saturated volumetric water content (VWC) 

represented by 𝜃𝑠at. However, SLOPE/W also 

can calculate the unit weight of unsaturated soil 

based on its VWC denoted by 𝜃. 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:  

𝛾 = 𝛾𝑠𝑎𝑡 ‒ [𝛾𝑤 ∗ (𝜃𝑠 ‒ 𝜃)]    (6) 

where 𝛾𝑤 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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Fig. 16. The effect of unit weight in steady state condition 

 
Fig. 17. The effect of unit weight in rapid drawdown condition 

 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.  

 

 [
 D

O
I:

 1
0.

22
03

4/
JE

G
.2

02
5.

19
.5

.1
01

88
42

 ]
 

 [
 D

O
R

: 2
0.

10
01

.1
.2

22
86

83
7.

14
04

.1
9.

5.
1.

2 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 n

de
a1

0.
kh

u.
ac

.ir
 o

n 
20

26
-0

6-
13

 ]
 

                            14 / 21

http://dx.doi.org/10.22034/JEG.2025.19.5.1018842
https://dor.isc.ac/dor/20.1001.1.22286837.1404.19.5.1.2
https://ndea10.khu.ac.ir/jeg/article-1-3150-en.html


 

  

 
 Journal of Engineering Geology, Volume 19, Issue 5, 2025 

 

641 

 

 

 

 
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. 

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. 

 
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 (θₛₐₛ) exhibits 

negligible impact on flow dynamics, suggesting 

its exclusion in flow management strategies. 

Downstream Slope Stability: 

5- Variations in parameters  a ,  n , and θₛₐₛ 

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 (θₛₐₛ) 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 θₛₐₛ 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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بر پایداری شیب سد خاکی در حالت جریان پایدار و تخلیه سریع  SWCC تاثیر پارامترهای
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   چکیده اطلاعات مقاله
 مقاله پژوهشی نوع مقاله:

 

 06/12/1403 :افتیدر خیتار

 20/03/1404: رشیپذ خیتار
 

  ها:واژهکلید

خدا  بدا ،یخدا    ،یسدددد  شددد  را

شدده دده ر  بت یمنحن خا   یم

(SWCCتحل ،)ب،یشد یداریپا لی 

GeoStudio 

سد نیا شده ده ر  بت یمنحن یپارامترها ریتأث یمطالعه به برر سدد  کی بیشد یداریبر پا (SWCC) خا  یم
شدرا یخا  سدر داریحالت پا طیتحت  شدبا یرفتار خا    تی. با ت جه به اهمپردازدیسدط  ب  م عیو افت  در  را

صد   مكان نیا ،یخا  یسددها شدبا یخا    کیپژوهش از ا بر نرخ  SWCC یرهاپارامت ریتأث لیتحل یبرا را
سدتااده م بیشد یداریب  و پا انیجر شدان م جینتا . ندیا را  انینرخ جر nو  a یپارامترها شی ه افزا دهدین
 یپدارامترهدا ب،یدشددد یداریدپدا لید. در تحلدهددیبن را  داهش م mپدارامتر  شی ده افزا یدر حدال دهدد،یم شیافزا

SWCC شددمقابل ریتأث سددتنییپا بیشدد یداریبر پا یریگچ شددتند، اما افزا د م جب  اهش  mپارامتر  شیندا
شدرا یمنیا بیضدر یجزئ سدر طیشدد. تحت  ضدر عیافت   بیسدط  ب ، همه پارامترها در ابتدا منرر به  اهش 

شددبا یدر نظر گرفتن وزن مه دد ص   ن،یشددد. عهوه بر ا یابیروز باز 10پس از  یداریشدددند، اما پا یمنیا  را
نقش  هاافتهی نی. ادیسدط  ب  بهب د بهشد عیو افت سدر داریحالت پا ی یرا در هر دو سدنار یمنیا بیخا ، ضدر

 . ندیرا برجسته م یخا  یسدها یداریپا لیو تحل یدر  راح راشبا یخا    طیشرا یاتیح

 مقدمه

نوع سد در جهان،  نیبه عنوان پرکاربردتر یخاک یسدها

 فایا داریمنابع آب و توسعه پا تیریدر مد یاتینقش ح

 لیبه دل میعظ یهاسازه نیا یکیمکان-دروی. رفتار هکنندیم

متخلخل  طیو گاز در مح عیجامد، ما یحضور همزمان فازها

برخوردار است. درک  یقابل توجه یهایدگیچیخاک، از پ

 یمنحن قیاز طر ژهیبه و راشباع،یغ طیخاک در شرا اررفت

 یاساس یهااز جنبه یکی(، SWCCخاک ) یمشخصه رطوبت

. شودیها محسوب مسازه نیا یداریپا لیو تحل یدر طراح

 یپارامترها ریتأث کیستماتیس یپژوهش با هدف بررس نیا

 ,a) یدهنده منحنشکل یشامل پارامترها SWCC یدیکل

n, mی( و محتوا ( آب اشباعθₛₐₛبر عملکرد ه )یکیدرولی 

 یمختلف بارگذار طیدر شرا یسد خاک کی یاسازه یداریو پا

 یالرزه یسطح آب، و بارگذار عیشامل حالت ماندگار، افت سر

 انجام شده است.

 هامواد و روش

و  یریآن بر نفوذپذ ریو تأث راشباعیغ یهاخاک یتئور

 یندهایاز فرآ یکیخاک  قیمقاومت خاک: نفوذ آب از طر

 لیتحل یسنت یهااست. مدل کیژئوتکن یدر مهندس یاساس

در  شوند،یاشباع محدود م یهابه خاک ینیرزمیآب ز انیجر

درک  ازمندین راشباعیغ یهاخاک لیکه تحل یحال

 از رفتار خاک است. یتردهیچیپ

در  ینقش مهم یمنحن نیآب:ا-مشخصه خاک یمنحن

مانند  ییدارد و پارامترها راشباعیغ یهادرک خواص خاک
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در حالت اشباع  یآب حجم زانی(، مAEVهوا ) یارزش ورود

(𝜃𝑠𝑎𝑡و آب حجم )ماندهیباق ی (𝜃𝑟𝑒𝑠را شامل م )شودی. 

افزار و با استفاده از نرم یمطالعه به صورت عدد نیا

انجام شده است. مدل مورد  GeoStudio 2018 شرفتهیپ

متر با سطح آب  12همگن به ارتفاع  یسد خاک کی یبررس

 یآن خاک رس دهندهلیمتر بوده که مصالح تشک 10مخزن 

 .باشدیمقاله م 1با مشخصات مفصل ارائه شده در جدول 

 یسازهیشب یبرا SEEP/Wاز ماژول  جامع، لیتحل یبرا 

استفاده  یداریپا لیتحل یبرا SLOPE/Wنفوذ و از ماژول 

 یبوده به طور تیحساس زیبر آنال یمبتن قیشد. روش تحق

تا  n (5/1(، 110تا  10)در بازه  a یاز پارامترها کیکه هر 

5 ،)m (5  و 30تا )θₛₐₛ (3/0 به صورت مجزا 5/0تا )

و  یکیدرولیه یهاهر کدام بر پاسخ ریو تأث هداده شد رییتغ

 .دیگرد یسد بررس یکیمکان

روز  90متر بر روز و به مدت  1با نرخ  عیافت سر طیشرا 

اثرات  نیشد. همچن یگذرا مدلساز لیبه صورت تحل

 بیو با اعمال ضر یکیاستاتهبا استفاده از روش شب یکینامید

 یهانرخ ریتأثقرار گرفت.  یابیمورد ارز 15/0 یشتاب افق

اثر در نظر  زیمتر بر روز( و ن 4و  2، 5/0مختلف افت آب )

خاک به صورت جداگانه  راشباعیوزن مخصوص غ یریگ

 شد. لیتحل

 و بحث جینتا

صلل از تحل جی: نتایکیدرولیرفتار ه شلان داد  لیحا نفوذ ن

 یعبور انیبا نرخ جر یمیرابطه مسلتق n و a یکه پارامترها

سللد دارند، به طور پارامترها منجر  نیا شیکه افزا یاز بدنه 

پلذ شیبله افزا ظله نفوذ بلل مظح . در گرددیخلاک م یریقلا

 امتردارد. پلار انیلاثر معکوس بر نرخ جر m مقلابلل، پلارامتر

θₛₐₛ سللل ریتأث سلللو شلللان نداد که  نفوذ زانیبر م یمح ن

 طیپارامتر تحت شلرا نیاز ا یریدهنده اسلتقظل نفوذپذنشلان

 .باشدیشده م یبررس

سلتات یداریپا شلرایکیا  a ،n  یپارامترها دار،یپا طی: در 

سلللتنییپلا بیلشللل یداریلبر پلا یزینلا  ریتلأث  θₛₐₛ و  د

شلتند. افزا ضلر یموجب کاهش جزئ m پارامتر شیدا  بیدر 

ملا مقلاد یمنیا ملام موارد در  یمنیا بیلضلللر ریشلللد، ا در ت

 .محدوده قابل قبول قرار داشتند

روز اول افت  10: در خظل عیافت سر طیدر شرا یداریپا

مورد مطالعه منجر به  یپارامترها یسللطح آب، تمام عیسللر

 نیبالادست شدند. با ا بیش یمنیا بیکاهش قابل توجه ضر

سللل نیوجود، پس از ا  یدیبه تعادل جد سلللتمیدوره گذرا، 

سلللت  ضلللر افتیلد  یبرا 3/2تا  2 ریحول مقلاد یمنیا بیلو 

 شد.  تیتثب رامترهاپا یتمام

صلوص غ اثر شلباعیوزن مخ اثرات خاک  یری: در نظر گرا

شلباعیغ سلتفاده از وزن مخصلوص واقع را منجر به بهبود  یو ا

ضللر شللد.  یبارگذار طیشللرا یدر تمام یمنیا بیقابل توجه 

سلللر لیلبهبود در روز دهم تحل نیا  %7/6در حلدود  عیافلت 

شلل شللد که نا سللبه  در  کیاز اثرات مثبت مکش ماتر یمحا

 .باشدیخاک م یبرشمقاومت  شیافزا

ضلللر یا: اعمال بار لرزهیالرزه لیتحل منجر  15/0 بیبا 

ضللر %20به کاهش حدود  شللرا یمنیا بیدر  سللبت به   طین

 یداریپا زین طیشرا نیحال، سد در ا نی. با ادیگرد یکیاستات

 .خود را حفظ نمود

سلل ریتأث شللان داد  یهانرخ ینرخ افت: برر مختلف افت ن

فلت ) یهلاکله نرخ نلدتر ا کلاهش  5/0ک بله  متر بر روز( منجر 

ضلرو کم تریجیتدر که  یدر حال شلوند،یم یمنیا بیخطرتر 

و  یمتر بر روز( موجلب کلاهش نلاگهلان 4) ترعیسلللر یهلانرخ

 .گردندیمدت مدر کوتاه یمنیا بیضر دیشد

 یریگجهینت

 یپارامترها ریتأث یپژوهش به صورت جامع به بررس نیا

SWCC هاافتهیپرداخته است.  یخاک یبر عملکرد سدها 

بر رفتار  یاکنندهنییتع ریپارامترها تأث نیکه ا دهندینشان م
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5، شماره 19زمین شناسی مهندسی، دوره  647  

 یسازنهیسد دارند. به یگذرا یداریو پا یکیدرولیه

هدفمند نرخ نفوذ  تیریبه مد تواندیم n و a یپارامترها

 تیریکنترل و مد ازمندین m که پارامتر یدر حال د،ینما کمک

نسبت  دستنییپا بیش یداری. اگر ه پاباشدیم یترقیدق

 دهد،ینشان م یکمتر تیپارامترها حساس نیا راتییبه تغ

به صورت  عیافت سر طیبالادست در شرا بیش یداریاما پا

 تیابلوجود، سد از ق نی. با اردیگیقرار م ریموقت تحت تأث

دستاورد  نیتربرخوردار است. مهم داریبازگشت به حالت پا

رفتار خاک  یریبر ضرورت در نظر گ دیپژوهش تأک نیا

 یداریپا یهالیدر تحل کیو اثرات مکش ماتر راشباعیغ

 راشباعی. استفاده از وزن مخصوص غباشدیم یخاک یدهاس

 یمنیا بیفرض اشباع کامل منجر به محاسبه ضر یبه جا

نرخ  تیریمد ن،ی. همچنشودیم تریو اقتصاد ترنانهیبعواق

ابزار کارآمد در کنترل  کیافت سطح آب مخزن به عنوان 

 نیا جی. نتاگرددیم شنهادیپ یاضطرار طیسد در شرا یداریپا

 نیتدو یبرا یمناسب یعلم یمبنا تواندیمطالعه م

 یاز سدها یبردارو بهره یطراح ترقیدق یهادستورالعمل

 .دیفراهم نما یخاک
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