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Abstract 

In this study, a permeability tank and SEEP/W software were used to examine the effect of geosynthetic clay liners (GCL) 

on seepage discharge and the phreatic line in earth dams. Initially, the SEEP/W software was validated by comparing its 

results with experimental results, and the agreement was excellent. Then, various scenarios were numerically completed 

and studied. The results indicated that adding GCL as a full length on the upstream side of the dam reduced discharge by 

99.97% as compared to a dam without GCL. The results also revealed that decreasing the uncovered GCL height, dam 

height, and upstream head reduced discharge and lowered the phreatic line. Conversely, a decrease in the GCL slope has 

the opposite effect. Additionally, reducing the dam permeability decreased discharge, but the location of the phreatic line 

remained constant. By decreasing the dam slope, seepage discharge increases while the observable phreatic line decreases. 

An empirical equation was developed to determine seepage discharge through the earth dam with only a GCL with a 

coefficient of determination (R² = 96.4%). Finally, the results show that using an earth dam with a GCL (y = 6 cm) and a 

medium drain length (Ld = 40 cm) is an effective case to lower the seepage line, reduce seepage discharge, and prevent 

piping failure. 

Keywords: Earth Dam; Geosynthetic Clay Liners (GCL); SEEP/W; Permeability Tank; Seepage; Phreatic Line. 

 

1. Introduction 

Dams are constructed for different purposes, such as hydropower production, flood control, irrigation, and water 

supply for domestic and agricultural purposes [1, 2]. Earth dams are among the earliest dam types and can be constructed 

more affordably using locally available natural materials [3]. Due to defective design, inadequate site investigations, 

improper operational management, and inadequate maintenance, earth dams are more prone to hydraulic, seepage, and 

structural failure [4]. The most important problems resulting from water seepage in earth-fill dams include piping, 

sloughing, and high pore-water pressure within the dam structure [5]. About 58.3% of earth dam failures are caused by 

piping within the dam [6]. Other studies have shown that internal corrosion and piping are the causes of earth dam 

failure, which greatly affects the downstream slope stability [7, 8]. Uncontrolled seepage can pose hazards, including 

economic and human losses; therefore, adopting a controlled seepage method is essential to reduce the risk and manage 

it effectively [9]. Two approaches can control seepage. The first approach involves using passive components for anti-

seepage protection, including steel sheet piles, slurry trenches, upstream impermeable blankets, grout curtains, and 
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diaphragm walls. The second approach requires providing a safe outlet for seepage within the dam body or its 

foundations. Drains, sand drains, filters, relief wells, stone columns, and ditches may be used as effective means of 

reducing water seepage [10, 11]. In addition, geosynthetic clay liners (GCLs) are one of the methods that are used to 

control seepage. Geosynthetic clay liners (GCLs) are typically placed over soil layers to act as an effective hydraulic 

barrier due to their significantly low hydraulic permeability to water, installation simplicity, cost-efficiency, limited 

thickness, and exceptional durability against environmental cycling, including freeze-thaw and wetting-drying [12-14].  

GCLs are lining systems that typically consist of a thin layer of bentonite sandwiched between two layers of 

geotextile and may be combined with geomembranes or geotechnical meshes to enhance their hydraulic performance 

[14-17]. Many studies have focused on methods for controlling seepage in embankment dams using various techniques. 

Hoobi Irzooki (2016) derived a novel empirical equation to estimate seepage quantities through homogeneous earth 

dams with horizontal toe drains using the SEEP/W software and artificial neural networks [18]. Jamel (2016) used the 

SEEP/W finite element software to derive an empirical equation for evaluating the seepage rate in a homogeneous earth 

dam without a filter [19]. Salmasi and Nouri (2017) reported that installing an upstream semi-impervious blanket with 

appropriate length and thickness significantly reduced seepage and increased dam stability [20]. Taghvaei et al. (2018) 

used experimental models to study the effect of using nano-clay as an impermeable blanket for earth dams on seepage 

rates. The results showed that increasing the nano-clay amount reduced the discharge rate compared to the baseline 

model. They also validated the numerical model using SEEP/W software with the experimental results [21]. Shakouri 

& Mohammadi (2019) numerically analyzed the effect of varying the penetration length of the cutoff wall within the 

Karkheh Dam under dynamic loading conditions [22].  

El Molla (2019) analyzed the influence of sheet piles on seepage quantity in earth dams using SEEP/W software and 

demonstrated that the total seepage discharge decreased by increasing the height of the sheet pile [23]. Sawada et al. 

(2019) investigated the effect of geosynthetic clay liner placement in small earth dams on dynamic stability [24]. Ullah 

et al. (2019) implemented a clay blanket and a cutoff wall with a sand filter at the Baz Ali small dam to mitigate seepage 

discharge. The results showed that adding a 100 m-long clay blanket to the upstream side was more effective at 

diminishing seepage rates [25]. Al-Mansori et al (2020) investigated Khassa Chai Dam in Iraq as a case study to evaluate 

the effect of total head measurements and core permeability on seepage quantity [26]. Sazzad & Alam (2020) used 

SEEP/W software to investigate the effect of using a grout curtain as a barrier in the upstream face of an earth dam. The 

results indicated that the grout curtain, which was considered bentonite, was sufficient to control seepage within the dam 

body [27]. Attia et al. (2021) studied the influence of an internal cutoff wall within an earth dam on seepage discharge 

by utilizing the Hele-Shaw experimental model [28]. Kumar et al. (2022) used the SEEP/W program to study the effect 

of 21 homogeneous earth-dam models with impervious foundations on seepage behavior. The models were considered 

with and without a horizontal filter and with varying widths of the central impervious core [29]. Fawzy et al. (2023) 

experimentally and numerically evaluated the seepage quantity and pore water pressure through earth dams. The study 

included cases of grouted diaphragms with and without defects. The results indicated that a grouted diaphragm 

penetrating the full dam height, together with a toe drain, was the optimal solution for rehabilitating earth dams [30].  

Jamel & Hassan (2024) studied the effect of different core angles and the hydraulic conductivities of shell earth dams 

and cores on slope stability under static conditions using SEEP/W software [31]. Haghdoost et al. (2024) studied the 

effects of inclination angle, number, and distance of sheet piles on seepage characteristics in an earthfill dam using 

SEEP/W software[32]. Hassan et al. (2024) indicated that the use of two drainpipes in the Al-Adhaim dam effectively 

lowered the location of the phreatic line and decreased seepage discharge [33].  Jamel and Hassan (2025) studied the 

seepage characteristics of an earth dam by using different angles of the central core, as well as various materials and 

shapes of the dam body [34]. Kidder and Behaya (2025) used a hydraulic conductivity tank to study the effects of 

geometry and the core position on seepage characteristics within an earthfill dam. The results indicated that the 

trapezoidal core was the most efficient at reducing seepage by about 62%-79% [35]. Konishi et al. (2025) investigated 

the impact of the implementation slope angle of geosynthetic clay liners on the seismic stability of small earth-fill dams 

[36]. Charrak et al. (2025) showed that using a cutoff wall in a central location with a suitable horizontal drain resulted 

in a significant reduction in seepage discharge and enhanced the safety of earth dams [37]. Khursheed et al. (2025) 

established an empirical formula for predicting the seepage discharge through a non-homogeneous earth-fill dam resting 

on a permeable base [38]. 

Previous studies have not adequately investigated the effect of geosynthetic clay liners (GCL) on seepage 

characteristics within earth dams using a permeability tank model. Therefore, the present study examines the effect of 

implementing geosynthetic clay liners on the upstream side of the earth dam on seepage discharge and the seepage line 

using the permeability tank model and SEEP/W software. The study experimentally examines various cases of earth 

dams, including different uncovered heights of GCL, GCL-covered dam slopes, and lengths of downstream drains, to 

assess their effects on seepage discharge and the seepage line, and compares these with those of the dam without a drain 

or GCL. In addition, the results of the experimental model are compared with those of the numerical model (SEEP/W 

software). Then, additional cases of earth dams are analyzed numerically, including variations in upstream dam slopes, 

dam permeability, and dam height, and their effects on seepage discharge and the phreatic line. The present paper is 
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organized as follows: Section 2 describes the experimental work and materials. Section 3 presents the results and 

discussion. Section 4 evaluates the numerical modeling. Section 5 presents the seepage discharge equation through an 

earth dam with geosynthetic clay liners. Section 6 summarizes the main conclusions, and Section 7 lists the references. 

2. Experimental Work and Materials 

Laboratory experiments were conducted to simulate the movement and flow through an earthen dam using a 

permeability tank. The tank consisted of a solid base with two transparent plates installed to allow direct visualization 

and monitoring of the earthen dam during the experiment, while the side walls were constructed from steel plates to 

enhance the model's stability and strengthen the tank walls. The tank was made with dimensions of 220 cm in length, 

60 cm in height, and 20 cm in width. A plastic mesh was placed at the tank entrance to reduce water flow and its impact 

on the upstream side of the body dam during the opening of the water supply pipe. Sixteen pressure sensors and 

piezometers were installed along the base of the dam at a constant spacing of 12 cm to measure the distribution of the 

water head during a steady-state experiment. The pressure sensor HX710B was manufactured in China and has a range 

of 0 to 40 kPa. The Arduino board was connected to all the sensors, located inside a protective box, as shown in Figure 

1. Each sensor was connected to a tube that transmits the pressure head from the measurement point to the sensor and 

then to the Arduino for data measurement and recording on the computer. A water inlet pipe was installed on the 

upstream side to provide a continuous water supply to the tank. The upstream water heads are controlled via an overflow 

pipe to maintain the dam's retained head. A drain pipe was used on the downstream side to measure seepage discharge 

through the dam body. Figure 2 illustrates an overview of the permeability tank apparatus. 

 

Figure 1. Connection of the Arduino board to the pressure sensors 

 

Figure 2. Permeability tank apparatus 

2.1. Dimensions and Materials of the Dam Models 

The real dam models with an impervious foundation were scaled down by a factor of 1:25. Avoidance and 

compensation techniques were adopted to scale the experimental dam model, as recommended by Heller (2011) [39] 

and Refaiy et al. (2021) [40]. This scaling was not applied to the soil properties and side slopes of the dam. A small-

scale dam model was 34 cm in height, 10 cm in crest width, and 7.4 cm in freeboard, with upstream and downstream 

slopes of 3:1 and 2:1, respectively. The dam dimensions were selected according to Stringer's recommendations for 

small earth dams [41]. The dimensions of the real dam and the scaled model are presented in Table 1. 
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Table 1. Dimensions of the real dam and scaled model 

Dam parameter Real dam Scaled model 

Dam height 8.5 m 34 cm 

Width of the crest 2.5 m 10 cm 

Free board 1.85 m 7.4 cm 

The upstream water head 6.65 m 26.6 cm 

The downstream water head 0 0 

The upstream slope of the earth dam 3:1 3:1 

The downstream slope of the earth dam 2:1 2:1 

Thickness of GCL 0.0065 m 0.65 cm 

Drain lengths 3.75, 10, 16.25 m 15, 40, 65 cm 

The particle-size distribution curves for the drain and dam body are shown in Figure 3. The soil type is identified as 

poorly graded sand by the Unified Soil Classification System (USCS) (ASTM 6913 and ASTM 2487). The shell dam 

and drain were used as coarse sand and poorly graded sand, with corresponding permeability coefficients of 0.00619 

m/s and 0.0000907 m/s, respectively. These values are acceptable according to Das (2002) [42]. 

 

Figure 3. Grain size distribution 

The dry dam material was prepared and constructed inside a permeability tank in five successive layers, each 6.8 cm 

thick. Each layer was compacted using a steel base to achieve a relative density of 75% at a dry density of 1.56 g/cm³, 

as shown in Figure 4. However, the weight of dam material required and used for each layer was calculated based on 

the dam body geometry and a dry density. The hydraulic conductivity test of the dam material in the laboratory was 

conducted using the same compaction method used during the dam's compaction inside the permeability tank. The dry 

density value, which corresponds to a relative density of 75%, was determined using the maximum and minimum dry 

density tests (ASTM 4253 and ASTM 4254). This relative density falls within the range of dense soil, according to 

Budhu (2010) [43]. 

 

Figure 4. Steel base used for compacting the soil layers of the dam inside the tank 
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Geosynthetic clay liners (GCLs) with a thickness of 6.5 mm were installed on the upstream side of the earth-dam 
model as a barrier due to their low permeability. Silicone was used to bond the inner sides of the tank to geosynthetic 
clay liners, ensuring a strong bond and preventing water leakage from the edges. A geotextile was selected as a separator 
between the dam and the drain materials to prevent sand particles from passing through the coarse sand voids. The 
permeability of geosynthetic clay liners and geotextiles is 3×10-¹¹ m/s and 0.095 m/s, respectively. Soil properties tests, 
i.e., sieve analysis, maximum and minimum dry density, and constant head permeability tests, were conducted in the 
Soil Mechanics Laboratory at the University of Kirkuk. The seepage discharge through the dam was determined using 
the volumetric approach, which measures the volume of water flowing from the dam over a specified period. The 

experimental procedure flowchart is shown in Figure 5. 

 

Figure 5. Flowchart of the experimental procedure 

2.2. Geosynthetic Clay Liners (GCL) 

In the present study, the BENTOMAT AS4000 product, a reinforced geosynthetic clay liner (GCL) manufactured 
by CETCO, an AMCOL company, was used. This product consists of a layer of sodium bentonite sandwiched between 
two geotextile fabrics (woven and non-woven). These layers were made using a needle-punching technique, which 
provides effective internal reinforcement that prevents the bentonite from shifting or separating, ensuring extremely low 
permeability and high performance in various soil and site conditions. The hydraulic permeability coefficient of GCL 
was 3×10−11 m/s according to the American standard ASTM D5887, a low value indicating high efficiency in reducing 
water seepage. The thickness of the GCL was 6.5 mm, and the moisture content of bentonite was 12%.  

2.3. Dimensional Analysis 

Dimensional analysis was used to develop empirical equations to estimate seepage discharge within a dam body. As 
shown in Figure 6, the variables that affect seepage discharge can be presented as follows: 

𝑓(𝑞, ℎ𝑤 , 𝐻, ℎ𝑝, 𝑦, 𝑏, 𝑏𝑐 , 𝑘, 𝑡𝑎𝑛 𝜃 , 𝑡𝑎𝑛 𝛼 , 𝑡𝑎𝑛 𝛽) = 0  (1) 

Start 

Experimental cases 

Case 2: Dam with drain 

Placing and shaping material of the drain 

and overlaying it with geotextile fabric 

Drawing the dam model geometry and water heads on the sand tank wall 

Placing the dam material and compacting 

each layer 

Case 3: Dam with GCL 

Constructing the dam body by placing 

material in layers and compacting each layer 

Implementing GCL on the upstream side of the dam 

 

Applying silicone sealant to joints between the sand tank wall and GCL 

 

Placing the remaining dam materials  

 

Completion of fully construction dam body 

Attaining steady-state discharge 

 

Determining seepage discharge and pressure head distribution (using piezometers and pressure sensors)  

 

End 

 

Case 1: Dam without 

drain and GCL 

 

Allowing water to flow while controlling the water level 
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where, q: Seepage discharge through the earth dam model per unit width (L2T−1); hw : Upstream head (L); H: Dam 
height, (L); hp: Head of water in the piezometer and sensor (L); y: Vertical distance from the base of the earth dam to 
the end of the GCL layer (uncovered height) (L); b: Crest width (L); bc: The distance from the starting point of the crest 

dam to GCL lining (L); k: Hydraulic conductivity of the shell dam material (LT−1); θ: Angle of the upstream slope of 
the dam; α: Angle of the downstream slope of the dam; β: GCL slope angle; x: Position of the piezometer or sensor 

from the beginning of the upstream dam (L); and B: Base width of dam (L). 

 

Figure 6. The investigated variables of the earth dam model with GCL 

Using the Π–Buckingham theorem, the variables in the above equation can be written in terms of a set of 

dimensionless parameters, as follows: 
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2.4. The Experimental Modeling 

In the present study, ten earth-dam models were constructed. Three slopes of GCL, i.e., 3:1, 2.5:1, and 2:1, covering 

the dam body and four uncovered heights of GCL (y), i.e., 6, 10, 15, and 20 cm, were studied. GCL is located in the 
middle of the top of the dam and extends to the dam base. In addition, different lengths of horizontal drain (Ld) (15, 40, 
and 65 cm) were situated at the downstream toe of the earth dam with a thickness of 5 cm to prevent the seepage line 

from attaching to the downstream slope of the earth dam. These lengths represent the minimum, medium, and maximum 
effective lengths of the drain and were determined using the Chahar equation [44]. For each model, three upstream water 

heads were set at 13, 20, and 26.6 cm, while the downstream head was maintained at zero to model the worst-case 
seepage condition under the maximum hydraulic pressure difference between upstream and downstream. Thirty 
experiments were conducted to investigate the effects of various parameters on the dam's performance. 

3. Results and Discussion  

3.1. Effect of Uncovered Height of GCL (y) 

When the geosynthetic clay liner was added to the upstream side of the dam with an uncovered height (y) of 6 cm 

and the upstream water depth of 13, 20, and 26.6 cm, the seepage discharge decreased by 30.67%, 22.89%, and 42.6%, 
respectively, compared to the dam without GCL (Figure 7). Consequently, the GCL acts as a low-permeability barrier, 
and the interaction of the bentonite layer with water causes it to swell, effectively sealing the pores and significantly 

reducing water movement, thereby reducing hydraulic permeability, Shirazi et al. (2010) [45]. Nevertheless, when 
increasing the uncovered height of GCL (y) from 6 to 20 cm, the seepage discharge was increased by about 71.05% for 
the upstream head of 26.6 cm. In addition, decreasing upstream head reduced seepage discharge for both earth dams 

with and without GCL. 
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Figure 7. Seepage discharge (q) through the dam for different uncovered heights (y) of GCL and different upstream heads (𝐡𝐰) 
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At a low upstream water level (hw =13 cm), increasing the uncovered GCL height (y) from 10 cm to 20 cm 
insignificantly impacted the seepage line location within the dam. The location of the phreatic line for different 
uncovered GCL heights (10, 15, and 20 cm) remained the same as in the dam without GCL, due to the seepage flow 

passing beneath the GCL layer without any interaction (Figure 8-a). 
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Figure 8. Location of phreatic line through the dam for various uncovered height of GCL; (a) (𝐡𝐰 =13 cm), (b) (𝐡𝐰 =20 cm), 

(c) (𝐡𝐰 =26.6 cm) 

As shown in Figures 8-b and 8-c, it was found that the phreatic line of an earth dam with an uncovered height of 6 

cm was lower than that of an earth dam without GCL. In addition, it was noted that decreasing the uncovered height (y) 
significantly lowered the phreatic line within the dam for upstream heads equal to 20 and 26.6 cm. However, increasing 
the uncovered GCL height shortened the flow path and reduced hydraulic resistance. Therefore, water moved more 

rapidly under the uncovered section of the GCL because the permeability of the dam body was greater than that of the 
GCL, resulting in increased seepage discharge and a raised seepage line. Figure 9 represents the various samples of the 

studied experimental dam models. 

 

Figure 9. The experimental model for different uncovered heights (y) and GCL slope of (3:1); (a) (y=6 cm), (b) (y=10 cm), 

(c) (y=15 cm), (d) (y=20 cm) 

(a) (b) 

(c) (d) 
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3.2. Effect of Upstream Slope of Geosynthetic Clay Liners 

Based on the experimental results, increasing upstream heads increased the seepage discharge for earth dams with 

various GCL slopes, while the uncovered height of the GCL remained constant at 6 cm, as shown in Figure 10. 

Furthermore, the results demonstrated that when the GCL slope was changed from 3:1 to 2:1, the seepage rate increased 

by 3.25%, 9.38%, and 17.89% for upstream water heads of 13, 20, and 26.6cm, respectively. The increase in seepage 

discharge is attributed to the short seepage path, which allows water to move easily. 
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Figure 10. Seepage discharge (q) through the dam for different upstream slopes of GCL and uncovered height (y=6 cm) 

Based on Figures 11-a to 11-c, it was noted that changing the slopes of the GCL layer while maintaining a constant 

uncovered GCL height (y) of 6 cm insignificantly impacted the location of the phreatic line for all upstream water heads. 

Thereby, the geosynthetic clay liner contributes to its effectiveness as a barrier, preventing water from passing through 

due to its low permeability. Consequently, the phreatic line remained stable despite variations in the slope of the GCL. 

In addition, the phreatic line of a dam without GCL was higher than that of a dam with GCL.  
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Figure 11. Location of phreatic line through the dam for various upstream slopes of GCL and uncovered height (y=6cm); 

(a) (𝐡𝐰 =13 cm), (b) (𝐡𝐰 =20 cm), and (c) (𝐡𝐰 =26.6 cm) 
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Thus, it is more efficient and practical to install the geosynthetic clay liners from the dam crest's center and parallel 
to the dam's slope. This configuration provides enhanced accessibility for inspections and maintenance in the event of 
damage, thereby improving system reliability and minimizing long-term maintenance expenses. 

3.3. Effect of Downstream Drain Length (𝐋𝐝) 

Figure 12 presents the relationship between the quantity of seepage (q) through a dam without a drain and the various 

downstream drain lengths (Ld) for all upstream heads (hw). Figure 12 shows that seepage and drain lengths are positively 
correlated; i.e., seepage discharge increases with both drain length and reservoir head. However, for a maximum water 
level of 26.6 cm, it was found that the seepage discharge of an earth dam with a maximum drain length was 

approximately 160.4% higher than that of an earth dam without a drain. The seepage discharge increased as the drain 
length increased from 15 cm to 40 cm and 65 cm by 16.26% and 42.28%, respectively, for an upstream water depth of 

13 cm, 25.68% and 65.76%, respectively, for an upstream water depth of 20 cm, and 51.95% and 97.25%, respectively, 
for an upstream water depth of 26.6 cm. The correlation between pressure head (hp) and the distance (x) for different 
drain lengths and upstream water depths is shown in Figure 13. It was found that the seepage line of the dam with a 15 

cm drain length was higher than that of the 40 cm and 65 cm ones. On the other hand, the seepage line of an earth dam 
with a drain was lower than that of an earth dam without a drain. Therefore, the findings of the present study are 
consistent with several previous studies [40] that indicate that increasing the drain length results in higher discharge and 

a lower seepage line. 
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Figure 12. Seepage discharge (q) through the dam having downstream drain and without drain 
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Figure 13. Location of phreatic line through the dam with various drain lengths in comparison to a dam without GCL;        

(a) (𝐡𝐰 =13 cm), (b) (𝐡𝐰 =20 cm), and (c) (𝐡𝐰 =26.6 cm) 
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It was observed that the earth dam with a minimum drain length of 15 cm decreased seepage discharge, raised 

the phreatic line, and moved it adjacent to the downstream slope face of the dam, leading to increased soil 

saturation in the area and weakening the downstream slope stability. On the other hand, using a maximum drain 

length of 65 cm increased the seepage discharge, reducing the seepage line distance from the downstream slope of 

the dam and ultimately enhancing stability. Therefore, a medium drain length was the optimal choice to control 

seepage, as noted by Al Janabi et al. (2020) [46]. The earth dam models studied with varying drain lengths are 

depicted in Figure 14. 

 

Figure 14. The experimental model with different downstream drain; (a) (𝐋𝐝=15 cm) and (b) 𝐋(𝐝=60 cm) 

4. Numerical Modeling 

SEEP/W is a finite-element software package for simulating water flow through porous media. It is used to analyze 

groundwater flow in steady and transient conditions. It also applies Darcy’s Law to simulate groundwater flow through 

saturated and unsaturated states [47]: 

Q = KIA (3) 

where, Q is the seepage discharge, K is the permeability, I is the hydraulic gradient, and A is the flow cross-section. 

SEEP/W software employs partial differential equations to model and calculate water movement through the dam, 

enabling it to analyze seepage and flow patterns. Solving these equations enables SEEP/W to evaluate the dam's behavior 

under steady-flow conditions. The equations take the following form [48]: 

𝜕
𝜕𝑥⁄   (𝑘𝑥  𝜕𝐻

𝜕𝑥⁄  )+ 𝜕 𝜕𝑥⁄   (𝑘𝑦  𝜕𝐻
𝜕𝑦⁄  ) = 0 (4) 

where 𝑘𝑥 and 𝑘𝑦 are the horizontal and vertical permeability values, and h is the total water head. The seep/w software 

implementation flowchart is depicted in Figure 15. 

 

Figure 15. Seep/w software implementation flowchart 

Open GeoStudio 

Select steady state analysis 

Draw the dam's components and regions 

Define materials properties Set boundary conditions Select the size of the model mesh 

Start to solve analysis 

Create a new project in Seep/W 

Display Seep/W analysis results 

(a) (b) 
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In the present study, the SEEP/W (2022) software was used to simulate seepage discharge and the phreatic line 

through the earth dam under steady-state conditions. The exact experimental dimensions and conditions were used for 

all the earth dam models. Different earth dam models were studied, including uncovered height (y), upstream (U/S) 
GCL slope, soil permeability, upstream (U/S) dam slope, dam height, and downstream (D/S) drain length. The process 

diagram of the numerical models used is illustrated in Figure 16. 

                                                                   

 

Figure 16. Process diagram of numerical models used 

4.1. Validation of SEEP/W Numerical Software 

The numerical model was run using the same experimental parameters and conditions described in the experimental 

setup section to verify its reliability and accuracy by directly comparing its results with the experimental data. A 

comparison was performed between the experimental and numerical results for different cases to examine the effect of 
each case on the seepage discharge and the seepage line within the dam body. The cases included an earth dam that has 

no drain on the downstream side and no GCL on the upstream side. The second case involved the earth dam, featuring 

various uncovered heights (y) and GCL slopes. The final case included an earth dam with varying lengths of the 
downstream drain (Ld). 

Figure 17 compares water pressure heads along the dam base, calculated by numerical modeling, with those 
measured in the experimental model. In addition, the comparison of other cases was illustrated in Table 2. The 

comparison between experimental and numerical modeling shows excellent agreement, with the determination 

coefficient (R2) ranging from 0.9895 to 0.1. The values of the coefficient of determination for all models were found 

using the following equation [49]: 

R2 = 1 − (∑ (𝑦𝑖 −  𝑦𝑖̂)2𝑛
𝑖=1 / ∑ (𝑦𝑖 −  𝑦̅)2𝑛 

𝑖=1 ) (5) 

where, 𝑦𝑖 : The values computed from experimental model; 𝑦𝑖̂: The values estimated from numerical model; and                        

𝑦̅: Average values obtained from experimental model. 

Table 2. The determination coefficient values (𝐑𝟐) between the numerical and experimental pressure head distributions 

Type of earth dam model 
Values of determination coefficient (𝐑𝟐) % 

𝐡𝐰 = 13 cm 𝐡𝐰 = 20 cm 𝐡𝐰 = 26.6 cm 

Without drain and GCL 99.15 99.86 99.87 

With GCL (y=10cm, U/S slope of GCL= 3:1) 99.49 99.82 99.85 

With GCL (y=15cm, U/S slope of GCL= 3:1) 99.67 99.89 99.89 

With GCL (y=20cm, U/S slope of GCL= 3:1) 99.39 99.89 99.91 

With GCL (y=6cm, U/S slope of GCL= 2.5:1) 99.39 99.83 99.89 

With GCL (y=6cm, U/S slope of GCL= 2:1) 98.95 99.92 99.87 

With drain (Ld=15cm) 99.35 99.67 99.78 

With drain (Ld=40cm) 99.15 99.86 99.83 

With drain (Ld=60cm) 99 100 99.73 
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Figure 17. Comparison between the experimental and numerical pressure head (hp) distribution along the dam base 

After validating the numerical software, many different cases of seepage through earth dams were tested using this 
software, which had not been conducted in the laboratory, to generate a variety of information that could be used to 

derive an empirical general equation that could be applied to predict the amount of seepage passing through earth dams 
containing GCL. 

4.2. Effect of Uncovered GCL Height (y) with Different Upstream Slopes of the Dam 

As mentioned above, the practical experiments were conducted on an earth dam with an upstream slope of 3:1. Based 

on the verification of experimental test results and for the purpose of generalizing the study results, a theoretical seepage 
test was performed, using SEEP/W software, on dams with different upstream slopes than those experimentally tested 
in the present study. As shown in Figure 18, a comparison between earth dams with and without geosynthetic clay liners 

revealed that when a full-length geosynthetic clay layer was incorporated. The seepage discharge decreased significantly 
by 99.92%, 99.95%, and 99.97% for dams with slopes of 3:1, 2.5:1, and 2:1, respectively, compared to dams of the same 

upstream slope but without GCL. Furthermore, it was shown that seepage discharge decreased as upstream dam slopes 
increased, a finding accepted by researchers [18, 29, 50, 51], who observed this reduction using a dam with different 
seepage control methods. Moreover, it was observed that decreasing the uncovered height of GCL from 20 cm to 6 cm 

results in a decrease in seepage discharge by about 41.69%  at the upstream slope of dam 3:1. The decrease in uncovered 
height caused significant losses in the hydraulic head due to the high resistance imposed by the geosynthetic clay liners 

on the flow. The numerical modeling of seepage and the phreatic line within a dam with GCL is shown in Figure 19. 
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Figure 18. Effect of the dam upstream slopes (U/S slopes of dam) on seepage discharge for different uncovered GCL heights, 

permeability of soil (K), and upstream head 26.6cm 
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(a)   

(b)   

(c)   

(d)   

(e)   

Figure 19. The numerical modeling of seepage and phreatic line through earth dam with GCL for upstream slope 3:1, and 

permeability of soil (K); (a) (y=0 cm), (b) (y=6 cm), (c) (y=10 cm), (d) (y=15 cm), and (e) (y=20 cm) 

As shown in Figure 20, for the same upstream dam slope, the results indicated that the earth dam with GCL 

significantly reduced the phreatic line compared to the earth dam without GCL. Moreover, decreasing the uncovered 

height (y) significantly reduced the seepage line along the base of the dam and the pressure head distribution, which 

became nearly zero.  
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Figure 20. Location of phreatic line along the dam for different uncovered heights of GCL, 𝐡𝐰=26.6 cm, upstream slope 

dam 2:1 (U/S slope dam), slope of GCL 3:1, and permeability of soil (K) 
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Figure 21 shows that changing the upstream slope from 3:1 to 2:1 lowered the phreatic line when the upstream head 

and the uncovered height of the GCL remained constant. When the dam slope increased, it created a longer seepage path 

through the dam body, raising the seepage line, decreasing seepage discharge, and thereby enhancing the dam's safety. 
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Figure 21. Location of phreatic line along the dam for different upstream slopes of the dam (U/S slopes of the dam),    

𝐡𝐰=26.6 cm, y=6 cm, and permeability of soil (K) 

4.3. Effect of Soil Permeability of the Dam 

Figure 22 represents the effect of the different permeabilities of the dam soil on seepage discharge and the location 

of the phreatic line under conditions of the same upstream dam slope, a full reservoir head, and an uncovered height of 

6 cm. It was shown that decreasing soil permeability from K to 0.5 K and then to 0.33 K results in reductions of seepage 

discharge of approximately 48.04% and 35.48%, respectively. According to Darcy's law, seepage discharge is directly 

proportional to soil permeability; therefore, reducing permeability slows water flow within the earth dam, thereby 

reducing seepage discharge. On the other hand, the location of the phreatic line remained unchanged because seepage 

lines depend on differences in hydraulic head rather than on permeability. The findings of the current study were 

compared with previous studies [50]. In previous studies, a dam with a horizontal drain was analyzed using the Hello 

Show Model. The results indicated that reducing the dam body permeability similarly decreased discharge. 
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Figure 22. Effect of soil permeability on seepage discharge and phreatic line through earth dam for upstream slope of dam 

and GCL (3:1), uncovered height (y=6cm), full reservoir head (𝐡𝐰=26.6cm) 

4.4. Effect of Covered GCL Slope 

When the upstream slope of the dam was 3:1, the uncovered height was 6 cm, and the full reservoir head was 26.6 

cm. The results of the numerical model, as shown in Figure 23-a, indicated that the seepage quantity through the earth 

dam increased by approximately 16.2% when the GCL slope was changed from 3:1 to 2:1, due to reduced flow resistance 

within the dam and increased water movement. On the other hand, it was observed that changing the GCL slope 

insignificantly impacted the phreatic line location, as shown in Figure 23-b. However, the phreatic line for a dam with 

a variable GCL slope was smaller than the phreatic line for a dam without a GCL. Figure 24 indicates that the numerical 

modeling of seepage and the phreatic line for an earth dam with GCL slopes were 2.5:1 and 2:1, respectively. 
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Figure 23. Effect of variation of upstream slope of GCL (U/S slope of GCL) on seepage discharge and phreatic line for a 

dam with upstream slope (3:1), uncovered height (y=6cm), permeability of soil (K), and full reservoir head (𝐡𝐰=26.6cm) 

(a)   

(b)   

Figure 24. The numerical modeling of seepage and phreatic line through an earth dam with GCL for uncovered height of 

GCL (y=6cm), upstream slope dam (3:1), permeability of soil (K), and full reservoir head (𝐡𝐰=26.6cm) (a) 2.5:1 (b) 2:1 

4.5. Effect of the Dam Height 

Figure 25-a shows that increasing the height of the dam from 34 cm to 44 cm or from 44 cm to 54 cm, while keeping 

other parameters constant, i.e., uncovered height, permeability of the dam, upstream dam slope, and upstream head, 
resulted in an approximate increase in seepage discharge of 29.61% and 20.26%, respectively. Similarly, the numerical 
results (Figure 25-b) indicated that the seepage line for a dam height of 34 cm was lower than the seepage lines for dam 

heights of 44 cm and 54 cm. The increase in the dam's height increased the upstream head, which in turn enlarged the 
upstream and downstream head difference. According to Darcy's law, this results in increased seepage discharge because 

the saturated area within the dam has expanded, thereby increasing the flow area. Previous studies [18, 29] utilized an 
earth dam with different seepage mitigation methods and observed that increasing the dam height results in higher 
seepage discharge, consistent with the current study's findings. 
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Figure 25. Effect of height dam (H=34, 44, 54 cm) on seepage discharge and phreatic line through an earth dam for uncovered height 

(y=6cm), permeability of shell dam (K), upstream slope of dam and GCL (3:1), and full reservoir head (𝐡𝐰=26.6, 36.6, 46.6 cm) 
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4.6. Effect of Covered GCL with Drain Combination 

Figure 26 compares of four earth dam models (case 1 with a drain (Ld=40 cm), case 2 with a GCL (y=6cm, slope 

3:1), case 3 with a combined GCL (y=6cm, slope 3:1) and drain (Ld=40 cm), and case 4 without both GCL and drain, 

for earth dam having upstream slope 3:1 and reservoir water depth (hw=26.6 cm). It is evident that using a GCL with a 

drain in earth dams significantly reduced the phreatic line and decreased seepage discharge of approximately 30.87% 

compared to the model without a GCL and a drain. As shown in Figure 27, the presence of the downstream drain 

contributed to keeping the phreatic line within the dam structure, without intersecting the downstream slope, thereby 

reducing the risk of piping. 
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Figure 26. Effect of using GCL in combined with drain on seepage discharge and phreatic line location for earth dam with 

upstream slope (3:1), permeability of soil (K), and full reservoir head (𝐡𝐰=26.6 cm) 

 

Figure 27. The numerical modeling of seepage and the phreatic line of an earth dam with GCL and drain 

5. Equation of Seepage Discharge Through an Earth Dam with Geosynthetic Clay Liners 

The SPSS software was utilized to develop an equation that estimates seepage discharge through an earth dam 

with GCL under steady-state conditions, using approximately 75% of the SEEP/W data, including dam height, soil 

permeability, upstream head, upstream slope of the dam, and uncovered GCL height. On the other hand, a 2:1 

constant slope was used for the downstream dam and for all models, according to previous studies [46, 52, 53] and 

Strange's recommendation [41]; therefore, the variation in different downstream dam slopes was neglected.  Based 

on the present experimental results, the best angle for the geosynthetic clay liners (tanβ) was 3:1 when their slope 

was parallel to the upstream dam. In addition, the geosynthetic clay liner was positioned (bc=0.5b) starting from 

the center of the dam's crest and parallel to the upstream face of the dam until it reached the required length. The 

geosynthetic clay liner was placed indirectly on the dam's upstream face due to environmental conditions and water 

flow. The top width remained constant at b= 10 cm.  

According to the numerical results obtained from SEEP/W software and depending on SPSS software, the equation 

below is formulated with R² = 96.4%, as follows: 

𝑞 =
0.247∗𝐾∗ℎ𝑤

1.522∗𝑦0.346∗(𝑡𝑎𝑛𝜃)0.384

𝐻0.868   (6) 

where, K is the permeability of the dam, hw is the upstream head, y is the uncovered height of GCL, θ is the upstream 

slope of the dam, and H is the dam height. 

The remaining 25% of the results were used to draw the relationship between the seepage discharge values calculated 

from Equation 6 and those estimated by the SEEP/W program, as shown in Figure 28. The results showed an excellent 

agreement, with a correlation coefficient of 𝑅2= 99.9%. 
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Figure 28. The relationship between the values of (q) computed from equation (6) and those estimated using SEEP/W software 

6. Conclusions 

The present study employed both experimental and numerical modeling to simulate the performance of an earth dam 

with and without geosynthetic clay liners and drains. The model was used to determine the seepage discharge and 

seepage line along the base of the dam. The present results lead to the following conclusions: 

• The installation of the geosynthetic clay liners parallel to the upstream side of the dam, starting from the center 

of the dam crest and extending a specific length downwards, significantly reduced the seepage discharge and 

lowered the seepage line within the dam body. 

• Implementing a full length of geosynthetic clay liners on the upstream side of the dam resulted in a reduction 

in seepage discharge by about 99.92%, 99.95%, and 99.97% for upstream dam slopes of 3:1, 2.5:1, and 2:1, 

respectively, as compared to an earth dam without GCL. 

• At the same reservoir head and upstream slope (dam and GCL), increasing uncovered geosynthetic clay liners 

(y) increased the phreatic line and seepage discharge. 

• The changing of the GCL slope insignificantly affected the location of the phreatic line. Conversely, increasing 

the GCL slope decreased seepage discharge.  

• Increasing the lengths of the downstream drains resulted in high seepage discharge and a low phreatic line; 

the optimal drain length was 40 cm, approximately 60% of the base length of the downstream portion of the 

earth dam. 

• The results indicated from the experimental model demonstrated an excellent agreement with the results 

indicated from the numerical model. 

• The seepage line of an earth dam with a steep upstream slope was lower than that of earth dams with flat slopes. 

However, as the upstream slope of the dam increased from 3:1 to 2:1, the seepage discharge also increased. 

• Decreasing the permeability of the dam soil reduced seepage discharge by about 66.48%; however, the 

phreatic line location remained unchanged. 

• Increasing the dam height from 34 cm to 54 cm increased the seepage discharge by 55.87% and raised the 

seepage line. 

• Installing GCL with a drain on the upstream and downstream side of the dam lowered the phreatic line, shifted 

it toward the inside of the dam body, and reduced seepage discharge by approximately 30.87% compared to a 

dam without GCL and a drain. 

• Using the SPSS program and based on the results obtained from the SEEP/W program, an equation was 

developed to estimate the seepage discharge through an earth dam with GCL by the coefficient of 

determination (R2 = 96.4%). 
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