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Abstract

Seepage control is a critical factor in ensuring the stability of earth dams, particularly those constructed with permeable
soils. Uncontrolled seepage and increased pore pressures within the dam body are typically associated with instability,
internal erosion, and potential failure. This study aims to evaluate the effectiveness of lime—fly ash mixtures in controlling
seepage through earth dams constructed with sandy soil, using experimental modelling and numerical simulation. A
physical model of a zoned earth dam was built using untreated sandy soil as the control model, along with treated models
in which the sandy core was stabilized with progressively higher lime—fly ash proportions. The results of laboratory
permeability tests demonstrated significant reductions in hydraulic conductivity with increasing additive content, resulting
in delayed steady-state conditions and a reduction of up to 98.2% in seepage rate compared with the control model.
Numerical simulations, validated against experimental results (coefficient of determination, R*>0.98), accurately
reproduced phreatic lines and seepage rates and were further used to examine the influence of core slope geometry. The
results showed that a core slope of 0.75:1 provided nearly equivalent hydraulic performance to that of the baseline 1:1
slope, offering a more cost-effective alternative. These findings highlight the potential of lime—fly ash—sand mixtures as
sustainable and cost-efficient alternatives for dam cores, particularly in regions where clay resources are limited.
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1. Introduction

Earth dams are critical infrastructures worldwide, serving functions such as water storage, flood control, and
irrigation. A major challenge to their stability and performance is seepage through the dam body or foundation, which,
if uncontrolled, can lead to internal erosion, piping, and potentially catastrophic failure [1]. Effective design must
therefore focus on controlling both the magnitude and distribution of seepage [2]. Flow through earth dams is an
important design consideration. It must be ensured that the pore-water pressure at the downstream end does not cause
instability, and that the exit hydraulic gradient does not cause piping [3]. Several experimental and numerical studies
have been conducted to assess the seepage rates [4, 5] and to explore methods for reducing them [6-8]. Taghvaei et al.
[9] investigated the impact of powdery nano-clay on the seepage rate. The experiments were conducted by constructing
an impermeable blanket on the reservoir side of the earth dam using a mixture of sandy soil and varying amounts of
montmorillonite nano-clay. The results indicated that increasing the nano-clay content reduced seepage rate. Alzamily
& Abed [10] evaluated the permeability of sandy soils enhanced with additives as an alternative core material for earth
dams. The study showed that sand mixed with 10% cement kiln dust and 5% cement achieved a 99.6% reduction in
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permeability. Haman et al. [11] suggested various dam sealing methods, including blankets, bentonite, and chemical
additives, emphasizing that the appropriate method depends on whether the soil is coarse-grained or fine-grained.
Shuhaib & Khassaf [12] investigated the use of tire rubber powder (TRP) as an additive to enhance earth-dam cores and
reduce seepage. The findings showed reductions in seepage rate, with the 50% TRP mixture achieving up to a 41.5%
decrease in seepage, while lower ratios showed noticeably weaker performance. Onyelowe et al. [13] studied the use of
a double-textured High-Density Polyethylene (HDPE) geomembrane barrier in embankments. Two improvement
techniques were evaluated: covering the upstream slope with an HDPE geomembrane stabilized with gabions, and
combining this geomembrane with a downstream rock toe. The study demonstrated that these measures can effectively
enhance both seepage control and slope stability.

To reduce soil permeability, lime and fly ash additives have recently been adopted as an effective method. The
pozzolanic properties of fly ash allow it to react with hydrated lime to create cementitious materials [ 14]. Several studies
have reported optimal proportions of lime and fly ash for soil stabilization. Effective mixtures can be prepared using
10-35% fly ash with 2—-10% lime [14]. Ratios of 1:3 and 1:4 (lime to fly ash) are most common for economic and
performance purposes, generally corresponding to 10—15% fly ash and 2.5—4% lime [15]. Sandy soils typically show
poor response to lime alone but can be stabilized with pozzolanic additives such as fly ash or clay, with recommended
ranges of 10—20% fly ash and 3—5% lime [16]. In general, recommended proportions for soil stabilization fall between
10% and 20% fly ash and 3% and 7% lime [17]. Several studies have utilized lime and fly ash to enhance the geotechnical
and hydraulic properties of soil [18-21]. Di Sante et al. [22] examined the permeability and shear behavior of low-
plasticity clay treated with fly ash alone and with a fly ash—quicklime blend. The results showed that the combined
treatment initially increased hydraulic conductivity at optimum water content, followed by a limited reduction during
curing as pozzolanic gels formed, while also improving shear strength and reducing compressibility.

Sharif et al. [23] investigated the geotechnical and economic effects of stabilizing clayey subgrade soil with lime
and fly ash for pavement construction. The experiments employed an optimal mixture of 4% lime and 20% fly ash,
which improved shear strength by 34%. Bhoi et al. [24] studied the stabilization of black cotton soil using varying
proportions of lime and fly ash. Laboratory experiments indicated that the combined addition of 5% lime and 10% fly
ash significantly improved soil strength, reduced plasticity, and increased bearing capacity. Swamynaidu & Tyagi [25]
investigated the hydraulic conductivity of fly ash—cement—alkali activated (FCAA) clay mixes for use as low-
permeability hydraulic barriers. The results indicated that FCA A-treated clays exhibited lower or comparable hydraulic
conductivity compared to untreated clay. Husein & Chemeda [26] used lime additives to modify some of the unwanted
properties of clayey soil, which is utilized to build the core of zoned earth dams, where, with the addition of 6% lime,
the soil permeability decreased significantly, from 4.47 x 107 to 3.63 x 1077 m/s. Garzon et al. [27] studied the
improvement of engineering properties in Spanish phyllite clay with the addition of 3, 5, and 7 wt.% lime, and found
that the clay—lime mixtures exhibited good compaction along with very low to extremely low permeability coefficients.
According to Islam et al. [28], fly ash demonstrates greater effectiveness than lime in reducing the permeability of clayey
and sandy soils in the 5-30% range.

Although previous studies have investigated the use of different additives to reduce seepage in earth dams and
enhance the geotechnical properties of soils, most of these approaches depend on expensive materials, complex
application methods, or are limited to using either lime or fly ash in fine-grained soils. Sandy soils, which are commonly
available in many regions, generally exhibit poor performance when stabilized with lime alone. The combined use of
lime and fly ash for sandy dam cores has not been studied. The novelty of this research lies in demonstrating that a
properly proportioned lime—fly ash mixture can transform sandy soil into an effective alternative to clay cores, while
also providing design optimization insights through numerical modeling. The importance of this study lies in its practical
solution for regions where clay is scarce, thereby enhancing the safety, sustainability, and cost-effectiveness of earth
dam construction.

In the present study, to minimize seepage through the body of the earth dam, the core soil of the dam was developed
using sandy soil mixed with lime and fly ash additives to achieve permeability properties comparable to those of clay,
which is typically used in dam cores. A numerical model of the dam was simulated in SLIDE 6.0 software to analyze
the effect of core slope on pressure distribution and seepage rate. The numerical investigation further aims to determine
whether reducing the core slope—and consequently the volume of impermeable material—could provide equivalent
hydraulic performance while simultaneously reducing construction costs.

2. Materials and Methods

2.1. Experimental Model Design

A rectangular basin containing a model of an earth dam was designed as the experimental model (Figure 1). The unit
is intended to facilitate the investigation and testing of phenomena related to the effects of water seepage through
permeable media. It also examines how the seepage rate and the location of the phreatic line vary when an earth dam is
improved with varying additive percentages.
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Figure 1. Experimental model layout of the earth dam (all dimensions in cm)

The cross-sectional dimensions of the physical model were not selected arbitrarily; all design criteria were carefully
considered when determining the final size. The freeboard was chosen within the U.S.B.R. recommended, and the top
width was calculated using the suggested formula:

5

B. =3.v(H) 1)

where, H is the height of the dam.

Furthermore, the upstream and downstream slopes were specified in accordance with the soil characteristics and the
type of earth dam being modeled [29, 30]. Following that, the dam geometry was scaled down to produce a model
suitable for the basin. This scaling ensured practical model dimensions, allowing controlled seepage monitoring within
the laboratory facility.

The earth dam was constructed at the center of the basin. The earth dam model measured 170 cm in length, 18 cm
in width, and 40 cm in height. The slopes of the earth dam, both upstream and downstream, were 2:1 (horizontal: vertical)
based on the soil characteristics. The maximum water level was 36 cm, and this level was maintained in all cases of the
present study. The basin's internal dimensions were 210 cm (length) x 50 cm (height) x 18 cm (width), and it was built
from a 1-cm-thick, collarless Plexiglas wall.

As seen in Figure 2, the lab basin was positioned 50 cm above the ground on a steel structure and leveled in all
directions. The model was reinforced with thin rubber strips at the bed of the basin to guard against plexiglass breakage
and to damp vibration caused by soil compaction. A water-seal glue was used to seal the seams. A laser cutter was
employed to create openings for the pressure sensors, positioned 5 cm above the base of the Plexiglas basin and at
horizontal distances of 0.15, 0.30, 0.45, 0.60, 0.75, 0.90, 1.05, 1.20, 1.35, and 1.50 m from the upstream toe. A raised
water tank was positioned on the upstream side of the basin. The tank, with a capacity of 81.5 liters, supplied water to
fill the earth-dam reservoir. A plastic pipe with an automatic float valve was used to link the tank to the basin. The
function of the automatic float valve is to maintain a constant water level in the reservoir, which remains unchanged
over time. It operates so that when the water level rises to the water limit line, the valve immediately stops supplying
water. When the reservoir's water level falls, the valve automatically begins supplying water. The jack located below
the tank controls the rise and fall of the automatic float valve level. Variations in seepage rate can be monitored by
drilling a hole in the lower portion of the earth dam and connecting it to the graded water barrel on the model's right
side.

The dam model was split into eight layers (each 5 cm thick after compression). To determine the required quantity
of soil for each layer, the dry density of the soil at 90% compaction was calculated using the maximum dry density of
the soil and the geometry of the earth dam. To compact the soil, a square standard hammer was used. The appropriate
density was achieved in each layer based on the optimal water content. Pressure sensors recorded readings every 5
seconds to determine the final location of the phreatic surface. The bed of the basin functions as an impervious layer in
the physical model; therefore, all seepage originates from the dam's main body. To determine the seepage rate, the
outflow water from the downstream graded barrel was measured every 15 minutes. Pressure sensor readings continued
in an unsteady state until a steady state was established. To calculate the location of the phreatic line in the earth dam
model, 10 pressure sensors were installed and connected to the data logger.
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Figure 2. (a) Plexiglas basin and an earth dam model, (b) Pressure sensors

2.2. Soil of the Dam Body

Experimental studies were conducted on two locally available soils. The first type of soil represented sand with
gravel, which simulated the soil found in the earth dam'’s shell. The second type, sandy soil, was improved using different
additives to simulate the soil found in the earth dam core. Figure 3 displays the sandy soil grading curve that was used
in the core zone. Since 5.2% of the particles in this sandy soil pass through a sieve with mesh No. 200, the gradation
indicates that it is type A-3 (fine sand) in the AASHTO classification and Type SP (poorly graded sand) in the Unified
Soil Classification System (USCS).
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Figure 3. Grain size distribution curve of sandy soil

2.3. Lime and Fly Ash Additives

Lime and fly ash are two types of additives used to enhance the soil properties used to construct the core of the earth
dam. In this investigation, hydrated lime was obtained from the Karbala Lime Factory, which manufactures it in
compliance with Iragi Standard [31]. The chemical composition of the lime used is presented in Table 1. According to
the chemical analysis of fly ash obtained from laboratory testing, which is displayed in Table 2, the fly ash's chemical
composition conforms to ASTM C-618 [32] requirements.

68



Civil Engineering Journal Vol. 12, No. 01, January, 2026

Table 1. Chemical analysis of hydrated lime

Composition %
Silica (SiO;) 3.26
Alumina (Al,O3) 0.67
Ferric oxide (Fe;03) 0.22
Magnesium oxide (MgO) 0.30
Calcium oxide (CaO) 69.72
Sulfur trioxide (SO3) 0.28
Sodium oxide (Na;0) 0.15
L.O.l. 25.60

Table 2. Chemical analysis of fly ash measured by XRF

Composition %
Silica (SiO;) 58.34
Alumina (Al,O3) 26.62
Ferric oxide (Fe,03) 3.19
Magnesium oxide (MgO) 2.88
Calcium oxide (CaO) 2.44
Sulfur trioxide (SO3) 0.15
Sodium oxide (Na;O) 0.65
L.O.l. 2.80

2.4. Soil Mixing with Additives

In the core zone, sandy soil was combined with four percentages of lime-fly ash additives. These percentages,
measured by weight of dry soil in the core, were: 3% Lime + 9% Fly ash, 5% Lime + 15% Fly ash, 7% Lime + 21% Fly
ash, and 9% Lime + 27% Fly ash. As a result, many models were developed for the research, and these models were
assigned codes, which are displayed in Table 3. These values were chosen in accordance with proportions recommended
in the literature.

Table 3. Codes of the different models being studied

Lime + Fly ash (% by weight) Model code
0 Control model
3% Lime + 9% Fly ash M-1
5% Lime + 15% Fly ash M-2
7% Lime + 21% Fly ash M-3
9% Lime + 27% Fly ash M-4

The permeability of soil samples was determined using two standard laboratory tests, the constant head test and the
falling head test, as specified in ASTM D-2434 [33] and ASTM D-5084 standards [34]. The samples in each test were
compacted to 90% of their maximum density in layers at the optimum moisture content. When calculating the sample
weight of each layer, the soil dry density and the cylinder volume used in the permeability test were considered. This
experiment was conducted after 48 h of placing the test samples were placed in the apparatus cell (saturation period) to
achieve optimal test conditions, including water-saturated soil voids free of air bubbles and steady-state flow with no
variations in the hydraulic gradient. The results of these tests are summarized in Table 4.

Table 4. Summary of permeability (k) for sandy soil after a saturation period of 48 hours

Soil Type Lime + Fly ash (% by weight)  The permeability (m/min)
Shell soil (sand with gravel) 0 2.388 *1072
0 4.902 *10°
3% Lime + 9% Fly ash 2.977 *10*
Core soil (sand) 5% Lime + 15% Fly ash 7.140 *10°
7% Lime + 21% Fly ash 4.626 *10°
9% Lime + 27% Fly ash 1.875 *10°

69



Civil Engineering Journal Vol. 12, No. 01, January, 2026

2.5. Numerical Model

The numerical analyses were performed using SLIDE 6.0 software, a two-dimensional limit equilibrium slope
stability software, widely applied in previous studies to evaluate the factor of safety or probability of failure for both
circular and non-circular failure surfaces in soil and rock slopes. The program assesses the stability of potential slip
surfaces using vertical-slice limit equilibrium methods. In addition to slope stability calculations, SLIDE features a built-
in finite element seepage analysis, which enables simulation of seepage behavior through earth dams under various
hydraulic conditions [35, 36]. The numerical model incorporates the same geometry, material properties, and boundary
conditions as the physical model to ensure comparability. SLIDE 6.0 uses the governing equation in the partial
differential form of Darcy's law, which is applied to predict the phreatic line within the earth dam and to estimate seepage
flow rates. Governing equations for seepage flow were solved using finite element analysis. The finite element mesh
used in this analysis is shown in Figure 4. Three-node triangular elements were employed to discretize the domains,
resulting in a total of 2285 elements. A query line was positioned 5 cm above the base of the dam, and sensor locations
along this line were set to correspond to those of the experimental model.
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Figure 4. Cross-section of numerical earth dam model

3. Results and Discussion
3.1. Experimental Results

The physical model of the earthen dam constructed without lime and fly ash additives represents a zoned earth dam
and served as the control. Each model's water storage was filled with a specific discharge of 2.496x107 m*/min;
consequently, the upstream water level in each model increased gradually from zero to 36 centimeters after 15 min,
when water was allowed to enter the basin from the water tank.

Figure 5 shows the pressure head readings over time obtained from ten sensors positioned 5 cm above the dam base
for the control model and the treated models M-1 to M-4. Initially, all sensors in all models show zero pressure head
values, indicating unsaturated conditions within the dam body. Sensors 1 through 3 exhibit a rapid increase in pressure
head during the first few minutes, reaching values above 30 cm, which suggests their proximity to the upstream face,
where water infiltration occurs early and saturation is achieved quickly. These readings also indicate that these zones
possess higher permeability. In contrast, sensors 4 through 10 display delayed responses and lower pressure head values,
implying their locations are farther from the upstream face or situated in less permeable regions. Then, sensor readings
begin to stabilize, indicating the development of a steady-seepage condition.

Initial signs of seepage were observed on the downstream face of the control model after 46 minutes. The sensor
response times, defined as the approximate time at which each sensor begins to rise significantly above zero (i.e., starts
detecting pressure head increase), demonstrated a progressive delay as the seepage line advanced through the dam body.
This delay became more pronounced in treated models, indicating that the presence of additives (lime and fly ash)
significantly increased the time required for pore water pressure to be detected. For example, in model M-4 (Figure 5-
E), Sensor 10 responded only after 1525 minutes, compared to just 46 minutes in the control model (Figure 5-A),
reflecting a substantial improvement in seepage retardation due to the treatment.

In the control model (Figure 5-A), steady-state conditions were achieved after approximately 65 minutes. In contrast,
the time required to reach steady-state in models M-1through M-4 (Figures 5-B to 5-E) was recorded as 160, 350, 700,
and 1570 minutes, respectively, defined as the point at which both the seepage rate and the phreatic line became steady.
These findings indicate a delay of approximately 1505 minutes in the M-4 model compared to the control.
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Figure 5. The sensors' readings for pressure head along the control and treated models
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Results of the steady-state phreatic line are presented in Figure 6, where it can be observed that the control model,
represented by the uppermost curve, exhibits the highest pressure heads along the profile, indicating greater seepage
flow and higher phreatic levels. In contrast, the treated models, particularly M-3 and M-4, show a significant downward
shift in the phreatic line, indicating a reduction in pore water pressure and seepage potential due to improved soil
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stabilization, resulting from the addition of lime and fly ash, which reduces soil permeability. The M-4 model shows the
lowest phreatic line, lying well within the downstream face and close to the dam base, indicating the most effective
seepage control.
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Figure 6. Steady-state phreatic line for the control model and models M-1 through M-4

The steady-state seepage rate for the control model was measured at 6.666 x 10 m3/min. Seepage reduction was
achieved by enhancing the dam core with sandy soil stabilized with different proportions of lime and fly ash. The
measured steady-state seepage rates for the treated models M-1 to M-4 were 1.888x10*, 8.555x105, 2.45x105, and
1.19x10° m3/min, respectively, corresponding to reductions of 71.6%, 87.1%, 96.3%, and 98.2%, respectively,
compared to the control model.

3.2. Numerical Results

The steady-state seepage rates from the numerical simulations exhibit very close agreement with the experimental
values across all models, with only minor differences observed (Figure 7). Furthermore, in Figure 8, steady-state phreatic
lines are compared for some of the experimental and numerical models (control and M-4 models); the numerical results
closely match the experimental results, with determination coefficients (R2) exceeding 0.98. This level of agreement
demonstrates that the numerical model developed using SLIDE 6.0 software can accurately simulate steady-state
seepage conditions and phreatic surface positions. The computed contours in Figure 9 illustrate the steady-state pressure
head distribution for the control model.
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Figure 7. Steady-state seepage rate comparison for control and treated models (experimental vs. numerical)
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Figure 9. Computed contours of pressure head distribution in the control model

After validating the numerical model, the impact of core slope on seepage was examined. While the experimental
models in this study used a core slope of 1:1 (H: V) for both treated and untreated cases, numerical simulations
were extended to investigate alternative core slopes of 0.25:1, 0.5:1, and 0.75:1. Varying the slope changes the
volume and shape of the core, which in turn influences seepage rates and pressure head. By assessing these
configurations under steady-state conditions, the study aims to determine whether reducing the core slope, and thus
the volume of impermeable material, can achieve comparable hydraulic performance while lowering construction
costs.

Each of the four core slopes (1:1, 0.75:1, 0.5:1, and 0.25:1) was evaluated for all five models (Control, M-1, M-2,
M-3, and M-4). Figure 10 presents the phreatic lines for the control and treated models (M-1 to M-4) under the effect of
these different core slopes, measured along the query line. In line with the study objective of finding an optimal slope
that balances hydraulic performance and material savings, the results indicate that a slope of 0.75:1 performs very close
to the baseline 1:1 in all models, with only minor variations in phreatic line elevation.

The steeper core slopes (0.5:1 and 0.25:1) produce a noticeable upstream shift of the phreatic line and a clear
rise in its elevation within the midsection of the core, along with a lowered phreatic line at the downstream end of
the core zone, with the effect becoming more pronounced as the level of treatment increases. This is particularly
evident in the highly treated models (M-3 and M-4), where the very low permeability of the core means that reducing
its width significantly shortens the seepage path and concentrates flow through a narrower zone, resulting in greater
changes to the phreatic line. In comparison, the control and lower-treatment models (M-1 and M-2) show smaller
variations with the slope change, as their higher permeability allows seepage to redistribute more easily through the
core, making the geometry less influential. From a design perspective, a 0.75:1 slope appears to offer a good
compromise—retaining hydraulic performance similar to 1:1 while allowing for moderate core volume and cost
reductions.
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Figure 10. Comparison of phreatic lines of the control and treated models for different core slopes

Table 5 shows the effect of core slope on steady-state seepage rates for the control and treated models. The results
confirm that reducing the core slope generally increases seepage rates due to the reduced width of the low-permeability
core zone along the seepage path. This shorter seepage path leads to increased hydraulic gradients, which in turn result
in higher discharge. The increase is most pronounced at 0.25:1, with the control model showing a 32.1% rise and treated
models reaching over 50% increases compared to 1:1. However, the slope of 0.75:1 produces only slight increases in
seepage (around 10-12% across all models), which supports its selection as a preferred design option.
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Table 5. Effect of core slope on steady-state seepage rate for the control and treated models in the numerical simulation

Model Code Core Slope Seepage Rate  Percentage increase

(H:V) (m®/min) in seepage (%)
1:.01 6.57x10*
0.75:1 7.33x10* 115
Control model
0.5:1 8.10x10* 23.2
0.25:1 8.68x10* 321
1:.01 1.86x10*
0.75:1 2.09x10* 12.3
M-1 model
0.5:1 2.40x10* 29
0.25:1 2.82x10* 51.6
1:.01 8.97x10°
0.75:1 9.95x10° 10.9
M-2 model
0.5:1 1.15x10* 28.2
0.25:1 1.38x10* 53.8
1:01 2.36x10°
0.75:1 2.60x10° 10.1
M-3 model
0.5:1 3.02x10° 28
0.25:1 3.71x10° 57.2
1:01 1.20x10°°
0.75:1 1.32x10° 9.7
M-4 model
0.5:1 1.53x10° 27.1
0.25:1 1.89x10° 57.1

4. Conclusion

This study experimentally and numerically investigated the effectiveness of lime—fly ash mixtures in reducing
seepage through zoned earth dams constructed with sandy cores. Based on the Laboratory tests, it can be concluded that
treating the sandy core with lime—fly ash significantly reduces its permeability, leading to lower phreatic surfaces that
lie well within the downstream face and closer to the dam base. Experimental results showed substantial delays in
reaching steady-state conditions, with the treated models extending from 160 minutes in M-1 to 1570 minutes in M-4,
compared to only 65 minutes in the control. Moreover, the treated models (M-1 to M-4) exhibited a pronounced decrease
in steady-state seepage rates, achieving reductions of 71.6%, 87.1%, 96.3%, and 98.2%, respectively, compared to the
control model. Numerical simulations, validated against experimental data (R2 > 0.98), confirmed the reliability of the
modelling approach in predicting seepage rates and phreatic-line distributions. The parametric analysis indicated that
reducing the core slope from the baseline 1:1 to steeper geometries (1:0.75, 1:0.5, and 1:0.25) generally increased the
steady-state seepage rates. However, results also showed that a core slope of 0.75:1 provided hydraulic performance
comparable to the baseline 1:1 slope, with only minor increases in seepage, thereby offering a more economical design
option through reduced core volume.

The findings highlight that lime—fly ash treatment can transform locally available sandy soils into impervious core
materials, providing an environmentally sustainable and economically efficient alternative where natural clay is limited.
This study investigated seepage behavior through the dam, while the mechanical properties, such as stability, were not
examined. Future research should focus on verifying these properties. If lime and fly ash additives are found to enhance
the strength of the dam, they may be recommended for use in dam construction.
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