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Abstract

Bridges are vital components of a country’s infrastructure, playing a crucial role in trans-
portation networks. However, natural hazards such as floods significantly threaten
their stability and serviceability. The increasing frequency and intensity of floods due
to climate change have heightened concerns about the serviceability of bridges

after the floods. Despite their critical importance and high risk of vulnerability to floods,
limited research has examined the failure mechanisms and their contributing factors
on steel truss bridges, as one of the most widely used types of bridges. This knowledge
gap remains a major challenge in the field. Previous studies have primarily assessed
bridge vulnerability to floods through qualitative analyses or finite element modeling,
often overlooking the specific failure characteristics of collapsed bridges and their
empirical fragility curves. Addressing this limitation, the present study investigates

the catastrophic 2019 Poldokhtar flood (one of the most devastating floods in Iran

in recent decades) and its impact on eight steel truss bridges. Through extensive field
investigations and the development of empirical fragility curves, this research provides
a detailed assessment of bridge performance during extreme flood events. The study
identifies key failure mechanisms and damage scenarios based on visual inspections,
engineering judgment, and empirical analyses. Furthermore, to overcome data scarcity
and site-specific uncertainties, this study introduces a novel flood intensity measure
relating floodwater height to bridge deck elevation. This practical indicator enables
consistent comparison across different hydraulic conditions and serves as a valuable
tool for evaluating bridge vulnerability under real-world flood scenarios.

Keywords: Structural performance, Poldokhtar flood, Steel truss bridge, Flood damage
assessment, Empirical fragility curves

Check for

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43251-026-00206-7&domain=pdf
http://orcid.org/0000-0003-3858-9407

Mansouri et al. Advances in Bridge Engineering (2026) 7:16 Page 2 of 22

1 Introduction

Bridges are fundamental components of transportation networks (Guikema and Gar-
doni 2009), serving as critical links that facilitate the movement of goods and people.
Beyond their role in daily transportation, they play a crucial role during emergen-
cies and natural disasters (Mitoulis et al. 2022; Rezvani et al. 2024). The increasing
demand for bridge construction is driven by factors such as urban expansion, criti-
cal infrastructure needs, road and rail network development, traffic mitigation, eco-
nomic growth, and disaster resilience (Mansouri 2020, Mansouri and Noroozinejad
Farsangi 2024). Consequently, resilient bridge construction has become a key require-
ment for modern infrastructure development, addressing both present and future
societal demands (Mansouri et al. 2022; Wang et al. 2023; Allen et al. 2023).

Despite significant advancements in engineering and technology that have
enhanced the resilience of structures, many existing bridges remain vulnerable to nat-
ural disasters such as floods and earthquakes (Mansouri 2021; Yilmaz and Banerjee
2018). This underscores the need for continuous innovation in bridge design, retrofit-
ting, and assessment methodologies to mitigate potential risks effectively (Kosic et al.
2023; Karrigqi et al. 2024).

Climate change has intensified the frequency and severity of floods, posing a grow-
ing threat to bridge infrastructure. Floods rank among the most destructive natural
disasters affecting bridges. For instance, Lamb et al. (2019) reported that between
1846 and 2012, over 100 bridges on the UK railway network suffered severe flood
damage. Similarly, in 2015, floods damaged 235 roads and footbridges in Cumbria. In
Iran, Mansouri and Pouraminian (2022) documented the destruction of more than 15
bridges in Lorestan province due to flooding in 2020. Additionally, Lee et al. (2013)
conducted a statistical study analyzing 1,254 bridge failures from 1980 to 2012, fur-
ther emphasizing the vulnerability of these structures to flood hazards. This challenge
expresses the urgent need to adapt infrastructure and disaster preparedness strategies
to mitigate the impacts of climate change-induced flooding (Burghardt et al. 2025;
Pucci et al. 2023). The occurrence of flood-induced bridge collapses in recent years
emphasizes the imperative of systematically assessing structural performance under
extreme flood scenarios.

Numerous studies have investigated the impact of floods on human life, economic
losses, and structural damage. Notable contributions include those by Pistrika and Tsa-
kiris (2007), and Jonkman et al. (2008). Kerenyi (2009) examined hydrodynamic forces
on bridge decks. Researchers such as Scawthorn et al. (2006a, 2006b) and Torres et al.
(2014) proposed general methodologies for assessing flood hazards. Drdacky (2010)
explored flood damage to historic structures, whereas Chung and Adeyeye (2018) evalu-
ated flood-induced structural damage.

Ataei and Padgett (2013) performed numerical sensitivity analyses on key factors
influencing bridge vulnerability, including fluid—structure interaction effects. Kim et al.
(2017) introduced an innovative method for developing flood fragility curves for bridges.
Wang et al. (2019) investigated the impact of bridge columns during floods.

Debris impact and debris damming are critical factors contributing to bridge failures
during floods. These processes cause water accumulation on the upstream side of the
bridge, exerting additional pressure on the structure, as discussed by Xia et al. (2018),
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Okamoto et al. (2020), Panici and Almeida (2020), Cicco et al. (2020), and Hasanpour
et al. (2022).

Marvi (2020) reviewed analytical methods for assessing flood damage to structures.
Xiao et al. (2021) investigated the effects of floods on masonry structures. In a study,
Mitoulis et al. (2021) conducted the first international assessment of restoration mod-
els to quantify bridge flood resilience, developing reliable recovery models. Argyroudis
and Mitoulis (2021) highlighted the limitations of earlier studies, which primarily relied
on qualitative analyses and visual inspections. Their work introduced advanced fragility
models that accounted for complex interactions between water, soil, and bridge struc-
tures, revealing that integral bridges are more susceptible to local scour than those with
bearings due to their reduced flexibility.

Various classifications have been proposed for flood-induced structural damage states.
For example, Padgett et al. (2012) used the HAZUS framework and defined four dam-
age states (slight, moderate, extensive, and complete). More recently, Pucci et al. (2023)
introduced a four-level categorization, which considers undamaged, slightly damaged,
moderately damaged, and extensively damaged conditions.

Greco and Lonetti (2022) examined the vulnerability of coastal and inland bridges to
flooding. Additionally, Paulik et al. (2022) reviewed flood risk assessment methodologies
for residential buildings, while Kelesoglu et al. (2023) evaluated structural flood dam-
age in the Western Black Sea Basin, where 76 fatalities were reported, and over 30,000
people were affected. Habeeb and Bastidas-Arteaga (2023) examined the impact of cli-
mate change on the stability of river-crossing bridges. Their study employed hydrologi-
cal modeling, flood frequency analysis, and a stochastic Poisson process to assess the
probability of exceeding design flood levels under various climate scenarios. Han et al.
(2023) numerically analyzed the collapse mechanism of the Putang Bridge, a historical
multi-span stone arch bridge, under flood-induced forces. Utilizing computational fluid
dynamics simulations and finite element modeling, they investigated hydrodynamic
pressure, drag, and lift forces at different flood levels, providing valuable insights into
bridge vulnerability and potential mitigation strategies.

Barbera et al. (2024) characterized building damage caused by floods in Spain. Komo-
lafe et al. (2024) explored flood damage models and influencing factors in a data-scarce
river basin. Mansouri et al. 2024, 2025) conducted studies on structures damaged by
flooding, contributing to the understanding of structural failures under extreme floods.
Xiaofei et al. (2024) investigated the collapse mechanisms of masonry arch bridges dur-
ing floods using numerical and stochastic analyses. Their study of the 2020 Zhenhai
Bridge collapse revealed that the combined effects of scour and water flow played a sig-
nificant role in structural failure. They emphasized the importance of stochastic analysis
in assessing bridge safety under extreme flood conditions. Burghardt et al. (2025) exam-
ined bridge damage during the 2021 Western Europe floods, particularly in Germany.
Their statistical analysis revealed that bridge height, proximity to residential areas, and
debris accumulation had a significant influence on the severity of structural failures.

However, one of the most critical challenges in flood risk assessment is the scarcity
of reliable data. In many regions, hydrological and hydraulic records are incomplete,
the structural details of existing bridges are poorly documented, and real-time moni-
toring systems are absent. Following severe flood events, post-disaster investigations



Mansouri et al. Advances in Bridge Engineering (2026) 7:16 Page 4 of 22

often rely only on visual inspections and fragmented reports, which substantially limit
the accuracy of vulnerability assessments. Conventional approaches, such as finite ele-
ment modeling and large-scale hydraulic simulations, though powerful, require detailed
datasets that are rarely available in post-flood contexts. This highlights the urgent need
for practical and data-efficient frameworks that integrate engineering judgment, empir-
ical evidence, and simplified yet robust indicators to examine the effects of floods on
bridges. To address this gap, the present study focuses on steel truss bridges affected by
the catastrophic 2019 Poldokhtar flood in Iran. Through extensive field investigations
and the introduction of a novel flood intensity measure based on the relative elevation
of floodwater and bridge deck, a systematic framework is established for evaluating
bridge performance under data-constrained conditions. This approach not only ena-
bles the development of empirical fragility models but also provides a practical tool for
enhancing flood resilience assessment in regions lacking comprehensive datasets. Given
that previous numerical and experimental research has mainly focused on individual
structures, a comprehensive field-based investigation and the development of empiri-
cal fragility curves grounded in real-world evidence are essential; this study addresses
that need by establishing a robust database of flood-induced bridge damage and deriving
empirical fragility functions.

2 Methodology

The objective of this study is to systematically assess steel truss bridges’ damage under
flood hazards through a step-by-step methodological framework (Fig. 1). First, extensive
field investigations are conducted before, during, and after flood events to collect pho-
tographs and videos that provide a detailed visual record of bridge performance under
extreme conditions. Complementary information about flood conditions and river char-
acteristics is obtained from official reports. The data gathered from both field observa-
tions and documentary sources are systematically classified to create a coherent dataset.
Based on engineering judgment and visual inspections, bridge damage is categorized

Field investigation : - !

Defining the bridge’s Data collection and } !

location using QGIS classification | :

| Documentation of damages using photos

: videos |

r |

Bridge damage classification : }

: : Review of flood features [

Statistical analysis i !
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Fig. 1 Workflow of the proposed framework
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into four levels: slight, moderate, extensive, and collapse. Table 1 summarizes the dam-
age classification adopted in the present study, which is derived from a comprehen-
sive combination of field observations, photographic and documentary evidence, and
expert engineering judgment. Expert evaluations are further employed to identify the
main causes of bridge damage, including pier scour, hydrodynamic pressure, and debris
impact. Subsequently, a set of statistical assessments is performed. In particular, the
Kaplan—Meier survival analysis method is employed to estimate the probability of bridge
survival under different flood intensity levels. Additionally, an empirical flood fragility
curve is developed using field data and expert judgment. Finally, the findings are synthe-
sized and interpreted, leading to the development of empirical fragility models and the
provision of practical recommendations for both designing flood-resilient bridges and
retrofitting existing structures.

2.1 A novel flood intensity index

Post-flood assessment of bridges under data-scarce conditions remains a major chal-
lenge, as hydrological and structural information is often incomplete. Bridges are
typically located along extended rivers with multiple tributaries, which exposes each
structure to distinct flow discharges and velocities. Moreover, variations in topography
and channel morphology result in different hydraulic capacities at the location of each
bridge. Additionally, deck elevations vary significantly among bridges, resulting in floods
interacting with each structure at various intensities. These factors lead to uncertainties
and hinder realistic evaluations of bridge vulnerability. To address this limitation, the
present study introduces a novel and practical parameter: the ratio of floodwater height
to bridge deck elevation. This simple yet meaningful index enables consistent compari-
sons across diverse hydraulic conditions and provides an effective tool for assessing
flood impacts on bridges in data-constrained environments. This study introduces a new
parameter for flood intensity measure (IM), defined as the ratio of water height (Hw) to
deck height (Hd). This parameter is used to classify three levels of flood-induced bridge
damage. The flood is categorized into three risk levels based on the (Hw/Hd) ratio (Fig. 2
and Table 2). Figure 2 also illustrates the vital connections in bridges and the deck—abut-
ment contact conditions with and without mechanical connections. Hazard levels I, II,
and III correspond to IM < 0.75,0.75 < IM < 1, and 1 < IM, respectively.

Table 1 Bridge damage level classification based on field evaluation

Damage levels Description of damage

Slight (minor) - The bridge remains consistently usable.
- The bridge functions without interruption.
- Concrete cover experiencing spalling

Moderate - Several plastic hinges can be found on the bridge.
- Retrofitting takes minimal time, and bridges can be repaired swiftly.
- There is limited damage to piers, foundations, and bearings.

Extensive - Numerous plastic hinges are present on bridges.
- Significant time is needed to retrofit bridges.
- Buckling occurs in the piers and deck.
- Some elements exhibit deep cracks.

Collapse (complete) - The bridge deck has been slid and overturned.
- Columns, bearings, cap beams, and abutments are extensively damaged.
- In this scenario, both the bridge and its structural elements collapse.
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Fig. 2 Schematic representation illustrating the three main aspects considered in the bridge performance
assessment: (i) the proposed classification of the intensity measure (IM), (i) the vital connections, (iii) the
bridge’s dimension, and (iv) the comparison between deck-abutment contact conditions with and without
mechanical connections between the deck and the abutments

Table 2 Definition of flood hazard levels based on the proposed intensity measure

Hazard levels Intensity Measure
(M = Hw/Hd)

I IM < 0.75
Il 075 <M < 1
I 1<IM

It is worth noting that the use of the floodwater-to-deck height ratio (Hw/Hd) as an
intensity measure represents a deliberate simplification arising from the severe data lim-
itations typically encountered in post-event conditions. During a flood, variables such as
flow velocity, discharge, flood duration, debris accumulation and impact, and site-spe-
cific conditions can all play significant roles in amplifying bridge damage; however, data
related to these parameters are often not fully available. Since field observations in this
study indicated that deck inundation was the dominant failure mechanism for the inves-
tigated steel truss bridges, this indicator was adopted as a rapid, evidence-based, and

reliable measure for preliminary assessment. Naturally, Hw/Hd does not capture the full
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complexity of hydraulic loading, and future studies with more comprehensive datasets
should extend this framework toward multi-parameter intensity measures.

2.2 Survival analysis method and its application in assessing bridge vulnerability

Survival analysis has been increasingly adopted in risk assessment and structural stabil-
ity studies, owing to its ability to handle progressive deterioration and threshold-type
responses without imposing restrictive distributional assumptions (e.g., Fang et al. 2018;
Wettach-Glosser et al. 2020; Cartiaux et al. 2024). In this research, survival analysis is
employed as a probabilistic framework to characterize the vulnerability of truss bridges
subjected to flooding, with particular emphasis on the Kaplan—Meier estimator. This
estimator is used as a nonparametric tool to derive the empirical survival function from
observed bridge performance data. Within this context, flood severity is parameter-
ized by the ratio Hw/Hd, which is interpreted as an equivalent time-like variable, while
bridge performance is expressed in terms of the probability of remaining below prede-
fined damage limit states over increasing levels of Hw/Hd. The survival function S(Hw/
Hd) is thus defined as the probability that a bridge remains intact (i.e., does not reach
the specified damage state) up to a given value of Hw/Hd. In this study, “time” is defined
as a parameter equivalent to flood severity (Hw/Hd); thus, the survival function repre-
sents the probability of bridges remaining intact up to a given Hw/Hd (Eq. 1). If di is the
number of bridges that failed within a specific Hw/Hd range and n; is the total number
of bridges exposed to risk at that level, the survival function is computed as expressed
in Eq. (1). Through this formulation, the evolution of bridge survival probability with
increasing flood severity is quantified in a stepwise manner, providing clear insight into
the mechanisms governing damage progression in truss bridges under flood conditions.

d;
S(t) = H (1 — n) (1)

ti<t 1

where:

S(t): estimated survival probability at time t.

ti: a time point (or increasing level of hazard, e.g., flood severity) at which an event
(e.g., failure) occurs

di: number of failures (e.g., collapsed bridges) at t;

n;: number of subjects (e.g., bridges at risk) just before t;

[T: Denotes the cumulative product over all event times t; < t

2.3 Empirical fragility curve

In the present research, empirical fragility curves are employed as probabilistic tools to
quantify the vulnerability of steel truss bridges exposed to the 2019 flood event in Pol-
dokhtar. These curves express the probability that the structural response exceeds pre-
defined damage limit states as a function of a newly defined flood intensity measure.
The formulation is grounded in the principles of conditional probability, whereby, for
each specified level of flood intensity, the likelihood of reaching or surpassing a given
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damage state is estimated. Unlike analytical or numerical simulation-based approaches,
the empirical framework adopted in this study relies directly on documented flood char-
acteristics and observed post-event bridge damage. The primary objective of developing
flood fragility curves (FCs) is to quantify the probability of bridge failure or exceedance
of specific damage states under varying flood intensity levels. FCs provide a probabilis-
tic linkage between flood hazard severity and observed structural performance, thereby
enabling quantitative flood risk assessment and supporting informed decision-making
for mitigation, emergency planning, and retrofit prioritization (Kim et al. 2017; De Risi
et al. 2020; Ahamed et al. 2021; Arora and Banerjee 2023).

In this study, fragility curves are derived directly from post-flood field surveys and
expert-based damage evaluations. Each bridge is classified into a discrete damage state
according to the criteria summarized in Table 1, and the resulting empirical damage data
are subsequently associated with the corresponding flood intensity index, defined as the
ratio Hw/Hd.

To model the probability of bridge failure as a function of the flood intensity meas-
ure (IM), logistic regression is adopted. This approach is particularly suitable for binary
response variables, herein defined as failure versus non-failure with respect to a speci-
fied damage threshold. The relationship between flood intensity and failure probability
is formulated through a logistic function (Egs. 2 and 3), which enables the estimation of
exceedance probabilities across the full range of observed flood intensities. Through this
data-driven formulation, the resulting fragility curves provide a transparent and statisti-
cally consistent representation of bridge vulnerability under flood loading conditions.

P
- o(A+BX) 5
T 1+ eATBX) (3)
where:

P is the probability of bridge failure, and X is the IM (Hw/Hd). A and B are the model
coefficients determined using logistic regression.

Based on the observed bridge performance across multiple flood-intensity levels
(IM=Hw/Hd), the failure probability at each level is obtained from the field data, and
based on classification in Table 1, and its Logit(P) is computed according to Eq. (2).
Then, using regression analysis, the constant coefficients A (intercept) and B (slope) are
calculated, and in Eq. (3), the only remaining variable is X, which is equal to IM, consid-
ering over a range of IM values (from very small to relatively large).

3 Case study
In 2019, a catastrophic flood in Poldokhtar, located in Lorestan Province, Iran, caused
extensive damage to bridges. This study presents a detailed field investigation assessing
the damage sustained by steel truss bridges during this flood. The findings are then used
to generate empirical flood fragility curves for these structures.

The Kashkan River basin spans approximately 9,500 square kilometers, as illustrated
in Fig. 3. Notably, in 2019, the river experienced a peak discharge of approximately 6,500
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Fig. 3 Geographical framework of the Kashkan River Basin: a Iran with Lorestan Province highlighted, b the
Kashkan River within Lorestan Province, and ¢ the targeted study region

m?/s, while its channel capacity was limited to only 2,400 m>/s. This significant discrep-
ancy underscores that the flood discharge far exceeded the river’s capacity, leading to
severe inundation and structural damage (Mirzaei 2019).

This study reports the performance of eight steel truss bridges (STBs) affected by
extreme flooding and identifies common failure mechanisms. Figure 4 visualizes the
studied steel truss bridges, while Table 3 shows the structural properties. As shown in
Fig. 2, the deck truss is composed of multiple triangular units, each with a horizontal
member length of 3 m and a vertical height of 3.6 m. All truss members are intercon-
nected through pinned joints. The investigated bridges are as follows:

— STBI: Truss bridge in Doab village

— STB2: Truss bridge in Hayat-Algheyb village

— STB3: Truss bridge in Cham-Shahran village

— STB4: Truss bridge in Domroud-Afrineh village
— STB5: Truss bridge in Zivdar village

— STB6: Truss bridge in Kalat Zivdar village

— STB7: Truss bridge in Mazhin City

— STBS8: Gavmishan truss bridge
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4 Application of the methodology

The results of this study are presented through a structured three-step approach
designed to capture both the empirical evidence and the analytical interpretation of
flood impacts on bridges. First, field investigations were carried out to document the
actual performance of the studied bridges during and after the flood, providing direct
observational data on damage patterns and failure mechanisms. Second, statistical
analyses were conducted to transform the field evidence into quantitative measures,
including vulnerability and survival curves, which allowed for a probabilistic assessment
of bridge performance under varying hazard levels. Finally, a kinematic approach was
employed to further interpret the observed failure mechanisms by linking them to struc-
tural configurations and hydraulic interactions, thereby providing a mechanistic under-
standing of bridge responses to extreme flood conditions.

4.1 Field investigation

One of the key approaches to evaluating the vulnerability of various bridges to flood-
ing is through post-flood field investigations to classify their performance. Truss bridges
constitute about 57% of the bridges in this region. The behavior of eight bridges was
scrutinized during and after the severe flood, revealing that only one bridge (STB4)
maintained stability. Notably, out of the eight examined truss bridges, seven were
destroyed (Fig. 5). For all bridges included in this study, the Hw/Hd ratio exceeded 1,
except for STB2, which failed at an Hw/Hd value below 1. Detailed information about
each bridge is provided below.

In bridges STB1, STB3, STB5, STB6, STB7, and STBS, the outflow was insufficient to
handle the flood discharge due to debris damming on the upstream side of the bridges
(debris damming phenomenon). This phenomenon caused water to accumulate on the
upstream side of the structures, exerting additional pressure on their decks. Because of
inadequate connection systems between the decks and the cap beams, piers, and abut-
ments, the increased pressure from debris damming ultimately led to the collapse of
these bridges (collapsed level).

In bridge STB1, additional pressure was exerted on the deck due to debris accumula-
tion on the upstream side of the bridge, which reduced the outflow. Consequently, after
the connection systems between the deck and the abutments failed, the deck slid and
overturned (Fig. 5a). Figure 5b shows that the abutment was deformed and rotated due
to flood-induced scouring, which led to the collapse of bridge STB2.

Upon examining the surface of abutments and cap beams of bridges STB3, STB5,
STB6, STB7, and STBS, it is evident that there is no significant damage. This observation
indicates that the decks in most of these bridges were placed on the substructures with-
out any connection systems (Fig. 5f).

One of the critical factors influencing the severity of flood impacts on structures is
the surrounding topography. In low-slope plain areas, floodwaters spread laterally across
adjacent lands, dissipating energy and reducing the hydraulic pressure exerted on bridge
components. Although Lorestan Province is predominantly mountainous, bridge STB4
is uniquely situated in a plain area.

Among all the truss bridges examined in this study, most experienced complete fail-
ure during the flood event; however, STB4 remained largely unaffected. This behavior is
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Fig. 4 Photograph of bridge STB3 and map showing the geographical distribution of the eight investigated
steel truss bridges. STB3 is shown as a representative example, since all bridges exhibit similar truss
configurations and structural systems: a STB3, b STB1, ¢ STB2, d STB3, e STB4, f STB5, g STB6, h STB7, and
iSTB8
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Table 3 Properties of the studied bridges

Bridges Identification  Type of Type of substructure
superstructure
Steel Steel RC Masonry
The truss bridge in Doab village STB1 * *
The truss bridge in Hayat-Algheyb village STB2 * *
The truss bridge in Cham-Shahran village STB3 * *
The truss bridge in Domroud-Afrineh village ~ STB4 * *
The truss bridge in Zivdar village STB5 * *
The truss bridge in Kalat Zivdar village STB6 * *
The Truss bridge in Mazhin city STB7 * *
Gavmishan truss bridge STB8 * *

The symbol * is used to express the type of substructure

likely influenced by its plain topographic setting, which may have reduced the hydraulic
demand. In contrast, the strong connection system between the deck and substructure
played a decisive role in ensuring the bridge’s stability and preventing structural damage.
A post-flood view of bridge STB4 is shown in Fig. 5d.

Figure 2 shows two critical connections in bridges. These connections can lead to
bridge destruction under flooding if the connection systems are not properly designed.
Seven of the eight steel truss bridges studied in this paper were destroyed. The cause
of the destruction of six bridges was the improper connection of the deck to the sub-
structure, which led to the deck sliding and overturning. Another bridge deck was over-
turned due to the scouring of the abutments. Notably, the occurrence of scour at the first
flood-risk level and the ensuing failure show that bridge collapse can occur even at low
flood severities (IM < 0.75) and is not restricted to high-intensity floods. Figure 6 shows
a flowchart of the destroyed bridges (the cause of their damage) and stable bridges.

Among the main reasons for the destruction of bridges are the phenomena of debris
damming and debris impact. If the water height is equal to or greater than the height
of the deck, the accumulation of wood, trees, floating objects, etc., on the upstream
side of the deck prevents parts of the water path. As a result of this process, the outflow
water rate through the bridge is less than the water flow rate caused by the flood. For
this reason, debris damming and debris impact occur. This phenomenon leads to water
accumulation on the upstream side of the bridge. This process leads to extra pressure on
the deck. This process is crucial for steel truss bridges, whose bracing members often
trap debris, thereby intensifying flood-induced loads on such bridges. These phenom-
ena can lead to the collapse of bridges if there is an improper connection between the
deck and the substructure. Bridges STB1, STB3, STB5, STB6, STB7, and STB8 have been
destroyed for the reason mentioned above. Figure 7 shows the location of the accumula-
tion of wood and trees on the upstream side of the bridge deck.

In this study, one of the most critical causes of bridge failure is the inadequate strength
of the connection system between the deck and the substructure. Figure 8 presents a
schematic view of the cap beam surface after the deck sliding and overturning, show-
ing that its surface remains undamaged. Figure 5f illustrates that, following the collapse
of bridge STB6, no damage is observed on the cap beam surface. This indicates that no
connection systems existed between this bridge’s superstructure and the substructure.
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Fig. 5 Post-flood conditions of the investigated steel truss bridges: a collapsed STB1, b STB2 collapsed due
to abutment scour, € STB3 after the flood, d STB4 after the flood, e STB5 during flooding, f collapsed STB6,
g STB7 during flooding, and h STB8 during flooding
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Fig. 6 Flowchartillustrating the classification of steel truss bridges as damaged or undamaged under flood
conditions

Fig. 7 The location of the observed accumulation of woody debris and floating objects

Figure 9 displays that the bridge STB4 has proper connections between the deck and the
abutments.

4.2 Statistical analysis

As shown in Fig. 10, 12.5% of the bridge failures are attributed to scouring, at hazard
level I. At hazard level II. Only 12.5% of the studied bridges remained stable, and 75% of
the studied bridges failed due to deck sliding and overturning at hazard level III, as the
water level exceeded the bridge deck.

The empirical assessment of flood-induced vulnerability using the Hw/Hd index
shows that, at hazard level I, bridge STB2 overturned due to scouring effects on its
abutment. At hazard level II, no additional bridge failures were observed. At hazard
level III, six bridges (STB1, STB3, STB5, STB6, STB7, and STBS8) collapsed due to
deck sliding and overturning caused by improper connections between the super-
structure and substructure, instability of the bridges, debris damming, and excessive
hydrodynamic forces. Only STB4 remained stable, demonstrating resilience under
extreme flood conditions. In this context, the percentage of failed bridges at differ-
ent hazard levels is analyzed (Fig. 11). The results from Fig. 8 indicate that when the
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. Surface of cap beam
Flood direction

Fig. 9 Connection configuration between the superstructure and substructure in bridge STB4

Hw/Hd parameter exceeds 1 (third hazard level), the rate of bridge failure increases
significantly.

Figure 12 presents the Kaplan—Meier survival curve for bridges under varying flood
intensity ratios (Hw/Hd). When the Hw/Hd index is equal to 0.75, one bridge failure
is recorded, reducing the survival probability to 0.875. No further failures occur when
Hw/Hd index is equal to 1.0, and the survival probability remains unchanged. How-
ever, when Hw/Hd reaches 1.2, six additional bridges fail, leading to a sharp decline in
survival probability to nearly 0.125. This steep drop indicates that most failures occur
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Fig. 11 Empirical flood vulnerability curve depicting the relationship between parameter Hw/Hd and the
damage ratio of bridges

once the flood intensity surpasses a critical threshold, emphasizing the importance of
considering the Hw/Hd criterion in the design of river-crossing bridges to ensure reli-
ability against severe flooding.

As presented in Fig. 13, the empirical fragility curve illustrates the increasing probabil-
ity of failure of steel truss bridges with rising values of the intensity measure (IM =Hw/
Hd). For example, when Hw/Hd is 0.1, the probability of bridge failure is as low as
0.034%. When the Hw/Hd index is equal to 1.5 (corresponding to water depths rang-
ing from 0.01 to 1.8 m), the failure probability sharply increases to 97.4%. This proba-
bilistic representation provides valuable insights into the vulnerability of steel truss
bridges under flood conditions and serves as a robust tool for risk assessment and flood
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Fig. 12 Kaplan—Meier survival curve illustrating bridge reliability under varying flood intensity ratios (Hw/Hd)

management planning. The developed fragility curve represents a practical instrument
for assessing flood-related risks and planning management strategies, enabling engi-
neers, stakeholders, and policymakers to gain deeper insights into the susceptibility of
steel truss bridges under diverse hydraulic conditions.

5 Conclusion

This study presents a methodology for developing empirical flood fragility curves
for steel truss bridges. Based on post-flood field surveys, expert damage classifica-
tion, and engineering judgment, the proposed approach captures observed failure
mechanisms and explains bridge collapses even under relatively low hazard levels.
The resulting fragility curves offer a transparent and data-driven framework for emer-
gency response planning and retrofit prioritization, while also acknowledging existing
limitations and identifying directions for future improvement. The main conclusions
are summarized below:

The destruction of approximately 87.5% of the steel truss bridges in this region
highlights a significant disruption in the road communication network, with 7 out of
8 studied bridges being destroyed.

The collapsed bridges were located in mountainous areas, while the sole, safe steel
truss bridge was in a plain region. Flood depth is a critical factor in determining
bridge damage, and it is more severe in mountainous areas than in plains.

Maintaining an adequate water-to-deck elevation ratio during high-probability
flood events is critical; the deck must remain far from the water surface to prevent
debris damming effect, hydrodynamic uplift, extra loads, and ensuing instability.

Bridges STB1, STB3, STB5, STB6, STB7, and STB8 experienced an IM greater than

one, resulting in the collapse of their decks.
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Fig. 13 Empirical fragility curve illustrating the probability of failure of steel truss bridges as a function of
intensity measure

Bridge STB2 collapsed before the water level reached the deck height due to abut-
ment scouring and rotation.

Although Bridge STB4 experienced an IM greater than one, it remained stable
under flood conditions for two main reasons. First, it is located in a plain area, where
floodwater can spread laterally, leading to a dissipation of hydraulic energy compared
to mountainous settings. Second, the bridge deck is adequately connected to the
abutments, which enhances its stability during the flood event.

The results of the survival and fragility curves indicate that when the water level
increases during a flood, the extent of bridge damage also rises. Specifically, when
the floodwater height (Hw) is greater than the deck height (Hw/Hd > 1), the probabil-
ity of bridge failure significantly increases. These findings emphasize the importance
of considering this factor in designing flood-resistant steel truss bridges to prevent
widespread structural damage.

While most analytical methodologies presuppose a monotonic and well-defined cor-
relation between flood intensity and bridge damage, the empirical evidence gathered in
this study reveals noticeable deviations from such idealized patterns. This result, often
overlooked or simplified in conventional hydraulic and numerical models, highlights the
limitations of purely theoretical approaches. Consequently, the empirical fragility curves
developed herein are firmly rooted in observed field performance, providing a data-
driven representation that explicitly incorporates real-world irregularities into bridge
vulnerability assessment under flood hazards.

Field evidence indicates that deck inundation (Hw/Hd > 1) is the primary mechanism
leading to bridge failure. Therefore, in the design of new bridges, the deck elevation must
be sufficiently higher than extreme flood levels, particularly in mountainous regions.
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Inadequate connection systems between the deck and substructure were among the
most important causes of deck uplift and rotation. Strengthening the connections and
increasing the anchorage capacity against uplift forces can significantly reduce the likeli-
hood of failure.

Scouring was one of the key mechanisms of structural damage. Effective countermeas-
ures include the use of deeper foundations such as piles and micropiles, appropriate
bed protection measures—especially around piers and abutments—and installing scour
monitoring systems to obtain reliable estimates of scour progression.

Accurate assessment of the ratio between the natural channel discharge capacity and
the peak flood discharge, as well as the ratio between the bridge outflow capacity and the
peak flood discharge, is essential in the design of new bridges and in the retrofit planning
of existing ones.

The accumulation of debris, tree trunks, and vegetation—and the formation of debris
dams—plays a significant role in increasing hydraulic forces and pressures on the deck.
Therefore, implementing periodic debris management and upstream clearing strategies
can substantially mitigate this phenomenon.

Enhancing the flood resilience of bridges requires the deployment of structural and
hydraulic health monitoring systems, as well as flood early-warning systems.

Loose soils (land) surrounding the river are susceptible to erosion and scour during
floods, and large volumes of sediment may enter the flow, increasing sediment load,
altering flow patterns, and intensifying hydrodynamic forces on bridges. Therefore, sta-
bilizing vulnerable soils along the riverbanks is of high importance.

In summary, the proposed framework (relying solely on the intensity measure
IM =Hw/Hd under data-scarce conditions) provides an effective tool for risk assess-
ment of truss bridges. Its main advantages are: (i) it explicitly incorporates flood-to-deck
elevation ratio, a highly influential descriptor of flood severity; and (ii) for existing steel
truss bridges, it can be a reasonable estimate of failure probability that can serve as a
practical basis for retrofit prioritization and is even an effective factor in bridge design.
Nevertheless, although IM is a suitable index for comparing diverse conditions, it does
not capture all hydraulic factors; in this study, the focus is restricted to the water-level—
to-deck-elevation ratio. With more comprehensive data, the index should be extended
to a multi-parameter measure that augments IM with the ratio of flood discharge to the
natural channel capacity, the ratio of flood discharge to the bridge’s outflow capacity,
the effects of flow velocity and flood duration, and the prevalence of floating debris and
vegetation along the flow path (which contribute to debris damming). Accordingly, the
present results should be viewed as a data-driven basis for initial decision-making. In
subsequent cycles, this IM is improved toward more precise predictions by incorporat-
ing additional hydraulic parameters.
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