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Abstract: Shortage of surface water is considered an international problem that has even extended
to countries that have rivers, in particular countries sharing the same river basins and downstream
countries, such as Egypt. This issue requires intensive management of available water resources.
Irrigation Canals Rehabilitation (ICR) has become essential to protect surface water in irrigation
canals from losses due to seepage. Egypt is one of the countries that has started using this technique.
This paper aims to evaluate the impact of ICR using concrete on the land and on crop yields. The
SEEP/W model is used in the current study to estimate changes in the groundwater table and
moisture in the root zone. Three cases studies have been simulated and compared including unlined,
lined, and lined canals with a drainage pipe. The methodology is applied to three canals in the Nile
Delta: Sero, Dafan, and New-Aslogy. The results demonstrate that ICR has decreased the losses from
canals which resulted in lowering the groundwater, where the case of lining gave a higher reduction
than the case of lining with a drainage pipe. In addition, the water table underneath the embankment
was lowered. Decreasing the groundwater table could help to protect the land from logging and
increase crop yields, but it may reduce the recharging of groundwater aquifers. Such a study is
highly recommended in arid regions to decrease water losses where many countries are suffering
from water shortage.

Keywords: irrigation canals rehabilitation; seepage; crop yields; embankment; side slope; Nile Delta

1. Introduction

Canals are used to deliver surface water from the source to the end user. They may
be used to supply water to many sectors, including the agricultural, industrial, and do-
mestic sectors. Multiple efforts are made to maintain the function of canals delivering
water to all outlets, as well as to the ends of canals. Zeng et al. [1] optimized the control
of cascaded irrigation canals by controlling the minimum water levels required for irri-
gation and preventing dam collapse as a result of water overflows using control gates
and interconnected long-distance reaches. Rath and Swain [2] evaluated the performance
of the Hirakud canal system in Odisha, India. The flow was measured by an ADV flow
tracker. The performance of the canals was assessed through variability, adequacy, inequity,
efficiency, conveyance performance, and irrigation performance, which showed that the
strategy of canal operation should be interested in obtaining an optimal yield. Controlling
the seepage from canals to the groundwater under the canal bed or to the groundwater in
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the neighboring lands has become a goal everywhere to save surface water. Zhou et al. [3]
developed an uncomplicated procedure to evaluate water consumption and return flow
in the period from 1980 to 2010 at four hot-spot irrigated areas on the field and regional
scales. The results demonstrated a decrease in evaporated water. For the regional scale,
water leached to the aquifers was classified as advantageous rather than waste. Khanal
et al. [4] analyzed factors affecting irrigation water users collective action for managing
their uses in an irrigation system by the year 2019 through applying a simple random
sampling method for cross-sectional data from 184 points. Data analysis utilized a logit
regression method. The collective action for managing the irrigation water system was
changed by a combination of various factors: the age of the household head, his level of
schooling, the presence of monetary fines and the number of farmers in a branch of the
irrigation system.

Morad and Abdel Latif [5] reported that 95% of total groundwater recharge was
due to seepage from a canal and 5% from percolation in the study area between Borg
El Arab and El Hammam, Egypt. Awad and El Fakharany [6] used MODFLOW and
MODPATH models to ensure that the problem of water logging was due to seepage from
the Ismailia canal and the irrigation network, in addition to excess irrigation water. Rank
and Vishnu [7] evaluated the features of noncontinuous irrigation, which helps the crop
root zone in better growth of the plant by allowing aeration of the root zone. Air is essential
to the plant in the photosynthesis process. Thus, this process could increase crop yield.
Hosseinzadeh et al. [8] investigated the factors affecting seepage from earthen channels in
the Zayandeh-Rud irrigation network, Iran, and the Gediz watershed in Turkey using the
finite elements method. The results showed that the wetted perimeter influences seepage
from the channels, while the side slope of the channels has only a minor effect. Tavakoli
et al. [9] simulated the earthen channel of Boldaji, Borujen city, Chaharmahal and Bakhtiari
province, Iran, in the laboratory of Shahrekord University. The results showed that the
seepage from the canal increased the groundwater levels by 3.5–11 cm.

A rising water table in the root zone of a plant prevents aeration in the root zone,
causing damage to the plant’s roots and thus reducing the productivity of cultivated land.
This phenomenon, known as land logging, causes heavy economic losses, so there are efforts
to lower the groundwater table to more appropriate values. Deng and Bailey [10] analyzed
and quantified the cause of high groundwater levels in irrigated stream aquifer systems,
in northern Colorado, USA, using global sensitivity analysis (GSA) and a MODFLOW
model. The results showed that lining a canal with a sealant to reduce seepage by >50%
from surface water irrigation to groundwater irrigation, could lower the groundwater
table by 1.5 m to 3 m over a period of five years. The lining of an irrigation canal helps
lower the groundwater table and saves surface water as well. Habteyes and Ward [11]
developed a state-of-the-art empirical dynamic optimization model to investigate the
economic performance of saved water in the Canadian River Basin, southwestern USA. The
results proved that the delivery system of a canal lining can raise the sustained economic
value of water for crop irrigation, where the saved water can be used in dry years by storing
it in wet years.

A fuzzy inference system to control the irrigation system through determining the
water irrigation volume for a sweet pepper crop was used by Aquino-Jr et al. [12]. The
collected data was used to control the algorithm to ensure that the soil moisture in the root
zone was suitable for the plant. Abd-Elaziz et al. [13] mentioned that the minimum depth
for groundwater in the root zone ranged from 1.5 m to 0.75 m. Nasr et al. [14] relieved
uplift pressure behind the canal lining by locating a tile drain at a position that allowed
minimum uplift pressure.

Irrigation Canals Rehabilitation (ICR) is an ideal solution for protecting surface water
from percolation into the aquifer, with the saved amount of water used to irrigate reclaimed
areas, according to Abuzied et al. [15]. The data used in their research was collected from
fields through the official Ministry of Water Resources and Irrigation Authority in Assiut
governorate, Egypt. The analysis of the data proved that the total loss of irrigation water
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from Almanna canal and its branches reaches about 16.05 million m3 monthly. The water
lost through only seepage reaches about 15.95 million m3 monthly, representing 99% of all
lost irrigation water. Shah et al. [16] used the inflow–outflow method for seven concrete-
lined distributary canals in Punjab, Pakistan, then compared his results with results from
five empirical formulae. The comparison showed that the mean percent errors ranged from
−20% to +19%. Han et al. [17] evaluated the seepage from canals by monitoring water
levels using different lining materials under different service times. The results showed that
cracks in the joints between the precast concrete slabs and holes in the geomembrane were
the reason for the seepage loss, while lining reduced seepage by 86% compared to there
being no lining. Eltarabily et al. [18] determined the effect of canal-lining on groundwater
levels using MODFLOW to simulate the interaction between surface and groundwater
for the Ismailia canal, Egypt. This estimated the seepage from the unlined canal to the
aquifer to be at 3.5 million m3/day, which represents 21.6% of the canal’s total discharge.
Abd-Elhamid et al. [19] proved that lessening the conductivity of lining materials decreased
the contamination from an open drain into the groundwater. This reduction reached 43%,
89.6%, 91.4%, and 93% using several lining materials, such as geomembranes, clay, concrete,
and bentonite.

Khan et al. [20] observed a gradual rise in electrical conductivity (EC), using Visual
MODFLOW to simulate the effects of a concrete lining on groundwater. Lesser et al. [21]
determined the effect of lining canals on groundwater levels in the Mexicali Valley. The
groundwater flow model recorded a remarkable drawdown after the lining was added
in 2008, where the water table dropped to 5.8 m at the end of four years of monitoring.
Zhao et al. [22] adopted a methodology for estimating the spatial and temporal extensive
soil moisture datasets in the Shale Hills Critical Zone Observatory (CZO), China, in the
period from 2004 to 2010. The methodology used an Empirical Orthogonal Function (EOF)
analysis to evaluate the soil moisture. In addition, Taran and Mahtabi [23] investigated
the effect of three weep holes on managing the uplift pressure under concrete-lined canals
under the condition of fluctuating groundwater levels. The discharge was measured from
these weep holes in the physical model. Another simulation using a SEEP/W numerical
model was performed to measure the discharge. The results indicated that uplift pressure
values were under the condition of fluctuating groundwater levels, and the maximum
hydraulic gradient occurred at the corner of the canal bed. Salmasi et al. [24] investigated a
drainage system (drain pipes under the canal bed) to reduce uplift forces and to increase
canal stability against fluctuating groundwater levels.

Taran and Mahtabi [23] also investigated the effect of three weep holes on managing the
uplift pressure under concrete-lined canals under the condition of fluctuating groundwater
levels. The discharge was measured from these weep holes in the physical model. Another
simulation using a SEEP/W numerical model was performed to measure the discharge.
The results indicated that uplift pressure values were under the condition of fluctuating
groundwater levels, and the maximum hydraulic gradient occurred at the corner of the
canal bed. Salmasi et al. [24] investigated a drainage system (drain pipes under the
canal bed) to reduce uplift forces and to increase canal stability against groundwater
fluctuated levels.

In the context of the pressing need for water as a result of growth of population,
projects made by upper stream countries such as the Grand Ethiopian Renaissance Dam
(GERD), and severe climate change, Egypt takes serious steps respected by the international
community to reduce the risks of the increased shortage in water resources through reduc-
ing its birth rate and continuous negotiation with the Ethiopians. Egypt realizes the risks
which are a threat to the planet due to climate changes. Egypt participated and supported
the decisions taken by an international conference held by Ministry of Water Resources
and Irrigation (MWRI) in October 2021 under ascendancy of the climate changes. Egypt
managed its resources and applied an urgent policy of Irrigation Canals Rehabilitation
(ICR) to restore canal cross-sections to their designed section and reduce seepage from
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canal boundaries into groundwater [25]. The rehabilitation of canals is done through a
concrete lining.

This study aims to estimate the effect of ICR on the seepage from canals by presenting
the alteration in the groundwater table before and after the lining process for different
locations at different times until reaching a steady state condition. The simulation was
performed for steady/unsteady conditions. It is important to estimate the suitability
of the new groundwater table for the vadose zone of plants through detection of pore
water pressure and by comparing among three states: the canal before the lining (unlined
state), the lined case, and the lined case with a drainage pipe. Flux was estimated for the
three cases to evaluate the changes in seepage through the downstream embankment (the
embankment toe) to measure the role of the lining in reducing conductance between the
embankment and the other parts of the aquitard. The simulation was performed using a
SEEP/W model to compute heads, flux, pore water pressure, and the water table for the
selected cases.

2. Materials and Methods
2.1. The Study Area

Egypt has a hierarchy system for its irrigation canals. The top of the hierarchy system
is the Nile River which is the main source of water in Egypt. In the hierarchy system, the
Nile River is followed by Rayah, which in turn supplies the main canals. The main canal
supplies branch canals, and the destination is meska or marwa (a very small canal used in
irrigation in farms) [26].

A pilot study area representing the Nile Delta boundary conditions was selected in
the Sharkia Governorate. The city of Zagazig is the capital of the Sharkia Governorate and
is located 70 km north-east of Cairo (the capital of Egypt). Three canals were selected from
the irrigation network of the Sharkia Governorate to perform the current study; these were
the Sero, Dafan, and New-Aslogy canals. Each one of them belongs to a different zone, as
indicated in Figure 1a. The first canal, Sero, is located in the Abu Kabir zone (Figure 1b);
the second canal, New-Aslogy, is located in the Zagazig zone (Figure 1c); and the third
canal, Dafan, is located in the Awlad-sakr zone (Figure 1d). Table 1 shows the main data
for the selected canals.

Figure 1. Location map of the study area [27].
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Table 1. Main data of the selected canals.

The Canal Length (km) Zone Pick Point Longitude Latitude

Sero 11.155 Abu Kabir end 31.721◦ 30.835◦

Dafan 36.899 Awlad-sakr inlet 31.706◦ 30.931◦

New-Aslogy 6.187 Zagazig inlet 31.482◦ 30.576◦

2.1.1. Surface Water System in the Study Area

The surface system includes the irrigation network, which is a part of the hierarchy
system of Egypt that is considered the surface water source in the pilot areas, given the
small, fluctuating amount of precipitation in this arid zone. The climate is hot, dry, and
rainless in summer, and it is mild with little rain in winter. The average annual rainfall is
estimated to be 51 mm/year. The mean daily temperature is 12 ◦C during the winter and
rises to 37 ◦C in the summer.

2.1.2. Groundwater System in the Study Area

The pilot area is a part of the Nile Delta aquifer system, which is defined as a semi-
confined aquifer. The upper layer is leaky and semi-permeable, formed from Holocene
silt and clay with a thickness differing from 0 to 20 m, which is called the aquitard or clay
cap and is the layer of interest in this study [13]. Table 2 provides the examined depths for
each studied location, as extracted from reports on soil samples at these locations in the
years 2018 and 2019 [28]. The middle layer is the aquifer, which consists of sand and gravel
with clay lenses [13]. The lower layer is Pliocene marine clay (the impermeable boundary),
which is known as the aquiclude (sticky clay).

Table 2. Geometric data of the selected canals.

Canal Section
(km) Side Slope

Surface
Water
Level

Ground-
Water
Level

Bed Width
(m) Bed Level Road

Width (m)
Road
Level

Aquitard
Depth (m)

Sero

1.00

1:1

(5.50)

(1.90)

6 (2.70) 12 (5.70)

12.57.00 (4.50) 5 (1.90) 7.4 (5.00)

10.55 (4.40) 4 (1.90) 4.9 (5.00)

Dafan 17.500 1:1 (0.40) −(0.75) 8 −(1.30) 5.5 (2.75) 9.3

New-
Aslogy 1.500 1:1 (8.84) (5.94) 3 (6.90) 6.57 (9.33) 9.2

The aquitard properties required for the simulation were saturated hydraulic con-
ductivity in the x-direction (kx), saturated water content (swc)%, residual water content,
and the coefficient of volume compressibility (mv). Hydraulic conductivity controls the
seepage in both directions and is 0.2 m/day; the anisotropy ratio Ky/Kx is one, where the
aquitard is isotropic; and swc expresses the maximum amount of water that the soil can
store. It strongly related to the clay porosity; the value in the simulation was 0.38%, while
the coefficient of volume compressibility was 0.075 × 10−3 kpa. The residual water content
refers to the water content of the soil where a further increase in negative pore-water
pressure does not produce significant changes in the water content; here the value of 0.068
was used in the simulation, while the porosity of the lining material is 10–35% [29].

2.1.3. Interaction between the Surface and Groundwater Systems and Discharge in the
Study Area

The interaction between the surface water and groundwater systems in the pilot areas
is represented in the natural recharging of the aquifer via three directions: 1. infiltration
from the irrigation canals network to the shallow aquifer or the clay cap, 2. excess water
in the root zone flowing under gravity and capillary fringes to the aquifer under the
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cultivated area in the vadose zone, and 3. the loss of surface water to the shallow aquifer by
seepage from the irrigation network to the adjacent lands. This seepage could be useful for
maintaining the soil moisture at the desired level of plant needs, but when this amount is
exceeded, it causes land logging, crop damage, economic losses etc., so the policy of ICR is
considered to be a way to solve the problem of percolation from canals, and ICR is expected
to save 6.57 million m3 of water by the year 2022 [25]. The discharge from the aquifer is the
only way to reduce the shortage in supplementary surface water in places where the pilot
areas suffer from a severe shortage of surface water, as well as other regions in Egypt. The
infiltration from agricultural soil to the canal was taken into consideration in the simulation.
Chuck [30] illustrated that the soil texture controls the available water capacity, where
clayey soil is within the range 1.20–1.50 inches/foot of depth and the infiltration rate is
0.10–0.20 inches/h. Table 2 shows the geometric data for the Sero, Dafan, and New-Aslogy
canals. This data includes the locations of the selected sections to be studied, side slopes,
and the surface water levels in the canals; for groundwater, it includes bed widths, bed
levels, bank widths and levels, and the depth of the clay cap for each location.

2.2. Numerical Modeling

SEEP/W is a strong finite element software model for simulating groundwater flow
in porous media. SEEP/W can simulate simple saturated steady-state difficulties and
sophisticated saturated/unsaturated transient conditions. In this regard, it was used to
simulate the interaction between surface water in irrigation canals and groundwater in
nearby agricultural lands and the aquitard to compute the changes to the groundwater
levels due to a concrete lining, which blocks the main source of recharging the shallow
aquifer soils. SEEP/W is one of the packages of the Geo-studio program. El-Molla [31]
used the SEEP/W model to estimate the impact of a compacted earth lining on seepage
from trapezoidal irrigation canals and concluded that a highly compacted earth lining
could save 99.8% of the percolated water to the aquifer. Aghdam et al. [32] and Taran and
Mahtabi [23] used SEEP/W and showed that drainage pipes could reduce the uplift force
for a gravity dam. Salmasi and Abraham [33] and Hosseinzadeh et al. [8] used SEEP/W to
predict the seepage from earthen channels at the Zayandeh-Rud irrigation channels, Iran.
References [34–37] found that SEEP/W is a good tool to simulate the seepage from surface
water to soil and vice versa. The model uses Darcy’s Equation, which is expressed as:

q = ki (1)

where:

1. q: specific discharge (m3/day/m)
2. k: hydraulic conductivity (m/day)
3. i: gradient of the total hydraulic head (m/m)

The governing differential equation for two-dimensional seepage can be expressed
mathematically as SEEP/W [38]:
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While the basic finite element equation is:

[k]{H} = Q (3)

where:

1. k: element property matrix (includes material properties and volume)
2. H: nodal total head
3. Q: nodal flow

3. Methodology

The methodological approach used to evaluate the effect of the lining process in
keeping surface water from infiltrating into the shallow aquifer was to compare the seepage
from unlined canals and concrete-lined canals utilizing SEEP/W; in this way, the suitability
of the groundwater level or soil moisture content for the plant root zone after the lining
could be estimated.

3.1. Unlined Canals

The data presented in Table 2 was used in the simulation and calibration of the model.
Knowing the level of water in the canal and the level of groundwater in the nearby land,
the leaching line from the canal to the land, where the water levels in the canals exceeded
the groundwater levels for all mentioned sections, could be predicted. For example, the
section 1.00 km from the inlet of the Sero canal has a surface water level of (5.20) and a
groundwater level of (1.90), so there was continuous seepage moving from the canal to the
level of (1.90) in the clay layer. This is not limited to this section; all unlined canals suffered
from seepage into the groundwater. Therefore, there was a loss in surface water due to
seepage from canals, meaning there is a need to apply ICR. The case of unlined canals was
one of the three studied cases.

3.2. Lined Canals

The lining would lessen or even fully prevent the seepage into the groundwater aquifer
for an optimum lining process, where the permeability of the canal boundaries is limited to
the tiniest value due to lining with impermeable materials. A lining material composed
of two layers of sandstone pitching with cement mortar with a minimum thickness of
30 cm was applied directly on restored canal boundaries for the designed cross-section.
Sandstone has a much higher porosity of 10–35% [39]. The second layer is plain concrete
(pc) with a thickness of 10 cm, which is covered with a moisture-insulating material, such as
cresol, to fill the pores and block the cracks in the pc layer to prevent percolated water from
seeping into the shallow groundwater aquifer. Ref [18] mentioned that canal boundaries
lined with concrete possess low permeability, less than 8.64 × 10–5 m/d, while [19] used
a value of 4 × 10–9 m/d for the concrete lining. Figure 2 shows a field photo of the Sero
canal after lining.

Figure 2. Real photo of the Sero canal after lining.
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3.3. Lined Canals with a Drainage Pipe

In some reaches, it was essential to allocate a drainage pipe in the side slope of the
canal. The drainage pipe has a diameter of 10 to 15 cm and was placed at a height from
0.75 to 1.5 m above the bed. The function of the drainage pipe is to release groundwater
pressure on the side slope of the canal after lining, and its role was to prevent the percolation
of this groundwater into the canal when the canal is off or during maintenance periods. In
these periods, the level of groundwater exceeded the water levels in the canal. Lined canals
had two cases to be studied: lined canals without and lined canals with a drainage pipe.

3.4. Model Geometry and the Grid

Figure 3 gives an example for the simulated canals in the study area. Figure 3a shows
the location of the Sero canal, and where it belongs to in the Abo-Kabir zone which appears
in green. The 31.682◦ and 30.749◦ degrees pick the location of the inlet, while the border
of the pilot areas appears in yellow. Figure 3b shows the simulated unlined cross section
using SEEP/W, depending on data from the 1.00 km section from Table 2. This description
of the section is valid from the inlet to the section at 1.00 km. The applied scale is fine-
tuned, using a 1:1 aspect ratio. The mesh consists of 248 nodes and 213 elements, with a
default approximate global element size of 1.0 m of quads and triangles, which is the most
appropriate, where complexity does not mean an accurate solution.

Figure 3. An example for the simulated canals.

3.5. Properties of Material and Boundary Conditions

Figure 3b indicates that the soil of the embankment is a homogeneous clayey soil, with
a width of 12 m and a level of (5.70). The depth of the aquitard is 12.50 m. The bed and
surface water levels in the canal are (2.70) and (5.50), respectively. The characteristics of the
clay were identified in the simulation. Figure 4 shows the boundary conditions for three
cases of the Sero canal: unlined, lined, and lined with a drainage pipe. Figure 4a represents
the unlined case; the total head alongside the slope and under the canal is 5.50 and there
is a potential seepage face, as shown in the figure downstream from the embankment, to
allow seepage to pass through. In Figure 4b, the lining material is in green, the boundary
conditions for the lined Sero canal; the total head was only for the side slope of the canal
and was 5.50, while the boundary conditions for the side slope of the lined canal were
represented by zero head pressure to express the new condition of preventing seepage
from the canal. The other condition was a potential seepage face, as shown in the figure.
Figure 4c represents the case of the lined canal with a drainage pipe; it has an addition in



Water 2022, 14, 808 9 of 24

the boundary conditions of the lined stated, where the boundary conditions at the drainage
pipe are ahead of 5.50 m.

Figure 4. Boundary conditions for the Sero canal for three cases.

3.6. Initial Conditions

The proposed cases were simulated for the steady state conditions, especially before
the lining, where the canals worked for a long time. A transient analysis was essential
to predict the temporal changes alerted to the canals as a reaction to the lining. SEEP/W
specified the initial conditions by reading the data from an initial conditions file created
in a separate analysis, which called parental analysis (steady state analysis) by defining
the initial total head at all nodes created by the steady state analysis. The initial conditions
analysis was identical in geometry and material to both simulations. Therefore, the studied
cases simulated for transient analysis, particularly for the cases of lining and lining with a
drainage pipe depending on a previous simulation (steady state analysis), as follows:

1. Steady state analysis (parental analysis) or initial conditions, then
2. Transient analysis

3.7. Root Zone

The impact of the lining extended to the plants, where the lining reduces or even
prevents the conducting of water between the canal and the root zone or vadose zone of
the agricultural land close to the canals, taking into consideration that the water level in the
root zone of the plants should be maintained at specified levels to meet the needs of plants
for water. Lowering the groundwater levels in the root zone due to limiting seepage from
the canal did not supply plants with its requirements. Another point of view suggested
that the lining process may raise the groundwater levels in the root zone by preventing
percolation from the soil to the canal, which leads to the undesirable phenomenon of land
logging, which hurts plants and the productivity of cultivated land. When a canal is empty
due to the shift schedule between the canals network in any pilot area, as a solution for
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the abundance of surface water or during periods of reduced needs, and where canals had
to be maintained and therefore are not used, the seepage in the canal is also off and water
levels are at a minimum. This allows seepage from agricultural land into the canal during
this time, where the level of groundwater exceeds the level of water in canals; thus, the
leaching line will be from the clay layer to the canal, which means that plants lose their
supply of water in the root zone through periods of reduced needs. Hence, the maximum
safe groundwater level for plants should be 0.75:1.50 m, as mentioned by [13], to avoid the
phenomena of land logging. Thus, estimating groundwater levels in the study area before
and after the concrete lining is a necessity.

3.8. Model Calibration

For model calibration, the groundwater levels calculated by SEEP/W are compared
with the measured water levels. The net difference is 4 cm for the Sero canal, 1.3 cm for
the Dafan canal, and 8 cm for the New-Aslogy canal. The correlation factor is 0.999, which
indicates a high relation between the groundwater table computed by SEEP/W and the
measured values in the field by [28].

4. Results

The results present the effect of the lining on pore water pressure (pwp), especially the
line of zero pwp, which refers to the groundwater table. The results also present flux at a
section that can reflect the influence of the lining process, such as a section at a side slope
before and after the lining and the section downstream the embankment to illustrate the
seepage in/out of the canal. In this study, three cases in the Nile Delta were considered
in different regions to assess the impact of ICR; these included the Sero, Naw-Aslogy, and
Dafan canals. SEEP/W was used to analyze the results of all the canals for three cases:
unlined, lined, and lined with a drainage pipe. The results of all the cases are presented in
the following sections.

4.1. Total Head and Velocity Vectors in the Steady State

An example for the results of the simulation for the selected canals is shown in Figure 5.
It shows the results for the Sero canal at 1.00 km (from the inlet). Figure 5a shows the total
head and velocity vectors, where the contour lines display the values of the total head in
the aquitard. The total head ranged from −8 to 5.5 m. Negative values refer to negative
pressure. The velocity vectors are in descending order, as velocity vectors originated from
the bed of the canal, the side slope of the canal, and the vadose zone. Figure 5b represents
the case of the canal after lining; the values of total heads decreased due to seepage from
the canal decreasing, and where they are in a positive relation, the values of the total heads
ranged from 0 to −8 m in most of the aquitard. Figure 5c shows the case of lining with
drainage pipes, with the velocity vectors originating from the drainage pipe, making a
spot of 6 to 8 m high heads in the aquitard. Figure 5d presents the case of an ideal lining,
where there is no leakage from canal to the soil at all. It notes the aquitard in this part as an
unsaturated zone, and this can be noticed from the decreased negative values of the total
head, where the maximum values do not reach zero.
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Figure 5. Total head and velocity vectors for the Sero canal at 1.00 km for the three cases compared
with the ideal case.

4.2. Pore Water Pressure at Different Sections of the Studied Canal

The pwp is a good indicator for the groundwater table. The pwp is determined at three
sections for the Sero canal: at 1.00, 7.00, and 10.550 km. Figure 6a shows the pwp for the
unlined canal at the 1.00 km section. The line of zero pwp separated the aquitard zone below
the canal to the saturated/unsaturated, where the water pressure values are positive in the
region adjacent to the canal, indicating a case of saturation and leaving the other area in
the unsaturated case, where the values of pwp are negative. In Figure 6b, where water was
prevented from seeping due to the lining, the aquitard is a completely unsaturated zone. In
Figure 6c the origination of the saturated zone was a reaction to the seepage through the
drainage pipe, while the rest of the region is still in unsaturated case.

Figure 7a shows the pwp for the unlined Sero canal at the section at 7.00 km. The zone
is almost saturated, indicating the presence of seepage from the canal side to the soil. The
values of pwp at most nodes are positive. The water table reached 3.84 m at the end of the
embankment. In Figure 7b, where the lining held percolation from the canal to negligible
values, a remarkable shrinkage in the saturated area compared with the unlined case. The
steady state status was reached after 365 days of simulation. Figure 7c shows an increasing
of the area of the saturated zone as a reaction to seepage through the drainage pipe, while
the rest of the region is still unsaturated. The case of the drainage pipe reached a steady
state at 11 days from the start of the simulation. The seepage did not affect the land adjacent
to the embankment.
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The pwp for the unlined Sero canal at the section at 10.55 km is shown in Figure 8a.
The zone is almost saturated, indicating the presence of seepage from the canal side to
the soil. The values of pwp at most nodes are positive. The water table is 3.32 m at the
end of the embankment. In Figure 8b, where water is prevented from seeping due to the
lining, the unsaturated zone expanded to a level near to the level of the canal bed, where
the region reached a steady state 1440 days from the start of the simulation. The water table
at the end of the embankment was −3.08 m. Figure 8c shows an increase in the area of
the saturated zone compared to the unlined case, due to the seepage through the drainage
pipe, while the rest of the region is still unsaturated. The case of the drainage pipe reached
a steady state at 765 days from the start of the simulation. The water table reached −3.08 m
at the end of the embankment.
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The results of pwp for the Dafan canal is shown in Figure 9a–c. Figure 9a shows the
pwp for the unlined canal at section 17.50 km. The area of the saturated zone is more than
the area of the unsaturated zone, the water table indicating the presence of seepage from
the canal side to the soil, where it connected between the level of the surface water in
the canal and a level of −3.05 m at the end of the embankment. The case of the unlined
canal reached a steady state in a very short time. The values of pwp at most nodes are
positive. In Figure 9b, where seepage from the canal was nearly zero due to the lining
material conductivity, the whole embankment was unsaturated, and the case of the lined
canal reached a steady state at 960 days from the start of the simulation. Figure 9c shows
an increase of the area of the saturated zone compared to the case of a lining, as a reaction
of seepage through the drainage pipe, while the rest of the region is still unsaturated. The
infiltration from the agricultural land induces a rising of the water table. The case of the
lining with a drainage pipe reached a steady state at 3650 days.
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The pwp for the New-Aslogy canal is shown in Figure 10a–c. Figure 10a shows the
pwp for the unlined canal at section 1.500 km. The embankment area is almost saturated.
The level is 8.04 m at the end of the embankment. The case of the unlined canal reached a
steady state in a short time. The values of pwp at most nodes are positive. In Figure 10b,
where the lining prevented water from seeping, the whole embankment was unsaturated.
The case of the lined canal reached a steady state at 25 days from the start of the simulation.
Figure 10c shows an increase in the area of the saturated zone adjacent to the location of the
drainage pipe compared to the case of lining as a reaction to seepage through the drainage
pipe, while the rest of the region is still unsaturated. The case of the drainage pipe reached
a steady state at 25 days from the start of the simulation. The drainage pipe did not affect
the water table at the embankment.
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4.3. Seepage at Different Sections of the Studied Canal

The changes alerted to the seepage from canals to the aquitard and vice versa were
estimated for the three cases of the canal through the drawing of flux sections. The most
important sections that could clarify the changes in flux were the section at the side
slope of the canal and the section downstream of the embankment. This step revealed
the achieved goals of lining the canals. The flux through the lining material related to
hydraulic conductivity, hydraulic gradient, and porosity, as mentioned by Darcy’s Law in
Equation (4):

v =
ki
n

(4)

where:

1. v: velocity
2. K: hydraulic conductivity
3. i: hydraulic gradient
4. n: porosity

4.3.1. Seepage along the Side Slope for the Sero Canal at 1.00 km

The flux was fixed along the side slope with time for the unlined case. The flux was in
a positive relation with the depth of the water, assessed at 0.053 m3/day at the bed and
0.14 m3/day at the top, where velocity distribution affects the flux values. The velocity
distribution is at a maximum near the water surface and almost zero at the bed. A positive
flux value referred to the direction of the flux from the canal to the soil, hence an outflow.
The considered section for the lining case was the section just after the lining material. The
seepage values varied along the side slope; they were negative and diminished to tiny
values at the maximum height of the water: 0.00255 m3/day and 0.0031 m3/day. Therefore,
the inflow flux was the highest near the bed and lowest near the node of the water table.
The values of flux at the outlet of the drainage pipe were positive and ranged from 0.00029
to 0.00057 m3/day. The values above or under the drainage pipe were negative, indicating
seepage from the soil to the canal, where the drainage pipe created a saturation case in the
embankment, allowing water to pass from the embankment to the lining material, which
was less in the degree of saturation; hence, the inflow to the lining material was higher
above the drainage pipe than under the drainage pipe, where the degree of saturation was
higher under the drainage pipe. To evaluate the performance of the drainage pipe in saving
water, a summation of fluxes for different nodes above/at/under the drainage pipe was the
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indicator. The total outflow flux was 0.011 m3/day, and the total inflow was 0.0049 m3/day,
meaning the case of the lining with a drainage pipe was classified as outflow and estimated
to be 0.0059 m3/day.

4.3.2. Seepage along the Side Slope for the Sero Canal at 7.00 km

The flux was positive at the side slope for the unlined case, indicating the seepage
direction from the canal to the aquitard. The flux was related to the depth of the water and
assessed at 0.0353 and 0.0027 m3/day for the bed and top of the canal, respectively. The
relationship between the flux and the depth along the section just after the lining material
was negative and ranged from 0.077 m3/day at the bed of the canal to 0.001 m3/day near
the water table. The flux above the drainage pipe was zero, 9.94× 10−8,−1.14 m3/day. The
negative flux refers to inflow to the lining layer due to seepage from the root zone, which is
an impact in this case of the small bank width. The lower limit of the drainage pipe was
outflow and was 1.35 × 10−6 m3/day. The part of the side slope under the drainage pipe
was exposed to inflow in its upper part due to the saturation state created by the drainage
pipe, which allowed water to move to the less saturated layer of the lining material; the
flux was −0.044 m3/day, and by moving downwards the state of saturation disappeared,
which allowed the layer of the lining material to show small values of flux according to its
permeability, which was 1.35 × 10−6 m3/day after 11 days of simulation. The net flow was
inflow and measured at −0.044 m3/day, wherever the small bank width allowed seepage
originating from the root zone to modify the flow movement.

4.3.3. Seepage along the Side Slope for the Sero Canal at 10.55 km

The flux at the side slope for the unlined case was positive, indicating the ordinary
seepage direction from the canal to the aquitard. The flux increased downwards and was
estimated at 0.046 and 0.007 m3/day for the top and the bed of the canal, respectively,
while the flux for the lining case was inflow and measured −0.062 m3/day at the bed
of the canal, influenced by infiltration from the root zone, which had a more discernible
affect than the prior sections due to the small bank width. The flux value faded to zero
near the water table. The flux over the drainage pipe was outflow just above the upper
boundary of the drainage pipe and evaluated at 0.016 m3/day. The effect of the near root
zone inverted the flux to inflow near the water table. Figure 7c explains the saturation
of this part of the lining material. The inflow was estimated at −0.0015 m3/day. The
flux for the lower/upper boundaries of the drainage pipe was outflow and estimated at
0.023/0.016 m3/day, where the drainage pipe was located, aside from the influence of the
root zone infiltration. The part of the side slope under the drainage pipe was exposed to
inflow because of the presence of the drainage pipe, which allowed water to move to the
less saturated layer of the lining material. When moving downwards, the state of saturation
of the lining layer disappeared, which allowed this layer smaller values of flux according
to its permeability, which was −0.14 m3/day as the net flow.

4.3.4. Seepage along the Side Slope for the Dafan Canal at 17.50 km

The flux was outflow at the side slope for the unlined case, and it was in reverse
proportion to the depth. The negative values of the flux indicated seepage from the
aquitard to the canal in the part above the level of 0.45 m, which was the water level in
the canal. The flux at the bed node was 0.003 m3/day, while it was 0.005 m3/day for the
node at the water table level and converted to inflow estimated at −0.006 m3/day at the
upper node of the side slope. The flux downstream from the lining material was inflow at
all nodes, indicating small seepage from the aquitard to the canal, excluding three nodes
at the top of the side slope where the infiltration from the vadose zone induced a small
seepage into the canal, and the values of flux ranged from −0.009 m3/day to zero near the
node at the water table level. The flux over the drainage pipe was outflow; the degree of
saturation and the small permeability of the lining material released water to flow out from
the canal. The summation of flux for different nodes was 0.066 m3/day. The values of flux
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were outflow for the upper and lower boundaries of the drainage pipe and were 0.010 and
0.014 m3/day. The part of the side slope under the drainage pipe was exposed to inflow
due to the saturation case created by the above drainage pipe. The values of flux ranged
between −0.01 m3/day for the node just under the drainage pipe and fell to zero for the
lower node on the side slope; hence the flow was outflow and estimated at −0.121 m3/day.

4.3.5. Seepage along the Side Slope for the New-Aslogy Canal at 1.50 km

The flux at the side slope for the unlined case was outflow and in reverse proportion
to the depth. There was a small inflow for the part above the level of 8.84 m, which was the
water level in the canal. The outflow started from 0.004 m3/day and ended at zero near the
bed. The inflow through the side slope above the water table was −0.01 m3/day. The flux
was inflow at all nodes for the case of lining, indicating a small discharge from the aquitard to
the canal, with values from −0.04 m3/day to zero near the water table. The flux was positive
for the nodes of the lower and upper limit of the drainage pipe, which means that the seepage
was from the drainage pipe to the aquitard with a maximum value of 0.0181 m3/day and
0.0117 m3/day. The flow was inflow for above and under the drainage pipe.

4.4. Seepage along the Downstream of the Embankment at Different Sections of the Studied Canal

This section illustrates the seepage from different sections of the studied canal down-
stream of the embankment. Figure 11 represents the values of flux at the toe downstream of
the embankment for different cases of the Sero canal at the section 1.00 km. For the unlined
case, Figure 11a shows that the cumulative flux increased with time and reached 2.65 m3

after 10 days of simulation; the positive values expressed seepage from the embankment to
the irrigated land in the form of outflow. Figure 11b shows no flux across the embankment
for the lined case, where the values of the cumulative flux were nearly zero for all time
periods, which means there was no seepage through the downstream of the embankment.
Figure 11c represents the case of a lined canal with a drainage pipe, where the cumulative
flux decreased with time to 0.00087 m3 after 10 days of simulation; the negative values
expressed the flux entrance to the embankment from the adjacent soil, which referred to an
increase in the degree of unsaturation of the embankment with time despite the presence
of the drainage pipe, which was considered a source point, as the steady state condition
was reached after 250 days.
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Figure 11. Cumulative flux against time at the toe of the embankment at 1.00 km of the Sero canal.

The flux at the downstream of the embankment for different cases of the Sero canal
at section 7.00 km is shown in Figure 12. Figure 12a shows flux values of either zero or
negative. It also illustrates that the cumulative flux was proportional to time, the results
indicated by Figure 12a proved that the embankment was fully saturated, hence the adjacent
soil of the aquitard was also saturated; thus, the interaction between the surface water in
the canal and the groundwater in the adjacent land was weak, where the maximum inflow
to the embankment was 0.55 m3 at 100 days of the simulation. This interaction was in the
form of inflow to the embankment, as the negative values cleared. Figure 12b indicates
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an increase in the inflow to the embankment compared to the unlined case, where the
maximum inflow reached 0.578 m3 at 100 days of the simulation, due to the presence of
the lining material, which reduced infiltration from the canal, thus reducing the degree of
saturation of the embankment. Figure 12c shows the lined canal with a drainage pipe and
shows the importance of the drainage pipe in releasing water pressure on the side slope by
allowing the inflow to the embankment then to the canal. The amount of inflow increased
to 0.579 m3 at 100 days of the simulation compared to the other two cases.

Water 2022, 14, x FOR PEER REVIEW 19 of 24 
 

 

the cumulative flux decreased with time to 0.00087 m3 after 10 days of simulation; the 
negative values expressed the flux entrance to the embankment from the adjacent soil, 
which referred to an increase in the degree of unsaturation of the embankment with time 
despite the presence of the drainage pipe, which was considered a source point, as the 
steady state condition was reached after 250 days.  

 
(a) Unlined case 

 
(b) Lined case 

 
(c) Lined drainage pipe case 

Figure 11. Cumulative flux against time at the toe of the embankment at 1.00 km of the Sero canal. 
(a) Unlined case, (b) Lined case, and (c) Lined drainage pipe case. 

The flux at the downstream of the embankment for different cases of the Sero canal 
at section 7.00 km is shown in Figure 12. Figure 12a shows flux values of either zero or 
negative. It also illustrates that the cumulative flux was proportional to time, the results 
indicated by Figure 12a proved that the embankment was fully saturated, hence the adja-
cent soil of the aquitard was also saturated; thus, the interaction between the surface water 
in the canal and the groundwater in the adjacent land was weak, where the maximum 
inflow to the embankment was 0.55 m3 at 100 days of the simulation. This interaction was 
in the form of inflow to the embankment, as the negative values cleared. Figure 12b indi-
cates an increase in the inflow to the embankment compared to the unlined case, where 
the maximum inflow reached 0.578 m3 at 100 days of the simulation, due to the presence 
of the lining material, which reduced infiltration from the canal, thus reducing the degree 
of saturation of the embankment. Figure 12c shows the lined canal with a drainage pipe 
and shows the importance of the drainage pipe in releasing water pressure on the side 
slope by allowing the inflow to the embankment then to the canal. The amount of inflow 
increased to 0.579 m3 at 100 days of the simulation compared to the other two cases. 

 
(a) Unlined case 

 
(b) Lined case 

 
(c) Lined with drainage pipe 

Figure 12. Cumulative flux against depth across the embankment at 7.00 km of the Sero canal. (a) 
Unlined case, (b) Lined case, and (c) Lined with drainage pipe. 

The flux downstream of the toe of the embankment for the different cases of the Sero 
canal at the section of 10.55 km is presented in Figure 13. Figure 13a shows the case of the 

C
um

ul
at

iv
e 

W
at

er
 F

lu
x

(m
³)

Time (days)

0

5

10

15

20

0 40 80
20 60 100

C
um

ul
at

iv
e 

W
at

er
 F

lu
x

(m
³)

Time (days)

-1

0

1

0 2 4 6 8 10

C
um

ul
at

iv
e 

W
at

er
Fl

ux
 (m

³)

Time (days)

-0.0001
-0.0002
-0.0003
-0.0004
-0.0005
-0.0006
-0.0007
-0.0008

0

C
um

ul
at

iv
e 

W
at

er
 F

lu
x

(m
³)

Time (days)

-0.1

-0.2

-0.3

-0.4

-0.5

-0.6

0

0 40 80
20 60 100

C
um

ul
at

iv
e 

W
at

er
 F

lu
x

(m
³)

Time (days)

-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7

0

0 40 80
20 60 100

C
um

ul
at

iv
e 

W
at

er
 F

lu
x

(m
³)

Time (days)

-0.1

-0.2

-0.3

-0.4

-0.5

-0.6

-0.7

0

0 40 80
20 60 100

Figure 12. Cumulative flux against depth across the embankment at 7.00 km of the Sero canal.

The flux downstream of the toe of the embankment for the different cases of the Sero
canal at the section of 10.55 km is presented in Figure 13. Figure 13a shows the case of the
unlined canal and shows that the values of cumulative flux were in a linear relation with
time, which reached 0.8 m3 for 100 days of simulation. In Figure 8a the embankment, as
well as the adjacent soil, is fully saturated, so the seepage was in the form of inflow and
was either zero or negative values. Zero refers to there being no movement through the
aquitard due to saturation, while negative values indicate that the movement was from
the irrigated soil to the embankment, which proves that the irrigated soil is more saturated
than the embankment. In Figure 13b, the cumulative flux increased with time and reached
0.248 m3 at 100 days of simulation, indicating inflow from the irrigated soil, and the results
illustrated by Figure 8b show that the embankment was unsaturated, which induced the
movement of flow towards the embankment. Figure 13c shows the cumulative flux for the
lined canal with a drainage pipe that was proportional to time and evaluated by 0.363 m3

at 100 days of simulation.
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Figure 13. Cumulative flux against time at the toe of the embankment at 10.55 km of the Sero canal
versus time.

Figure 14 represents the values of cumulative flux at the toe of the embankment for
different cases of the Dafan canal at section 17.00 km. Figure 14a represents the cumulative
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flux for the unlined case. It shows negative values of flux to the embankment from the
aquitard for the case of the unlined canal, as the negative values indicated and reached
0.553 m3 at 100 days of simulation. In Figure 14b, the cumulative flux is proportional to
time and was also in the form of inflow due to the infiltration from agricultural land to the
embankment. The results show that the aquitard was more saturated than the embankment,
where the lining reduced seepage to the embankment from the canal; hence, it reduced the
degree of saturation of the embankment to 0.51 m3 at 100 days of simulation. Figure 14c
shows the cumulative flux for the lined canal with drainage that was 0.542 m3 at 100 days
of simulation and was in the form of inflow from the aquitard to the embankment.
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Figure 14. Cumulative flux against time at the toe of the embankment at 17.00 km of the Dafan canal.

The values of cumulative flux at the toe of the downstream embankment for different
cases of the New-Aslogy canal at section 1.50 km are shown in Figure 15. The cumulative
flux was in a linear relation with time and represented inflow from the aquitard to the
embankment for the three cases. Figure 15a shows the results of cumulative flux for the
unlined case, which reached 0.531 m3 at 100 days of simulation. This illustrates that the
irrigated land was more saturated than the embankment, so the movement was from
the aquitard to the embankment. Figure 15b represents the values of cumulative flux
for the unlined case, where the flux was 0.495 m3 for 100 days of simulation. Figure 15c
shows the cumulative flux for the case of the lined canal with a drainage pipe. The flux
value was 0.497 m3 for 100 days of simulation. For the two cases of lining, the results
in Figure 10a,b show that the embankments were unsaturated due to the lining, which
induced the movement of seepage to the embankment.
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4.5. The Effect of the Lining on the Root Zone

The water table for the vadose zone of plants was measured for the three proposed
cases at different reaches, as shown in Table 3. The water table for the case of unlined canals
had the highest water level, followed by the case of lined with a drainage pipe, then the
unlined case. Figure 16 shows the groundwater table for the studied cases. Most cases had
a water table less than the needed moisture in the root zone, excluding the cases of unlined
and lined with a drainage pipe for the Sero canal at the 7.00 km section, and the case of the
unlined New-Aslogy canal [13]. This was an indicator of a shortage in the water supply.

The results showed that the seepage from the side slopes of the canals to the embank-
ments and the infiltration from the root zone did not affect each other for all studied cases,
excluding the case of lining with a drainage pipe of the Dafan canal at 17.50 km. This was
due to the new policies in managing water resources, where water glutton crops became
restricted, and also the modification of irrigation techniques, which depend on a smart
type of irrigation that could consume the least amount of water, hence the infiltration being
converted to minimum values.

Table 3. The computed groundwater table in the vadose zone.

Canal Reach (km) Unlined Lined Lined with a
Drainage Pipe

Sero
1.00 1.9 1.7 1.725

7.00 3.84 1.966 3.49

10.550 2.4 −3.78 2.35

Dafan 1.50 −0.75 −1.03 −0.87

New-Aslogy 17.00 5.94 2.22 4.45

Figure 16. Groundwater table at different sections for the studied canals.

4.6. The Effect of the Embankment Width

Figures 7a, 8a, 9a, 10a and 11a showed almost saturated embankment for the unlined
cases, while the cases of lining expressed an unsaturated embankment except the cases
of the Sero canal at 7.00 km and 10.550 km. In the case of 7.00 km the saturated zone was
nearby the side slope, where in the case of 10.550, the saturation was in the lower part of
the embankment, where the width of the embankment was 7.4 m and 4.9 m for the case of
7.00 km and the case of 10.550 km, respectively. The seepage tended to settle in lower parts
under gravity than travel in a longer path. For the cases of lining with a drainage pipe,
the saturation zone was nearby the side slope due to the small seepage through the lining
material. Figures 9c and 10c showed that the saturation zone extended from the side slope
to the end of the embankment, where these two cases have the smallest bank width. The
bank widths are 4.9 m and 5.5 m respectively.
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5. Conclusions

Irrigation canal rehabilitation (ICR) is considered a good solution to save surface water
through lining the canal bed and sides with impermeable materials. This is particularly
important for countries suffering from water shortages, such as Egypt. ICR is a great
national project for the management of surface water in Egypt. This paper evaluated the
effect of ICR in preventing losses from canals to the groundwater aquitard and even to the
nearby land through the leaching line. The results at the side slope showed that the ICR
achieved the targeted goals upon comparing the flux for the cases of unlined, lined, and
lined with a drainage pipe, where the highest flux came from the unlined case, followed
by the case of lined with a drainage pipe, while the lined case reaches were not far from
preventing seepage from the canal, where any lining material as well as the applied and
examined lining material in the present work has permeability.

The infiltration from canals had no perceptible influence on seepage from agricultural
land to the embankment of the canal as well as pwp, velocity vectors, and the total heads ex-
cluding one case. The width of the bank affected the case of saturation/unsaturation, where
the long path allows water to seep downward rather than moving towards agricultural
land. Thus, it tended to make the embankment more unsaturated than saturated. So, there
was a relation between the width of the bank and its degree of saturation. This relation
was recommended for further separate study. The vadose zone is affected by lowering
the groundwater table in most cases, but because of applying new untraditional ways of
irrigation, such as sprinkler and drip irrigation, this effect could disappear.

The results for the effect of a lining on the embankment proved that the lining was a
helpful solution to minimize the seepage from canals to the embankment, while seepage
through the toe of the embankment was affected by the lining. The water table in the
vadose zone was less than the upper and lower limits. The remarkable lowering in the
GWT converted the embankment to an unsaturated zone at lined reaches, while at lined
reaches with drainage pipes, the drainage pipe acted as a source point and seeped water
to the embankment and restored the unsaturated state for only the upper part of the
embankment. The ICR helped in reducing the conductance between the embankment
and the adjacent lands by 75% and reached 100% in three cases from fifteen studied cases.
The average reduction was 94.39% for lined reaches and 91.09% for lined reaches with
drainage pipes. Matching results with El-Molla [31] mentioned that compacted earth lining
could reduce seepage by 99.8%. Han et al. [17] proved that the combination concrete and
geomembrane lining reduced seepage by 86%; the efficiency of the lining process could be
developed by employing certified techniques to protect extra lost water.

The new applied policy of smart irrigation links the measurements of moisture in the
vadose zone with smart phones to urge users to use the most suitable time and amount of
irrigation.
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