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ABSTRACT

In large rivers, most bridge crossings locally reduce the transverse floodplain width. This leads
to adverse hydro-morphological effects, such as river bed and bank erosion, as well as increased
upstream flood levels. In this study, we used a 2D morphodynamic model developed in Delft 3D
to investigate the hydro-morphological impact of bridge span. The tool was applied to the Tal-
ibwala Bridge across the Chenab River in Pakistan. Our findings indicate that not only the length
but also the location of the bridge span across the floodplain and bridge orientation influence the
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river hydro-morphodynamics. Smaller bridge spans exert more pronounced impacts, particularly
during high flood events. We highlight that bridge span enlargement can serve as an effective
intervention to reduce the adverse effects of existing bridges. These results emphasize the impor-
tance of considering the morphological river response during the design phase of bridges and
of using morphodynamic instead of hydrodynamic models for flood level assessments.

Introduction

Bridges are a vital component of modern transportation
infrastructure, allowing people and goods to cross over
rivers and other water bodies. However, their construc-
tion can also have significant impacts on the hydrody-
namics and morphology of the rivers they cross, as for
instance the increase in flood levels and the lateral shift-
ing of the river channel upstream and downstream (Ali
et al. 2021). This is particularly true for bridges cross-
ing large braided and anabranched rivers since their
span is mostly limited to the main channel. The clo-
sure of part of the floodplain at the crossing reduces the
water conveyance during high flows and creates back-
water effects upstream (Laursen 1970; Villada Arroyave
and Crosato 2010). In addition, the flow concentration
in a narrower area can cause bed and bank erosion.
For instance, bank erosion increased after the construc-
tion of the Jamuna Bridge in Bangladesh (Bhuiyan et al.
2010) and of the Odlabari Bridge across the Chel River
in India (Biswas and Banerjee 2018). These impacts
can have negative consequences for the nearby human
settlements and the fertile land adjacent to the river.
One such example is the Dharala Bridge on the Dharala

River in Bangladesh, where the extent of river bank ero-
sion has become alarming for the adjacent community
(Uddin et al. 2022). Yet, the causes of bridge-originated
river bank erosion are not well understood (Hager and
Unger 2010). Bridges often cause the formation of bars
that divert the flow towards the bank, and this may
happen also far upstream and downstream (Crosato
and Mosselman 2020). This means that it is still diffi-
cult to design low-impacting bridges and plan efficient
mitigation measures.

Remote sensing techniques have been employed in
several studies (Alam et al. 2007; Islam 2013; Biswas
et al. 2015; Oo et al. 2019; Uddin et al. 2022) in order
to assess the hydro-morphological impacts of bridge
construction on rivers. Methods based on data analysis
are essential to identify and quantify the morphologi-
cal effects of existing settings but do not allow assessing
what would be the effects of other settings, with dif-
ferent bridge orientation, span and location across the
river, including its floodplain. Numerical models pro-
vide the opportunity to analyse wider potential con-
ditions and in combination with GIS, they can offer
reliable results (Dysarz et al. 2023). In the numerical
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modelling domain, the focus so far has been the analysis
and prediction of the morphological effects at the local
spatial scale, as for instance the scouring around bridge
piers (Mahmud et al. 2020). About larger spatial and
temporal scales, only a few studies have been carried
out. With a two-dimensional (2D) morphodynamic
model, Azhar (2018) studied the development of bars
caused by a bridge pier, either upstream or downstream.
Abdou et al. (2021) analysed the effects of bridge span
on bar formation at the new equilibrium river morphol-
ogy but did not consider the effects of bridge-originated
bars on bank erosion and channel shifting. By sim-
ulating the changes in river cross-section that occur
during floods, a morphodynamic model would also
allow for more realistic estimates of water levels during
flood events compared to any hydrodynamic models
based on fixed cross-sections, especially for rivers with
relatively high mobile beds (Lee et al. 2006; Costa-
bile et al. 2014; Ogras and Onen 2020; Crosato et al.
2022).

This work investigates the morphodynamic effects of
a bridge across a vast river at a large scale, focusing on
backwater effects, bar formation and river bank erosion.
For the first time, the effects of several bridge designs,
including a case with a different bridge alignment, are
compared. The tool of investigation is made of two
two-dimensional (2D) models developed in Delft3D:
a fixed-bed hydrodynamic model and a mobile-bed
morphodynamic model. Covering a longer river reach,
the hydrodynamic model provides the boundary con-
ditions for the more detailed morphodynamic model.
To have a realistic numerical tool that can reproduce
the effects of several bridge configurations, the set-
up is based on a real case. The recently constructed
Talibwala Bridge, crossing the Chenab River in the
Punjab Province of Pakistan 65km downstream of the
Qadirabad Barrage, is chosen as the base-case scenario.
Chohan et al. (2022) have shown that during high
flows ponding occurs due to the construction of this
bridge, which makes it an ideal case for the study. More-
over, significant bank erosion has occurred in the 6 km
downstream and 6 km upstream of the structure. The
choice of using this bridge as base-case lies also in the
availability of data, such as water level and discharge
time series, cross-sections and historical channel align-
ments, which has allowed for model calibration and
validation. The simulation of several scenarios differ-
ing in bridge span and location across the river flood-
plain has permitted the comparison of the effects of
various bridge configurations and identifying possible
mitigation measures.

Study area

The Chenab River originates from the Indian
Himalayas. It is called Chandra-Bhaga before enter-
ing Pakistan, where it meets the Jammu Tawi River
and eventually joins the Indus (Ali et al. 2021). Annual
monsoon-season flooding, resulting from heavy rain-
fall and northern Indian ice melt, strongly increases its
water and sediment discharges (Chohan et al. 2022).

The region downstream of the Qadirabad Bar-
rage, including the Talibwala Bridge area (study site),
requires frequent flood management (Ashraf and
Shakir 2018). Further downstream lies the Trimmu Bar-
rage, constructed in 1939. The discharge of the river
in the reach between the two barrages ranges between
4m3/s (lowest measured value) and 26,855 m>/s, maxi-
mum value, measured on 11th September 1992 (Flood
Forecasting Division 2023). The second peak discharge
is 24,100 m3/s, measured on 24 August 1996 and the
third one is 21,917 m3/s, measured on 07 Septem-
ber 2014. Using the Gumbel flood frequency analy-
sis (Gumbel 1941) based on the available discharge
data (the short period 1970-2021), these discharges are
associated to return periods of 58, 35 and 23 years,
respectively.

In the area around the Talibwala Bridge, the main
river channel has an average width of about 2,000 m
and its bed is made of sand, whereas the soil of the
floodplains is made of fine sediment NESPAK (2010).
The longitudinal bed slope is 0.32 m/km. The flood-
plain topography is characterized by higher elevation
along the right bank of the river.

The Talibwala Bridge was initially constructed as a
single carriage way in 1990 to connect the National
Highway having an angle of 20 degrees with the river
channel alignment. An extension with the addition of
another dual carriage way (21.4 m wide) was built in
1997 with 34 spans of 26 m each. The super-structure
consists of precast, pre-stressed girders with cast-in-
place deck slab. The sub-structure consists of 2.0 m
diameter bored cast-in-place piles (ENGINEERS 2021).
Upstream of the bridge, for a length of 1,200 m, guide
bunds on both sides of the river gradually reduce the
river width to 905 m (Siddiqui et al. 2018; Ali et al. 2021)
(Figure 1), which becomes 905 m at the bridge crossing.
Moreover, during the building of the additional car-
riage way, construction debris was dumped on the river
bed inside and around the three spans of the bridge
furthest to the left. At present, the main channel is lat-
erally shifting at outer bend locations, both upstream
and downstream, as shown in Figure 1, and the dumped



JOURNAL OF APPLIED WATER ENGINEERING AND RESEARCH 3

World Map ek

melarus

Mongolia

AFGHANISTAN

Ajmer
ppur

i, HERE, Garmin, JUSGS, Intermapfott

=3 et Sources:

S . INCREMENT\F, NRCan, Esri Jemap JMETI, Esri China (Hong
Kong), Esyi Kbres, Esri {Thailghd). NGCC. ()

N »__‘P"”Oﬁinskee‘tm’sp contributors_ghd the GIS User Community

District Sargodha

Talibwala Bridge (73°9'7.08"E  31°56'40.87"N)

B it ' w /] gi

Figure 1. Study area location (Source: Google Earth).

debris is believed to be the main cause of this shifting.
Bank erosion occurs mainly in the form of progressive
mass failure. The growth of vast bars near the structure
has invited the local people to utilize bar tops for agri-
cultural purposes (Rasool et al. 2022), increasing the
value of the land in the vicinity of the bridge. No bridges
are present upstream of the Talibwala Bridge until the
Qadirabad Barrage.

Methodology

The numerical tool was constructed using the open-
source Delft3D-V4 software, which can be downloaded
from  https://oss.deltares.nl/web/delft3d/get-started.
Delft3D models have been already successfully used
to study the morphological changes of braided rivers
(e.g. Singh et al. 2017; Hu et al. 2023) and proved to be
computationally efficient (Parsapour-Moghaddam
et al. 2023), which justifies the choice of the
software.

We built two distinct models: (1) a fixed-bed hydro-
dynamic model, covering the 227 km long river reach
between the two barrages of Qadirabad and Trimmu

and (2) a mobile-bed morphodynamic model with
higher resolution, covering a shorter reach around the
Talibwala Bridge. The morphodynamic model was con-
structed by adapting and cutting the hydrodynamic
model, which was in fact created to generate its bound-
ary conditions.

Available data

The Punjab Irrigation Department of the Ministry of
Irrigation Punjab, Pakistan (Department 2023) pro-
vided the daily discharge and water level time series
covering the period January 2010-December 2021 at
three gauge-stations: the Qadirabad Barrage (65km
upstream of the Talibwala Bridge), the Chiniot Bridge
(32km downstream of the Talibwala Bridge) and at
the Trimmu Barrage (162 km downstream of the Talib-
wala Bridge). The discharge time series measured at the
Qadirabad Barrage had several missing values, espe-
cially in the dry periods (periods that are less important
for this study focusing on flood levels and morpho-
logical changes). After having interpolated the missing
values and removed the outliers, data validation was
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performed by cross-checking with the values of the
discharges measured at the Chiniot Bridge. As there
is no water withdrawal in the river reach between
the Qadirabad barrage and the Chiniot Bridge, there
should be a good correlation between the values of
discharge at these two successive stations, consider-
ing a certain time lag. To assess the correlation, we
applied two statistical methods: correlation coefficient
and regression analysis. The maximum value of the cor-
relation coefficient (0.878) was obtained for a time lag of
36 h, which can be considered reasonably good. For the
same time lag, the value of R-Squared resulted in 0.775.
These results indicate that upstream and downstream
data are consistent.

The Lahore River Survey Division of the Ministry
of Irrigation Punjab, Pakistan, provided also the river
cross-sections measured in 2010, covering the area
from 65km upstream to 162km downstream of the
Talibwala Bridge, and in 2018, covering only the area
upstream of the Talibwala Bridge. The cross-sections of
2010 regard only the main river channel(s) (no flood-
plain elevations) and are very distant from each other,
with the average distance between two successive cross-
sections being of the order of 5 km.

NESPAK (2010) sampled the bed material in the
227 km long reach between the Qadirabad Barrage to
the Trimmu Barrage and found that the median grain
size ranges from 0.09 to 0.250 mm, with larger values in
the upper part of the river. In the area around the Tal-
ibwala Bridge the sediment size ranges between 0.200
and 0.250 mm.

Hydrodynamic model

The hydrodynamic model domain covered a length of
227 km, from the Qadirabad Barrage to the Trimmu
Barrage, for a width of 24km to include the entire
floodplain area. The discharge time series measured at
the Qadirabad Barrage during the flow season of the
year 2014 constituted the upstream boundary condi-
tion, and the water-level time series measured at the
Trimmu Barrage during the same period the down-
stream boundary condition.

The land boundary map, defining the model domain,
was developed using GIS and SRTM satellite images
of the year 2000, having a resolution of 30 m (down-
loaded from the website of U.S. Geological Survey;
https://earthexplorer.usgs.gov/).

The bed topography of the main river channel(s) was
set up using the cross-sections measured in 2010, inte-
grated by GIS and SRTM data were necessary, whereas
the floodplain elevation was derived from the 2018
survey.

The structured curvilinear grid, following the con-
tour of the main river channel, was imposed cell sizes
between 146 and 455 m in the longitudinal direction,
and between 24 and 854 m in the transverse direction
(Figure 2), with the largest grid cells belonging to the
floodplain area. The grid size was chosen based on the
resolution required for a satisfactory water level assess-
ment, and on computational efficiency, as the hydrody-
namic model was very lengthy (computational time of
the order of two weeks).

Due to uncertainty in bed roughness (Dysarz et al.
2023), hydrodynamic model calibration aimed at opti-
mizing the value of Manning’s coefficient. For this, the
water levels computed for the flood season of the year
2014 at the location of the Chiniot Bridge (intermedi-
ate location) were compared to the ones measured at
the corresponding gauge station. Hydrodynamic model
validation was subsequently carried out by comparing
the water levels computed by the calibrated model in
the period 2010-2013 at the same gauge station.

Theoretically, if we consider the smallest cell size
of the model, the time step should be less than 41s.
However, due to computational time constraints and
considering the average cell size of 307 m, we imposed
a time step of 60 s (Courant numbers smaller than 0.7),
since it did not produce any instability and the solution
always converged in preliminary runs.

Morphodynamic model

The morphodynamic model was constructed from the
hydrodynamic model. The domain was cut and the grid
was refined to keep a balance between the computa-
tional time and the accuracy of the results. To reduce
the effects of errors at the boundaries (values derived
from the hydrodynamic model), the location of the
downstream boundary was established considering the
length of the backwater caused by the Chiniot Bridge,
and the location of the upstream boundary consider-
ing the length of the backwater caused by the Talibwala
Bridge itself. Backwater lengths were roughly derived
for the annual peak discharges during the study period
(2010-2017) by using the simple formula (four times
the analytical half-length by Bélanger 1841):

L=h/s (1)

where L is the backwater length (m), 4 is the reach-
averaged water depth at the annual peak discharge (m)
and s is the longitudinal bed slope of the considered
river reach (-).

The boundaries were established at the backwater
half-length, being 1/4 of L, i.e. 17km upstream and
17 km downstream of the Talibwala Bridge. Within the
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Figure 2. Part of the hydrodynamic model grid.

model domain, the study area extended from 6km
upstream to 6km downstream of the bridge, where
the morphological effects of the bridge were mostly
observed.

The size of the structured curvilinear grid cells var-
ied in longitudinal direction from 52 m to 227 m and
in transverse direction from 36 m to 207 m, with the
largest cell sizes belonging to the floodplain area. In
the focus area (6 km upstream and 6 km downstream of
the bridge), the cell size varied from 76 m to 97 m and
from 72 to 114 m, respectively. The morphodynamic
model was run with the same time step as the hydro-
dynamic model (60s), since in preliminary runs also
this model never produced instability and the solution
always converged.

Considering that the measurements did not show
any notable changes in discharge in the reach between
the Qadirabad Barrage and the Talibwala Bridge, the
discharge time series imposed at the upstream bound-
ary coincided with the (corrected) time series measured
at the Qadirabad Barrage. The water levels time series
at the downstream boundary were extracted from the
hydrodynamic model.

The sediment input from upstream and the sedi-
ment leaving the model domain (upstream and down-
stream boundary condition for sediment, respectively)
were computed by using the formula of Engelund and
Hansen (1967), designed for sand-bed rivers, which was
applied also to compute the sediment transport capacity
in the entire model domain. Based on NESPAK (2010)

and assuming uniform sediment (medium sand), we
imposed a median grain size of 250 pm. Flokstra and
Koch’s (1981) formulation was used to correct the sed-
iment transport direction by considering the effects of
transverse bed slope.

Bank erosion was imposed as bed erosion in the dry
cells following the channel margin. For this, the value
of a calibration coefficient indicates the percentage of
bed lowering that is imposed on those dry cells that are
adjacent to eroding wet cells (Lesser et al. 2004; Deltares
2023). This allows some dry cells to become wet and
participate in the morphological development as part
of the river channel.

Model calibration and validation were based on
qualitative and, where possible, quantitative compar-
isons between model predictions and observed mor-
phological changes in the periods 01 January 2010-31
December 2017 and 01 January 2018-31 December
2021, respectively. These changes included river bank
shifting, bar size growth and planimetric changes of the
river derived from remote sensing and in situ surveys.

The coeflicients that were tuned to calibrate the mor-
phodynamic model are: Ag,y, coefficient weighing the
transverse bed slope effect; ThetSD, factor for the ero-
sion of the dry cells adjacent to the wet river margin;
and Eg;y, coefficient weighing the spiral flow intensity.
In addition, we also calibrated the value of the eddy dif-
fusivity. The calibration process involved systematically
adjusting the value of each coefficient while keeping
the others constant. A total of six simulations were run
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Table 1. Simulation runs for model calibration.

ModelRun  ThetSD ()  Aspig(-) Eddy Diffusivity (m?/s) Egpir(-)
CalRun 01 0.4 1.5 10 1
CalRun 02 0.5 15 10 1
CalRun 03 0.5 0.7 10 1
CalRun 04 0.5 0.7 5 1
CalRun 05 0.9 0.7 5 1
CalRun 06 0.5 0.7 10 3

for the period of 8 years starting from 01 January 2010
and ending on 31 December 2017 (Table 1). The runs
started with the same bed topography as in the hydro-
dynamic model (based on the surveys made in 2010)
in which dry cells were introduced to represent the
guide bunds and the road crossing across the flood plain
(initial condition).

The calibration was based on the best match with
the river survey carried out by the Punjab Irrigation
Department in Jan. 2018 at a distance 2,514 m, 3,778 m,
5,088 m and 5,488 m upstream of the bridge and with
the planimetric changes derived from the analysis of the
remote sensing images acquired from the USGS website
at low flow conditions (https://earthexplorer.usgs.gov).
For the calibration of the bank erosion coefficient, the
results of the model were compared with the bank
shifting observed in the period Jan. 2010 - Dec. 2017.

The calibrated model was run for the period 01
January 2018-31 December 2021 in order to validate
the results. For this, we used the observed bank shift-
ing. Due to a lack of cross-sectional surveys after Jan.
2018, the validation of the model with respect to its
ability to (qualitatively) reproduce the changes in bed
topography was based on the comparison between the
simulated sand bar growth and the bar growth that
has actually occurred, which can be detected from the
remote sensing images that were taken at low flows.

Remote sensing

Due to limited ground survey data for morphodynamic
model calibration and validation, remote sensing data
analysis was performed to investigate the historical
changes in the river during the study period. Land-
sat 8 images having a resolution of 30 m were down-
loaded from the website of the United States Geological
Survey (USGS) taken during low flow. As the built-
up area is not significant at the location that could
affect the delineation, these images were downloaded
within Band 5 (NIR) and Band 3 (Green) to differenti-
ate the water from the river bank using the Normalized
Difference Water Index (McFeeters 2013). The images
were processed for classification in QGIS based on the
threshold value of NDWI to detect water. Shape files

were created to draw polygons representing the river
channel boundary, bars, and centrelines for each image
separately. These polygons were overlapped at the same
scale to quantify changes, such as bank shifting and bar
formation.

Study scenarios

Seven scenarios were selected for the purpose of the
study.

The actual bridge configuration including the
dumped debris served as the base-case, but for sake
of generalization, the bridge was made perpendicular
to the river channel (in reality the Talibwala Bridge is
not exactly perpendicular, since it forms an angle of 20
degrees to the river channel alignment).

In the second scenario, the debris dumped on the left
side of the Talibwala Bridge is removed. This scenario
has been defined to test the hypothesis that this mate-
rial is the cause of the observed local bar growth and
consequent erosion of the opposite river bank along the
downstream right side of the river.

The third scenario has the bridge span width equal
to the average width of the main river channel in the
area. The underlying assumption is that this bridge span
would suffice to cease the shifting of the channel and
lower the flood water level at the upstream side.

Scenarios four and five have equal bridge spans,
but with extensions at opposite sides of the floodplain,
which differ in surface elevation. These two scenarios
are built to assess the optimal bridge span extension
while testing the assumption that including the lower
elevation floodplain would be more effective in reduc-
ing the hydro-morphological changes than including
the higher floodplain also on the long term.

Scenarios number six and seven present further
widening of the bridge span, but in a symmetric way,
with the aim to determine the nature of the relation
between hydro-morphological changes and the bridge
span.

For the sake of simplicity, the model does not include
the energy losses due to the presence of bridge piles.
Due to the coarse grid of the model, piles would be sub-
grid structures and their presence could only be consid-
ered in terms of local energy loss through an increase
of the roughness coefficient. The presence of piles and
their number depend on how the bridge is constructed
and so does the local energy loss. This means that the
value to be attributed to the Manning coefficient at the
bridge crossing would be different from case by case. It
is important to consider that neglecting the local energy
losses would imply the underestimation of water lev-
els and local bed erosion. This means that the results of
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Table 2. Bridge configuration scenarios and their span width.

JﬂJIIIIIIIIIIIIIIIIIII

Scenario Bridge span (m)

Actual bridge span with debris (Base-case) 905m

Actual bridge span without debris 905 m

Average river width span 2,135m

Right side extended-span (from left abutment 5450m
of bridge to right flood embankment)

Left side extended-span (from right abutment 5450m
of bridge to left flood embankment)

Half floodplain span (between the flood 5,000 m
embankments)

Entire floodplain span (between the flood 10,000 m
embankments)

the model cannot be used to study absolute values but
to compare the effects of different configurations. The
bridge span for each scenario is indicated in Table 2 and
the configurations of scenarios are shown in Figure 3.

The simulation period covers 8 years (1st Jan. 2010
to 31st Dec. 2017). The comparison of high flow levels
is carried out for the discharge of 21,917 m3/s that was
measured on 07 September 2014, having an expected
return time of 23 years. The comparison of sediment
transport rates is carried out for the same discharge.
However, the comparisons of bed level changes in the
vicinity of the bridge, of cumulative sediment transport
at the cross-sections upstream and downstream of the
bridge and of the cross-sectional changes downstream
of the bridge are based on the results of the model at the
end of the simulation period.

Results

Data processing

The result of data processing regarding the discharges
measured at the Qadirabad Barrage is the daily time

series of Figure 4, used as the upstream boundary con-
dition. The comparison with the discharge time series
of the Chiniot Bridge produced a correlation coefficient
equal to 0.878 and the regression analysis resulted in the
R-squared value of 0.775.

The cross-analysis of the discharge time series
showed that in the 97 km that separate the Qadirabad
Barrage and the Chiniot Bridge, the Chenab River loses
17.8% of its discharge on average. Most losses (22.4%)
occur during the dry season, which is in winter, when
the flow is at its minimum, mainly due to seepage.
Agriculture withdrawal occurs only upstream of the
Qadirabad Barrage (https://irrigation.punjab.gov.pk/
dynamic-line-diagram).

The losses have been calculated in this study by
using the discharge time series at the two stations (one
upstream and the other downstream of the study area).
The average difference of discharges in terms of per-
centage has been used to establish these statistics.

The analysis of historical satellite imagery from 2010
to 2021 revealed the planimetric changes of the Chenab
River in the study area. These are presented in Figure
5 with different colour lines. Bank erosion is visible
along the outer bends, both upstream (left bank) and
downstream (right bank) of the bridge. Between Jan-
uary 2010 and December 2017, the maximum bank line
shift was 250 m upstream and 180 m downstream; from
Jan. 2018 to Dec. 2021, 350 and 420 m, respectively.

The analysis of historical satellite images taken dur-
ing low flows (Figure 6) also allowed the delineating
also the horizontal topographic changes of the river
channel bed. Between 2010 and 2021 bars have grown
in size, as for instance the forced bar at the left side of
the bridge. The central bar just upstream of the bridge
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Figure 5. Alignments of main channel banks in the period 2010-2021 at the location of the Talibwala bridge.

increased in transverse direction by 450 m from 2010
to 2017 and by 575 m from 2017 to 2021. Furthermore,
also the channel sinuosity increased. Upstream of the
bridge, the sinuosity index, the ratio between the length
of the channel along the thalweg and the length of the
valley along its axis (Mueller 1968), rose from 1.16 to
1.45 between 2010 and 2021. Upstream of the bridge,
the bar area grew from 5.9 km? in 2010 to 18.6 km? in
2021. Instead, the bar area decreased downstream of
the bridge from 11.07 km? to 5.24 km?. The bar at the
bridge location started emerging in 2015 and its sur-
face area increased from 0.16 km? to 0.81 km? in 2021.

The bar just upstream of the bridge transformed from
elongated to rounded, since its length-to-width ratio
reduced from 3.15 in 2010 to 0.85.

Hydrodynamic model calibration and validation

Hydrodynamic model calibration was obtained
through the comparison between computed and mea-
sured water levels at the Chiniot Bridge in the period
10 February 2014 to 08 October 2014. The best results
were achieved for Manning’s roughness coefficient of
0.045 m~1/3s,imposed to the entire model domain. The



JOURNAL OF APPLIED WATER ENGINEERING AND RESEARCH 9

River channel 2010
Bars 2010

—— River channel 2015
— Bars 2015

0 5 10 km
[ — 10 km
/// - ';,'//
River channel 2017 —— River Channel 2021 readay))
)
Bars 2017 —— Bars 2021 s ‘ /
(,"/' i \‘/'//
/ il
{ )
(.
2
Yo
/ ‘/"’
Oy o 5 10 km
0 5 10 km N O—

Figure 6. Emerging bars and main channels margins in 2010, 2015, 2017 and 2021 at low water conditions in the study area.

results of hydrodynamic model calibration are shown in
Figure 7.

Model validation was based on the comparison
between computed and measured water levels at the
Chiniot Bridge in the period 2010-2013. The results are
shown in Figure 8. At low-flow conditions, the model
overestimates the water levels by about half a meter. The
reason is that the deepest parts of the river channel that
convey the flow at the lowest discharges are too narrow
compared to the grid cell sizes and are therefore not
represented in the model. At the same time, however,

the model underestimates the peak water levels by
also about half a meter. There are multiple reasons
for this underestimation: the floodplain roughness is
in reality higher than the roughness imposed on the
model, which is the same everywhere; the hydrody-
namic model does not incorporate all the obstructions,
such as embankments, settlements and bridges that
reduce the floodplain surface area. However, consider-
ing the scope of the work, i.e. the comparison between
scenarios, it was considered not necessary to further
refine the model.
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Morphodynamic model calibration and validation 1,660 m downstream of the Talibwala Bridge. The mod-
elled average bank retreat was 130 m, with a maximum
of 200 m at the most downstream location. This result
is comparable to the one derived from the satellite
images, with a maximum bank retreat of about 180 m.
As the satellite images have a resolution of 30 m, the

The calibration of the morphodynamic model was
based on the ability of the model to predict the bank
retreat that occurred in the period January 2010-31
December 2017 at a distance of 1,360, 1,520 and
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estimate involves uncertainty (+/— 30 m), but despite
this uncertainty, the qualitative comparison shows good
agreement. The bed topography of 31st Dec 2017 com-
puted with the calibrated model is shown in Figure 9.
The modelled bank alignment follows the one derived
from the satellite image of 24th August 2017 rather well.
However, the model seems to overpredict the size of a
creek crossing the left floodplain. This creek was also
present in the satellite image, but it is not included in the
pictures showing the margins of the main river channel
(Figures 5 and 6). The calibrated values of the coeffi-
cients listed in Table 1 are: Ag,y = 0.7, ThetSD, = 0.5,
Egpir, = 1, eddy diffusivity = 10 m?/s.

Figure 10 shows that the computed cross-sections
have a good match with the observed ones in terms of
number of channels, bars and thalweg line.

The validation of the calibrated model, specifically
on its ability to simulate bank erosion, was based on
the comparison between computed and observed bank
shifting in the period January 2018-December 2021.
The latter indicates good agreement between model
and observations, presenting the same trend at the same
locations (Figure 11).

At the end of the validation period, the computed
river channel reveals the persistence of bank erosion,
shown as cumulative bed erosion near the channel

margin, along the outer bends upstream and down-
stream of the bridge. These locations are indicated in
Figure 12 with red circles. Downstream of the bridge,
cumulative deposition (shown in green to dark red)
reflects the growth of an existing vast bar towards the
right side of the river. This bar extension gradually
pushed the flow to the right, enhancing opposite bank
erosion. Model results show also the growth of a bar
just upstream of the bridge, near the start of the guide
bund, at the left side of the river. These simulated
developments agree qualitatively with observations
(Figure 6).

Scenarios

The longitudinal profiles of water levels computed with
the morphodynamic model for the peak discharge of
21,917 m3/s are shown in Figure 13. Scenarios 1 and
2 (actual bridge span with and without debris) pro-
duce the highest water levels, with the maximum level
being 2.4 m higher than the one obtained for scenario 7
(entire floodplain span scenario). This result shows also
that the presence of the dumped debris has only neg-
ligible impact ( < 0.02m) on flood levels. For a bridge
span equal to the average main channel width (scenario
3), the maximum water level increase with respect to
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Figure 11. River bank lines derived from the satellite images of 24th Aug. 2017 and 19th Aug. 2021.
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scenario 7 becomes 0.95 m. The difference in water level
with the scenario with the span extended to the left-
side (scenario 5) is small, but this difference becomes
comparable to scenario 3 (0.75) m if the bridge span
is extended to the right where the floodplain is higher
(scenario 4). Approaching the bridge, the water level
gradient increases reaching its maximum value just
past the bridge and then decreases. The trend is sim-
ilar for all scenarios, except for the entire floodplain
span bridge (scenario 7) where the gradient is almost
constant near the bridge. The water level gradient is
the highest for the actual bridge span (scenarios 1 and
2). At distances over 3,000 m downstream from the
bridge, the water levels and their gradients are similar
for all scenarios. The downstream boundary condition
is the water level time series computed by the complete
hydrodynamic model 17 km downstream of the Talib-
wala Bridge and is the same for all scenarios. Being
the half condition of the models 17 km (Equation 1),
it is clear that the boundary condition influences the
results in the study area, especially in its most down-
stream part. As a consequence, the results downstream
of the bridge close to the boundary should be compared
to derive only qualitative trends and not quantitative
ones. It can be therefore observed that the influence
of bridge span on water levels is limited to the first
2km downstream, whereas the bridge span affects the

water levels in the entire model domain upstream of
the bridge, the backwater length L being in the order
of 70 km (Equation 1).

The computed longitudinal profiles of cross-section
averaged flow velocity are shown in Figure 14. The base-
case (scenarios 1 and 2) presents the highest flow veloc-
ity near the bridge, ranging from 1.3 m/s to 3.5m/s;
the case with a bridge span covering the entire flood-
plain (scenario 7) is the lowest. At the same time, the
base-case scenario produces the lowest flow velocity
far upstream (approximately 0.5 m/s). This is because
this scenario produces the highest rising of water level.
Downstream of the bridge, all velocities converge to the
value imposed by the boundary condition. The compar-
ison between scenarios 4 and 5, with the bridge span
extending either to the right or to the left, indicates that
higher flow velocities can be expected for the former
scenario. This is because the right side of the floodplain
is higher, acting as a barrier against the flow in the trans-
verse direction. The longitudinal velocity profile for the
bridge span extending to the left (scenario 5) is compa-
rable to the half floodplain span scenario (scenario 6).
This is due to the lower floodplain elevation on the left
side of the river, providing a wider space for the water
to flow through.

The longitudinal profiles of sediment transport rate
at the peak discharge of 21,917 m?/s are shown in
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Figure 15. Near the upstream boundary, the base-case
(scenarios 1 and 2) presents the minimum sediment
transport rate, which is consistent with the highest
water level rise with the lowest flow velocities. On
the other hand, the base-case produces the maximum
sediment transport rate at the bridge location, due to

the highest velocity. This means that the base-case sce-
nario produces the maximum bed erosion rates during
high flow conditions.

Table 3 lists the cumulative volumes of transported
sediment at the end of the computation period (8
years, from 1st Jan. 2010 to 31st Dec. 2017) at two
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Figure 15. The longitudinal profile of sediment transport rate computed for the different scenarios at the peak discharge of
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Table 3. Cumulative volumes of transported sediment at the end of the computation period (01 January 2010 to 31 December 2017)

atindicated distances from the bridge.

Distance Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7
2,055 m Upstream (m?3) 1.0 x 10° 1.0 x 10° 1.144 x 10° 1.102 x 10° 1.14 x 108 1.16 x 106 1.16 x 10°
1,590 m Downstream (m?) 5.01 x 108 5.01 x 108 3.88 x 10° 3.99 x 10° 2.44 x 100 2.87 x 108 2.42 x 10°

cross-sections. Two virtual cross-sections were put in
the model, one 2,055m upstream of the bridge and
the other 1,590 m downstream, to check the sediment
transport difference at the two locations. Scenario 5
(bridge extended over the lower left floodplain) and
7 (bridge over the entire floodplain) produce similar
results, indicating that the higher floodplain acts as an
obstacle to the flow in the transverse direction, which
makes scenario 7 similar to scenario 5. The presence of
the dumped material does not influence the sediment
transport (compare scenarios 1 and 2). The increase in
the volume of transported sediment from upstream to
downstream of the bridge indicates bed erosion in the
area between the two cross-sections. The lowest dif-
ferences belong to scenarios 7 and 5, the highest to
scenarios 1 and 2.

Figure 16 shows the longitudinal profiles of thal-
weg elevation at the end of the simulation period (1st
Jan. 2010-31st Dec. 2017). Bed erosion appears con-
centrated in a 6 km long reach, starting approximately
2km upstream and ending 4km downstream of the
bridge, with the highest values slightly downstream of

the bridge. As expected, the base-case (scenarios 1 and
2) produces the highest bed erosion; followed by sce-
nario 4, with the bridge span extended to the right.
All the other scenarios present rather similar thalweg
profiles, indicating similar bed erosion (scenarios 5-7),
with scenario 6 presenting slightly more bed erosion in
the area upstream of the bridge.

Figure 17 depicts the computed cross-sections at a
distance of 1,486 m downstream of the bridge at the
end of the computation period. All bridge configura-
tions caused the river to shift towards the right. Sce-
nario 4 (bridge span extended to the right) resulted in
the least lateral shift, whereas the largest shift pertains
to the actual bridge span (base-case, scenarios 1 and
2). Scenario 7 (bridge span over the entire floodplain)
and scenario 5 (bridge span extending to the left side)
produce similar results.

Discussion

The comparison between the flood levels obtained
with the hydrodynamic model (fixed bed) and the
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ones obtained with the morphodynamic model (mobile
bed) highlights the importance of including morphody-
namic changes in flood modelling (Radice et al. 2013;
Surian et al. 2016; Nones 2019). Table 4 reports the
results for the base-case scenario (actual bridge con-
figuration) at a cross-section located upstream of the
bridge, at a distance of 1,588 m. The hydrodynamic
model, with fixed bed, does not consider the bed ero-
sion that occurs during high flows and systematically

computes higher flood levels (Wiejaczka 2016; Singha
et al. 2020).

The results of the morphodynamic computations
also show that despite the flood discharge in 2016 was
higher than the one in 2013, the 2016 event produced
lower water levels (Table 4). This can be attributed to
the incorporation of bed level changes in the modelling
process, which included the morphological effects of
the flood event of 2014 consisting of bed erosion at
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Table 4. Water levels during floods for the actual bridge configuration were computed with the morphodynamic model (mobile
bed) and with the hydrodynamic model (fixed bed) upstream of the bridge, at a distance of 1,588 m.

Date Discharge (m3/s) Fixed Bed (m asl) Mobile Bed (m asl) Difference (m)
8-Aug-2010 8464 196.1 193.8 23
16-Aug-2013 10147 196.8 194.25 2.55
7-Sep-2014 21917 200.2 196.6 3.6
8-Aug-2016 11481 197.73 193.35 7.38

the bridge section. The deeper channel provided addi-
tional space to the subsequent flood event of 2016.
This signifies that the traditional fixed-bed modelling
approaches might not be accurate enough (Marco 1994;
Ramirez et al. 2016) and might lead to misguided risk
awareness (Vazquez-Tarrio et al. 2024). Hence, accu-
rate estimation of flood water levels and inundation
extents requires incorporating bed level changes (Guan
etal. 2015), even those caused by previous flood events.
This is true especially for quickly responding sand-bed
rivers, as for example our study case and the Pilcomayo
River (Martin-Vide et al. 2019; Crosato et al. 2022). The
results of the studies by Hou et al. (2016), Reisenbiichler
etal. (2019), Guan et al. (2015), Contreras and Escauri-
aza (2020) and Tu et al. (2020) confirm the results of this
study, which, although based on a specific case-study,
can therefore be generalized for applications to other
large sand-bed rivers.

At bridge crossings and immediately downstream,
the most prominent morphological change is bed ero-
sion (Rashid and Habib 2022). Upstream, bed aggra-
dation and bar formation deviate from the main flow,
cause local bank erosion and bend growth (Gaillot
and Piegay 1999), as well as water level rise (Grove
James et al. 2013). Sediment deposition occurs espe-
cially downstream of bridge crossings, where the
flow exiting the narrow portion suddenly decelerates.
Both upstream and downstream, bar formation creates
eddies and vortices due to variations in velocity and
pressure. These locally increase the entrainment of bed
material, contributing to localized bed and bank ero-
sion (Unsworth et al. 2020). These results agree with the
study of Uddin et al. (2022).

Bank retreat is the result of fluvial sediment entrain-
ment, as well as mass failure. Depending on channel
geometry and bank material, fluvial entrainment can be
less significant than mass failure. In the study area, bank
retreat takes place mainly in the form of wedge failure
and the material accumulated at the toe of the bank is
soon washed away by the flow, quickly making the bank
slope steep and instable again (Best et al. 2003).

In general, bank failure occurs during flood reces-
sion (Rinaldi and Casagli 1999; Rinaldi et al. 2004),
because the saturated weight of the wedge is not bal-
anced by the hydrostatic pressure anymore. Hence, in

numerical models, fluvial erosion should be coupled
with mass failure and include the effect of pore water
pressure on the angle of repose (Rinaldi et al. 2008).
However, in the version of Delft 3D used for this study
(V4), bank erosion is only computed along wet-dry cell
margins by assigning a fraction of bed erosion in a wet
cell to the adjacent dry cell, which then becomes wet
and (numerically) active. During high flows, the mar-
gin between wet and dry cells shifts away from the
maximum bed erosion sections of the river, causing
an underestimation of the main channel bank retreat.
Increasing the fraction of bed erosion to be assigned
to adjacent dry cells is not a solution to this prob-
lem. Parsapour-Moghaddam et al. (2023) have recently
extended the physical description of bank erosion in
Delft3D, which they do not limit to dry cells adjacent
to wet cells. Based on the angle of repose exceedance
between two cells, erosion is assigned to the cell with
higher bed elevation in a way that is proportional to the
local bed load rate. Using this method should be more
efficient in reproducing bank erosion during floods
when the main channel and floodplains are all wet.

River banks can be engineered to control chan-
nel shift and bank slope. Dave and Mittelstet (2017)
compared several bank erosion-control practices in
terms of efficiency and cost-effectiveness and found
that retaining walls and rip-rap were valid solutions,
but required large investments. Other common prac-
tices, such as the construction of jetties and rock toe,
require fewer capital investments but have higher rates
of failure. Hamidifar et al. (2018) demonstrated that
certain types of vegetation, such as Vetiver Grass, can
be used as a bioengineering tool for erosion control
and slope stabilization for a long period, indicating a
more nature-friendly way to control river banks. On the
same line, Azarisamani et al. (2020) showed that vege-
tation on bank slopes might indeed have a significant
effect by decreasing near-bank flow velocity and turbu-
lence. However, nature-based solutions depend on river
size and dynamics and should be carefully studied. For
instance, Dur6 et al. (2020) show that trees on river
banks do not prevent bank erosion in the middle-sized
Meuse River.

The development of channel bifurcations is another
important morphological development related to the
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construction of bridges (Lu et al. 2022). Our study
shows that this depends on bridge configuration. The
creation of new channels is especially prominent in the
base-case (scenarios 1 and 2) with the smallest bridge
span, followed by the right-side extended-span case
(scenario 4). Despite the widening of the bridge span
at this side, the higher floodplain does not offer space
for the flow, so in practice, scenario 4 resembles the
base-case. Bifurcating channels are also deeper and bars
grow higher in these scenarios. Higher sediment sup-
plies from bed erosion at the bridge crossing, due to
higher flow velocity in the narrower reach, enhances
channel splitting. This is due to higher sediment depo-
sition and bar formation downstream of the bridge
where the flow suddenly decelerates, which progres-
sively cause the flow to divide (Cyples et al. 2020). These
major morphological changes occur during high flows
(Saleem et al. 2020). Scenarios 1, 2 and 4 present also
the creation of a deeper diagonal channel across the
vast bar downstream of the bridge (Nandi et al. 2022; Li
et al. 2023). This is due to the difference in water levels
between parallel channels caused by variations in water
depth and flow resistance, which creates a gradient in
transverse direction (Schuurman and Kleinhans 2015).
As soon as the gradient drops farther downstream, the
number of splits decreases and the splitting channels
become shallower. In the base-case (scenarios 1 and
2), the stream flow also carves a channel through the
floodplain section at the left side of the river.

A shortcoming of our numerical study is not con-
sidering the effects of bridge piles. This is due to the
fact that bridge piles are sub-grid structures, difficult to

incorporate in a large-scale model. Bridge piles influ-
ence the water flow and the locations where scour and
bars form. Moreover, piles increase the water resistance
and thus the backwater effects of bridges. However,
the location and size of bridge piles are much case-
dependent and considering them would diminish the
generality of the study, considering also that the study
focuses on large-scale effects.

The numerical model covered a period of 8 years,
showing that a bridge together with guide bunds can be
regarded as channel narrowing and that the impact of
these structures becomes prominent during high-flow
events (Candel et al. 2021). In the long-term channel
narrowing can be expected to cause bed erosion also
upstream, which depends on the length of the narrowed
reach and longitudinal bed slope of the river. In the
study site, narrowing occurs for a length of 1,200 m and
the slope is 0.32 m/km, which indicates that bed erosion
upstream will be rather limited (Jansen et al. 1979).

The results show that the span location across the
floodplain is an important factor for the morphody-
namic impact of bridges. In our study, the equally long
spans extended either to the right or the left side of the
river (scenarios 4 and 5) exhibited different water lev-
els. The former experienced higher water levels and was
closer to the scenario with an average river width span
because the floodplain bed level is higher on the right
side and more resistant to erosion, which prevented
local channel widening. This shows that span exten-
sion alone is not sufficient to lower upstream flood-
ing, but floodplain topography is also an important
factor.



The simplicity of the bridge geometry used in the
modelling process does not allow for detailed general-
ization of the results. In reality, bridges are not exactly
perpendicular to the water flow and guide bunds may
have different orientations. To show the effects of a dif-
ferent bridge orientation, the calibrated model was run
once again with a bridge alignment forming an angle
of 20 degrees with the river channel. The computed
river morphology is now closer to the observed one
since this is in fact the actual alignment of the Talibwala
Bridge, which is another indication of the validity of
the adopted model. The forced bar emerging at the left
side of the bridge in the real situation (Figure 1) is now
reflected in the computational results (Figure 18(a)),
which shows that the emergence of this forced bar can
be attributed to the geometry of the bridge rather than
to the presence of dumped debris. Downstream of the
bridge, the channel splits into two channels with a cen-
tral bar dividing them, which is also visible in Figure 1.
The number of splits downstream of the bridge appears
influenced by bridge alignment too. With a bridge per-
pendicular to the flow, the splits are more numerous
(Figure 18(b)) than with the 20-degree angle (Figure
18(a)). Since this study did not consider more scenar-
ios with different bridge alignments, its results can be
considered applicable only to bridges that are perpen-
dicular to the river flow. However, our findings suggest
that bridge alignment might play a significant role in
the morphological impact of bridges and should be
carefully considered in the design phase of bridges.

Conclusion and recommendations

Bridges can have a significant impact on river morphol-
ogy and water levels because they reduce the flow width
during flood events. Upstream of bridges, observed
morphological changes include bar formation and bank
erosion. Downstream of bridges, we find bed and bank
erosion, especially close to the structure. We studied the
hydrodynamic and morphodynamic effects of bridges
crossing a wide sand-bed river. The original aspect
of this research lies in the use of a physics-based 2D
morphological model that allowed assessing the factors
governing the formation of bars upstream and down-
stream of a bridge, as well as bank erosion, for several
bridge configurations. The major factor causing bar
growth appears to be the bridge span (the larger the
span the less bar growth). Another important factor
is bridge alignment with respect to the river flow. The
results of the model indicate that non-perpendicularity
can lead to the formation of larger bars both upstream
and downstream of the structure. The location of the
bridge openings across the floodplain might influence
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the morphodynamic response too, in particular, if there
are physical and topographic differences in the flood-
plain resulting in higher or lower flood conveyance. It
is important to notice that bar formation is the major
cause of bank erosion leading to local channel shift,
both upstream and downstream of the structure.

The results of this work also show that the greater the
span of the bridge, the lower its hydro-morphodynamic
impact. In particular, larger bridge spans reduce back-
water effects and thus high-flow levels upstream. In the
study area, the backwater length has an order of mag-
nitude of 70 km, of which the first 17 kilometres are the
most affected. This means that in wide sand-bed rivers,
like the Chenab, the effects of a bridge can be felt rather
far upstream. Larger bridge spans produce also less bed
erosion in the area just downstream of the structure,
as well as less bank erosion, both in the upstream and
downstream directions.

The findings of this work are specifically applica-
ble to wide sand-bed rivers with hydraulic and mor-
phological characteristics similar to the Chenab and
are supported by previous studies focusing on spe-
cific river crossing cases. However, considering that
the observed processes occur also in other types of
rivers, the detected trends can be considered general.
The extent and magnitude of morphological changes,
however, depend on factors such as bridge geometry,
discharge variations, and sediment characteristics and
are case-specific.

The results of this research can guide future bridge
constructions and modifications to existing bridges
across large sand-bed rivers. Extending the span of
existing bridges that cause hydro-morphodynamic
problems, especially during and after high-flow events,
can be regarded as an efficient impact-mitigation mea-
sure. It can reduce the risk of flooding in the upstream
area affected by backwater, which can be tens of kilome-
tres long, as well as bed and bank erosion in the vicinity
of the bridge. When assessing the hydro-morphological
effects of different bridge spans, however, designers
should also consider the topography of the floodplain
to determine the optimum location of the extension.
River bed deepening and bank erosion should be con-
sidered for bridge pillar foundations and for the pro-
tection of agricultural land and settlements near river
banks. Finally, the results of this study emphasize the
importance of using morphodynamic instead of hydro-
dynamic models for accurate flood level assessments.
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