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Abstract - This study examines the effects on hydraulics and the environment of installing zigzag culverts spaced 500 meters
apart along a modified river channel. Optimizing culvert dimensions to improve water quality and efficiently regulate flow is
the main goal. Hydraulic performance and flow behavior are assessed using a combination of HEC-RAS simulations and
physical modeling with a distorted Froude scale (built in ferrocrete). The best culvert size, according to simulation results, is
15.5 m x 1.0 m. This size successfully eliminates overtopping threats by providing the lowest upstream water surface height
(1.8 m) and a positive freeboard of 0.2 m. The physical model's experimental results validated the numerical results by
confirming a 37.25% (prototype) and 38.09% (model) decrease in Velocity. Monitoring of the water quality before and after
the installation of the Culvert showed notable improvements: the pH rose by 6.79 %, the dissolved oxygen improved by 64.68
%, and the Total suspended particles reduced by 79.63%. These findings demonstrate that the suggested culvert design

improves environmental conditions by reducing silt, increasing aeration, and increasing hydraulic efficiency. A sustainable

method for managing river flow and enhancing water quality is shown by the integrated modeling technique.

Keywords - Culverts optimization, Dimensional analysis, HEC RAS, Physical model, Water quality monitoring.

1. Introduction

Since ancient times, culverts have been crucial hydraulic
devices for transit over streams, bridge highways, and
waterways (Kagan CEBE et al., 2024). Challenges arise from
the unpredictable seasonal flow and the urbanization of river
systems, like the Mutha River in Pune, India. This work aims
to use distorted Froude modeling techniques to develop a
reliable culvert for such riverine circumstances. According to
H. Methods et al. (2003), the Culvert's modest cross-section
can raise upstream water surface elevations by several
meters, resulting in greater upstream flood levels than they
would be without the Culvert and the embankment.

A culvert's flow behavior is primarily determined by its
dimensions, shape, channel Manning coefficient, etc. (Dwi
Rian Sulaeman 2023). Headwater depth has a major impact
on culvert hydraulic design. Upstream flooding may result
from the embankment overtopping or from the flow backing
up if the headwater level is insufficient to permit flow
through the Culvert (Tawfiq Salma 2012). A suitable culvert
dimension and number must be established before
installation to ensure the anticipated water flow (Edwards,
2011). Numerous engineering and non-engineering aspects
are taken into account throughout the culvert design process,
including the Culvert's size and shape, hydraulics,
placement, etc (Normann et al. 2001). Water quality can be
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negatively impacted by culverts that are too small or
incorrectly positioned (Ola Adel Qasim 2018). The most
common cross-sectional shapes for culverts are box, circular,
elliptical, pipe-arch, etc (Normann et al. 2001). Culvert
shape is determined by a number of parameters, including
construction cost, headwater elevation constraints, hydraulic
performance, etc (Mahmood, 2004). A box culvert can
provide a hydraulically adequate design that can
accommodate a large flow compared to other cross-sections.
Hydraulic capacity with low headwater can be satisfied by
increasing span dimensions. A variety of materials are used
to build culverts. Every substance has unique qualities,
benefits, and drawbacks. When building culverts, concrete,
Corrugated Metal Pipe (CMP), and smooth steel are the three
materials most frequently utilized (Tawfig Salma 2012).

Kagan CEBE et. al. (2024) suggested that HEC-RAS is
capable of simulating a large number of hydraulic
characteristics of a real stream and more correctly depicts the
flows that occur on the channel at the Culvert's inlet and
outlet as well as at downstream. The Saint-Venant hydraulic
equations form the basis of the HEC-RAS program, which
makes it easier to estimate the size of floodplains, calculate
water surface heights, and distribute flood velocities.
Applying mathematical models is crucial and advantageous
in these hydrological simulations (G. Dorin et al. 2022). It
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may be stated that HEC-RAS shows a high degree of
accuracy in forecasting water levels and areas impacted by
flooding during extreme hydrological events, even with
relatively minimal input data (N. N. Zainal, S. H. A. Talib,
2024). During periods of significant floods, HEC-RAS is a
helpful tool for creating safety and management. For
environmental and urbanization reasons, it is essential to
comprehend the flow behavior of meandering rivers in order
to build water structures, lessen erosion, and avoid flooding
(Cem Yilmazer H and Giiner 2024). Wang used the HEC-
RAS model in his study to analyze the water surface profile
of an existing project.

(C. H. Wang 2014). Olaniyan O.S.et. al. (2014) used
HEC RAS to simulate the flow of water through natural
channels, such as rivers, used to modify the existing culvert
channels. Tian Wu et al. Al. suggested that HEC-RAS is an
extremely useful and powerful program for calculating water
profiles. HEC-RAS has been used in a number of studies,
including flood analysis, hydrologic simulation, discharge
estimation, backwater height calculation, sediment transport
simulation, river water surface profile simulation, etc (Mohd
Talha Anees etal. 2015). These studies suggest using
distorted Froude modeling, especially when paired with
software like HEC-RAS, to produce hydraulically efficient
and environmentally benign culvert designs. Hydraulic
modeling for culverts has traditionally relied on dimensional
analysis and physical similarities (Hubert Chanson 1999). In
order to optimize the structure's design, guarantee its safe
functioning, and/or speed up the decision-making process,
engineers employ physical hydraulic modeling (Hubert
Chanson 1999). In real-world engineering, the equations are
either unknown or too complex to solve; frequently, the only
way to get accurate information is through experimentation.

In order to save time and money, most tests are carried
out on a geometrically scaled model rather than the full-size
Prototype; in these cases, it is crucial to scale the results
correctly. Here, we present a potent technique called
dimensional analysis. The three requirements that a model
and a prototype must meet to be completely similar are
geometric, kinematic, and dynamic similarity. The Froude
number ratio in Froude-scaled models must be met, i.e., one,
when converting model measurements to prototype
quantities (NICHOLAS P. WALLERSTEIN et.al. 2001).

According to Normann et al. (2001), culverts are
essential hydraulic structures that preserve channel stability,
sediment transport, and flood channeling. Conventional
designs frequently ignore environmental effects like silt
accumulation and deterioration of water quality in favor of
hydraulic efficiency. Accurate simulations of water surface
profiles, backwater conditions, and culvert hydraulics are
now possible thanks to the advent of modeling tools like
HEC-RAS (Wang, 2014; USACE, 2023; Zainal & Talib,
2024). Culvert geometry has a significant impact on flow
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velocity, deposition, and scour patterns, according to studies
on flow and sediment dynamics close to culverts (Dorin et
al., 2022; Wallerstein et al., 2001; Rowley & Hotchkiss,
2014). Eco-hydraulic characteristics are the focus of a recent
study that goes beyond hydraulics. (Yilmazer & Giiner,
2024; Olaniyan et al., 2014; Xue et al., 2021) Research
shows that culvert design and channel change affect biofilm
formation, dissolved oxygen dynamics, and pollution
transfer. Although there are assessments of the water quality
of contaminated rivers (Jagtap & Manivanan, 2019; Fadtare
& Mane, 2007), they frequently do not incorporate structural
or hydraulic remedies. This highlights a research gap where
culvert optimization is rarely assessed for both water quality
improvement and hydraulic conveyance improvement. In
order to evaluate culvert designs that provide effective flow
management and environmental improvement, the current
work combines HEC-RAS modeling with experimental
monitoring.

1.1. Problem Statement

Water quality downstream may deteriorate due to
conventional culvert design, which may guarantee discharge
transportation but may also unintentionally cause water
stagnation, silt buildup, or insufficient oxygen transfer. There
is an urgent need to find culvert layouts that may
concurrently address growing concerns about environmental
sustainability and flood resistance.
Maintain hydraulic efficiency by making sure there is
enough discharge and preventing overtopping.
Reduce pollution loads and raise DO levels to enhance
the water quality.

1.2. Research Gap lIdentified

The majority of culvert studies that are now available
concentrate primarily on hydraulic efficiency, flood
management, and structural safety; their impact on water
quality metrics (DO, BOD, TSS, COD, etc.) is usually
disregarded. Only a small number of studies have combined
physical experiments and HEC-RAS modeling to evaluate
how culvert designs can maximize environmental quality and
flow performance. Therefore, design strategies that connect
culvert shape to long-term water quality enhancement are
lacking.

2. Novelty of Work

This study presents a novel way to integrate hydraulic
modeling using HEC-RAS with water quality assessment. It
focuses on optimizing culvert dimensions as a tool for both
environmental improvement and hydraulic safety. In contrast
to earlier research that focuses on flood conveyance, this
study:
1. Culvert geometry is directly linked to trends in pollution
reduction (TSS) and the augmentation of DO.
Makes sure that the results are robust by verifying
numerical  predictions  through physical model
experimentation.

2.
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3. Suggests culvert dimensions that have the ability to
regulate water quality in an eco-hydraulic manner,
showcasing their potential as affordable, scalable
solutions.

The research fills this gap by providing useful methods

for  sustainable  channel  management within a

multidisciplinary framework that combines hydraulic

simulation, environmental performance, and structural

design. Suggests culvert dimensions that have the ability to
regulate water quality in an eco-hydraulic manner,
showcasing their potential as affordable, scalable solutions.

3. Objectives

To optimize culvert dimensions using HEC-RAS
simulations and distorted Froude modeling, ensuring
efficient hydraulic performance under design flow
conditions.

To monitor the quality of water for dissolved oxygen,
Total suspended solids, and pH on the physical model

4. Methodology Adopted
The proposed methodology follows a structured
workflow shown in Figure 1. Numerical modeling, physical

Distorted
Froude

Collection of
River Data

Modelling

Water Quality

Monitoring

Experimentation on
Constructed Model

experimentation, and optimization are all combined in this
study's integrated technique. Extensive hydrological,
topographical, and environmental data were first gathered to
characterise the study site precisely. After that, a deformed
physical model was created using Froude number similarity,
and to accommodate real-world scaling limitations,
geometric distortion was included.

An optimization system that took hydraulic restrictions
and objective functions into account was developed to find
the best culvert dimensions. Water surface profiles, flow
patterns, and velocity distribution were among the flow
parameters that were simulated using HEC-RAS to assess the
optimum designs.

The hydraulic and environmental performance of the
optimized design was then confirmed by a series of tests
carried out on the built physical model, with an emphasis on
flow behavior and aeration potential. After these tests, water
quality monitoring was done in the physical model to
measure changes in important parameters, such as turbidity,
total solids, and dissolved oxygen. This allowed for an
assessment of the environmental efficacy of the suggested
culvert arrangement.

Optimization of Culvert
Dimensions

Simulation of
Flow and
Dimensions in
HEC-RAS

Fig. 1 Work flow for methodology

4.1. Collection of Data

The Mula, Mutha, and Pavana rivers flow through the
center of Pune, which is located at 18°31' N and 73°51' E
(Vinaya Fadtare and T.T. Mane 2007). Rivers are important
for the growth of society as well as the economy (Shruti J.
Dr. R Manivanan 2019). Monitoring water quality is crucial
for determining contamination and evaluating environmental
hazards (Muthulakshmi et al. 2013). Before installing any
treatment system, the river's water quality must be accurately
assessed, according to earlier research. Figure 2 shows 2km
selected stretch on the River Mutha from Mhatre Bridge to
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Omkareshwar Temple for the present study. A rectangular
open channel that transports water discharge from upstream
to downstream was the channel that was used in this
investigation. The current open channel had a 2 m high levee
on both sides, a base width of 30 m, and an average depth of
1.09 m. The length of the existing rectangular channel for
study was 2000 m. Average velocity and average water
depths were recorded using the current meter, which was
0.47 m/s and 1.09m, as shown in Figures 3 and 4,
respectively. The discharge of the channel was recorded as
15.37 m¥s, measured by the area velocity method.
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4.2. Model Scaling

Dimensional Analysis is an economical technique or
process that makes use of dimensions to solve a problem.
The Froude scaling principle is used for the laboratory
setting to create a distorted physical model for a real flow
system. The Froude scaling principle involves maintaining
an equal Froude number in the model and Prototype to
achieve similarity in flow. X, is selected as 200, Z; is selected
as 20, and the Distortion ratio is X,/ Z; = 10. The distorted
Froude model is designed for the collected River data shown

e o 2 in Table 1
ty using current met

Table 1. Distorted froude model calculations

Parameters with Scale ratio with River Distorted Froud
unit Froude law Dimensions model Scale Used
(distorted model) ( Prototype) Dimensions
Length (m) X 2000 m 10m Xr=1:200
Width (m) Z 30m 0.15m Zr=1:20
Levee (m) Z; 2m 0.1m Zr =120
Depth of water Z 1.09m 0.0545m Zr=1:20
Area of flow (m2) - 32.7m? 8.173x10° m? -
Velocity (m/s) Zn* 0.47 m/s 0.1050 m/s -
w3ln
Time (s) XilZi) * 65.06 min 1.46 min
Froude Number - 0.45 0.449 -
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4.3. Optimization of Culvert Dimension

To facilitate a controlled and modified flow regime
within the river channel, a system of culvert installations was
proposed at uniform intervals of 500 meters. The culverts are
alternately oriented in a zigzag pattern, commencing with an
outlet on the left bank at the downstream end and alternating
to the right upstream. This staggered configuration induces a
meandering flow path, significantly reducing flow velocity
while enhancing aeration through increased turbulence and
surface interaction. A physical modeling study was
recommended to further analyze the hydraulic behavior
resulting from this configuration. Computational simulations
were conducted using the HEC-RAS hydraulic modeling
software to evaluate flow characteristics and to determine the
optimal culvert dimensions iteratively. According to Kazem
et al., the initial design's permitted freeboard is one-sixth of
the total depth under conditions of uniform flow. The
prototype culvert dimensions were finalized based on trial
iterations as 155 m x 1.0 m, with the corresponding
geometrically scaled model dimensions determined as 0.0775
m x 0.05 m. An optimization analysis within HEC-RAS
validated the efficacy of the selected configuration.

4.4. HEC-RAS Simulation

Hydrologic Engineering Centre-River Analysis System,
or HEC-RAS, is a popular program created by the U.S. Army
Corps of Engineers that focuses on rivers, open channel
hydraulics, and culvert design skills. HEC RAS software is
used to simulate the Prototype & Distorted Froude model
with culvert design to establish the modified flow pattern in
River Mutha. HEC-RAS sensitivity simulations were used in
an optimization research to guarantee hydraulic efficiency.

Several culvert size combinations were evaluated for a
given discharge for Prototype & model, such as changing the
height from 0.7m to 1 m and the width from 10 m to 15.5 m.,
in order to avoid upstream flooding and reduce headwater
elevation, which has to stay below the limits. In order to
balance construction feasibility and hydraulic performance,
the ideal culvert configuration was determined to be 15.5 m x
1 m (Prototype) & 0.0775 m x 0.05 m (Scaled Model). The
following steps are to be followed for the study of Hydraulic
Behaviour of the river for the Prototype and Model.
Optimization study was carried out to select the dimensions
of the Culvert in the Prototype as well as in the Model.

Step 1: Creation of a new HEC-RAS project

Step 2:  Open the geometry editor window and create a new

river and reach

River: Mutha River

Reach: Model

Go into River Station. Next, input the geometric

data, which includes elevation and station data.
Upon summing up all the data, the HEC-RAS program

produces a geometric cross-section. The river's bed material

can be used to determine the value of “n."

Step 3:
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Step 4: After entering the geometric data, the profile plot
can be seen in Figure 5

Design a Deck to provide a culvert shown in Figure
6

After creating a deck design, indicate the position,
size, and orientation of the Culvert within the river
system. Describe the characteristics of the Culvert,
such as its dimensions, type, shape, etc., as shown in
the Figure. 7

Run the HEC-RAS simulation to model the
hydraulic behaviour of the river system, including
the Culvert.

Refer to Figure 8 to examine the simulation results,
taking note of the Culvert's discharge capacity, flow
velocities, and water surface profiles in the Output
Table.

Repeat the above steps for Prototype to get the
results for Prototype, including Water Surface
Profile, flow velocities, and discharge capacities of
the Culvert in the Output Table.

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:
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4.5. Experimentation on a Physical Model

The hydraulic behavior of the river system was
replicated, and the effectiveness of culvert projects was
evaluated through physical model testing using a distorted
Froude-scaled model. The dynamic similarity between the
model and the Prototype was ensured by maintaining the
Froude number (Fr), which controls the similarity of free-
surface flows. Different scaling ratios for horizontal and
vertical dimensions were used to generate geometric
distortion in order to increase measurement accuracy and fit
site constraints, especially in areas with shallow flow
(Chanson, 2004). The parameter can also be safely converted
between different systems of units by expressing it in
physical dimensions. The idea that the model and Prototype
are similar forms the basis of research on physical models.
This theory offers recommendations for experiment setup,
model parameter calculation, result processing, validity
limits, and potential scale effects (Novak et al., 2010). In
order to represent channel geometry with excellent structural
integrity, ferrocrete (ferrocement concrete) was used to
create the physical model, which can be seen in Figure 9.

This material was long-lasting, waterproof, and
formable. Various model runs were performed on the
physical model kept in the Fluid Mechanics Laboratory in
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SCOE, Pune. Under various trial runs, flow conditions and
water elevations were measured. The culvert configurations
were tested for their capacity to lower flow velocity and
encourage aeration. The findings were applied to improve
design parameters for field use and validate numerical
simulations. Distorted models are especially helpful for
shallow flows and complex geometries, where vertical
exaggeration improves the accuracy of physical observations
(Heller, 2011).

Fig. 9 Physical model of ferrocrete

4.6. Water Quality Monitoring

In order to develop and manage water resources
rationally, one of the first measures needed is water quality
monitoring (CPCB 2007-08). To indicate, regulate, or
forecast changes or trends in a specific water body's quality,
a well-designed and well-managed water quality monitoring
system is necessary.

This allows for the implementation of corrective or
preventive actions to restore and preserve the ecological
balance of the water body. Monitoring will ensure water
quality parameters such as dissolved oxygen and suspended
solids remain within permissible limits.

Physical modeling was used to assess the changes in
water quality brought about by installing staggered culverts
in 30 samples, emphasising pH, Total Suspended Solids
(TSS), and Dissolved Oxygen (DO). As prescribed by APHA
(2017), water quality assessment using standard methods was
carried out in the Environmental Research laboratory in
Sinhgad College of Engineering, Pune- 41, for Inlet and
Outlet (with Culverts) before and after experimentation, as
shown in the Figure. 10 below.

Figure 11 shows a Comparison of Dissolved oxygen
(mg/1) before and after experimentation, i.e., at Inlet & Outlet
(with Culverts). Figures 12 and 13 show a Comparison of
Total Suspended Solids (mg/l) and a Comparison of pH
before and after experimentation, i.e., at the Inlet and Outlet
(with Culverts), respectively.



Rohini S. More & Sameer S. Shastri / IJCE, 12(8), 129-139, 2025

Fig. 10 Inlet and Outlet (with Culverts) sample

O Inlet DO
Sample

B Outlet DO
Sample(with
culverts)

Fig. 11 Comparison of dissolved oxygen (mg/l) at Inlet & Outlet (with Culverts)

300 O Inlet TSS Sample
250
200 I
- H Outlet TSS
150 1— 1 Sample(with
culverts)
100 17—
;! U LT
O H
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
Fig. 12 Comparison of total suspended solids (mg/l) at Inlet & Outlet (with Culverts)
9 O Inlet pH
8 Sample
7
6 @ Outlet pH
5 Sample(with
4 culverts)
3
2
1
0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Fig. 13 Comparison of pH at inlet & outlet (with Culverts)
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Table 2. Simulations using HEC RAS for optimize culvert dimensions

Simulation Size Of. Percentage Water Surfgce Freeboard Overtopping of
Number Culvertin Opening Elevation in (m) Water
Prototype Upstream(m)
1 10m*0.7m 11.66 % 2.36 -0.36 Yes
2 13m*0.8 m 17.33% 2.15 -0.15 Yes
3 14m*0.8 m 18.66% 2.08 -0.08 Yes
4 14m * 0.9m 21% 2 0 No
5 14m*1m 23.33% 1.9 0.1 No
6 15.5m* 1m 25.83% 1.8 0.2 No

5. Results and Discussion

The hydraulic efficiency and impact on water quality of
installing culverts in a staggered zigzag pattern were assessed
using physical and numerical modeling techniques. To find
the ideal culvert size for controlling upstream water surface
elevation under design flow circumstances, a set of six HEC-
RAS simulations was run, which can be seen in Table 2.

We looked at culverts with sizes between 10 m x 0.7 m
and 15.5 m x 1.0 m. According to the findings, there is a
direct correlation between the size of the culvert aperture and
the elevation of the upstream water. Freeboard was negative
in simulations 1 through 3 (openings < 18.66%), indicating
overtopping of water and insufficient flow capacity.
When a 14 m x 0.9 m culvert was used in Simulation 4, the
freeboard was zero, indicating the boundary between safe
and unsafe flow conditions. With positive freeboard values
of 0.1 and 0.2 meters, respectively, in simulations 5 and 6,
overtopping was prevented, and hydraulic performance was
stable. Iterative HEC-RAS simulations were used to

Estimate the optimal culvert dimensions, which were
ultimately determined to be 155 m x 1.0 m for the
Prototype, i.e., simulation 6 and 0.0775 m x 0.05 m for the
scaled physical model made using distorted Froude scaling.
The results of the HEC-RAS simulation showed that the
zigzag culvert configuration significantly reduced flow
velocity. Average Velocity was reduced by 37.25% in the
Prototype and 38.09% in the distorted model when compared
to the unaltered channel flow. The fidelity with which the
distorted model captured the hydraulic behavior of the
prototype system was confirmed by this alignment in the
results. The simulation results were validated by ferrocrete
model experiments. A more consistent velocity distribution
throughout the channel cross-section was achieved by the
controlled redirection of flow channels caused by the
employment of various opening orientations. Increased
turbulence at alternate culvert outputs clearly improved
surface aeration. After the experiment, monitoring the water
quality revealed increases in Dissolved Oxygen (DO) levels
near the culvert exits, which were ascribed to improved
aeration and mixing. The majority of the samples showed a
notable rise in DO, suggesting that the zigzag culvert shape
improved aeration. The average DO improved by almost

64.68 %, rising from 2.86 mg/L (inlet) to 4.71 mg/L (outlet).
Due to reduced velocities and localized energy dissipation
close to culvert exits, this trend indicates successful sediment
deposition. There was a continuous and significant decrease i
n the TSS values.

From 115.03 mg/L (inlet) to 23.43 mg/L (outlet), the ave
rage TSS dropped by an average of almost 79.63%. Most
samples showed a small increase in pH, suggesting a move
toward more neutral or slightly alkaline circumstances. The
average pH rose from 7.21 at the inlet to 7.70 at the outlet.
This is explained by higher DO levels and less carbonic acid
production, which is in line with research in aerated flow
systems, which supports aquatic health. The summary of the
percentage changes in water quality parameters at Inlet &
Outlet can be seen in Table 3 across the 30 samples.

The current work shows that, when culvert dimensions
are optimized using HEC-RAS modeling in conjunction with
physical model experimentation, water quality parameters at
the culvert outlet significantly improve when compared to
input circumstances. For example, dissolved oxygen (DO)
increased by 64.68%, and TSS consistently decreased by
79.63% in different trials. These gains are much greater than
those documented in previous research, which mostly
focused on sediment transport dynamics or hydraulic
efficiency and infrequently connected culvert geometry to
improved water quality. Our research incorporates
environmental considerations directly into culvert design
optimization, in contrast to traditional culvert design studies,
like Xue et al. (2021), which focused primarily on microbial
dynamics and examined the effects of culvert length and
flow rate on biofilm formation and water quality, or Rowley
& Hotchkiss (2014), which reported increased turbidity and
pollutant loading due to sediment scour. By combining HEC-
RAS modeling with physical testing and water quality
evaluation, we ensure that culverts serve as natural treatment
systems that enhance downstream water quality by
encouraging aeration and sediment settling and serving as
conveyance structures. Three important aspects are
responsible for the improved outcomes:

e Culvert-Induced Aeration: Compared to conventional
straight-flow systems, DO was greatly enhanced by
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optimised culvert shape's turbulence and surface re-
aeration zones.

Improved Sediment Settling: TSS and BOD levels were
lowered by the efficient settlement of suspended
particles and organic matter due to a decrease in flow
velocity and turbulence at an optimal size.

Combining Modeling and Experimentation: This work
integrated HEC-RAS simulations with  physical
validation, ensuring robust and dependable results,

whereas previous research used numerical models or
field data.

Therefore, by introducing a novel design paradigm
where culverts are thought of as hydraulic conveyance
structures and environmental management instruments
contributing to sustained water quality improvement, our
methodology surpasses state-of-the-art methodologies.

Table 3. Summary of percentage changes at Inlet & Outlet

Parameter Inlet Avg. Outlet Avg. % Change Interpretation
Dissolved Oxygen(DO) 2.86 mg/L 4.71 mg/L +64.68% S'gn'f'ca”;e'gt‘i’gﬂveme“t in
Total Suspended Solids i 0 Strong reduction in

(TSS) 115.03 mg/L 23.43 mg/L 79.63 % sediment load
Mild alkalinity increase
0 1
pH 7.21 7.70 +6.796 % stabilizing
6. Conclusion of the positive environmental effects of the changed flow

The findings of the HEC-RAS simulation demonstrated
that by reducing upstream water surface heights and avoiding
overtopping, culvert dimensions greatly increase hydraulic
efficiency. The most efficient culvert size was determined to
be 15.5 m x 1.0 m, which provided a safety buffer in terms
of freeboard, stable flow behavior, and adequate discharge
capacity. It is anticipated that this configuration, which was
chosen for both numerical and physical modeling, will
improve system resilience under fluctuating flow conditions,
improve flow control, and lower the risk of flooding. The
efficacy of the suggested culvert design is confirmed by the
combined effects of sediment settling, turbulence-induced
mixing, and velocity reduction. The concurrent trends in TSS
reduction and DO improvement provide additional evidence

References

path. The credibility of the model-prototype scaling and
physical experimentation utilizing the ferrocrete-based
distorted Froude model is reinforced by these results, which
show good agreement with the numerical predictions derived
from HEC-RAS simulations.

Author Contribution Statement

All authors influenced the study's conception and design.
Data collection, analysis, and material preparation were
carried out by RM and SS. RM wrote the original draft of the
manuscript, and all writers provided feedback on earlier
iterations. RM & SS have read and approved the finished
product.

(1]

American Public Health Association, Standard Method for Examination of Water and Wastewater, 23 ed., American Public Health
Association, pp. 1-26, 2017. [Google Scholar] [Publisher Link]

[2] Chang Hong Wang, “Application of HEC-RAS Model in Simulation of Water Surface Profile of River,” Applied Mechanics and
Materials, vol. 641-642, pp. 232-235, 2014. [CrossRef] [Google Scholar] [Publisher Link]

[3] Cem Yilmazer, and H. Anil Ar1 Giner, “Physical and Numerical Modeling of Flow in a Meandering Channel,” Water, vol. 16, no. 11,
pp. 1-23, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[4] Hubert Chanson, The Hydraulics of Open Channel Flow: An Introduction, 2™ ed., Butterworth-Heinemann, pp. 1-650, 2004. [Google
Scholar] [Publisher Link]

[5] Dwi Rian Sulaeman et al., “Modification of Culvert Design on Discharge Channel: A Case Study in Indonesian Coal-Fired Power
Plant,” Journal of Engineering and Technological Sciences, vol. 55, no. 2, pp. 212-224, 2023. [CrossRef] [Google Scholar] [Publisher
Link]

[6] K. Edwards, LMNO Engineering, 2011. [Online]. Available: http://www.Imnoeng.com/civil.htm

[7] G. Dorin et al., “Mathematical Modelling and Numerical Analysis of Hydraulic System Behaviour. A Case Study with Application in
HEC-RAS,” IOP Conference Series: Materials Science and Engineering, vol. 1256, no. 1, pp. 1-9, 2022. [CrossRef] [Google Scholar]
[Publisher Link]

[8] Parivesh Bhawan, and East Arjun Nagar, “Determination of Environmental Compensation to be Recovered for Violation of Hazardous

and Other Wastes (Management and Transboundary Movement) Rules, 2016,” Central Pollution Control Board, 2020. [Google
Scholar] [Publisher Link]

137


https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=American+Public+Health+Association+%28APHA%29%2C+%E2%80%9CStandard+Method+for+Examination+of+Water+and+Wastewater&btnG=
https://www.google.co.in/books/edition/Standard_Methods_for_the_Examination_of/V2LhtAEACAAJ?hl=en
https://doi.org/10.4028/www.scientific.net/AMM.641-642.232
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Application+of+HEC-RAS+model+in+simulation+of+water+surface+profile+of+river&btnG=
https://www.scientific.net/AMM.641-642.232
https://doi.org/10.3390/w16111547
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Physical+and+Numerical+Modeling+of+Flow+in+a+Meandering+Channel&btnG=
https://www.mdpi.com/2073-4441/16/11/1547
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+Hydraulics+of+Open+Channel+Flow%3A+An+Introduction&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+Hydraulics+of+Open+Channel+Flow%3A+An+Introduction&btnG=
https://www.google.co.in/books/edition/Hydraulics_of_Open_Channel_Flow/VCNmKQI6GiEC?hl=en&gbpv=0
https://doi.org/10.5614/j.eng.technol.sci.2023.55.10
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Modification+of+Culvert+Design+on+Discharge+Channel%3A+A+Case+Study+in+Indonesian+Coal-Fired+Power+Plant&btnG=
https://journals.itb.ac.id/index.php/jets/article/view/19671
https://journals.itb.ac.id/index.php/jets/article/view/19671
https://doi.org/10.1088/1757-899x/1256/1/012027
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mathematical+modelling+and+numerical+analysis+of+hydraulic+system+behaviour.+A+case+study+with+application+in+HEC-RAS&btnG=
https://iopscience.iop.org/article/10.1088/1757-899X/1256/1/012027/meta
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Central+Pollution+Control+Board&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Central+Pollution+Control+Board&btnG=
https://www.greentribunal.gov.in/sites/default/files/news_updates/Document%20filed%20by%20the%20Appellant%20in%20Appeal%20No.58-2022%20(page%20nos.194-288).pdf

(9]

[10]
[11]

[12]
[13]

[14]

[15]
[16]
[17]

(18]

[19]
[20]

[21]
[22]

(23]
[24]
[25]
[26]
[27]
[28]
[29]

[30]

Rohini S. More & Sameer S. Shastri / IJCE, 12(8), 129-139, 2025

Gary Dyhouse, and Haestad Methods, Floodplain Modeling Using HEC-RAS, Haestad Press, vol. 1, pp. 1-696, 2003. [Google Scholar]
[Publisher Link]

HEC-RAS User’s Manual. [Online]. Available: https://www.hec.usace.army.mil/confluence/rasdocs/rasum/latest

Hubert Chanson, The Hydraulics of Open Channel Flow: An Introduction: Basic Principles, Sediment Motion, Hydraulic Modelling,
Design of Hydraulic Structures, Arnold, pp. 1-495, 1999. [Google Scholar] [Publisher Link]

IS 10500: 2012, “Indian Standard Drinking Water - Specification,” Bureau of Indian Standards, pp. 1-16, 2012. [Google Scholar]
[Publisher Link]

Kagan Cebe, Omer Bilhan, and Renan Sinanmis Balci, “Comparative Analysis of HEC-RAS, SWMM, and THDH Approaches in
Highway Culvert Design,” Dicle University Journal of Engineering, pp. 977-992, 2024. [CrossRef] [Google Scholar] [Publisher Link]
Masoud Kazem et al., “The Impact of Operational Scenarios and Concrete Aging Factor on the Freeboard Height of an Irrigation
Canal,” Engineering Technology and Applied Science Research, vol. 13, no. 1, pp. 10199-10203, 2023. [CrossRef] [Google Scholar]
[Publisher Link]

losub Marina et al., “The Use of EC-RAS Modelling in Flood Risk Analysis,” The International Conference Air and Water -
Components of The Environment, pp. 315-322, 2015. [Google Scholar]

Mohd Talha Anees et al., “One- and Two-Dimensional Hydrological Modelling and Their Uncertainties,” Flood Risk Management,
2016. [CrossRef] [Google Scholar] [Publisher Link]

L. Muthulakshmi et al., “Application of Correlation and Regression Analysis in Assessing Ground Water Quality,” International
Journal of ChemTech Research, vol. 5, no. 1, pp. 353-361, 2013. [Google Scholar] [Publisher Link]

Norsaliha Najwa Zainal, and Siti Hidayah Abu Talib, “Review Paper on Applications of the HEC-RAS Model for Flooding,
Agriculture, and Water Quality Simulation,” Water Practice and Technology, vol. 19, no. 7, pp. 2883-2900, 2024. [CrossRef] [Google
Scholar] [Publisher Link]

Nicholas P. Wallerstein et al., “Distorted Froude-Scaled Flume Analysis of Large Woody Debris,” Earth Surface Processes and
Landform, vol. 26, no. 12, pp. 1265-1283, 2001. [CrossRef] [Google Scholar] [Publisher Link]

Jerome M. Norman, Robert J. Houghtalen, and William A. Johnston, Hydraulic Design of Highway Culverts, U.S. Department of
Transportation, Federal Highway Administration, pp. 1-253, 1985. [Google Scholar] [Publisher Link]

Ola Adel Qasim, “Design of a Box Culvert,” Thesis, Al-Mansour University College, 2018. [CrossRef]

O.S. Olaniyan, D.J. Omokanye, and A.S Akolade, “Modification of Existing Culverts on River OMI using HEC-RAS,” International
Journal of Civil and Structural Engineering, vol. 5, no. 2, pp. 125 -129, 2014. [Google Scholar]

P. Novak et al., Development of Physical Models, 1% ed., Hydraulic Modelling: An Introduction, CRC Press, pp. 1-41, 2010. [Google
Scholar] [Publisher Link]

Shruti Subhash Jagtap, and R. Manivanan, “Water Pollution Status of Mula-Mutha Rivers in Pune City: Review,” International
Journal of Trend in Scientific Research and Development, vol. 4, no. 1, pp. 1080-1084, 2019. [Google Scholar] [Publisher Link]

Salma Tawfig, “Optimization of Culvert Dimensions and Reliability,” Theses and Dissertations, 2012. [Google Scholar]

Tian Wu, Zhao Zheng, and Wenlong Ma, “Application of HEC-RAS in Floating Bridge Calculation of the Backwater Height,”
International Conference on Mechatronics, Robotics and Automation, pp. 205-208, 2015. [CrossRef] [Google Scholar] [Publisher
Link]

Valentin Heller, “Scale Effects in Physical Hydraulic Engineering Models,” Journal of Hydraulic Research, vol. 49, no. 3, pp. 293-
306, 2011. [CrossRef] [Google Scholar] [Publisher Link]

Vinaya V. Fadtare, and T.T. Mane, “Studies on Water Pollution of Mula, Mutha and Pawana Rivers in Summer Season in the Pune
City Region,” Nature Environment and Pollution Technology, vol. 6, no. 3, pp. 499-506, 2007. [Google Scholar] [Publisher Link]
Ruikang Xue et al., “Effects of Culvert Length and Flow Rates of Raw Water Transport on Biofilm Development and Water Quality,”
Water Supply, vol. 21, no. 8, pp. 4617-4626, 2021. [CrossRef] [Google Scholar] [Publisher Link]

Kyle J. Rowley, and Rollin H. Hotchkiss, “Sediment Transport Conditions Near Culverts,” World Environmental and Water Resources
Congress, pp. 1402-1411, 2014. [CrossRef] [Google Scholar] [Publisher Link]

138


https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=H.+Methods%2C+G.+Dyhouse%2C+J.+Hatchett%2C+J.+Benn.%2C+%E2%80%9CFlood+plain+modeling+using+HEC-RAS&btnG=
https://books.google.co.in/books/about/Floodplain_Modeling_Using_HEC_RAS.html?id=UlmEvwEACAAJ&redir_esc=y
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+Hydraulics+of+Open+Channel+Flow+&btnG=
https://www.google.co.in/books/edition/_/nQVSAAAAMAAJ?hl=en&sa=X&ved=2ahUKEwjZ4NyFi6iPAxVtSWwGHQbMLj8Qre8FegQIChAI
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Indian+Standard+DRINKING+WATER+%E2%80%94+SPECIFICATION&btnG=
https://cpcb.nic.in/wqm/BIS_Drinking_Water_Specification.pdf
https://doi.org/10.24012/dumf.1555019
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Comparative+Analysis+of+HEC-RAS%2C+SWMM%2C+and+THDH+Approaches+in+Highway+Culvert+Design&btnG=
https://dergipark.org.tr/en/pub/dumf/issue/88767/1555019
https://doi.org/10.48084/etasr.5592
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+Impact+of+Operational+Scenarios+and+Concrete+Aging+Factor+on+the+Freeboard+Height+of+an+Irrigation+Canal&btnG=
https://mail.etasr.com/index.php/ETASR/article/view/5592
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+use+of+EC-RAS+modelling+in+flood+risk+analysis&btnG=
https://doi.org/10.5772/intechopen.68924
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=One-+and+Two-Dimensional+Hydrological+Modelling+and+Their+Uncertainties%2C+Flood+Risk+Management&btnG=
https://mail.etasr.com/index.php/ETASR/article/view/5592
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Application+of+correlation+and+regression+analysis+in+assessing+ground+water+quality&btnG=
https://www.cabidigitallibrary.org/doi/full/10.5555/20133079761
https://doi.org/10.2166/wpt.2024.173
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Review+paper+on+applications+of+the+HEC-RAS+model+for+flooding%2C+agriculture%2C+and+water+quality+simulation&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Review+paper+on+applications+of+the+HEC-RAS+model+for+flooding%2C+agriculture%2C+and+water+quality+simulation&btnG=
https://iwaponline.com/wpt/article/19/7/2883/103280/Review-paper-on-applications-of-the-HEC-RAS-model
https://doi.org/10.1002/esp.271
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=DISTORTED+FROUDE-SCALED+FLUME+ANALYSIS+OF+LARGE+WOODY+DEBRIS&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/esp.271
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hydraulic+Design+of+Highway+Culverts&btnG=
https://www.google.co.in/books/edition/Hydraulic_Design_of_Highway_Culverts/KRvCAQAACAAJ?hl=en&kptab=publisherseries
https://doi.org/10.13140/RG.2.2.16490.47041
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Modification+of+existing+culverts+on+river+OMI+using+HEC-RAS&btnG=
https://www.taylorfrancis.com/search?contributorName=P.%20Novak&contributorRole=author&redirectFromPDP=true&context=ubx
https://www.taylorfrancis.com/books/mono/10.1201/9781315272498/hydraulic-modelling-introduction?refId=4ae76220-de0e-4ee7-b7ee-26b396797ce3&context=ubx
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=P.+Novak%2C+V.+Guinot%2C+A.+Jeffrey%2C+D.E.+Reeve%2C+%E2%80%9CDevelopment+of+Physical+Models&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=P.+Novak%2C+V.+Guinot%2C+A.+Jeffrey%2C+D.E.+Reeve%2C+%E2%80%9CDevelopment+of+Physical+Models&btnG=
https://www.taylorfrancis.com/chapters/mono/10.1201/9781315272498-5/development-physical-models-novak-guinot-jeffrey-reeve?context=ubx
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Water+Pollution+Status+of+Mula-Mutha+Rivers+in+Pune+City%3A+Review&btnG=
https://www.ijtsrd.com/papers/ijtsrd29813.pdf
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization+of+Culvert+Dimensions+and+Reliability.+Theses+and+dissertations&btnG=
https://doi.org/10.2991/icmra-15.2015.41
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Application+of+HEC-RAS+in+floating+bridge+Calculation+of+the+backwater+height&btnG=
https://www.atlantis-press.com/proceedings/icmra-15/23273
https://www.atlantis-press.com/proceedings/icmra-15/23273
https://doi.org/10.1080/00221686.2011.578914
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Scale+effects+in+physical+hydraulic+engineering+models&btnG=
https://www.tandfonline.com/doi/abs/10.1080/00221686.2011.578914
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Studies+on+Water+Pollution+of+Mula%2C+Mutha+and+Pawana+Rivers+in+Summer+Season+in+the+Pune+City+Region&btnG=
https://neptjournal.com/upload-images/NL-31-26-(26)B-1040.pdf
https://doi.org/10.2166/ws.2021.205
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effects+of+culvert+length+and+flow+rates+of+raw+water+transport+on+biofilm+development+and+water+quality&btnG=
https://iwaponline.com/ws/article/21/8/4617/82870/Effects-of-culvert-length-and-flow-rates-of-raw
https://doi.org/10.1061/9780784413548.141
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Sediment+Transport+Conditions+Near+Culverts.+In+World+Environmental+and+Water+Resources+Congress+2014%3A+Water+Without+Borders&btnG=
https://ascelibrary.org/doi/abs/10.1061/9780784413548.141

Rohini S. More & Sameer S. Shastri / IJCE, 12(8), 129-139, 2025

Appendix 1
Output Table (Prototype) Output Table (Distorted Model)
River ) ) Percer!tagg Average River ) ) Percentgge Average
Reach Station Q Total | Velocity (m/s) | Velocity (m/s) Reductlpn in _Reductlpn Reach Station Q Total Velocity (m/s) | Velocity (m/s) _Reductl(_)n _Reductlgn
velocity in velocity in velocity |in velocity
(m3/s) | Before culverts | After culverts (m3/s) Before culverts | After culverts

1 2000 15.37 Model 10 8.59* 10"-4
1 1900 15.37 Model 9.5 8.59* 10"-4

0.47 0.27 42.55% 0.105 0.06 42.85%
1 1800 15.37 Model 9 8.59* 10"-4
1 1700 15.37 Model 8.5 8.59* 10"-4
1 1699 Culvert Model | 8.495 Culvert
1 1600 15.37 Model 8 8.59* 10"-4
1 1500 15.37 Model 75 8.59* 10"-4
1 1400 15.37 0.47 0.29 38.29% Model 7 8.59* 10"-4 0.105 0.06 42.85%
1 1300 15.37 Model 6.5 8.59* 10"-4
1 1200 15.37 Model 6 8.59* 10"-4
1 1199 Culvert Model | 5.995 Culvert

37.25% 38.09%

1 1100 15.37 Model 55 8.59* 10"-4
1 1000 15.37 Model 5 8.59* 10"-4
1 900 15.37 0.47 0.3 36.17% Model 45 8.59* 10"-4 0.105 0.07 33.33%
1 800 15.37 Model 4 8.59* 10"-4
1 700 15.37 Model 35 8.59* 10"-4
1 699 Culvert Model | 3.495 Culvert
1 600 15.37 Model 3 8.59* 10"-4
1 500 15.37 Model 25 8.59* 10"-4
1 400 15.37 0.47 0.32 32% Model 2 8.59* 10"-4 0.105 0.07 33.33%
1 300 15.37 Model 15 8.59* 10"-4
1 200 15.37 Model 1 8.59* 10"-4
1 199 Culvert Model 0.995 Culvert
1 100 15.37 Model 0.5 8.59* 10"-4
1 0 15.37 Model 0 8.59* 10"-4
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