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Abstract

Earthen canals suffer from serious water loss due to seepage, directly impacting
water transport efficiency. This problem is exacerbated by the increasing demand
for water resources. Geopolymers can be used effectively to line the canals,
reducing these losses. This study aims to examine the effects of new geopolymers
on seepage in earthen canals. Fine ash-based geopolymers were chosen because
fine ash is a byproduct of brick plants and is freely available in abundant quantities.
Therefore, it can be considered a promising alternative to fly ash-based
geopolymers. Literature lacks an integrated framework for permeability, lining
geometry, and water level effects. The study included four parameters:
permeability coefficient, lining layer thickness, lining orientation, and water level.
To achieve the study objectives, a two-phase methodology was adopted. First,
investigating the effect of fine-ash doses on soil permeability using laboratory
testing. Second, using SEEP/W numerical simulation to explore seepage from an
earthen canal lined with fine ash-based geopolymer under different doses. The
results showed that the ratio of lining permeability to that of the original soil
(KL/K) significantly affected seepage rates. KL/K ratios less than 0.05 achieved a
very high reduction efficiency of about 85-95%, corresponding to 30% of activated
fine ash. Lining orientation is an important factor. Full lining of the channel was
the most effective configuration. However, partial lining with bottom and side
linings yielded less efficient results, reducing losses by about 60% and 50%,
respectively, compared with an unlined canal. This confirms that vertical seepage
through the channel bottom is the primary loss mechanism. The result shows that
increasing the thickness of the activated geopolymer liner significantly improved
channel performance. These geopolymer liners reduced seepage by 70-90% in
several cases, including one with a bottom-width-to-height water-level ratio of 6,
although a positive relationship between water level and seepage remained evident.
Using alkali-activated geopolymer in more than 15% of the dry soil effectively
controlled canal seepage.
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1. Introduction

Despite advances in technology across various fields, water resources remain the cornerstone of human life. The
world faces a severe shortage of usable water for several reasons, such as mismanagement and pollution [1].
UNICEF and WHO reported that 2.2 billion people lack access to safe drinking water [2]. FAO states that 70%
of water is consumed for agricultural purposes [3]. A reassessment conducted by FAO and the UN on water
management in agriculture revealed that unlined earthen canals lose 30-50% of their water due to seepage [4].
Climate change may also exacerbate the problem. The World Bank predicts that by 2050, water scarcity could
reduce agricultural production by 10-25% as a result of water losses due to evaporation caused by global
warming [5]. Therefore, studying irrigation systems is crucial, especially for sustainability.

Water management systems aim to optimize the use of water resources, especially by enhancing water
conveyance systems. The conveyance of water by irrigation canals is the oldest way to distribute water. Among
these, earthen canals are simple, inexpensive, and practical. However, these canals experience water losses due
to seepage, which exacerbates global water scarcity. Extreme water losses due to seepage can be found in high-
permeability soils such as sandy soil with permeability coefficient (K) > 10 [6]. To reduce these losses, two
traditional alternatives are available. The first one is using closed canals (pipes). However, this type is difficult
to construct, requires a high initial cost, and involves complex and costly maintenance operations. The second
one is lining, which incorporates the advantages of pipes in terms of reducing losses due to seepage, in addition
to overcoming the complexities of construction and maintenance in the case of pipes. However, different types
of lining have different disadvantages. First, Portland cement concrete lining is a suitable alternative due to its
impermeability and surface smoothness. However, its high cost and carbon footprint make it an undesirable
alternative [7]. Second, asphalt lining is also a suitable alternative. However, the complexities of its construction,
cost, maintenance, heat sensitivity, and environmental impact make it impractical [8]. Third, inexpensive clay
lining materials are a good option for simple projects. However, such materials are susceptible to cracking and
require periodic maintenance due to shrinkage-swelling behavior [9]. Therefore, finding a sustainable, practical,
and inexpensive alternative that combines the advantages of other alternatives and avoids their disadvantages is
highly needed. To explore the available alternatives, a comprehensive literature review of the most recent studies
in the field was conducted [7—15]. The review revealed several points. First, some types of lining can reduce
seepage by 99%. Second, geopolymers can be adopted effectively in the lining of earthen canals to reduce water
losses due to seepage [16]. However, only limited studies were found in this domain. These limited studies
utilized fly-ash-based geopolymer. However, the amount of fly ash, which is the main component in this type
of geopolymer, is very limited worldwide and continuously decreases, as it is a byproduct of coal-fired power
plants that are now a thing of the past. Third, fine-ash-based geopolymers are used in several construction
applications, as reported in [17—19]. Fine ash is widely available in huge quantities, especially in Iraq, as itis a
byproduct of brick plants. Therefore, it can be considered a promising alternative to fly-ash-based geopolymer,
especially when considering sustainability. However, to the best of the authors' knowledge, no such study has
adopted this type of geopolymer in the lining of earthen canals. This is a significant research gap in this domain.
Another gap in the literature was identified: the absence of a unified framework that combines the effects of
chemical action, lining geometry, and canal application. Therefore, this study aims to fill these gaps by
conducting a novel investigation to examine the effects of fine-ash-based geopolymer on water seepage in
earthen canals. The study included four parameters: permeability coefficient, lining layer thickness, lining
orientation, and water level.

To attain the study objectives, a methodology composed of two phases was adopted. First, the effect of fine-ash
doses on soil permeability was investigated by means of laboratory testing. Second, a numerical simulation
using SEEP/W was adopted to explore the effects of the four mentioned parameters on water seepage from an
earthen canal lined with fine-ash-based geopolymer using different doses. This approach provides a combined
experimental and numerical assessment of the potential of fine-ash-based geopolymer as a sustainable canal
lining material. It also enables the evaluation of how material properties and lining configurations influence
seepage reduction under different canal conditions.
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2. Laboratory phase

To start this phase, Mishkhab in Najaf City, Iraq, was selected as the study area, as shown in Figure 1. Mishkhab
is an agricultural area that relies on a traditional irrigation system of open, unlined canals branching from the
Euphrates River. Samples were collected from open canals in this area to investigate the soil properties. The
selected soil properties are shown in Table 1.

Table 1. Basic properties of the soil in the study area

Property Unit Value ASTM standard specification
Specific gravity - 2.76 D 854
Gravel % 0
D 6913
Particles Sand % 7
analysis Silt % 58
D 7928
Clay % 35
Atterberg Liquid state limit, LL % 35
limits Plastic state limit, PL % 23.8 D 4318
Plasticity index, PI % 11.2
oMC % 18
D 1557
MDD kN/m3 17.8
Permeability m/s 2.8x10-4 D5084

R A

Figure 1. Inlining canal in Mishkhab area
As shown in Table 1, the soil permeability is considered high, leading to significant water loss. Therefore,
different doses of fine ash were added to decrease its value, control water seepage, and reduce losses. A
sufficient quantity of fine ash was brought for free from a brick factory in the Nahrawan area in Baghdad City.
Fine ash is a black material with particle sizes less than 74 micrometers and a specific gravity of 2.1. Its chemical
composition is summarized in Table 2 from which is obvious that the sum of silica, alumina, and iron oxide
contents exceed 70%. Based on this result, fine ash can be classified as Class F according to ASTM C618.
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Table 2. Chemical composition of Nahrawan brick factory fine ash

Composition Value (%)
Si0- 63
AlOs 24
Fe20s 7
CaO 3
MgO 1
Loss on ignition 2

Fine ash acts as a filler material and may slightly affect the soil's permeability without bonding the soil particles.
To produce the binding effect, the composition needs to be activated. In this study, fine ash was activated with
an alkaline solution composed of sodium silicate and lime at an activator-to-fine-ash ratio of 0.4 to form a
geopolymer and enhance its effect. The activation breaks the bonds via dissolution, liberating silica (SiO:) and
alumina (AL2Os), thereby enabling the polycondensation reaction to bond the soil [20]. Consequently, fine ash
is activated with an alkaline solution to obtain a geopolymer, as shown in Equation 1.

AI203 25i02+NaOH/Na2SiO3—N-A-S-H gel (1)

Different doses of geopolymer (5%, 10%, 15%, 20%, 25%, and 30% by weight of the soil) were added to the
soil to investigate their effects on permeability. These doses were recommended in the literature [21]. The
samples mixed with these doses were tested according to ASTM D5084. The testing results showed that the
permeability values were 9.8x107, 7.84x107°, 7.84x107¢, 1.568x107¢, 7.84x1077, and 7.84x10°® for the samples
mixed with 5%, 10%, 15%, 20%, 25%, and 30% of the geopolymer, respectively, as shown in Figure 2. These
values represent 0.35, 0.28, 0.028, 0.0056, 0.0028, and 0.00028 of that measured for the control sample,
respectively. A significant decrease in permeability reflects a significant decrease in water losses due to seepage.
These values were adopted in the second phase, as described in Section 3.
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Figure 2. The variation of permeability according to adding pre-selected fine ash (%)

3. Numerical simulation phase

3.1 Canal problem modeling

To model the canal in the problem under study, SEEP/W software was used. Steady-state flow conditions were
selected to simplify the representation especially it is a common case in such problems. The geometry of the
canal is determined by preselecting the bed width, sidewall-only, and or combined lining. In the reference case,
the untreated soil properties were defined. The treated soil was placed in a layer of defined thickness, and it was
assumed to be homogeneous and isotropic. The adopted mesh size of 0.50 m provides an optimal compromise
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between computational efficiency and solution accuracy. The mesh sensitivity was done. The drainage-type
boundary condition was adopted as shown in Figure 3 to make the problem more realistic.

potential seepage face

Figure 3. Layout of finite element mesh and boundary conditions used

3.2 Parametric study

To study the targeted four parameters, a numerical representation was implemented. First, the permeability
parameter in terms of (KL/K), where K and KL are the permeability coefficients for the control soil and lining,
respectively, was adopted as (0.35, 0.28, 0.028, 0.0056, 0.0028, and 0.00028) for the lining soil mixed with
different doses of geopolymer, as mentioned in Figure 2. Second, the lining layer thickness parameter in terms
of TL/H, where TL is the layer thickness and H is the water height, was adopted as (0.2, 0.5, 1.0, and 1.5). Third,
the lining orientation parameter was represented by three cases: bed-only, sidewall-only, and combined lining.
Fourth, the water level parameter in terms of (b/H), where b is the canal bottom width and H is as previously
defined, was adopted as (0.6, 1, 2, 3, 4, and 6). Figure 4 shows selected cases modelled using SEEP/W. Some
impractical values were used to indicate the system’s sensitivity. This parametric setup enabled a systematic
evaluation of how each selected variable influences seepage behavior in lined earthen canals.

4. Presentation and analysis of results

4.1 Influence of the ratio of lining permeability on the origin soil KL/K

To study the influence of the lining's permeability on seepage in the selected site soil, the lining thickness-to-
water height ratio was fixed at TL/H = 0.5. The simulation results indicate a clear trend, as shown in Figure 5;
as the KL/K ratio increases, seepage losses also increase for all studied ratios (b/H). A lining with a KL/K ratio
of 0.5 provides only a modest reduction in seepage, typically 10-30% compared to an unlined canal. Reducing
it further to 0.05 significantly improves efficiency, reducing seepage losses by more than 85-95% across all b/H
ratios. The most pronounced improvement occurs when the KL/K ratio is < 0.0028, at which seepage losses are
almost eliminated, with reductions of up to 99%. This may be attributed to the alkali-activated geopolymer (5%
fine ash) acting only as a filler (Figure 2). The large difference observed in the alkali-activated geopolymer
(20% fine ash) case is due to a reduction in pore volume from geopolymer filling. Increasing the geopolymer
content increases the blocking of connected and semi-connected paths in the soil. This confirms that reducing
the lining permeability is the dominant factor controlling seepage losses in lined earthen canals, especially when
the treated layer reaches a sufficiently low KL/K ratio. Therefore, increasing the geopolymer dose improves
seepage resistance by filling voids, blocking connected and semi-connected flow paths, and developing a more
bonded and less permeable lining layer.
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Figure 4. Several cases of SEEP/W model results for the study
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Figure 5. Influence of permeability on seepage with different (b/H)
4.2 Influence of the ratio of lining thickness to height of water TL/H

The thickness of the geopolymer lining is a crucial aspect of canal design. The effect of geopolymer-reinforced
lining thickness was investigated at a permeability ratio (KL/K) of 0.0028, equivalent to the addition of 25%
selected fine ash. Further decreasing this ratio (KL/K) did not significantly alter the seepage rate, as discussed
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in the previous section. As expected, the study revealed a strong inverse relationship between lining thickness
and seepage rate.

For thin linings (TL/H = 0.2), the seepage rate in wider canals (b/H = 6) results in only an 80-90% reduction
compared to the unlined condition. At TL/H = 0.5, the seepage rate is reduced by 90-95%, which is still
insufficient for wider canals. Increasing the layer thickness to TL/H = 1.0 significantly improves performance,
reducing the seepage rate and achieving reductions exceeding 98% for most canal shapes. At TL/H = 1.5, the
seepage rate is extremely low (<0.5 KH), achieving near-perfect loss control across all b/H ratios. These results,
illustrated in Figure 6, indicate that at TL/H = 1.0, the effect of water height in the canal diminishes. This may
be explained by two factors: first, the hydrostatic pressure of the water increases with height; second, a thicker
material creates longer closed soil paths with geopolymer.
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14,00 m b/H=06
12,00
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T b/H=2
¥ 3,00
% 600 W b/H=3
4,00 mb/H=4
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0 0,2 0,5 1 1,5
TL/H

Figure 6. Influence of (TL/H) on the seepage for (KL/K= 0.0028)

4.3 Influence of lining orientation on seepage

Controlling the location of the lining is a simple method for controlling seepage. The effect of three types of
canal lining (bottom lining only, sidewall lining only, and full bottom and sidewall lining) on seepage was
investigated compared to the absence of lining, as illustrated in Figure 7.

The results clearly show that full lining achieves the highest efficiency, reducing seepage losses by 98—100%
when the lining thickness reaches TL/H = 1.0-1.5, owing to its ability to block both vertical and horizontal
seepage pathways simultaneously. With partial lining, performance varies considerably depending on whether
the canal bottom or sidewalls are lined. Bottom lining alone is significantly more effective, achieving a seepage
reduction of approximately 60—70%. Most seepage occurs vertically through the canal bottom. Blocking this
pathway greatly reduces water loss. In contrast, lining only the sidewalls offers less benefit, typically reducing
seepage by 35-50%, because it restricts only lateral flow while allowing significant vertical flow through the
bottom. Despite these improvements, neither partial lining method matches the performance of full lining, which
can achieve reductions exceeding 90%, even at moderate thickness levels (thickness-to-height ratio > 0.5).
Therefore, in cases where full lining is not economically or technically feasible, lining the bottom of the canal
may be recommended as a more reliable and cost-effective alternative to lining only the sidewalls.
TL/H=0.1 TL/H=0.5
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Figure 7a. Influence of lining orientation on seepage
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Figure 7b. Influence of lining orientation on seepage

4.4 Influence of water level on seepage

The findings of this study indicate that the seepage rate in earthen canals is strongly affected by both the canal
water level and the canal lining condition. As shown in Figure 8, for unlined canals, a clear positive relationship
was observed between the water level and the dimensionless seepage rate (q/KH). As the water depth increased,
the hydraulic pressure gradient on the canal bottom and sidewalls increased, promoting seepage. For example,
when b/H = 6, the seepage rate q/KH increased from approximately 11.1 at a water depth of 0.2 m to
approximately 17.8 at a depth of 1.0 m. Wider canals exhibited higher seepage rates due to the increased contact
area with the soil, providing additional pathways for seepage. As shown in Figure 9, the use of a 0.25 m-thick
geopolymer-reinforced soil lining significantly reduced seepage across all tested scenarios. Seepage losses were
reduced by approximately 70-90% compared to the unlined canal, demonstrating the effectiveness of
geopolymer lining in reducing soil permeability and water loss. However, despite this significant improvement,
the positive relationship between water depth and seepage rate persisted. Greater water depths continued to
generate higher seepage rates, although these rates were considerably lower than those observed in the unlined
canal.
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Figure 8. Influence of water levels on the seepage for (KL/K= 0.0028)
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Figure 9. Percentage of reduction in seepage for different water levels
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5. Results verification

To verify the results obtained from the numerical analysis, the water discharge values obtained under selected
conditions were compared with values computed using the analytical expression shown in Equation 2, proposed
by Vedernikov [22], which is a widely accepted method for estimating seepage losses in earthen canals.

q=K (B+A4H) 2

where:

q: seepage rate (m>/s/m)

K: permeability coefficient (m/s)

B: canal width (m)

H: water depth (m)

A: cross-sectional shape-dependent coefficient (unitless)

Table 3 summarizes the verification results. It shows close agreement between the findings from the numerical
analysis and those computed using Equation 2. Figure 5 illustrates the comparison.

Table 3. Comparison between the numerical model and Vedernikov’s equation

q
K, m H, b, B, A Db/H . model /KH /KH
(Vedernikov) a( ) q d
m/s m m m (m3/s/m”) (m3/s/m)  (Vedernikov) (model)
Ix10-4 1 0.5 0.3 23 29 0.6 3.75x10-4 3.61x10-4 7.5 7.22
Ix10-4 1 0.5 0.5 2.5 3 1 4x10-4 3.9x10-4 8 7.8
Ix10-4 1 0.5 1 3 3.2 2 4.6x10-4 4.8x10-4 9.2 9.6
Ix10-4 1 0.5 1.5 35 332 3 5.2x10-4 5.4x10-4 10.4 10.8
Ix10-4 1 0.5 2 4 345 4 5.73x10-4 5.9x10-4 11.5 11.8
Ix10-4 1 0.5 3 5 362 6 6.81x10-4 6.88x10-4 13.6 13.8
16,00
14,00
12,00
10,00
I
X 8,00
=2
6,00
4,00
2,00
0,00
0 1 2 3 4 5 6 7

—e— Vedernikov , /#®— SEEP/W

Figure 10. Graphical comparison between the numerical model and Vedernikov’s equation

6. Conclusions

This study presented a comprehensive numerical investigation of seepage control, considering four parameters:
the permeability coefficient, the lining layer thickness, the lining orientation, and the water level. Using SEEP/W
finite element modelling, verified by comparison with analytical solutions, several key findings emerged:
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1. The ratio of lining permeability to that of the original soil (KL/K) significantly affects seepage rates.
Ratios with KL/K < 0.05 achieved seepage reductions exceeding 85-95%, while extremely low values
(KL/K <0.0028) resulted in near-complete elimination of seepage loss (>99%).

2. Increasing the liner thickness significantly improved channel performance. Thin linings (thickness-to-
height ratio = 0.2—-0.5) showed a limited reduction in seepage (less than 95%), particularly in wide
channels, while thicker linings (thickness-to-height ratio > 1.0) achieved near-complete seepage control
in all channel shapes.

3. Full lining of the channel bottom and sidewalls was the most effective configuration, reducing seepage
by 98—-100% at thickness-to-height ratios between 1.0 and 1.5. Partial lining showed lower efficiency,
with lining only the bottom (60—70%) outperforming lining only the sidewalls (35-50%), confirming
that vertical seepage through the channel bottom is the primary loss mechanism.

4. Seepage rates increased with rising water levels due to the increased hydraulic gradient, particularly in
unlined and wide channels (bottom-to-height ratio = 6). These geopolymer liners reduced water loss by
70-90%, although a positive relationship between water level and seepage remained evident.
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