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Abstract

Local scour around bridge piers, especially during
high floods, has been a critical issue for both the safety
and serviceability of bridge foundations for decades.
The objective of this study is to implement a risk-based
strategy to account for local scour near the bridge
piers. The methodology comprises of four fundamental
steps wherein the first step involves evaluating
hydrological hazards of an extreme nature. To
precisely estimate the behavior of the river, the second
phase uses several flow properties and depth of scour.
In the third phase, the risk of scour connected with the
bridge is evaluated by comparing the scour depth (Dr)
with foundation depth (Dg) with a prioritizing factor
(Pr) which aids in determining the qualitative
assessment of the scour risk. Lastly, an assessment of
the risk of scour rating is assigned to find out the
severity of the scour risk for the bridge piers.

The present research discusses the incorporation of
uncertainty in hydrological modeling through a
predictive approach in the definition of the return
period. To simulate flow parameters and assess bridge
scour, the HEC-RAS program is utilized which
incorporates a scour module. The study concludes with
a qualitative evaluation of the impact of scouring on
bridge susceptibility and safety. A case study on the
Netaji Subhas Bridge across the Gomati (Gumti) river,
Tripura served to validate the risk-based technique and
it has been suggested that it can be effectively
integrated into routine schedules for bridge
examinations as a reliable risk management tool to
avoid disastrous incidents.

Keywords: Local scour, Design period, HEC-RAS, Risk
rating, Netaji Subhas bridge, Scour risk.

Introduction

The scouring process, triggered by the erosive power of
water, can severely undermine the stability of bridge piers or
abutments, particularly during periods of flooding or heavy
precipitation. When bridges collapse, the consequences are
felt far beyond the physical damage, as trust in infrastructure
and public safety is eroded along with the debris. There exist
various reasons that may lead to the failure of a bridge, but
among them, the most prevalent is the scouring that occurs
locally around its foundation!. Due to the lack of
understanding of hydrological and hydraulic variables, there
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is still uncertainty in the design of bridge piers and
intensifying floods make bridges more susceptible to scour
effects?.

Over the past thirty years, more than a thousand numbers of
bridges have experienced catastrophic failures, with nearly
60% of these occurrences attributed to scour at the
foundation of the bridge structure®%, One of the causes of
bridge collapse has been identified as scouring, accounting
for more than half of all known collapses worldwide,
according to a thorough study of the literature on global
bridge collapses conducted by Benkaci /. Some notable
incidents of bridge failure due to scouring in recent years in
India are the Mahad Bridge collapse in Maharashtra (2016),
the Savitri River Bridge collapse in Raigad, Maharashtra
(2016), Bijanbari Bridge collapse in Darjeeling, West
Bengal (2019) and Banihal-Qazigund highway bridge
collapse in Jammu and Kashmir (2021).

Current guidelines for designing and building bridges often
suggest that the structures should be able to withstand a flood
with a specific likelihood of occurring within a certain
period, usually between 100 to 200 years®**. This likelihood
is determined by statistical models that estimate the
frequency and severity of floods based on historical data.
Some recent studies have found that the current design
guidelines for bridges which consider only a fixed return
period, do not take into account the variations in the time it
may take for a bridge to fail or collapse due to scouring
effects®1213, Due to the rise in the occurrences and strength
of floods, it is needed to consider and mitigate the risk of
scouring to ensure that the bridges are safe and can withstand
flooding®.

It is challenging to entirely remove the potential danger of
scour, but a detailed evaluation of the risk is necessary for
developing design standards and inspection practices. Based
on the assessment, design criteria can be established to
ensure that the structure is resilient to scour. The hydraulic
as well as hydrological variables are among the most critical
reasons that can affect the safety and stability of bridge
foundations6:17,

However, these variables can also be difficult to accurately
predict or measure, leading to uncertainties in the design
process*15,

Scour risk is inherently stochastic and accounting for this
uncertainty is crucial for a more accurate assessment of the
risk and the development of effective mitigation measures.
A risk-based approach can improve scouring assessment and
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lessen the susceptibility of bridges to scouring effects by
taking into account the ambiguity of both hydraulic and
hydrological parameters.

A risk-based methodology involves quantifying the
probability and consequences of scour-related failure events
and determining an acceptable level of risk®®. This approach
considers the uncertainty in the input variables and gives a
more realistic prediction of the likelihood and severity of
scour-related failure events. By accounting for uncertainty,
engineers can develop more targeted and cost-effective
mitigation measures to reduce scour risk®2°. For example, a
risk-based approach may identify specific sections of a river
or channel that are more susceptible to scour and prioritize
the implementation of protective measures in those areas.

Some previous researchers have discussed the importance of
a risk analysis framework in identifying and mitigating risks
associated with hazardous events, particularly in the context
of infrastructure?*?2, The framework combines hazard
analysis which identifies the likelihood of a hazardous event
occurring and vulnerability assessment which focus on
factors that shape the susceptibility of infrastructure to such
events'®, Barbetta et al® presented two methods for assessing
bridge pier vulnerability to scour, with one method yielding
quicker results than the other. A structural evaluation is
likewise included in a bridge safety inspection technique.
Due to the chaotic character of hydrological events, it is
difficult to predict what causes susceptibility and how the
system will react to these occurrences, particularly when
environmental circumstances are worse than expected.

Overall, a risk-based methodology that accounts for
uncertainty can provide a more accurate assessment of scour
risk and help engineers to develop more effective mitigation
measures. This strategy can eventually make bridges less
susceptible to scour effects and improve the security and
dependability of infrastructure projects.

The objective of the current study is to develop an organized
approach to determine how bridge scouring impacts the
stability of the bridge with the associated level of risk. This
entails a four-step technique. The first step involves
identifying extreme hydrological events that result in river
floods through data collection from the field and modeling
of hydrological parameters. Subsequently, in the second
step, the river behavior is simulated by computing the flow
parameters and bridge scour variables. In the third step, the
ratio between the depths of scour to the depth of the
foundation is correlated with a prioritizing factor that takes
into account relevant features that may vary the severity of
the failure which include foundation type, materials on
which the structure is built, or the history of scouring.

Lastly, an assessment of the risk of scour rating is assigned
to find out the severity of the scour risk for the bridge piers.
This approach is used to assess the likelihood that a bridge
may experience scour. The methodology also involves a

https://doi.org/10.25303/174da053067

Vol. 17 (4) April (2024)

qualitative assessment of the 'level of risk' or the ‘degree of
risk’ connected to scouring. By utilizing this methodology,
itis feasible to assess the impact of bridge scouring on bridge
stability and ascertain the level of danger which can facilitate
the development of appropriate mitigation measures to
ensure bridge safety.

The present study involves the analysis of various
probability distributions to accurately quantify the highest
discharges that converge at the cross-section of the bridge.
These design floods are subsequently employed to compute
relevant flow variables such as approach flow depths and
velocities as well as the scour depths. The modeling of scour
near structures built on alluvial beds is prone to major
unpredictability, so it needs to be highlighted. While
modeling mistakes are related to the chosen scour
computation approach, such ambiguities are fundamentally
linked to the hyper parameters used in the modeling
process?3:24,

The HEC-RAS software?® is taken into account to calculate
the maximum scour depth as part of the suggested technique
and these depths are then tested with other empirically
oriented predictors?® concerning the respective fluid
properties and geometry of the bridge substructure. The
scour risk level is then calculated by comparing the local
scour depth at the bridge bottom to the corresponding
foundation depth. A real application of the suggested
technique was made for the Netaji Subhas bridge in the
Gomati (Gumti) river, Tripura as a means to confirm its
efficacy.

Material and Methods

Methodology: The process of risk analysis of bridges
typically has two stages: risk assessment and risk
management®, In the risk assessment stage, the probability
and potential consequences of bridge failure are evaluated
based on various factors such as the design of the bridge, its
age, maintenance records and exposure to natural disasters®’.
In the risk management stage, strategies are developed to
minimize the level of risk associated with the bridge. These
strategies may include repairs, maintenance and monitoring
programs to detect potential issues before they become
critical.

There are two different methods for evaluating risks:
quantitative risk analysis and qualitative risk analysis?. To
determine the likelihood and seriousness of threats,
qualitative risk analysis uses expert judgment and subjective
assessment while quantitative risk analysis is a more data-
driven approach that uses mathematical models and
statistical methods to analyze the likelihood and impact of
risks. Both methods have their strengths and weaknesses and
the choice of method depends on the specific situation and
available resources.

The current study presents a comprehensive methodology
for assessing the dangers of scouring at bridges, utilizing a
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qualitative risk approach. The method incorporates
simulation of the hydraulic as well as hydrological properties
of river systems while considering the geometry of the
bridge and site-specific factors. However, there has been no
examination of socio-economic consequences. Such an
impartial analysis of the possible financial implications
linked to various degrees of destruction of infrastructure
from scouring would be necessary for such an estimate as
well as intangible costs such as operational interruptions and
possible loss of life in the event of failure. The four main
stages that make up the suggested risk analysis technique are
depicted in fig. 1. Since these issues fall outside the scope of
this investigation, fig. 1 specifies the requirements,
procedures and results for each stage.

The technique proposed in the present study aims to predict
risks by bridge scouring resulting from extreme hydrological
events, using a quantitative approach. In the first step, the
rate of flood episodes is determined by statistically analyzing
the maximum yearly inflow data at the bridge location,
taking into account the peak flows and return period. The
hydrological events are then used in the second step to derive
the corresponding hydraulic parameters, utilizing the freely
available HEC-RAS software (6.2 version) created by the
US Army Corps of Engineers and the Hydrologic
Engineering Center (CEIWR-HEC), providing the inlet flow
depth and velocities at the bridge location?®.

In the third step, the depth of local scour near the bridge piers
is evaluated using fluid flow characteristics, sediment
properties and the geometry of the bridge is considered. The
ultimate scour is calculated using the HEC-RAS scour
computing capacity and the results are correlated with
suitable empirical techniques?®?°. The final step compares
the maximum depth of scour (calculated by adding local and
contraction scour) to the equivalent depth of foundation
(relative scour depth) and a qualitative risk evaluation is
used to calculate the possibility of foundation failure due to
scouring®®.

Hydrological modeling: The purpose of hydrological
modeling is to acquire a dependable estimation of the
likelihood of extreme discharge flows occurring at a specific
location such as a bridge site. These extreme flows are
commonly known as "design floods," and to assess them,
statistical methods are usually employed which are
commonly referred to as “flood frequency analysis'3-23,

The flood frequency analysis is a fundamental procedure for
estimating extreme discharge flows and their corresponding
probabilities at a specific location such as a bridge site.
Various statistical models are employed to represent the
observed data and the present methodology suggests six
probability models: two and three-parameter Log-Normal,
Gamma, Weibull, Gumbel and LogPearson Il distributions.
Hydrologists frequently advise using these methods in in situ
and region-specific scenarios®*?’. Moments, maximum
likelihood and L-moments are frequently used to calculate
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the variables of each probability distribution function®. The
effectiveness of these methods is then judged using graphical
tools and goodness-of-fit tests®,

However, uncertainties exist in any model and to assure the
quality and utility of the data, it is crucial to quantify these
uncertainties*®. To address this issue, Hoeting et al®
suggested all candidate probability distributions to estimate
design floods, through a process called model averaging.
Model averaging can be done either by arithmetically
averaging the design discharge projections from each
candidate model, depending on how closely the candidate
probabilistic models resemble the data*'4244,

When dealing with small sample sizes, Miner et al*
suggested that choosing the probability distribution with the
best fit may be linked to outliers (30-50 hydrological years).
Hence, the modified arithmetic averaging approach (M.M),
introduced by Mohammadpour et al*® is used in the current
methodology. This updated M.M. method ensures the
selection of the best appropriate probability distribution for
predicting design floods by only taking into account
distributions that pass both graphical methods and goodness-
of-fit tests. The outcome of this first step is defining the
design flood using the modified M.M.

Model development and scour analysis: Hydraulic
modeling plays a vital role in comprehending the spatial and
temporal variations in the hydrodynamic behavior of rivers
and their impacts on the surrounding ecosystems. The
evolving dynamics of a river system, triggered by
anthropogenic interferences, topographic modifications and
environmental factors, contributes to higher erosion and
deposition rates. These changes, in turn, significantly alter
the morphology of the riverbed and may pose a potential risk
to the stability and resilience of bridge foundations,
particularly in the form of scouring effects.*®

The suggested technique utilizes the HEC-RAS model to
simulate the spread of design flooding towards a particular
bridge segment. Studies have thoroughly verified the
popular tool HEC-RAS for 1-D and 2-D hydraulic
simulation'”4648, A" comprehensive description of HEC-
RAS modeling capabilities can be found in Brunner's
work?®®, The use of HEC-RAS in the present study aims to
provide a reliable estimation of flood behavior near the
bridge site taking into account factors such as river
morphology and hydraulic properties.

The suggested methodology constantly uses constant flow
parameters within the HEC-RAS river investigation
component to maintain simplicity and resilience. This
strategy has been employed by regulatory bodies
frequently*® and has been applied in the investigations*6:48,
The constant flow element can simulate a variety of flow
regimes including mixed, subcritical and supercritical
flows®®. It is worth noting that subcritical flow is the most
commonly encountered regime in large bridges worldwide.
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Figure 2: A conceptual explanation of how to calculate De using the total of the individual diameters of each pile-
supported component; the column, pile cap and pile group is provided. While factor h represents approaching water
depth, dsm represents the maximum local scour depth (Motivated by Moran)*’.

The precise identification of the morphology, upstream and
downstream boundary conditions and stream attributes is
required by the hydraulic model used in this work?>5051,

A suitable level of input processing of the bridge geometry
and river bathymetry is required for spatial input data that
capture river characteristics, inflow and sediments in both
floodplain zones and river beds.

Hydraulic modeling largely depends on the assessment of
channel roughness for the precise measurement of water
surface heights and flow rates. Channel alignment, surface
roughness, vegetation cover, scour and deposits, channel
irregularities, obstacles, channel size and form, stages and
inflow, seasonal fluctuations, heat, suspending material and
bed load are just a few of the variables that have an impact
on this parameter®>>4 When possible, it is advised to
validate the roughness coefficient utilizing field data instead
of the conventional value for different watershed parameters.

McKay and Fischenich*! provided a thorough discussion of
roughness prediction methods and the underlying theories.
Both the median particle sizes dimension Dsg and the Dgg can
be used to describe the stream bed. The surface of the water
profiles and associated flow rate for various design flooding
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can be estimated after the hydraulic model has been
calibrated. Many formulas have been put forth over the years
to calculate the maximum local depth of scour, with
projection abilities often suitable for constructions with
straightforward geometries. According to Sturm et al,%8 the
empirical estimations provided in the most recent iteration
of the Melville/Sheppard (M/S) equation and HEC-18 (old)
equation are advised for bridge piers with basic shapes?.
Using the techniques of the Florida Department of
Transportation, FDOT, HEC-18 (new) and techniques of
Yang et al®® may require modifications for pile-supported
piers such as taking an equivalent diameter, D (Fig. 2) into
consideration. Using these empirical predictors, clear water
and live bed scour conditions both can be estimated.

A bridge-scouring computing technique is offered by the
HEC-RAS software and is accessed from the "Hydraulic
Design Functions" window. This procedure uses a variety of
empirical methods including those suggested by the earlier
iteration of the HEC-18 equation, to calculate the maximum
depth of local scour®®. Laursen's clear water equation®” and
Laursen's live bed equation®® are used by HEC-RAS to
assess the contraction scour. Although some scholars have
questioned this assumption, the overall scour depth at bridge
piers is measured by summing the contraction and local
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scouring. This method assumes that each scour process is
distinct?. The process generates final assessments of the
local scour depths for the most vulnerable foundation,
enabling the rating of scour risk.

Risk rating of scour: Bridge safety is significantly impacted
by the relationship between the permissible range of depth
of scour and the depth of bridge footing®. This critical ratio
is denoted by the relative scour depth metric Dr = D+/Dr
where Dr is total scour depth and Dr indicates foundation
depth. Dr is an important aspect in assessing a bridge's scour
resistance and the possibility of scour-induced failure. Dr is
calculated differently depending on whether the foundation
is simple or piled and if the piles extend to the lower bed
strata below. For a fundamental foundation, Dr is calculated
out from the mean river bed to the underneath of a shallow

H w.s
7
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foundation (as shown in fig. 3a). For deep foundation, Dr is
determined by comparing the mean bed level to the pile-
lowest cap's point (as shown in fig. 3b). While pile-
supported foundations are less prone to scour-related
collapse, exposing the piles themselves is still negative since
it might impact the bridge's carrying capacity or lateral
stability.

In such instances, the estimation of Dr must take into
account all thick layers of alluvial deposits in the area of the
foundation (as indicated in fig. 3c). Apart from the
previously described hydraulic features of the flow, various
other factors may contribute to an increased or decreased
risk of failure. Although considering these elements may be
more difficult, they must be considered.

D¢ T\I l//‘__\
$ DfT

Figure 3: Description of the height of foundation (Dg) based on the alluvial riverbed levels from (a) to (c);
surface water is denoted by W. S.

Table 1
Values for the variables that affect the Priority factor?®®

Type of foundation, F
Deep (piled) F=0.75
Shallow (spread) F=1.00
Past record of scour problem, H
If the bridge has no history of problems H=1.00
If the bridge has a history of scour problems H=1.50
River bed material, M
There is convincing proof the bridge is built of clay, or M =0.50
there is a good chance that the foundations may be made
of rock.
There is substantial proof that the bridge is over clay M=0.75
foundation
The nature of the material is unknown. M =1.00
Type of river, Tr
The terrain is lowland Tr=1.00
The terrain is hilly Tr=1.20
The terrain is upland Tr=1.30
The terrain is mountainous Tr=1.50
Other factors, V
SH/ODR (12H traffic flow < 1 000) V=0.70
NH/ SH (12H traffic flow: 1 000-9 999) V =0.80
Expressway/ NH (12H traffic flow: 10 000-29 999) V=0.90
Expressway (12H traffic flow > 30 000) V=1.00
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Figure 4: Scour risk rating®.

Table 2
Principal benefits and drawbacks of the suggested risk-based technigue
Assessment of design Model Development Assessment of scouring risk
return period of bridge

® By using the modified MM An HEC-RAS modeling tool that can The estimation is accurate of
2 technique, design floods are predict scour is freely available and is | the scour's relative depth and how
‘g estimated while taking hydrological supported by current and sufficient it affects the depth of footing that
2 uncertainties into account. empirical predictors. is available.
<
- It assumes the peak discharge as It assumes the addition of contraction The existence of trash or
2 an independent variable. and local scour as an independent obstacles is not taken into account
S process. when calculating the priority
.E factor for the bridge.

These factors are listed by the Highways Authority?® as
follows: (1) Type of foundation (F), (I1) History of scour
problem (H), (1) River bed material (M), (IV) Type of river
(Tr) and (V) other factors. These standards can be put
together to generate the priority factor (Ps), which would be
stated as P = FHMTRV and is employed to assess the
vulnerabilities of an infrastructure. A complete list of these
factors and their description can be found in table 1.

A bridge's scour risk rating is calculated by comparing the
respective depth of scour (Dr) and the priority factor (Ps)
which provides an estimate of the probable risk level. Figure
4 depicts the risk rating on a graph with five bands ranging
from 1 (highest risk) to 5 (lowest-risk).

A case study on the Netaji Subhas Bridge

Selection criteria: To conduct a thorough risk analysis for
the proposed work, the selection of the bridge on river
Gomati river was considered. Given the complex nature of
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the site and bridge-specific cases, an extensive investigation
was conducted to ensure the selection process. Factors such
as the availability of monitoring data and susceptibility to the
scouring phenomenon were evaluated before the selection
process.

To proceed with the analysis, specific data was required.
This included detailed bathymetry of the upstream, bridge
and downstream sections as well as the structural
characteristics of the bridge's substructure and
superstructure components. It was also essential to have
access to the sieve analysis data near the bridge foundations
and uninterrupted observations of inflows at an adjacent
gauge station, particularly at the time of floods. The
variation in bed level at the bridge location over time was
taken into consideration.

The choice of the case study was made in collaboration with
the gomati barrage Subdivision authority (Meghna Division,
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Silchar). The assistance of the personnel from the division
ensured that data specific to the required conditions and
requirements were available. Multiple potential bridge case
studies were considered and after a thorough evaluation
process, the Gomati River's Netaji Subhas bridge was chosen
as the best location for the empirical studies on the
relationship. The coordinate of the bridge is 23.544885° N,
91.481256° E. The selection process was conducted to
ensure that the chosen case study was the best fit for the
proposed investigation.

Hydrographic region characterization: The Gomati
(Gumti) river, located in the northeastern Indian state of
Tripura, is a major river system with a total length of 133
km. The river originates from the Atharamura hills and flows
through the districts of South Tripura, Gomati and
Sepahijala before it enters Bangladesh and joins the Meghna
river. The river basin covers an area of 2378 square
kilometers and the river has been extensively studied to
understand its hydrology, ecology and water resource
management.

Based on terrain and land usage, the Gomati river basin can
be categorized into four separate watersheds: the Upper
Basin, Middle Basin, Lower Basin and Estuarine Zone.
Atharamura, Longthorai and Baramura, three hilly regions
where the river begins are included in the upper catchment
area. The uneven fields on the east and west sides are
comprised of the middle catchment zone whereas the
southern plains of the basin are covered by the lower
catchment region. The underside of the river, where it
merges with the Meghna river, is included in the estuarine
zone. The Gomati river basin consists of dams, bridges and
other infrastructure.

The Netaji Subhas bridge is located on the 119.52 km
downstream side of Gomati hydro dam, popularly known as
Dumbur dam which is located in the middle catchment
region and used for hydroelectricity generation, drinking
water and irrigation purpose (Fig. 5)%.

The Gomati river also flows through several bridges
including the Subhas Bridge, which is between Agartala and
Udaipur. The flow impacts on the bridge are primarily

Google Earth

Landsat / Copernicus

Figure 5: Study Area (Netaji Subhas Bridge, over the Gomati River)
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determined by outflows from the Dumbur dam on the
Gomati river?®. The sediment values in the Gomati river
basin vary depending on the location and season.

According to a study by Bhattacharjee et al,'* the sediment
yield in the upper catchment region is relatively low due to
the forest cover and topography, while the sediment yield in
the middle and lower catchment regions is higher due to
agricultural practices and urbanization®¢7, The study also
found that the sediment concentration in the river water
increases during the monsoon season, indicating high
erosion rates in the catchment areas.

The Gomati river basin in Tripura has a real-time hydro-
meteorological network established by the Central Water
Commission (CWC) of India for the river's flow and water
quality parameters. The network consists of several
monitoring stations located along the main stem of the river
and its tributaries and data from these stations is transmitted
in real-time to the CWC's National Water Informatics
Center. The real-time data from the hydro-meteorological
network provides valuable information for managing the
water resources of the Gomati river basin. The data is used
to forecast floods, droughts and water availability and is also
used for water allocation and irrigation planning. Real-time
monitoring of water quality parameters such as pH,
dissolved oxygen and total suspended solids is also
important for managing the water resources of the basin.

Bridge Characteristics: Subhas bridge is a major bridge
located on the Gomati (Gumti) river in Tripura, India. The
bridge connects the cities of Amarpur, Udaipur and
Sonamura. The total length of the deck of Netaji Subhas
bridge is 120 meters. The bridge has a width of 8 meters with
a 7 m single-lane and two-way carriageway for vehicular
traffic. The formation level of the bridge is 24.50 m where
freeboard of 2.4 m is provided.

To make construction easier, the foundations for the Netaji
Subhas bridge were constructed lengthwise just outside of
the previous bridge piers. Comparable bridge spans were
also taken into consideration, but they were distributed
between the mid-range as well as the outliers more evenly®?,

10km ; Camera:94km 23°23'48°N 91°3625°E 97 m
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Figure 6: Pictorial view of Netaji Subhas Bridge over the Gomati River

Table 3
Dimensions of Netaji Subhas Bridge

Dimensions of Bridge (m)

Deck dimensions Pier’s Elevation
Length of Width of Thickness of Pier-1 Pier - 2
bridge bridge deck
120 8 2 34.7 34.7

For making the link between the old and new abutments
feasible, special attention was paid to align them with the
length of the bridge deck as a whole. Using a progressive
launching approach of the steel structure eventually
transforms into a hybrid steel-reinforced concrete structure
built on a 22 m thick alluvial deposit stratum. Fig. 6
illustrates a bridge that is sustained by two lateral abutments
and two piers that are positioned in the main stream. Table 3
provides further dimensions and lists the bridge piers in
numerical order from the right embankment to the left
embankment.

The bridge pier P, (Fig. 6) was taken into account for such
risk analysis because it is the pier that seems to be more
susceptible to case study scour attributable to its location to
the streamlines. Pier P, is an end-bearing pile built on an
alluvial deposit layer that is 22 m thick. The geotechnical
and geological portion of the executing project generated
this information®?.

Results and Discussion

Hydrological model development: The study took into
account gathered hydrological data from three gauge stations
in the proximity to the Netaji Subhas bridge, identified as
"Amarpur (GBS) - QA," "Udaipur (GBS) - QU," and
"Maharani (GBS) - QM" (Fig. 5). QA, QU and QM represent
the stream flows extracted from these stations which could
indicate the average daily and instantaneous data. The
average daily datasets were gathered from the Climate
Forecast System Re-analysis (CFSR) platform, while the
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instantaneous data were made available by Gomati Barrage
subdivision (GBS), the entity responsible for managing the
dams used in the study. Only records between 1986 and
2020, which represent 35 years of hydrological data, were
used for the analysis after verifying data quality, record
length and data gaps.

Additionally, the promise of randomness, consistency and
continuity was supported. The study took into account
various hydrological situations to assess the peak yearly
discharge flow approaching the Netaji Subhas bridge (QS)
and the sum of the records (QC + QT + QFT) was utilized to
calculate QHR. The results and determination of QHR for
each situation are given by Bento et al.8

In reference to the work conducted by Bento et al® and its
corresponding results, the analysis in this work only pertains
to the hydrological scenario estimated from the
instantaneous discharge data. For the period between 2007
and 2020, the instantaneous discharge data for QC and QT
were available. However, for the remaining period between
1986 and 2006, the instantaneous discharge data was
approximated by establishing proportional relationships
between the average and instantaneous records for the
respective measuring stations of QC and QT.

The validity of this approach was confirmed using the
records obtained from a neighboring station of QT, known
as the gauging station of "Sonamura (GBS) - QS" which
provided both mean and instantaneous discharge data.
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Further information on this methodology can be found in
study of Bento et al.®

This analysis considered seven return periods denoted as T
=5, 10, 20, 50, 75, 100 and 200 as shown in table 4. Four of
the six parametric distributions covered in this study are: the
Gumbel, Log Normal (2p and 3p) and Gamma distributions
which produced adequate results. The design floods derived
using either the modified MM technique or the best-fitted
distribution (M.S) are shown in table 4. The Gamma
distribution provided the best fit to the data under analysis
and was used to estimate the MS design floods. The
maximum annual instantaneous flow observations made
close to the Netaji Subhas bridge were subjected to
goodness-of-fit tests which validated the applicability of this
probabilistic model.

Additionally, the graphical adjustment obtained from the
Gamma distribution outperformed the other probability
models. Benkaci's free MATLAB code was used to perform
the flood frequency analysis. .

In the study, the range of MS discharge readings was found
to be 1084 m?/s for a 5-year return period to 1937 m?/s for a
200-year return period. Meanwhile, using the improved
M.M technique, the estimated design floods ranges from
1057 m®/s to 2345 m?/s respectively as shown in table 4. The
highest flood on record was in 1981, with a magnitude of
1495 m?/s, according to the DPR (Detailed Project Report)
of Netaji Subhas bridge. This discharge value is
approximately equivalent to the design flood obtained for a
20-year return period using both methods.

"Relative disparity" between the M.S. and improved M.M.
techniques is seen in table 4. The "relative disparity" ranged
from 3.2% to 17.4% for return times of 20 to 200 years. The
improved M.M technique estimated the flooding forecasts
for RP=5 years and RP=10 years in comparison to the M.S
methodology. The improved arithmetic model averaging
(improved M.M) approach which generated larger inflow
values (Table 4), notably for higher return durations,
presents the worst-case scenario in line with the study's
ultimate goal. The modified M.M. approach takes into
account model uncertainty brought on by models' inability
to faithfully describe real-world occurrences. Mathematical
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models always simplify reality which introduces
uncertainty. As a result, only the outcomes of the modified
M.M. technique were taken into account for the remaining
phases.

Hydraulic model development: Based on Chow's®
recommendations, the roughness coefficient was calculated.
According to these recommendations, the riverbanks were
given a coefficient of roughness of 0.040 m*3s while the
main channel received a value of 0.033 m™/3s, Water level
information from the 1981 flood and the lengthwise
sediment bed profile at the bridge place were used to
calibrate the coefficient of roughness at the main channel.
These supported the preliminary estimate. Yan et al®®
provided a rating curve that was taken into consideration for
the downstream boundary condition.

In order to replicate steady flow regimes extending from Q5
to Q200, a 1D hydraulic model was taken into consideration.
The current study measured local hydraulic parameters such
as flow velocity, flow depth and Froude number, in the area
of Pier P, for each flooding design. The results of using these
values to assess scour depth are shown in table 5.

The median grain size (Dso) was determined to be 0.65 mm
while the Dgo was 2.01 mm, based on information obtained
from the sieve analysis after collecting the sediment sample
near the bridge pier. To calculate the total depth of scour
(D7) at the beginning of Pier Py, this information was
required.

The hydraulic parameters and scour predictions at the
position of P,, as determined by the HEC-RAS scouring
module, are presented in table 5. The corresponding
equivalent diameters (De) were established before
determining the extent of scouring depth. The modeled flow
rates were found to be between 1.42 and 2.71 m/s with
subcritical flow regimes and Froude numbers under 1.
Except for the 5-year return period flooding, which took
place in clear water, the design floods were seen to occur
within live bed conditions. The water level associated with
the Q5 to Q200 return period is shown in fig. 7. The
hydraulic factors and associated scour estimations near P
are summarized in table 5, with the appropriate equivalent
diameters (D.) computed before scouring depth calculations.

Table 4
Netaji Subhas Bridge design floods (Qns)

Return Period Qns (M3 Relative change (%)
(vears) M.S M.M (M.M-M.S)/M.M

Q5 1083.858 1057 -2.5

Q10 1252.335 1247 -04

Q20 1413.941 1461 3.2

Q50 1623.145 1773 8.5

Q75 1714.927 1924 10.9
Q100 1779.901 2041 12.8
Q200 1936.097 2345 17.4

https://doi.org/10.25303/174da053067

61


https://doi.org/10.25303/174da053067

Disaster Advances

Vol. 17 (4) April (2024)

Table 5
Depth of scour at pier P, using the HEC-RAS model with other hydraulic parameters

Return Water Equivalent Velocity of Froude Depth of scour Depth of The total
Period Depth Diameter Flow Number (contraction) scour depth of
(local) scour
(m) (m) (ms) (F) (m) (m) (m)
Q5 10.25 3.25 1.42 0.29 0.75 5.42 6.17
Q10 11.68 3.25 1.67 0.29 0.94 5.55 6.49
Q20 12.17 3.25 1.81 0.31 1.15 5.60 6.75
Q50 13.08 3.25 1.95 0.33 1.27 5.76 7.03
Q75 13.86 3.25 2.17 0.34 1.35 6.03 7.38
Q100 14.42 3.25 2.43 0.35 0.94 6.67 7.61
Q200 15.89 3.25 2.71 0.37 0.94 6.99 7.93

The overall scour depth was calculated using HEC-RAS to
preserve the straightforwardness and applicability of the
methods. The HEC-RAS scouring module made it easier to
determine the local and contraction scour depths which are
shown in table 5. The level of contraction scouring was
found to be noticeably less than the comparable local
scouring depths by an order of magnitude. This led to the
conclusion that the estimations of local scouring were far
more important than the contraction scour depths. It should
be noted that the contraction depth of scour for Q100 (0.94
m) was considered to be equal to the contraction depths for
the return period of Q200 in this study due to restrictions
related to pressure flow scour.

The HEC-RAS approach which uses a previous version of
the HEC-18 equation®® to calculate the ultimate depth of
scouring, was used to estimate the local scouring component.
The observed scour depths have been compared with those
predicted by three other empirically produced formulations,
including Yang et al®®, FDOT %° and HEC-18 predictors °, to
evaluate the effectiveness of this method. Figure 8 shows the
outcomes of these comparisons.

Regarding the rise in the design flooding conditions, the
HEC-18 calculations®® show a noticeable rise. Furthermore,
the largest return period is taken into account. Q200 does not
cause the ultimate depth of local to scour to reach its peak;
rather, it would continue to rise as the likelihood of
hydrological extremes decreased, albeit at a slower rate. The
estimates of the other predictors are significantly inflated by
this version of the HEC-18 approach. Local scour depth
estimates using the HEC-18 equation® correlated with the
other empirical formulae looked at in this investigation.
When compared to the previous version HEC-18 approach,>®
the rate of growth is noticeably reduced even if the scour
depths obtained using this method still increase when the
design flood conditions increase.

Across the range of design floods taken into consideration,
the FDOT technique®® estimates maximum local scour
depths that are very consistent. In contrast, the approach
used by Yang et al®® shows a modest rise in the depth of
scour between the 5-year and 10-year return period design
floods, with a maximum depth of scour of 5.12 m and ranges
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around a central value of 3.82 meters from Q10 to Q50, after
which the scour depth at the bridge foundation (P2) exhibits
deterioration. When compared to the HEC-18 technique®®,
the estimations made using Yang et al method®® underpredict
the ultimate depth of local scour by 7% to 65%. The
disparities between the FDOT technique estimates and those
of Richardson and Davis>* are significantly greater ranging
from 30% to 60%.

In addition to the visual evaluation shown in figure 8, the
accuracy of the estimates regarding the results of the HEC-
18 %6 was evaluated by the calculation of RMSE (Root Mean
Square Error). The estimated RMSE outcome for the HEC-
18°, Yang et al®® and FDOT® techniques were 0.5971,
0.8627 and 0.9317 respectively. These results supported the
discrepancies shown in fig. 8's illustration. An autonomous
hydraulic model was created employing the topographical
and bathymetric information collected from 2010 through
HEC-RAS based on predefined assumptions. The major
flow features and overall scour depths at P, were calculated
using the flood events seen between 2010/11 and 2012/13.
According to the results of the hydraulic modeling, the
highest yearly discharges were between 1057 and 2345
m3st with flow depths between 10.25 and 15.89 m and F;
between 0.29 and 0.37.

Since the difference of less than 1 meter does not
significantly affect the analysis of alluvial bed material
change in the Gomati river, according to the examination,
the scour results produced by the HEC-RAS modeling tool
are compatible with the level of the scour that was
observed®. Therefore, for future risk evaluations, which are
covered, the ultimate depth of scour produced from the
HEC-RAS model was utilized.

The level of scour risk: The depth of foundation at P,
recorded in the DPR (Detailed Project Report) of the Netaji
Subhas bridge (Dr = 12 m) was compared to the calculated
ultimate depth of scour (D) for every return period given in
table 5. This comparison, represented by the ratio Dt/Dr,
was used as the primary parameter for prioritization (Dgr) and
is presented in table 6. The corresponding foundation depth
(Drr) and accompanying return period for every proposed
flood are also included in table 6.
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Figure 7: Model development in HEC-RAS software in (a) upstream (b) downstream
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Figure 8: Local scour predicted using four empirical equations

Table 6
Risk rating of Netaji Subhas Bridge
Return Dt (m) Det (M) Dr (-) Scour risk
period rating
Q5 6.17 5.83 0.51 5
Q10 6.49 5.51 0.54
Q20 6.75 5.25 0.56
Q50 7.03 4.97 0.59
Q75 7.38 4.62 0.62
Q100 7.61 4.39 0.63
Q200 7.93 4.07 0.66
Table 7
Factors contributed to find the priority factor of the Netaji Subhas Bridge
Factors Symbols Values
Deep foundation (piled) F F=0.75
NH/ SH (12H traffic flow: 1 000-9 999) \% V =0.80
The bridge has no history of problems H H=1.00
The terrain is lowland Tr Tr=1.00
Material is granular M M =1.00
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Figure 9: Rating of sour risk of the Netaji Subhas Bridge

The priority factor (Ps) for the Netaji Subhas Bridge was
determined by combining the parameters listed in table 1 and
was given as 0.60 in table 7. The type of foundation (F) is a
more important factor compared to the pier type (P.) for the
pile-supported pier. The river type (Tr) at the bridge position
and the riverbed material has a negligible effect on the
priority factor. As per the Highways Agency's rules®, a
bridge's significance (V) is directly proportionate to the
volume of traffic that crosses it. A traffic flow of 4,325 12-h
was observed for the Netaji Subhas bridge and a V factor of
0.80 was assigned based on this observation.

As illustrated in fig. 9, the corresponding relative scour
depth (Dgr) and priority factor (Ps) values were used to
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calculate the risk rating for the Netaji Subhas Bridge. Based
on the design floods analyzed in this study, the Netaji Subhas
bridge was assigned a scour risk rating of 5. At this level of
risk, routine inspections, which are conducted every three
years by the National Authority, are sufficient, according to
Indian Standards. In keeping with the recommendations
made by the Highways Agency??, it is crucial to remember
that the acquired rating should be viewed as an estimate
rather than a firm declaration of relative risk.

The relative scour depth was calculated using the foundation
depths (Dr = 12 m) which were derived from the DPR, under
the assumption that the design flooding was a distinct
occurrence. However, it should be remembered that as the
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overall depth of scouring at P elevates over time, the overall
result of scouring may have a detrimental effect on the depth
of the accessible foundation. The Dgr results shown in table
6 illustrate the impact of this cumulative effect.

Evaluating the pile's load-bearing capacity in geophysical
design requires taking skin friction: the deployment of the
pile's surface resistance as a result of interaction with the
adjoining alluvial bed into account. However, it is customary
to disregard the lateral pile resistance provided by the
topmost few meters of the river bed. The top alluvial layer
was not taken into consideration, owing to the geotechnical
and geological portion of the bridge's construction projectt:.

Conclusion

This study suggests a risk-based technique for determining
the risks related to scouring around the bridge piers. In the
first stage, hydrological occurrences (hazards) are assessed
and in the second step, flow and bridge scour variables are
computed to represent the behavior of the river. The third
stage evaluates the risk related to bridge scour by relating the
relative scour depth to the infrastructure’s priority factor and
the last stage provides an approximate assessment of the risk
rating of scour. Each stage is thoroughly described along
with the initial data needed, the methodology used and the
results. Based on the assessment of risk and level gathered
following Highways Authority requirements, specific
management measures were recommended. The Netaji
Subhas bridge in India, which spans above the Gomati River,
served as the testing ground for the suggested methodology.

The findings of the first step highlight the significance of
taking model uncertainty at the time of design as well as the
volatility of hydrological events into account. To define
design floods, the modified arithmetic model averaging
method is advised due to its capacity to manage model
uncertainty. The HEC-RAS modeling tool was utilized to
simulate different factors such as stream depth and velocity
in the subsequent phase. The HEC-RAS scour module which
accurately simulates the scour phenomena, was used to
calculate the ultimate scouring depth. The model's strengths
and weaknesses as well as the variables' calibration and
validation, were highlighted. It was advised to go on to the
bridge risk assessment after this practical evaluation of the
overall scour depth as step 3.

A qualitative risk rating for the scour was assigned using the
relative depth of scour and the priority factor of the Netaji
Subhas bridge as measure. The bridge falls under risk
category 5, indicating an acceptable risk level with no
expected significant damages regardless of the flood return
period. Although only one bridge was used to test this
technology, the outcomes replicate that it can be used as the
most susceptible pier on different bridges, independent of
the shape of their foundations. To confirm the viability of the
suggested technique for determining scour risk at bridge
footings, additional case studies are advised. The calibration
of the methods in the second step could be performed
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utilizing more complex CFD (Computational Fluid
Dynamics) models; however, it is outside the scope of this
work.

According to the authors, the above risk-based technique can
be implemented in the general inspection of bridges and can
be utilized to support decision-making in the face of
uncertainty for bridges that are subject to unfavorable
hydraulic condition.
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