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Abstract: Realising the need for improving irrigation system management, the Bahr Sanhoor Canal (BSC) was selected 
as a case study, and the effect of covering a reach with a concrete box culvert where the irrigation canal passes through 
a crowded rural area on the efficiency of the canal system was examined. The field inspection of the canal system 
revealed multiple problems. Two alternatives for improving irrigation management were introduced. A local alternative 
was offered by applying a suitable numerical model to enhance the efficiency of the current status of the canal system, 
the water level upstream of the covered part reached 13.54 m, this solution will lower the water levels by approximately 
2 m, which is below the bank levels at an affordable cost. Additionally, it will help to avoid the risk of inundating the 
adjacent residential area. A sustainable and environmental alternative was considered to offer a new path in which the 
covered reach passed outside the residential area. This alternative is permanent and sustainable. Although the proposed 
second path to the right of the residential area is the long-term recommendation and is sustainable, any path of flow to 
either the left or right of the BSC will be associated with initial high costs. The two proposed alternatives may help 
decision makers improve the performance of irrigation systems. 
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INTRODUCTION 

Efforts have been dedicated to increase the efficiency of canal 
systems, particularly in developing countries. In these countries, 
deficiencies in finance and improper infrastructure are the major 
factors hindering improvements in the efficiency of irrigation 
systems. The best improvement in the operation and manage-
ment of irrigation systems is economically feasible. Numerous 
studies have addressed this topic. AL-JAYYOUSI [1999] presented 
a methodology to improve the efficiency of the irrigation 
distribution system in Jericho City. MOLDEN et al. [2007] provided 
a basic conceptual framework for the use of performance 
assessments in support of irrigation service. FROEHLICH [2008] 
introduced an optimal design for canal cross-sections and 
analysed the solutions to obtain the generalised trapezoidal 
section within the form of sharp acute-angled cornered 
trapezoids, rectangles, triangles, and semicircles. ADHIKARI et al. 
[2009] studied primary canals of three ancient irrigation systems 
in the southern plains of Nepal. The authors introduced 

a scientific interpretation of the autochthonal technology applied 
to the systems that facilitated the employment of the identical 
channel network for irrigation, drainage and flood management. 

Over the years, many numerical models have been 
developed to examine the flow dynamics of the canal system. 
The simulation of the unsteady flow equation began with the 
tactic of characteristics, because the solution method was applied 
to the one-lined canal. Finite-difference techniques were devel-
oped within the 1970s and applied to a branching and coiled 
network [CUNGE et al. 1980]. The unsteady-flow simulation 
models that were developed afterward are either upstream- 
controlled or downstream-controlled adjusted, and they utilise 
either limited or central criteria to handle scheduled, arranged, or 
on-demand strategies of water conveyance [MERKLEY, WALKER 

1991; REDDY 1999]. A number of accessible canal models, such as 
CANALMAN, DUFLOW, CARIMA, MODIS, USM, the Branch 
Canal Network Model, and Sobek, were examined and assessed 
according to their practical merits and modelling abilities 
[CLEMMENS et al. 1993; HOLLY, PARRISH 1993; MERKLEY, ROGERS 
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1993; ROGERS, MERKLEY 1993; SCHUURMANS 1993]. The utilisation 
and pitfalls of canal models were conjointly explored by 
CONTRACTOR and SCHUURMANS [1993]. The authors believed that 
three factors that influenced errors within the model output were 
a distance, time-step, and a weighting (coefficient) parameter. 
Occasionally, some of these models should be modified to feature 
specific operational settings or structures of an irrigation system 
not enclosed within the model. Many times, these models were 
applied in case studies (e.g., WAHL et al. [2011], IBRAHEEM et al. 
[2011], ABDELHALEEM et al. [2013], SHAWKY et al. [2013], 
ABDELHALEEM [2017], ELGAMAL et al. [2017], ELHAMRAWY [2018], 
ABDELHALEEM et al. [2020]). 

Egypt suffers from water shortages due to the incremental 
rate of population growth, as well as that of municipal and 
industrial needs [ABDELHALEEM 2016; ALLAM, ALLAM 2007]. 
Accordingly, as a result of the growing demand for irrigation 
water with limited water resources, irrigation systems will have to 
become more efficient and reliable in the future. This fact attracts 
the attention of decision makers, who wish to improve the 
performance of irrigation systems. In Egypt, some irrigation 
canals cross urbanised or rural areas. Recently, the new social 
trend of the Egyptian lifestyle initiated unwelcome traditions and 
behaviours that cause open channels to pass by residential 
regions. These canals receive the unauthorised discharge of 
domestic wastewater, resulting in surface water pollution and 
spreading of pathogens. Solid waste is also disposed of in these 
open channels. To avoid blockages and the unauthorised 
discharge of wastewater, the Ministry of Water Resources and 
Irrigation (MWRI) developed a national strategy to transition the 
reaches passing by residential regions into covered conduits or 
pipes, which would permit using the surface ground for 
community service activities and improve the public health of 
the residents of those areas. Once the canal is covered, a vital issue 
is raised regarding the hydraulic efficiency of the entire canal 
system, particularly that of the covered reach. 

In this paper, the Bahr Sanhoor Canal (BSC), a major 
waterway in the irrigation network of Fayoum Governorate, 
Egypt was selected as a case study to explore the effect of covering 
a reach of an irrigation canal with a concrete culvert on the 
hydraulic efficiency of this canal, considering the misuse and 
illegal practices by some residents of the neighbourhood of the 
command area’s residents. The BSC suffers from multiple 
problems, such as excessive deposition, encroachment of banks, 
higher agricultural lands around the BSC, and higher upstream 
water levels due to culvert blockage. The BSC is unable to carry 
the designed level of discharge, and the adjacent inhabited areas 
are always inundated. This study aimed to test two alternative 
solutions for improving BSC system management. The first 
proposed alternative introduced a new flow path to the right or 
left of the residential area as a sustainable solution. This choice may 
be associated with high initial costs, requiring expropriation of 
lands and a number of weirs and pumping stations to be installed. 
The second alternate is considered to be a temporary and 
economically feasible one that would enhance the current 
efficiency of the canal system by developing a suitable hydro-
dynamic model at the prototype scale. The Sobek model was 
applied to the BSC and different scenarios were tested to introduce 
recommendations that aim to increase the carrying capacity and 
improve the hydraulic efficiency of the BSC, particularly at the 
covered section, to accommodate the maximum design discharge. 

MATERIALS AND METHODS 

STUDY AREA 

The Bahr Sanhoor Canal (BSC) lies within the northeastern area 
of Fayoum Governorate between 29°10' N and 29°20' N and 
30°50' E and 31°00' E (Fig. 1). The general climate of this area is 
characterised by hot, long and dry summers and warm, short 
winters with scarce precipitation. Additionally, great temperature 
variations occur between summer and winter and between day 
and night in this belt. The temperature ranges between 35.1 and 
46.7°C in summer months and from 12 to 21.5°C during winter 
months. The common average annual rain amount is approxi-
mately 10.3 mm, which is relatively low. The overall annual 
evaporation intensity reaches 2296 mm∙y–1, and the average 
humidity ratio is 51.6% [EL ABD et al. 2014]. The Fayoum 
depression forms an oasis, and it directly joins the Nile River 
through the Bahr Youssef Canal, which derives its waters from 
the Al-Ibrahimiya Canal. The Fayoum basin encompasses 
a special irrigation system due to its topography. The land level 
varies from +26.00 m above mean sea level (MSL) at Fayoum 
town to –43.00 m below MSL at Qarun Lake [VEER et al. 1993]. 
The common slope is considerably steep (1.0 m∙km–1). A system 
of weirs along the canals was applied to regulate the slope of the 
canals. 

Field inspections and surveys revealed that the BSC spans 
a length of 25 km and serves 6,890 ha (16,409 feddans1). The BSC 
runs as a water carrier (branch canal) for 19.90 km, and then the 
canal is divided into 3 distributary canals, each 6 km long, that 
distribute irrigation water to the command areas. The BSC 
withdraws its water from the Bahr Youssef Canal via a head 
regulator with two openings (Fig. 2). The reach of the BSC from 
the head regulator to km 19.900 is characterised by higher 
adjacent irrigated lands. The BSC is considered as a drain for 
those lands because of its lower levels relative to the agricultural 
lands beside it. At km 7.000, a part of the canal (150 m) is covered 
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Fig. 1. Layout of the study area; source: own elaboration based on Google 
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1 1 ha = 2.40 feddans. 
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with a single-opening reinforced concrete box culvert, which has 
a width of 3 m and a height of 2 m (Fig. 3). The canal system 
contains a number of off-take points, with 7 weirs, 4 of which are 
located upstream of the covered reach. The bed width of the canal 
varies between 3 and 6 m, while the water surface slope ranges 
from 5 to 10 cm∙km–1. 

Bank encroachment and misuse by some residents along the 
reaches just upstream and downstream of the covered part, lead 
to reduce the flow capacity in the BSC. Reconnaissance visits to 
the canal system demonstrated that the box culvert opening was 
almost blocked with garbage and solid waste. Therefore, the water 
levels upstream of the culvert were above the bank levels. 
Additionally, an average deposition of 2 m was realised at the 
cross sections just upstream and downstream of the covered area. 
Thus, the water flooded some of the houses located in the vicinity 
of the covered area. The field visit also indicated that a pipe of 
2 m diameter was constructed parallel to the box culvert to allow 
some of the flow to pass by the pipe. Figure 4 depicts the current 
situation of the BSC at the covered section. 

DATA COLLECTION AND COMPLETENESS 

Several site visits were carried out to collect a complete data 
picture of the study area. During these visits, measurements were 
collected, and photos were captured. Field investigations were 
taken, and the required data were assembled. Bathymetric and 
hydrographic surveys using high technology and calibrated 
instruments, such as a differential global positioning system 
(DGPS), complete total station, echo-sounder, velocity current- 
meter, and range finder, were utilised. The bathymetric survey 
was performed to cover the entire length of the canal system, 
including the 3 branches. The involved bathymetric survey 
investigated the cross-sectional details of each 100-m segment 
and measured the water surface slope every 1 km. Additionally, 
the status of the banks was monitored and registered. Further-
more, the flow velocities were measured at 22 different locations, 
including every weir (Fig. 5). The cross sections of the BSC were 
induced, and hence, the actual discharges were calculated at the 
upstream and downstream ends. The field survey and hydraulic 
measurements revealed that the observed longitudinal profile of 
the BSC was in close agreement with the designed profile except 
for the reach just upstream of the culvert (from km 3.00 to km 
7.00) and the reach immediately downstream of the covered part 
(from km 7.150 to km 12.500). The average deposition in these 
two reaches was approximately 2 m. Figure 6 shows a longitudinal 
cross-section along the BSC. Moreover, the bed widths of the 
measured cross sections varied from 4 to 9 m compared to the 
designed range of 3 to 6 m. In addition, the water levels were very 
close to the bank levels within the vicinity of the residential areas 
just downstream of the culvert (from km 7.150 to km 8.450). 
After this distance, the bank levels were higher than the water 
levels by 2 to 3 m. 

Fig. 2. Schematic map of the Bahr Sanhoor Canal within the Fayoum 
irrigation network; source: own elaboration based on Google Earth 

Fig. 3. Cross section of the box culvert at km 7.000 of the Bahr Sanhoor 
Canal (all dimensions in metres); source: own elaboration 

Fig. 4. The Bahr Sanhoor Canal at the covered reach: a) upstream view; b) downstream view, source: own 
elaboration (camera’s photo) 

Fig. 5. Planned view of the study area with locations of discharge 
measurements, source: own elaboration (GIS map); source: own elaboration 
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The field observations also revealed that the measured 
discharge varied between 2.16 m3∙s–1 downstream of the head 
regulator of the BSC and 0.95 m3∙s–1 at the downstream end of the 
canal. However, the discharge just upstream of the culvert was 
2.03 m3∙s–1. Additionally, the discharge passing through the 
culvert was 0.44 m3∙s–1, which accounted for 21% of the flow just 
upstream of the culvert. The remaining 79% of the flow was 
discharged via the 2-m diameter pipe that was installed parallel to 
the culvert. Additionally, the top widths of the cross-sections 
upstream of the culvert ranged from 5.50 to 6.50 m, while the 
average top width of 3.50 to 5.50 m was recorded along the 
reaches downstream of the culvert. The average water depths 
along the reaches upstream of the culvert were in the range from 
0.62 to 2.00 m. However, the values ranged from 0.80 to 1.52 m 
downstream of the culvert. Additionally, the average flow velocity 
varied from 0.49 m∙s–1 downstream of the culvert to a maximum 
value of 0.77 m∙s–1 upstream of the covered reach. 

MODELLING THE PROBLEM IN HAND 

Geographic Information System (GIS) and a digital elevation 
model (DEM) were used in combination with recent satellite 
images to establish a three-dimensional view of the study area at 
the covered reach and its land use. The GIS model was developed 
based on the control points, derivation of DEM, bathometric 
survey, topographic survey and analysis of recent satellite images. 

DGPS is the primary survey reference for all surveying 
activities. This technique can produce real-time positions of 
a moving vessel. The accuracy of the collected data is directly 
based on the accuracy of the control points (BMS). The horizontal 
coordinates (x, y) of four points were calculated accurately using 
the single-point positioning technique of GPS, which was applied 
for several hours of observation spanning three consecutive days. 
The vertical coordinate of these points, (z) was determined using 
a levelling technique that used a precise levelling instrument 
between them and an irrigation gauge located at the front of the 
culvert. Digital elevation data from the NASA Shuttle Radar 
Topographic Mission (SRTM) were used. The SRTM data are 
available as 3 arc seconds. The output of this DEM was enhanced 
by using the field topographic and bathymetric survey. The model 
was applied to select the lowest path in the level to the right or left 
of the covered reach. The model was also used to define the 
required expropriation lands for each path. 

A range of hydrodynamic models exist for flood statement 
and irrigation systems, and these models are developed by local 

institutions and international organisations. A key objective is to 
develop a model that can be employed for planning and as a tool 
for managing an existing hydraulic system. Sobek-1D2D was 
applied throughout this study because of its ability to consider the 
various local-scale features. Sobek could be a powerful package 
developed and modified by WL| Delft Hydraulics, a company in 
the Netherlands, for flood forecasting, drainage systems, irriga-
tion systems, sewer overflow, groundwater level control, river 
morphology, salt intrusion and water quality [Deltares 2019]. 
Sobek has a very robust numerical scheme that handles drying, 
flooding and subcritical and supercritical flows efficiently. It has 
been applied to the irrigation systems of Fayoum Governorate 
because of its several distinct advantages. The model can 
accommodate the irregular shape of the canal cross-sections 
and simulate the flow of long canal systems with many lateral 
offtakes and in-line heading up structures, such as weirs and 
culverts, as in the case of the BSC. Sobek conjointly permits the 
integration of user-defined modules through the use of specific 
data exchange formats. Sobek has a unique integrated format in 
which the effectiveness of the implemented measures can be 
examined to keep the system running at high efficiency. The 
manual or automatic operation of pumps, sluice gates, weirs, and 
other structures can all be incorporated into the model, giving 
a dependable image of how a system behaves in extreme 
conditions. Thus, Sobek was selected to simulate the flow within 
the BSC, including its covered reach, due to its high flexibility in 
manipulating the Manning’s coefficient value. 

The dynamic behaviour of irrigation canal systems is often 
well delineated by a set of equations referred to as the Saint- 
Venant equations [ABBOTT 1979]: 

@Q
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@H

@t
¼ 0 ð1Þ

@Q

@t
þ
@ Q2

A

@x
þ gA Sf � S0

� �
¼ 0 ð2Þ

where: Q = the discharge (m3∙s–1); x = the longitudinal distance 
along the channel in the direction of flow (m); W = the water 
surface width (m); H = the water depth (m); t = the time (s); 
A = flow area (m2); g = the gravitational acceleration (9.81 m∙s–2); 
Sf = the slope of the energy grade line; S0 = the bed slope of the 
channel. 

To calculate Sf, the Manning equation was used. 

v ¼
1

n
R2=3Sf ð3Þ

where: R = the hydraulic radius (m); v = the mean velocity (m∙s–1); 
n = Manning’s roughness coefficient (s∙m–1/3). 

There are many approaches that can be used to numerically 
solve the Saint-Venant equations to improve real system investiga-
tions [ABBOTT 1979]. In this case, the equations were within the 
initial place and were made linear; thus, their non-linearity was 
addressed, making it possible to employ the linear controllers. The 
equations were linearised assuming conditions close to steady state. 
This method ensures that, for small deviations from a considered 
setpoint, the ensuing equations can still describe the behaviour of 
the system. The linearisation of the Saint-Venant equations may be 
expressed in the following forms: 

Fig. 6. Measured water and bed levels along the Bahr Sanhoor Canal, 
source: own elaboration 
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where: q, h = the changes in discharge and water depth, 
respectively, from a considered steady state, c = the wave celerity 
ðc ¼
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Þ, v = the flow velocity (v = Q/A), 0 = the subscript 
representing the steady state values; ξ0, γ0 = factors that due to 
linearisation are defined as: 
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where: Fr = the Froude number, P0 = initial pressure, 
C0 = constant. 

Despite having all the required equations linearised, there 
are still several steady state parameters left to determine, with the 
exception of the steady state discharge that one can opt for freely 
because it is a condition for linearisation. The steady state 
parameters are calculated by using the Saint-Venant equations 
and assuming no variations in discharge and flow depth over 
time. Thus, the following is obtained: 

dH

dX
¼
Sf � S0

1 � Fr2
ð10Þ

This equation represents the spatially gradually varied flow and is 
used to determine the flow profile in steady-state flow conditions. 

NUMERICAL SIMULATION 

The second alternative was to enhance the efficiency of the 
current situation of the BSC employing the Sobek model. To test 
the hydraulic potency of the canal system to convey the designed 
daily flows, a hydrodynamic model was developed for the canal 
system using the numerical scheme of Sobek [Deltares 2019]. The 
set-up of the hydraulic model concerned specifications of canal 
cross-sections along a total length of 20 km, the layout of the 
canal network, the head and offtakes, the weirs, the box culvert, 
the parallel pipe, and the upstream and downstream boundary 
conditions. Figure 7 illustrates the model domain. 

The upstream and downstream ends of the canal were 
identified. The data identification was extracted from the index 
map of the Nile System that is kept in Sobek. The maximum 
chosen distance between two adjacent points was also required 
for the network delineation. In Sobek, the cross-section database 
is considered a library that stores data for a large number of cross- 
sections, and it is organised in such a way that every cross-section 
is defined by its name and topographical data [CONTRACTOR, 
SCHUURMANS 1993]. 

The cross-section data were available for separate points of the 
canal system. Throughout this study, an interval of 100 m was 
chosen; cross-sections were thus outlined within the model setup at 
every 100 m. Therefore, the total number of modelled cross-sections 
was 220. At some places, wherever the structures existed, cross- 
sections were specified for both upstream and downstream of them. 

The initial conditions are defined as global values of water 
levels and flow discharges for the whole canal network or as local 
values at different distances of a selected canal. These initial 
conditions are identified in the supplementary data file. The 
boundary conditions may be internal or external conditions. The 
internal boundary condition includes the specifications at nodal 
points and/or structures, while the external boundary conditions 
include the specification of constant values for water level (h) or 
discharge (Q) or time series of varying values for Q or h at the 
boundary conditions. The daily discharges that were measured 
through the survey mission were defined as the upstream 
boundary in the time series database file, and the water level of 
–16.17 MSL was used at the downstream boundary condition. 

Before running the simulation, the control factors, namely, 
simulation period, time step, stored data, and storage time, were 
defined. The simulation period was specified using start and end 
dates. Sobek checks the particular time and reads all given data as 
a time series during the simulation. The Courant number (Cn) 
was employed to determine the time step, which controls the 
simulation process and is computed as: 

Cn ¼
�t vþ

ffiffiffiffiffiffiffi
gH
p

ð Þ

�x
ð11Þ

where: ∆t = the time step (s); v = the mean flow velocity (m∙s–1); 
H = the water depth (m); ∆x = the dx-max. 

In this study, the time step was 10 min, and the simulation 
period extended for 30 days. 

In this analysis, the hydraulic resistance number was 
considered as the model calibration parameter. The Manning’s 
roughness coefficient was selected as the resistance number used 
in this model. The Sobek model was calibrated against Manning’s 
coefficient (n) by employing the measured water levels. For the 
simulation period of 30 days, a simulation time step of 10 min 

Fig. 7. Layout of the model network; BSC = The Bahr Sanhoor Canal; 
source: own elaboration 
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was used. The defined calibration period of was selected due to the 
availability of measured data along the length of the canal. After 
adapting the model, the BSC was divided into reaches and an initial 
n-value of 0.025 was assumed for all uncovered cross-sections; 
additionally, a value of 0.015 was specified for the covered reach 
based on the authors’ experience in modelling. Employing this as 
an initial point, the n-value was gradually adjusted using the 
measured discharges and water levels until the associated errors 
between the measured and computed water levels were decreased. 
This process continued until the measured and computed water 
levels agreed on acceptable level. After many iterations, the errors 
were less than 1%, with an average calibrated n-value of 0.030 for 
the uncovered reaches and 0.014 for the covered reach. According 
to Figure 8, the simulated water levels are very close to the 
observed water levels. Respecting the overall adequacy of the model 
results, the model setup was considered calibrated. 

RESULTS AND DISCUSSION 

GENERAL INFORMATION 

The hydraulic design of the culvert was carried out, and it showed 
that the culvert could convey a discharge of 7.65 m3∙s–1 with its 
current dimensions. The measured discharge through the culvert 
was 0.44 m3∙s–1. This result confirmed that the culvert was 
blocked by solid waste due to its location in the residential area. 

PROPOSED PATHS 

To avoid culvert blockage and dredging difficulties in residential 
areas, a sustainable solution was proposed. The concept of this 
alternative for improving irrigation system management is to trans-
port the BSC irrigation water away from the inhibited area. GIS and 
DEM, in combination with recent satellite images, were employed to 
establish a three-dimensional view of the study area and its land use. 
Several paths were examined on the right and left sides of the 
village. The most appropriate two paths are depicted in Figure 9. 

Many paths were explored on the left side of the village, and 
the path with the least difference in the levels between the land level 
of the paths and the bed level of the BSC was selected. The proposed 
first path (on the left side) had a length of 3.30 km. The differences 
in the levels of this path were approximately 7.0 and 9.0 m at the 
start and end of the path, respectively. The required expropriation 
of land for this path was 6.55 ha. This alternative will be associated 

with high initial costs, requiring expropriation of lands and the 
installation of a number of weirs and pumping stations. 

Several paths were also assessed on the right side of the 
residential area, and the path of the least differences in terms of the 
level with the Bahr Sanhoor Canal (BSC) was selected and is shown 
in Figure 9. The required length of the second path was 
approximately 2.040 km, which was less than the left path by 
approximately 1.260 km. The land level at the beginning of this 
path was 16.30 m MSL, and the corresponding bed level of the BSC 
was 13 m MSL. The average land level of the path was higher than 
the BSC’s bed level by approximately 3.07 m, and the required 
expropriation land area is 4.05 hectares. The second path (on the 
right side) was economically recommended. The second path was 
hydraulically designed considering the typical cross-sections of the 
BSC, and it could freely convey the required designed discharge. 

This alternative is permanent, sustainable and reasonable, 
but the decision makers should consider the financial hardships 
that the country faces before applying the alternative. Efforts are 
also needed to enforce the laws affecting irrigation networks, such 
as the transgressions observed in the study area, especially in the 
inhabited? region. 

MODEL SCENARIOS 

To operate the model after calibration, the maximum design 
discharge of 4.16 m3∙s–1, which is equivalent to a crop water 
requirement of 52.8 m3 per day per hectare, was used to predict 

Fig. 8. Comparison between computed and measured water levels along 
the Bahr Sanhoor Canal; source: own elaboration 

Fig. 9. Two proposed paths: a) plan view of the alternative paths, b) land 
levels of the two paths and bed levels of the Bahr Sanhoor Canal (BSC); 
source: own elaboration based on Google Earth 
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the water levels along the BSC. The hydraulic performance of the 
canal was tested via five different scenarios (Tab. 1). The scenarios 
were investigated to determine the best solution to improve the 
carrying capacity of the canal system, especially at the reaches just 
upstream and downstream of the covered part. The scenarios also 
examined the appropriateness of the current dimensions of the 
box culvert to accommodate the designed discharge. Scenario 
1 involved the present situation of the BSC, with a progressive 
build-up of sediments at some locations. Scenario 2 entailed the 
removal of solid waste and garbage by creating openings as 
manholes at the top of the box culvert. Another alternative to 
enhance the carrying capacity of the BSC, scenario 3, applied the 
same methods as those in scenario 2, in addition to dredging the 
canal reach just upstream of the covered part in the reach 
between km 5.000 and km 7.000 as well as dredging a 2-km reach 
located approximately 1 m downstream of the culvert. On the 
other hand, dredging cross-sections along a reach of 4 km just 
downstream of the culvert, in addition to the same measures taken 
in scenario 3, represented scenario 4. In contrast, scenario 5 was 
similar to scenario 3, except that the entire reach upstream of the 
covered part, for a distance of 7 km, was cleared. 

• Scenario 1. Investigation of the current status 
The model results of this scenario revealed that the maximum 
water level downstream of the head regulator is 22.30 m, 
corresponding to a design discharge of 4.16 m3∙s–1. Figure 10 
shows a comparison between the water levels at a discharge of 
2.16 m3∙s–1 and the computed water levels at the designed 
discharge. The figure indicates that the observed water levels are 
the maximum allowable levels that could be reached upstream of 
the culvert in the current situation. If these water levels are 
exceeded, the water will overflow the bank into the adjacent 
residential areas. Moreover, the computed water levels were 
higher than those observed during the survey by an average of 
0.20 to 0.50 m along the whole reach upstream of the culvert. 

At km 7.000, just upstream of the culvert, the difference between 
the observed and computed water levels reached 1.10 m. The 
water level just upstream of the culvert was 15.45 m, which was 
higher than the bank level at this location. However, the water 
level reached 14.75 m just downstream of the covered reach. On 
the other hand, the designed water levels recorded higher values 
than the observed water levels along the reach just downstream of 
the culvert. The water level difference ranged from 0.74 m at 
a distance of 1.5 km downstream of the covered reach, which was 
very close to the bank level, to 0.3 m at the downstream end of the 
canal. The discharge flowing through the culvert was found to be 
1.02 m3∙s–1. 

• Scenario 2. Removal of waste from the culvert 
In this scenario, the water level just upstream of the culvert 

decreased by 0.65 m to reach a level of 14.80 after the cleaning 
process (Fig. 11). Nevertheless, this water level is still higher than 
the bank level. The water levels downstream of the culvert were 
similar to those computed in scenario 1. 

• Scenario 3. Removal of waste from the culvert and dredging 
a 2-km reach just upstream and downstream the culvert 

A comparison between this scenario and scenario 2 showed 
that the computed water levels decreased by 0.96 m to reach 
values of 13.84 m just upstream of the culvert and 13.76 m just 
downstream of the culvert (Fig. 12). This process changed the 
discharge in the culvert to a value of 2.84 m3∙s–1. This value 
implies a 75% increase in the carrying capacity at the covered 
reach as a result of the dredging process compared to the impact 
of only clearing the culvert opening. 

Table 1. Scenarios designed for the BSC 

Scenario Description Model inputs 

1 current status design discharges CSs 

2 cleaning the opening of the 
box culvert 

design discharges and current 
CSs 

3 
scenario 2 plus dredging 2 km 
just downstream and up-
stream the culvert 

design discharges, dredged 
CSs by 1 m along the reaches 
2 km upstream and down-
stream the culvert, and cur-
rent CSs along the other 
reaches 

4 
scenario 3 plus dredging 
2 extra km downstream 
the culvert 

same as scenario 3 with two 
extra km downstream the 
culvert dredged to a bed level 
of 1 m less than current CSs 

5 
scenario 3 plus dredging the 
whole reach between the head 
regulator and the culvert 

similar to scenario 3 with the 
whole reach upstream the 
culvert set to CSs dredged to 
a bed level of 1 m less than 
current CSs  

Explanations: CSs = cross sections. 
Source: source: own study. 

Fig. 10. Computed water levels of scenario 1 for observed and designed 
discharges; source: own elaboration 

Fig. 11. Comparison between computed water levels before and after 
cleaning the culvert; source: own elaboration 
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• Scenario 4. Same as scenario 3 plus dredging 2 extra km 
downstream of the culvert 

The model results of this scenario revealed that the upstream water 
levels were similar to those computed in scenario 3 (Fig. 13). This 
result implies that dredging more cross-sections downstream of the 
culvert had no effect on the water levels upstream of the culvert. 

• Scenario 5. Same as scenario 3 plus dredging the whole reach 
upstream of the culvert 

The output of this scenario showed that the water levels 
decreased by a range of 0.07 to 0.40 m in the distance between the 
head regulator and km 4.500 compared to those in scenario 4. 
However, the water levels along the reaches upstream of the 
culvert decreased by an average value of 0.30 m compared to 
those in scenario 3, reaching a level of 13.54 m just upstream of 
the culvert (Fig. 14). The water level just downstream of the 

culvert was 13.47 m. In this case, the culvert, with its current 
dimensions, was able to accommodate a discharge of 3.24 m3∙s–1, 
which accounted for 78% of the designed discharge. Table 2 
summarises the model results and costing execution for the 
5 scenarios. 

CONCLUSIONS 

In this paper, field measurements were employed to determine the 
appropriate solution to resolve the problem of reduced carrying 
capacity at the covered reach of the BSC and to avoid the risk 
of having water levels exceeding or very close to the bank levels 
due to blockages of this section. The main problem faced by the 
Bahr Sanhoor Canal (BSC) is that it passes through an urbanised 
area where residents' behaviour directly damages open canals 
crossing the rural regions. Two alternatives for improving 
irrigation system management were introduced. A local alternative 
was offered by applying a suitable numerical model to enhance the 
efficiency of the current status of the canal system. This temporary 
alternative recommended dredging the entire reach upstream of 
the culvert, starting from the head regulator and continuing for 
a distance of 7 km by 1 m, in addition to clearing waste from the 
culvert and dredging a distance of 2 km just downstream of the 
culvert (scenario 5). Correspondingly, the water level upstream of 
the covered part reached 13.54 m, though the designed discharge 
was 4.16 m3∙s–1. This solution will lower the water levels by 
approximately 2 m, which is below the bank levels at an affordable 
cost. Additionally, it will help to avoid the risk of inundating the 
adjacent residential area. 

Fig. 12. Comparison between computed water levels of scenario 3 and 
scenarios 1 and 2; source: own study 

Fig. 13. Comparison between computed water levels of scenario 4 and 
scenarios from 1 to 3; source: own study 

Fig. 14. Comparison between computed water levels of scenario 5 and 
scenarios 1–4; source: own study 

Table 2. Summary of model results 

Scenario 
Water level just 

upstream the culvert 
(m) 

Water level just 
downstream the 

culvert (m) 
Qculvert (m3∙s–1) Qculvert / Qdesign 

(%) 
Situation of 

residential areas 
Total cost 

(LE) 

1 15.45 14.75 1.02 25 inundated 0.000 

2 14.80 14.75 1.62 39 inundated 13,800 

3 13.84 13.76 2.84 68 safe 346,600 

4 13.84 13.76 2.84 68 safe 409,000 

5 13.54 13.47 3.24 78 safe 736,600  

Explanations: LE = Egyptian pound (LE100 ≈ USD6.4), Q = flow discharge. 
Source: own study. 
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The second option, a sustainable and environmental 
alternative was considered to offer a new path in which the 
covered reach passed outside the residential area. This alternative 
is permanent and sustainable. Although the proposed second path 
to the right of the residential area is the long-term recommenda-
tion and is sustainable, any path of flow to either the left or right 
of the BSC will will require initial high costs, including 
expropriation of lands and the installation of a number of weirs 
and pumping stations. Thus, the decision makers should consider 
the financial hardships that the country faces; to justify the first 
alternative, it is essential to analyse the capital cost of providing 
a new path for the BSC and evaluate the sustainable and 
environmental benefits. Constructing adjacent embankments 
and/or berms of the irrigation networks should be prohibited, 
and efforts are also needed to enforce laws, such as transgressions, 
related to irrigation networks. 
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