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Abstract: Owing to the potential negative impacts of climatic changes and the grand Ethiopian
renaissance dam, water scarcity has become an urgent issue. Therefore, the Egyptian Ministry of
Water Resources and Irrigation has started a national project of the lining and rehabilitation of canals,
to reduce seepage losses and for efficient water resource management. This study presents a new
approach for assessing three different lining and crack techniques for the Ismailia canal, the largest
end of the river Nile, Egypt. A 2-D steady state seep/w numerical model was developed for the
Ismailia canal section, in the stretch at 28.00–49.00 km. The amount of seepage was significantly
dependent on the hydraulic characteristics of the liner material. The extraction from aquifers via wells
also had a considerable impact on the seepage rate from the unlined canals; however, a lesser effect
was present in the case of lined canals. The concrete liner revealed the highest efficiency, followed by
the geomembrane liner, and then the bentonite liner; with almost 99%, 96%, and 54%, respectively,
without extraction, and decreasing by 4% for bentonite and geomembrane liners during extraction;
however, the concrete lining efficiency did not change considerably. Nevertheless, the efficiency
dramatically decreased to 25%, regardless of the lining technique, in the case of deterioration of the
liner material. The double effect of both deterioration of the liner material and extraction from the
aquifer showed a 16% efficiency, irrespective of the utilized lining technique.

Keywords: Ismailia canal; seep/w; seepage; losses; extraction; lining; cracks

1. Introduction

Arid and semi-arid regions such as Egypt have recently suffered from water scarcity,
which is getting more severe due to global climate change [1] and the establishment of dams
in the Blue Nile, such as the Grand Ethiopian Renaissance Dam (GERD) [2,3]. Seepage
losses from unlined irrigation canals are considered a significant reason for water losses, in
addition to evaporation loss, and these losses reduce the conveyance efficiency [4]. Such
is the case in the Ismailia canal, one of the most important canals in Egypt, with a total
length of 129 km, and which sustains seepage losses throughout its entire length [5,6]. In
some sections, the seepage loss reaches more than 20% of the total discharge; thus, losses
of water through earthen conveyance canals must be reduced. Seepage can be significantly
decreased by lining [7,8]. However, lining efficiency is greatly affected by the presence of
cracks and the deterioration of lining materials [9].

Seepage loss, not only affects the delivered amount of water, but also causes different
problems, such as waterlogging, which has negative effects on the soil–air–water balance
in plants’ root zone, consequently decreasing crop yields. As well conveying contaminants
to the ground water [10], it causes grass and weed growth in adjacent land [11]. However,
the seepage of water from irrigation systems is a major source of groundwater recharging,
which is considered one of the main sources of fresh water in Egypt [10].
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Seepage losses from irrigation networks depend on various factors, such as the un-
derlying soil permeability, canal water depth, wetted perimeter length, groundwater level,
and velocity of the flowing water [10,11]. Seepage losses can be measured in situ using
inflow–outflow, ponding, and double ring infiltration methods [1,4,12,13], in addition to
the electrical resistivity method [14]. Due to the difficulties in the field measurement of
seepage losses, analytical methods can be used, with some assumptions. However, analyti-
cal methods can be adopted to a limited extent, due to their assumptions rarely being met
in the field [15]. Based on knowledge of the hydraulic characteristics of a canal, such as the
discharge, velocity, geometry, and the soil hydraulic properties, engineers have developed
empirical formulas that are easy and simple to use. Mowafy [6] compared analytical and
empirical methods, and concluded that the analytical equation and empirical formula of
Molesworth and Yennidunia were the most appropriate for computing seepage losses in
Egyptian canals. El-Enany, El-Alfy [16], and Abuzeid [11] also recommended the same
methods from Molesworth and Yennidunia. However, in some cases, the required data
are not available. Consequently, numerical methods have recently become more common
and widely used to determine the seepage from irrigation canals. Numerical methods
are characterized by flexibility, as they can be used to solve more complex problems than
analytical methods, are less time and effort consuming, and have fewer inputs with respect
to empirical formulas [1].

Besides with the lining of earthen canals, seepage losses can be also reduced through
other techniques, such as decreasing the wetted perimeter and increasing the flow ve-
locity [1,10,17]. Despite the lower cost of these techniques, the maintenance of canals is
regularly required and its efficiency is lower than lining techniques. The lining of earthen
canals has different benefits, beyond decreasing seepage losses. Water-logging and weed
growth can be avoided, increasing the canal discharge carrying capacity, the canal lifetime,
and reducing silting; consequently, reducing the maintenance costs and potential side slope
failures [18]. Different materials can be used in earthen canal lining, such as geomembrane,
bentonite, and concrete [19,20]. The lining of canals with geomembrane produced about a
90% reduction of the water seepage [21,22]. However, Abd-Elhamid et al. [19] showed a
reduction of more than 90%, this can be attributed to the hydraulic conductivity of differ-
ent geomembranes. Abd-Elaty et al. [23] developed a numerical study to investigate the
groundwater contamination from polluted streams, by changing the boundary conditions,
installing a cut-off wall, and using linings for polluted drains. Using the stream-lining
scenario prevented contamination from the polluted drains and protected the freshwater
in the aquifer (See Figure 1).

As a result of the potential negative impacts of the GERD and climate changes, the
Ministry of Water Resources and Irrigation (MWRI) has undertaken a national project
for the rehabilitation and lining of earthen canals, so as to reduce seepage losses and
increase the efficiency of water resource management. The key objective of this study
was to investigate numerically the impact of different linings on the amount of water
seepage from the Ismailia canal. The numerical model seep/w was developed in this
study to simulate the Ismailia canal section in the stretch from 28.00. to 49.00 km, so as
to assess the impact of different linings and cracks in lining materials on the amount of
water seepage. The seepage of water was also investigated under the effect of extraction
from aquifers through well pumping. The effect of lining material deterioration through
potential cracks was also examined, as well the coupled effect of liner material deterioration
and the extraction from the aquifer. A cost analysis of the different lining methods was
also presented, to help decision makers in making a suitable selection of lining technique.
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Figure 1. Streams problems and different lining materials. (a) Earth canal without lining. (b) Different lining types [24, 25, 
and 26]. (c) Irrigation water in lined canals.  
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Figure 1. Streams problems and different lining materials. (a) Earth canal without lining. (b) Different lining types [24–26].
(c) Irrigation water in lined canals.

2. Materials and Methods
2.1. Case study and Site Investigation

The Ismailia canal is considered one of the most important canals in Egypt, it starts
near Cairo, has an total length of 129 km, and serves about 320,000 ha [5]. In some stretches
of the Ismailia canal, severe seepage losses occur, which represent about 20% of the total
canal discharge [6]. A site investigation using boreholes was carried out of an Ismailia
canal section, of the stretch 28.00–49.00 km, to identify the soil profile, ground water table,
and to determine the soil grain size distribution. Figure 2 presents a location map of the
study area and the hydrogeology of the aquifers, for confinement of the quaternary aquifer.

Soil grading is considered a main feature governing soil permeability, which in turn
governs the soil hydraulic conductivity. The studied soil was classified as sandy soil with a
trace of silt, based on the unified soil classification system (USCC). The first meter of the
soil profile from the ground surface was silty clay deposits, and the ground water table
was at a depth of 3 m below the ground surface.
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Figure 2. Location map and hydrogeology of the study area. (a) Study area location. (b) Study area
aquifers (Eltarabily, 2020 [5] and modified from Sallouma 1983) [27].

2.2. Numerical Modelling

Based on Darcy’s law and a continuity equation, the two-dimensional partial differen-
tial Equation (1) governs seepage through porous media. Due to the analytical solution
difficulty of this equation, a numerical solution based on a finite element approach was
used to solve the governing equation using seep/w [28]. Figure 3 indicates the seep/w
numerical model of the studied section (the stretch from 28.00 to 49.00 km), with a canal
bed width of 59 m and 2:1 side slope. Based on the soil report, the studied section consists
of sandy soil with a trace of silt as the main soil type and a thin lined band of silty clay
deposits. The hydraulic properties for the main and thin liner band soil are shown in
Figure 4. It was assumed that the soils are isotropic and homogenous, and the different
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lining materials were defined as an interface with the determined hydraulic conductivity.
The boundary conditions of the seep/w model were defined as the ground water table
being at 3.0 m below the ground surface and the canal water levels fluctuating between
12.4 m and 13.1 m, corresponding to the minimum and maximum discharges, respectively.
To assess the effect of extraction from the aquifer on the canal seepage rate, a well with a
determined pumping rate was defined in the numerical model. In the seep/w numerical
model, the total head is used to define the boundary conditions. Thus, to simulate the
damage that can occur to the lining material, the total head above and below the liner was
set as equal, and in such way the cracks in the liner can be represented:

∂

∂x

(
kx

∂H
∂x

)
+

∂

∂y

(
ky

∂H
∂y

)
+ Q =

∂θ

∂t
(1)

where; H is total head; kx is the hydraulic conductivity in the x-direction; ky is the hydraulic
conductivity in the y-direction; Q is the applied boundary flux; θ is the volumetric water
content; and the time is t.
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km.

Table 1 indicates the variables employed in this study. Hydraulic conductivity is
considered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic
conductivity is used to measure how easily water moves through the porous media. It
depends on the permeability of the porous media, the degree of saturation, and the density,
as well the fluid viscosity, with the dimensions LT−1. While, the permeability is considered
an intrinsic feature of soil, which measure how well a porous media can transmit a fluid,
independently from the fluid itself. It measures the ability of a porous material to allow
fluids to pass through it, with the dimensions L2.

Table 1. Variables employed in this study.

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction
(0.00236 m3 s−1) Cracks in Liner

Max. discharge 397.12

Base case 1.158 × 10−5
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Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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boundary conditions of the seep/w model were defined as the ground water table being 
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and 13.1 m, corresponding to the minimum and maximum discharges, respectively. To 
assess the effect of extraction from the aquifer on the canal seepage rate, a well with a 
determined pumping rate was defined in the numerical model. In the seep/w numerical 
model, the total head is used to define the boundary conditions. Thus, to simulate the 
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set as equal, and in such way the cracks in the liner can be represented: ∂∂x ൬k୶  ∂H∂x ൰  + ∂∂y ൬k୷  ∂H∂y ൰  +  Q = ∂θ∂t  (1)
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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materials were defined as an interface with the determined hydraulic conductivity. The 
boundary conditions of the seep/w model were defined as the ground water table being 
at 3.0 m below the ground surface and the canal water levels fluctuating between 12.4 m 
and 13.1 m, corresponding to the minimum and maximum discharges, respectively. To 
assess the effect of extraction from the aquifer on the canal seepage rate, a well with a 
determined pumping rate was defined in the numerical model. In the seep/w numerical 
model, the total head is used to define the boundary conditions. Thus, to simulate the 
damage that can occur to the lining material, the total head above and below the liner was 
set as equal, and in such way the cracks in the liner can be represented: ∂∂x ൬k୶  ∂H∂x ൰  + ∂∂y ൬k୷  ∂H∂y ൰  +  Q = ∂θ∂t  (1)
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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and 13.1 m, corresponding to the minimum and maximum discharges, respectively. To 
assess the effect of extraction from the aquifer on the canal seepage rate, a well with a 
determined pumping rate was defined in the numerical model. In the seep/w numerical 
model, the total head is used to define the boundary conditions. Thus, to simulate the 
damage that can occur to the lining material, the total head above and below the liner was 
set as equal, and in such way the cracks in the liner can be represented: ∂∂x ൬k୶  ∂H∂x ൰  + ∂∂y ൬k୷  ∂H∂y ൰  +  Q = ∂θ∂t  (1)
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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and 13.1 m, corresponding to the minimum and maximum discharges, respectively. To 
assess the effect of extraction from the aquifer on the canal seepage rate, a well with a 
determined pumping rate was defined in the numerical model. In the seep/w numerical 
model, the total head is used to define the boundary conditions. Thus, to simulate the 
damage that can occur to the lining material, the total head above and below the liner was 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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boundary conditions of the seep/w model were defined as the ground water table being 
at 3.0 m below the ground surface and the canal water levels fluctuating between 12.4 m 
and 13.1 m, corresponding to the minimum and maximum discharges, respectively. To 
assess the effect of extraction from the aquifer on the canal seepage rate, a well with a 
determined pumping rate was defined in the numerical model. In the seep/w numerical 
model, the total head is used to define the boundary conditions. Thus, to simulate the 
damage that can occur to the lining material, the total head above and below the liner was 
set as equal, and in such way the cracks in the liner can be represented: ∂∂x ൬k୶  ∂H∂x ൰  + ∂∂y ൬k୷  ∂H∂y ൰  +  Q = ∂θ∂t  (1)
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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materials were defined as an interface with the determined hydraulic conductivity. The 
boundary conditions of the seep/w model were defined as the ground water table being 
at 3.0 m below the ground surface and the canal water levels fluctuating between 12.4 m 
and 13.1 m, corresponding to the minimum and maximum discharges, respectively. To 
assess the effect of extraction from the aquifer on the canal seepage rate, a well with a 
determined pumping rate was defined in the numerical model. In the seep/w numerical 
model, the total head is used to define the boundary conditions. Thus, to simulate the 
damage that can occur to the lining material, the total head above and below the liner was 
set as equal, and in such way the cracks in the liner can be represented: ∂∂x ൬k୶  ∂H∂x ൰  + ∂∂y ൬k୷  ∂H∂y ൰  +  Q = ∂θ∂t  (1)
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Em ban km e nt

Cla y Lin er

0 50 100 150 200 250
0

10

20

30

Water 2021, 13, x FOR PEER REVIEW 5 of 15 
 

 

materials were defined as an interface with the determined hydraulic conductivity. The 
boundary conditions of the seep/w model were defined as the ground water table being 
at 3.0 m below the ground surface and the canal water levels fluctuating between 12.4 m 
and 13.1 m, corresponding to the minimum and maximum discharges, respectively. To 
assess the effect of extraction from the aquifer on the canal seepage rate, a well with a 
determined pumping rate was defined in the numerical model. In the seep/w numerical 
model, the total head is used to define the boundary conditions. Thus, to simulate the 
damage that can occur to the lining material, the total head above and below the liner was 
set as equal, and in such way the cracks in the liner can be represented: ∂∂x ൬k୶  ∂H∂x ൰  + ∂∂y ൬k୷  ∂H∂y ൰  +  Q = ∂θ∂t  (1)

Where; H is total head; kx is the hydraulic conductivity in the x-direction; ky is the hydrau-
lic conductivity in the y-direction; Q is the applied boundary flux; θ is the volumetric 
water content; and the time is t. 

El
ev

at
io

n 

 Distance 

Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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Figure 3. Schematic diagram of the numerical model of the Ismailia canal for the stretch 28.00–49.00 km. 

Table 1 indicates the variables employed in this study. Hydraulic conductivity is con-
sidered the key factor in seepage analysis problems. Unfortunately, there is a misunder-
standing regarding the soil permeability and soil hydraulic conductivity. The hydraulic 
conductivity is used to measure how easily water moves through the porous media. It 
depends on the permeability of the porous media, the degree of saturation, and the den-
sity, as well the fluid viscosity, with the dimensions LT−1. While, the permeability is con-
sidered an intrinsic feature of soil, which measure how well a porous media can transmit 
a fluid, independently from the fluid itself. It measures the ability of a porous material to 
allow fluids to pass through it, with the dimensions L2.   

Table 1. Variables employed in this study. 

Discharge, m3 s−1 Case Ksat, m s−1 Well Extraction 
(0.00236 m3 s−1) 

Cracks in Liner 

Max. discharge 
397.12  

Base case 1.158× 10-5 ✓ 
 

✗ ✗ ✗ 

Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 
Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 

Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 

Min. discharge 
300.48 

Base case 1.158×10-5 ✓ ✗ ✗ ✗ 
Concrete liner 4.63×10-14 ✓ ✗ ✓ ✗ 

Geomembrane liner 1.16×10-10 ✓ ✗ ✓ ✗ 
Bentonite liner 3.82×10-8 ✓ ✗ ✓ ✗ 
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The soil hydraulic conductivities were defined as a function with matric suction
representing different saturation states, as shown in Figure 4. It is worth noting that
the maximum value of the hydraulic conductivity is define as the saturated hydraulic
conductivity (Ksat) that occur at matric suction near to zero, and then the soil hydraulic
conductivity decreases as the matric suction increases. This can be explained as following:
the soil hydraulic conductivity decreases as the air content increases in the soil pores, where
these pores are partly filled with water; therefore, the available paths for water to flow are
limited and discontinuous. While, the hydraulic conductivity increases with increasing
water content, reaching the maximum value at soil saturation [29]. As mentioned before,
the hydraulic conductivity depends on the soil permeability, so the volumetric water
content (θ) is also considered a key parameter and is also represented as a function versus
matric suction. The saturated volumetric water content equals the soil porosity; it also
decreases as the matric suction increases, until reaching the residual water content. The
relation between the hydraulic conductivity and volumetric water content versus matric
suction is known as the soil water characteristic curves (SWCCs). It is worth noting that
the saturated hydraulic conductivity of a coarse soil has a higher value than that of fine
soil; however, at high matric suctions (i.e., low saturated cases), the value of the hydraulic
conductivity of a coarse soil becomes less than that of a fine soil. This can be attributed to
the discontinuities of the fluid passage and the large number of air voids [29].
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Figure 4. Hydraulic conductivity functions of the main sandy soil and adjacent clay deposit layer of
the canal.

3. Results and Discussion
3.1. Seepage Losses for the Earth Canal

A 2-D steady state seep/w numerical software was utilized to simulate an Ismailia
canal cross section, at the stretch from 28.00 to 49.00 km, to investigate the impact of using
different lining materials on the amount of the water seepage from the earthen canal. The
numerical model was established based on the variables presented in Table 1. In order to
verify the numerical model, seepage losses were numerically determined and compared
with different analytical and empirical methods, as shown in Figure 5a,b, respectively.
It can be clearly seen that the amount of water seepage calculated numerically in this
study matched closely with both the analytical and empirical solutions of Molesworth
and Yennidunia, both in the case of maximum and minimum discharges, which were
0.0106274 and 0.0089846 m3 s−1 km−1, respectively. This observation agree with the
recommendations of Mowafy [5] and El-Enany, and El-Alfy [16], regarding the use of
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this method to determine the seepage loss of earthen canals in Egypt. As expected, the
amount of seepage in the case of maximum discharge was slightly higher than that of
the minimum discharge; this can be attributed to the defined total head and the wetted
perimeter corresponding to each case.
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As expected, the seepage losses during maximum discharge of the canal were more
than those in the case of a minimum discharge, as indicated in Figure 6. This can be
attributed, as mentioned before, to the total head and wetted perimeter. Where, in the case
of the maximum discharge, both the wetted perimeter and total head were more than those
of the corresponding minimum discharge case. Figure 6 also shows the effect of extraction
from the aquifer on the seepage of the earthen canal. As was expected, the amount of
water seepage increased dramatically; increasing the ratio by almost 466% and 523% for
the maximum and minimum discharge thresholds, respectively. This observation matches
closely with Abd-Elhamid et al. [19], in which the water not only seeped freely under the
effect of the total heads, but extraction from the aquifer through wells also greatly increased
the flow of the water seepage. Therefore, it can be concluded that seepage losses are highly
affected by pumping schemes.
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3.2. Seepage Losses from a Lined Canal

The impact of using different lining techniques can be easily observed in Figure 7a, for
both maximum and minimum discharge thresholds. Where, the amount of water seepage
decreased sharply in the case of using a concrete liner, followed by the geomembrane
liner. However, the bentonite liner showed a moderate efficiency, as indicated in Figure 7b.
The concrete, geomembrane, and bentonite liner efficiencies were around 99%, 96%, and
54%, respectively. These different efficiencies can be attributed to their different hydraulic
conductivities.
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Figure 8a depicts the seepage losses during extraction from the aquifer for the different
liners studied. As mentioned previously, extraction from the aquifer leads to a dramatic
increase of the water seepage, regardless of the canal’s discharge thresholds. However,
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the use of a lining effectively reduced the seepage of water, as indicated in Figure 8b.
Extraction from the aquifer reduced the lining efficiency by almost 4% for the bentonite and
geomembrane liners; however, the concrete lining efficiency was not changed considerably.
This can reflect the extent to which the concrete lining is more effective. Although the
extraction from the aquifer as an external source, increases the rate of water seepage, the
lining material effectively resists this external source, thus the seepage rate considerably
decreases.
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3.3. Seepage Losses from a Cracked Lined Canal

Deterioration of a lining material can occur within a few years, particularly with rigid
linings; hence, the seepage can return to that of an unlined canal [9]. To deal with such
cases, cracks were simulated using the seep/w numerical model at the point where the
canal bed meets the right inclined side of the canal, to investigate the efficiency of different
lining techniques after deterioration of the lining material. Figure 9a reveals the canal
seepage losses of different cracked liners. The effect of lining material deterioration can
be clearly seen, where the lining efficiency significantly decreased, reaching around 25%,
regardless of the lining technique (i.e., the lining material). The zone in which cracks were
defined to simulate the lining material deterioration showed a rate of seepage much higher
than other zones, as shown in Figure 10. Where, the seepage rate is represented by flow
vectors, and the size of the flow vector is an indicator of the seepage rate. The effect of
extraction from aquifer was also investigated after deterioration of the lining material. As
expected, extraction from an aquifer further reduced the efficiency of the liner. The lining
efficiency reduced from 25% in the case of a cracked liner to almost 16% with extraction
from aquifer, irrespective of the utilized lining technique and canal discharge thresholds,
as shown in Figure 9b. This clearly reflects the paramount importance of lining material
deterioration, coupled with extraction from an aquifer.
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3.4. Cost Analysis for the Used Lining Materials

Egypt has a dense network of waterways, including 33,000 km of irrigation canals
and 21,000 km of open drains. The lining of this great length of irrigation canals could
improve the water efficiency and requires the selection of lining materials to minimize the
construction costs. Abd-Elaty et al. [30–32] presented the cost of different lining types for a
25 cm thickness of concrete, geo-membranes with concrete, and mixed bentonite with sand.
The study area of the Ismailia canal has a lining perimeter of 86 m and bed width of 59 m,
the difference between the berm and bed levels is 6.25 m, with a side slope of 2:1; the high
and low water levels are (13.10) and (12.40), while the bed and bank levels are (7.65) and
(13.90) for the section at the stretch between 28 + 00 and 49 + 00 km. The calculated costs
for the three lining types are presented in Table 2, of which the first is a concrete lining with
plain concrete and pitching, plain concrete and sand with cement, and reinforced concrete
and sand with cement, giving 18.10, 18.05, and USD 26 for each square meter. The second
is geomembrane and plain, geo cell and plain, and concrete canvas and sand, giving 26.40,
22.80, and USD 29.50 for 1.0 m2; these are new types of technology in Egypt. The third is
bentonite and compacted soil with a cost of USD 6.30 for 1.0 m2. It is worth mentioning
that the cost analysis was estimated based on the Egyptian market price [33–35].

Table 2. Specifications, quantities, and prices of different lining materials.

Item Lining Type Material Volume Price
($/m2)

Study Area

Thickness (cm) Price ($/m2)

1

Plain concrete and
pitching

Plain concrete 1 m3 79 10 7.90
Pitching without mortar 1 m3 34 30 10.2

Total price - - - 18.10

Plain concrete and sand
with cement

Plain concrete 1 m3 79 15 11.85
Sand cement 1 m3 31 20 6.20

Total price - - - 18.05

Reinforced concrete and
sand with cement

Reinforced concrete 1 m3 198 10 19.80
Sand cement 1 m3 31 20 6.20

Total price - - - 26

2

Geomembrane and plain
concrete

Plain concrete 1 m3 79 20 15.80
Sand cement 1 m3 31 20 6.10

High-density ploy ethylene
geomembrane 1 m2 4.50 0.10 4.50

Total price - - - 26.40

Geo cell and plain
concrete

Plain concrete 1 m3 79 20 15.80
High-density geo cell 1 m2 7 0.10 7

Total price - - - 22.80

Concrete canvas and
sand

Sand 1 m3 7.50 20 1.50
Concrete canvas 1 m2 28 1 28

Total price - - - 29.50

3 Bentonite and compacted
soil

Compacted soil 1 m3 9 30 2.70
Bentonite 1 m3 18 20 3.60
Total price - - - 6.30

4. Discussion

Table 3 presents the results of the numerical model for the seep/w, in which the
canal seepage reached 0.0106274 and 0.060172 m3 s−1 km−1 for the base case for the earth
material, with and without extraction, for maximum flow. The seepage losses decreased
to 1.59 × 10−7, 3.77 × 10−4, and 5.06 × 10−3 m3 s−1 km−1 for linings with concrete,
geomembrane, and bentonite without extraction, respectively. While, the losses reached
6.13 × 10−7, 8.35 × 10−4, and 2.06 × 10-2 m3 s−1 km−1 during extraction. Moreover,
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cracks occurring in the lining material, due to soil failure or defects in the lining material,
increased the canal seepage to 7.91 × 10−3, 7.92 × 10−3, and 8.01 × 10−3 m3 s−1 km−1

without extraction. In the case of extraction, this reached 4.94 × 10−2, 4.95 × 10−2, and
5.06 × 10−2 m3 s−1 km−1, which was the most severe case of seepage loss. For the
minimum flow, the canal seepage for the earth material, with and without extraction, was
0.008985 and 0.055996 m3 s−1 km−1 for the base case. The seepage loss decreased when
lining with concrete, geomembrane, and bentonite without extraction, to 1.27 × 10−7,
3.02 × 10−4, and 4.09 × 10−3 m3 s−1 km−1. Meanwhile, it was 5.66 × 10−7, 7.39 × 10−4,
and 1.85 × 10−2 m3 s−1 km−1 with extraction. Moreover the canal seepage increased
to 6.48 × 10−3, 6.49 × 10−3, and 6.56 × 10−3 m3 s−1 km−1 in the case of cracking of
the lining material without extraction, and it reached 4.66 × 10−2, 4.67 × 10−2, and
4.77 × 10−2 m3 s−1 km−1 during extraction.

Table 3. Results of canal seepage with a lining and cracks, considering extraction.

Discharge,
(m3 s−1) Case Without Extraction

(m3 s−1 km−1)
With Extraction
(m3 s−1 km−1)

Max. discharge 397.12

Base case 0.0106274 0.060172

Concrete liner
Without crack 1.59 × 10−7 6.13 × 10−7

With crack 7.91 × 10−3 4.94 × 10−2

Geomembrane liner
Without crack 3.77 × 10−4 8.35 × 10−4

With crack 7.92 × 10−3 4.95 × 10−2

Bentonite liner
Without crack 5.06 × 10−3 2.06 × 10−2

With crack 8.01 × 10−3 5.06 × 10−2

Min. discharge 300.48

Base case 0.008985 0.055996

Concrete liner
Without crack 1.27 × 10−7 5.66 × 10−7

With crack 6.48 × 10−3 4.66 × 10−2

Geomembrane liner
Without crack 3.02 × 10−4 7.39 × 10−4

With crack 6.49 × 10−3 4.67 × 10−2

Bentonite liner
Without crack 4.09 × 10−3 1.85 × 10−2

With crack 6.56 × 10−3 4.77 × 10−2

5. Conclusions

The Egyptian Ministry of Water Resources and Irrigation has started a national project
of the rehabilitation and lining of earthen canals, because of the potential negative impacts
of GERD and climate changes, in order to reduce seepage losses and have a more efficient
water resource management. A two-dimensional seep/w numerical model was employed
in this study to simulate a Ismailia canal section at the stretch 28.00–49.00 km, and to
investigate the efficiency of three different lining techniques. The effect of lining material
deterioration was also investigated, as well as extraction from an aquifer through a well
pumping, to help decision makers in making a suitable lining technique selection. Lining
efficiency was greatly dependent on the utilized lining technique. The concrete liner was
the most efficient, with 99%; followed by the geomembrane liner, with 96%; and with
52% in the case of the bentonite liner. Extraction from an aquifer through well pumping
has a considerable impact on the water seepage from earthen canals; however, its impact
decreased significantly in the case of lined canals. The deterioration that can occur in
lining materials has a considerable impact on lining efficiency, irrespective of the utilized
lining technique, where the lining efficiency was reduced to around 25%. The coupled
effect of lining material deterioration and extraction from an aquifer led to a reduced lining
efficiency, to around 16%, regardless of the utilized lining technique. It is recommended
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to follow the necessary precautions to prevent cracks in the lining material during the
implementation process. Using water-stop seals in the zone where the canal bed meets its
vertical sides is also recommended, particularly in the case of using a rigid lining material,
to prevent leakage due to potential cracks in the liner material.
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