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Abstract

Efficient design of water distribution networks is
essential in developing regions where hydraulic data,
financial resources, and operational capacity are often
limited. This study evaluates the hydraulic and
economic performance of manual WaterGEMS
simulation and Genetic Algorithm (GA) optimization
using the Darwin Designer module for the Block 17
water distribution network in Shendi City, Sudan. A
hydraulic model was developed from administrative
records, field observations, AutoCAD/GIS layout
data, elevation information, and engineering demand
assumptions. The manual design was produced
through iterative pipe-diameter adjustment, while the
GA design was formulated as a least-cost pipe-sizing
problem subject to pressure, velocity, and hydraulic
feasibility constraints. The manual design produced
nodal pressures of 21-30 m H:O, mean velocity of
0.84 m/s, and mean headloss gradient of 4.64 m/km.
The GA design maintained acceptable nodal
pressures of 21-34 m H-O while increasing average
velocity to 1.05 m/s and average headloss gradient to
8.0 m/km, reflecting a cost-performance trade-off.
Economically, GA optimization reduced the pipe
network cost from 1,323,395,640 SDG to
1,021,288,950 SDG, corresponding to a 22.8%
reduction. The findings show that GA optimization

I.  Introduction

Water distribution networks (WDNs) are
essential urban infrastructure systems that deliver
potable water to domestic, institutional, commercial,
and industrial users. Their design requires
simultaneous satisfaction of hydraulic constraints,
including minimum nodal pressure, acceptable pipe
velocity, reasonable headloss, and economic
feasibility. In developing urban areas, the challenge is
intensified by rapid expansion, incomplete network
records, limited pressure and flow monitoring, and
restricted capital budgets.

In many engineering practices, WDN design
is still developed through manual simulation and
iterative pipe diameter adjustment. Such an approach

can reduce overdesign and improve cost efficiency
while maintaining hydraulic feasibility, whereas
manual simulation remains valuable for transparent
verification and engineering judgment. The proposed
comparative framework is applicable to water
distribution planning in data-limited developing-city
contexts.
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Highlights

e A real-case water distribution network in Block
17, Shendi City was modeled in WaterGEMS.

e Manual hydraulic simulation was compared
directly with GA-based Darwin Designer
optimization.

e  GA optimization reduced pipe network cost by
approximately 22.8% while maintaining feasible
pressure levels.

e The optimized solution reduced overdesign by
eliminating unnecessary large-diameter pipes.

e The study provides a practical workflow for
water network design under data and budget
constraints.

is transparent and allows direct engineering control,
but it can become time-consuming and may produce
feasible rather than least-cost solutions. The design
outcome may depend strongly on designer
experience, especially when numerous pipes and
discrete commercial pipe sizes are involved.

Genetic  Algorithms (GAs) provide an
alternative optimization framework for WDN design
because pipe diameter selection is a discrete,
nonlinear, constrained problem. When integrated with
hydraulic simulators such as Bentley WaterGEMS
through Darwin Designer, GAs can search a large
number of pipe-diameter combinations and penalize
infeasible solutions that violate hydraulic constraints.
This enables the identification of cost-effective
designs while preserving hydraulic feasibility.
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This paper presents a real-case comparison
between manual hydraulic simulation and GA-based
optimization for the Block 17 water distribution
network in Shendi City, River Nile State, Sudan. The
study focuses on three hydraulic indicators - pressure,
flow velocity, and headloss gradient - and on the
resulting pipe network cost. The contribution of the
paper is a practical comparative framework that
demonstrates how GA optimization can support cost-
effective infrastructure planning in data-limited
developing-city conditions while preserving the
verification value of manual engineering design.

Comparative optimization workflow

Data collection
GIS/CAD, DEM, demand

v

WaterGEMS model
Network, pipes, nodes

v

Manual simulation
Iterative pipe sizing

v

GA optimization
Darwin Designer

v

Performance comparison
Pressure, velocity, headloss, cost

Same layout, demand assumptions, hydraulic constraints, and cost data

Figure 1. Workflow for the comparative manual
simulation and GA-based optimization framework.

1L Materials and Methods
2.1 Study area and data preparation

The case study is Block 17 in Shendi City,
River Nile State, Sudan, a rapidly developing
residential area characterized by medium-density
housing, two- to three-storey buildings, educational
and service facilities, and increasing water demand.
The network depends primarily on groundwater
supply integrated with the local distribution system.

Table 1. Hydraulic design and evaluation criteria
used in the study.

Adopted value or
interpretation

>= 15 m H20 for general
service; higher pressures
considered for multi-storey
buildings
0.3-3.0 m/s used as the
broad design check; values

Criterion

Minimum nodal
pressure

Velocity range

The study area presents typical constraints of
developing regions, including intermittent service,
limited field monitoring, and incomplete high-
resolution hydraulic datasets.

Input data were assembled from Shendi
Locality Water Administration, field observations,
AutoCAD and GIS layouts, Google Earth Pro, GPS
measurements, and engineering assumptions. Data
preparation included pipe route digitization, node
location assignment, elevation extraction, demand
allocation by land use, and consistency checks before
importing the model into WaterGEMS. Water

demand was allocated to junctions based on
residential, institutional, and commercial
classifications.

2.2 Hydraulic model development

The hydraulic model was developed in
Bentley WaterGEMS. The digitized network was
structured into junctions, pipes, and source/storage
components. Pipe lengths were derived from
CAD/GIS measurements, while elevations were
assigned from DEM processing and field verification.
The Hazen-Williams equation was used for hydraulic
calculations. Because continuous field pressure and
flow measurements were unavailable, full calibration
was not possible; therefore, the model was checked
through engineering plausibility, consistency tests,
sensitivity analysis, and comparison with accepted
design ranges.

2.3 Manual hydraulic simulation

Manual hydraulic simulation was performed
as a baseline design. Initial pipe diameters were
selected using engineering judgment, expected flow
rates, standard available pipe sizes, and recommended
velocity ranges. The model was simulated under
steady-state peak demand conditions. Pipe diameters
were adjusted iteratively: pipes associated with high
headloss or low pressure were enlarged, while
oversized sections associated with very low velocities
were reviewed. The process continued until the model
satisfied the adopted hydraulic criteria.

o Adopted value or
Criterion . X
interpretation
below 0.3 m/s reviewed for
stagnation risk
Headloss Evaluated as hyc%rauhc
radient energy loss per unit length
£ (m/km)
Minimize total pipe network
Economic construction cost while
objective satisfying hydraulic
constraints
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2.4 GA optimization using Darwin Designer

GA optimization was implemented using Darwin
Designer within WaterGEMS. The problem was
formulated as a constrained least-cost pipe-sizing
problem. Each pipe diameter was treated as a discrete
decision variable selected from available commercial
HDPE pipe sizes. The objective function minimized

Table 2. Genetic Algorithm configuration used in
Darwin Designer.

GA parameter Value
Maximum era number 8
Generations per era 350
Population size 250
Cut probability 1.7%

III.  Results

3.1 Pressure distribution

The manual design maintained nodal
pressures between 21 and 30 m H-O, with a mean
pressure of 25.23 m H2O and coefficient of variation
of 8.07%. This indicates a stable and relatively
uniform pressure distribution, with no critical low-
pressure zones. The GA-optimized design produced a
wider pressure range of 21-34 m H.O, with a mean
pressure of 28.5 m H20 and coefficient of variation of
10.5%. Although variability increased slightly under
GA optimization, all junctions remained within
acceptable operating pressure limits.

mean 25.23
30

Manual - (@]
21

mean 28.5
34
- I I I I I I
GA : : o : :

T
21 22 24 26 28 30 32 34
Pressure (m H20)

Figure 2. Comparison of pressure ranges and mean
nodal pressure for manual and GA-optimized
designs.

3.2 Pipe flow velocity

Manual design pipe velocities ranged from
0.01 to 1.88 m/s, with an average value of 0.84 m/s
and coefficient of variation of 46.98%. The absence
of velocities above 2.0 m/s indicates that the manual
design avoided excessive flow conditions. However,
several very low-velocity pipes suggest possible
overdesign, low local demand, dead-end behavior, or
weak circulation. In contrast, the GA design produced
velocities between 0.09 and 2.43 m/s, with a higher
mean of 1.05 m/s and coefficient of variation of 57%.

total pipe cost, calculated as the sum of pipe length
multiplied by diameter-dependent unit cost.
Candidate solutions violating pressure, velocity, or
hydraulic feasibility constraints were penalized,
ensuring that low-cost but hydraulically infeasible
designs were not favored.

GA parameter Value
Splice probability 65.0%
Mutation probability 1.5%
Random seed 0.800
Penalty factor 1,000,000
Maximum trials 500,000
Moot | 2000

This reflects improved pipe capacity utilization and a
controlled acceptance of greater hydraulic variation to
reduce pipe cost.

mean 0.84
1.88

Manual - (@]
0.01
mean 1.05
2.43
GA-_, T o T T T
0.809 0.5 1.0 15 2.0 2.5
Velocity (m/s)

Figure 3. Comparison of pipe velocity ranges and
mean velocity for manual and GA-optimized designs.

3.3 Headloss gradient

The manual design showed headloss
gradients from 0.002 to 9.957 m/km, with an average
value of 4.64 m/km and coefficient of variation of
54.32%. This indicates low to moderate friction
losses, but very low values in some pipes suggest
conservative sizing. The GA-optimized design
showed a wider headloss gradient range of 0.14—
34.31 m/km, with a mean of 8.0 m/km and coefficient
of wvariation of 88%. The increase in headloss
variability is consistent with diameter reduction in
selected pipes, where the optimization process
accepts greater hydraulic gradients as a trade-off for
lower construction cost while maintaining acceptable
pressure performance.
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mean 4.64 Figure 4. Comparison of headloss-gradient ranges
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mean 8
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Headloss gradient (m/km)

Table 3. Statistical comparison of manual and GA-optimized hydraulic performance.

Parameter Manual design GA design Interpretation
Pressure range (m H20) 21-30 21-34 GA allows wider bl.lt accep table
pressure variation
Mean pressure (m H20) 7593 285 Both designs maintain adequate
pressure
Pressure CV (%) R.07 105 Both pressure distributions are
stable
. GA increases flow utilization and
Velocity range (m/s) 0.01-1.88 0.09-2.43 variability
Mean velocity (m/s) 0.84 1.05 GA improves average pipe
velocity
Velocity CV (%) 46.98 57 GA allows greater demand-
driven variation
Headloss gradient range 0.002-9.957 0.14-3431 GA accepts higher local losses
(m/km) for lower cost
Mean headloss gradient GA reduces overdesign while
4.64 8.0 . ) 2.
(m/km) increasing average friction loss
. GA produces stronger cost-
0,
Headloss gradient CV (%) 54.32 88 driven variability

3.4 Economic comparison

The economic comparison demonstrates the
main advantage of GA optimization. The manual pipe
network cost was 1,323,395,640 SDG, whereas the
GA-optimized network cost was 1,021,288,950 SDG.
The cost saving was 302,106,690 SDG, equivalent to
approximately 22.8%. The optimized design achieved

this reduction primarily by eliminating unnecessary
12-inch and 4-inch pipe lengths and redistributing the
network toward more economical 3-inch, 6-inch, 8-
inch, and 10-inch alternatives. The total network
length remained practically unchanged, indicating
that savings were achieved through diameter
optimization rather than route shortening.

‘Iio;:glﬁpipe network cost comparison

Cost (billion SDG)

Manual design

22.8%
cost reduction

GA-optimized design

Figure 5. Total pipe network cost comparison showing the GA-based cost reduction.
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Figure 6. Pipe length redistribution by diameter after GA optimization.

Pipe cost redistribution by diameter
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Figure 7. Pipe cost redistribution by diameter after GA optimization.

Table 4. Pipe length and cost comparison by diameter.
Diameter (in) maLlf:aglﬂ(‘m) Le“(g;:‘) GA g‘]‘;thl‘l’s; Ma&‘g‘g"“ GA cost (SDG) Diggg;ce
2 4,438.00 189.15 10,000 44,380,000 1,891,500 -42,488,500
3 4,502.61 21,082.63 15,000 67,539,150 316,239,450 | +248,700,300
4 12,142.03 0 18,000 218,556,540 0 -218,556,540
6 5,197.23 7,506.22 35,000 181,903,050 262,717,700 | +80,814,650
8 2,498.14 2,675.32 45,000 112,416,300 120,389,400 +7,973,100
10 2,675.32 5,144.98 55,000 147,142,600 282,973,900 | +135,831,300
12 5,144.98 0 100,000 514,498,000 0 -514,498,000
20 246.40 247.18 150,000 36,960,000 37,077,000 +117,000
Total 36,844.69 36,845.47 - 1,323,395,640 | 1,021,288,950 | -302,106,690
Iv. Discussion engineering confidence; however, it can increase

capital cost by retaining larger pipe diameters where
lower-cost alternatives may be sufficient.

The GA-optimized design did not seek to
minimize each hydraulic parameter independently.
Instead, it minimized overall pipe network cost while
keeping pressure, velocity, and hydraulic feasibility

The results show that both manual and GA-
based designs were hydraulically feasible, but they
represent different design philosophies. The manual
design provided a conservative hydraulic response
with relatively uniform pressure and lower average
headloss gradient. This is beneficial for reliability and
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within acceptable constraints. Consequently, the
optimized solution increased velocity and headloss
variability. This variability should not be interpreted
as a failure; rather, it reflects a cost-performance
trade-off in which selected pipes operate closer to
their practical hydraulic capacity.

Pressure was the primary feasibility
indicator. The GA design maintained all nodal
pressures above the adopted minimum requirement
while permitting a wider pressure range. This
confirms that the optimized design can preserve
adequate service conditions even when pipe
diameters are reduced. In contrast, velocity and
headloss showed stronger variability because they are
more directly affected by discrete diameter selection
and local flow distribution.

The economic benefit was substantial. A
22.8% cost reduction is significant for developing-
country infrastructure planning, where capital
limitations frequently delay water supply projects.
The reduction was achieved mainly by removing
high-cost 12-inch pipe segments from the optimized
configuration and increasing the use of less expensive
diameters. This demonstrates the value of algorithmic
search for identifying combinations that are difficult
to obtain through manual trial-and-error design.

Nevertheless, the manual approach remains
important. It provides transparency, allows engineers
to verify model logic, identify unrealistic outputs, and
understand local hydraulic behavior. Therefore, the
most practical approach is not to replace manual
engineering judgment with GA optimization, but to
combine both: manual simulation for model
development and verification, followed by GA
optimization for cost-efficient pipe sizing and final
design refinement.

V.  Practical Implications

e For water utilities and consultants in data-limited
environments, the results suggest that GA
optimization can be used as a decision-support
tool to reduce overdesign while maintaining
hydraulic service levels.

e For academic and applied research, the study
demonstrates a replicable workflow for
comparing conventional design with intelligent
optimization under identical network geometry,
demand assumptions, hydraulic criteria, and pipe
cost data.

e For policy and investment planning, the cost
reduction indicates that optimization can expand
the feasibility of water infrastructure projects in
resource-constrained regions, provided that
hydraulic constraints and engineering
verification are maintained.

VI. Limitations

The study was limited by the absence of
continuous field pressure and flow monitoring data,
which prevented full calibration of the hydraulic
model. Demand allocation was based on available
administrative information, field observations, and
engineering assumptions. The cost comparison was
based on available pipe unit costs and did not include
all possible operational, maintenance, pumping
energy, or life-cycle cost components. Therefore, the
results should be interpreted as a comparative design
assessment rather than a fully calibrated operational
model. Future work should integrate measured
pressure/flow data, extended-period calibration,
leakage assessment, water quality indicators, and
multi-objective optimization including reliability and
energy cost.

VII.  Conclusions

1. Manual WaterGEMS simulation produced a
hydraulically feasible and stable network design,
with nodal pressures of 21-30 m H:O, mean
velocity of 0.84 m/s, and mean headloss gradient
of 4.64 m/km.

2. GA optimization wusing Darwin Designer
maintained acceptable pressure levels of 21-34
m H20 while increasing average velocity to 1.05
m/s and average headloss gradient to 8.0 m/km,
indicating stronger pipe utilization and controlled
hydraulic variability.

3. The GA-optimized design reduced total pipe
network cost from 1,323,395,640 SDG to
1,021,288,950 SDG, representing a cost saving
0f 302,106,690 SDG or approximately 22.8%.

4. The optimized design achieved savings primarily
through pipe diameter redistribution, especially
by eliminating unnecessary large-diameter pipe
lengths.

5. A hybrid workflow that combines manual
hydraulic verification with GA-based
optimization provides a practical and robust
approach for cost-effective water distribution
network design in developing regions.

Data Availability Statement

The data used in this manuscript are derived from the
hydraulic modeling and optimization outputs of the
Block 17 WaterGEMS case study. Detailed pipe-level
tables, model inputs, and full simulation outputs are
available from the corresponding author upon
reasonable request, subject to approval by the
relevant local authority.

DOI: 10.35629/5252-0807263269

| Impact Factor value 6.18 | ISO 9001: 2008 Certified Journal

Page 268



\_)hk International Journal of Advances in Engineering and Management (IJAEM)

—

JAEM

Volume 8, Issue 7 July. 2026, pp: 263-269 www.ijaem.net

References
[1] Rossman, L. A. (2000). EPANET 2 Users
Manual. U.S. Environmental Protection Agency,
Cincinnati, Ohio.
[2] Goldberg, D. E. (1989). Genetic Algorithms in
Search, Optimization, and Machine Learning.
Addison-Wesley.
[3] Dandy, G. C., Simpson, A. R., & Murphy, L. J.
(1996). An improved genetic algorithm for pipe
network optimization. Water Resources Research,
32(2), 449-458.
[4] Savic, D. A., & Walters, G. A. (1997). Genetic
algorithms for least-cost design of water distribution
networks. Journal of Water Resources Planning and
Management, 123(2), 67-77.
[5] Cunha, M. C.,, & Sousa, J. (1999). Water
distribution network design optimization: simulated
annealing approach. Journal of Water Resources
Planning and Management, 125(4), 215-221.
[6] Eusuff, M. M., & Lansey, K. E. (2003).
Optimization of water distribution network design
using the shuffled frog leaping algorithm. Journal of
Water Resources Planning and Management, 129(3),
210-225.
[7] Farmani, R., Walters, G. A., & Savic, D. A.
(2005). Trade-off between total cost and reliability
for water distribution network design. Journal of
Water Resources Planning and Management, 131(3),
161-171.
[8] Zecchin, A. C., Simpson, A. R., Maier, H. R, &
Nixon, J. B. (2007). Ant colony optimization applied
to water distribution system design: comparative
study. Journal of Water Resources Planning and
Management, 133(1), 87-92.
[9] De Corte, A., & Sorensen, K. (2013).
Optimisation of gravity-fed water distribution
network design: A critical review. European Journal
of Operational Research, 228(1), 1-10.
[10] Bentley Systems. (2023). WaterGEMS and
Darwin Designer documentation. Bentley Systems,
Inc.

DOI: 10.35629/5252-0807263269 | Impact Factor value 6.18 | ISO 9001: 2008 Certified Journal

Page 269



