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Abstract

Coastal highway bridge is an essential component of the transportation system but
threatened by natural hazards such as hurricanes. Damaged highway bridges result
in not only transportation disruption, but also tremendous financial, societal, and life
loss. Therefore, vulnerability and loss assessments of bridges under hurricane events
are becoming primary concerns for decision-makers. This study provides an elaborate
framework to assess the vulnerability and long-term loss of coastal bridges subjected
to hurricane hazards based on three-dimensional (3D) numerical analyses. A 3D
Computational Fluid Dynamics (CFD) numerical model is established to investigate
wave-bridge interaction and a Finite Element (FE) model is established for the bridge
to calculate structural responses under wave impacts. Based on the numerical results,
the effects of wave force and overturning moment on structural capacity are studied
and a probabilistic vulnerability model is developed. Structural demand, capacity, and
limit states are determined, respectively. Uncertainties associated with wave
parameters, structural capacity, and material properties, and the resulting
consequences are considered. Then, fragility curves are calculated, and long-term
damage loss is assessed. The proposed approach can benefit the management and
design of coastal bridges against the impacts of hurricane hazards.

Keywords: Highway bridges, 3D numerical models, Long-term loss, Overturning
effects, Structural response, Vulnerability model

1 Introduction
Coastal highway bridge, as a crucial component of the transportation system, is

exposed to increasing failure risk from worldwide natural disasters such as hurricanes

in recent years. Much damage is attributed to the storm surge and wave loads on

bridge superstructures, which has motivated researchers to investigate wave-bridge

interaction mechanisms in the last decade (Padgett et al. 2008; Xu and Cai 2015b). The

investigations of wave load on coastal bridges through laboratory experiments and analyt-

ical methods (Guo et al. 2015; Hayatdavoodi et al. 2014; Seiffert et al. 2014; Xu et al.

2016) have laid the foundation as a preliminary guideline, and the first guide specification

for bridge vulnerable to coastal storms was published in 2008 (AASHTO 2008). More

© The Author(s). 2021 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 material. 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/.

Advances in
Bridge Engineering

Zhu et al. Advances in Bridge Engineering            (2021) 2:10 
https://doi.org/10.1186/s43251-020-00030-7

http://crossmark.crossref.org/dialog/?doi=10.1186/s43251-020-00030-7&domain=pdf
http://orcid.org/0000-0002-2499-0999
mailto:you.dong@polyu.edu.hk
mailto:you.dong@polyu.edu.hk
http://creativecommons.org/licenses/by/4.0/


specific and detailed analyses are required for real bridge systems considering the complex

hydrodynamic problem (AASHTO 2008). In addition, studies associated with the develop-

ment of reliable bridge systems mainly focused on the characterization and reduction of

the vulnerability of the systems and the impacts of disaster events on system users (Dong

et al. 2020; Li et al. 2020b). However, loss analysis may calculate a biased result due to the

lack of in-depth understanding of structural responses. To address these issues, this study

aims to perform vulnerability and long-term loss assessment of a coastal bridge subjected

to hurricane disasters based on a detailed structural analysis.

There have been growing concerns about the wave impacts on coastal bridges since

the severe Hurricanes Katrina (2005) and Ivan (2004). One of the failure modes leading

to the severe damage is deck unseating caused by vertical wave load exceeding deck

weight (Padgett et al. 2008). In addition, the bridge deck can be displaced by the hori-

zontal wave force as long as it is large enough (Chen et al. 2016b). However, the wave

induced overturning moment and bearing constraints have not been well investigated.

For instance, AASHTO (2008) recommended selecting the moment center at the bot-

tom of landward girder, while Cai et al. (2018) suggested it at the center of the bent

beam to account for the pressure on the bridge substructure. Xu (2020) pointed out

such method may underestimate the effects of horizontal force. Ataei and Padgett

(2015) established a Fluid Structure Interaction model to compute the structural re-

sponse using ADINA software package, but the effects of bearing constraints were not

considered. Xu and Cai (2015a) utilized a simplified spring and damper system to simu-

late the connection between bridge superstructure and substructure, which could not

fully address bearing constraints for practical engineering design. All these studies

pointed out the necessity of a systematic structural response analysis of coastal bridge

under wave impacts. Recognizing this, this study establishes a three-dimensional (3D)

Computational Fluid Dynamics (CFD) model to compute the wave induced force and

moment on the bridge deck. The results are then imported into a spatial bridge Finite

Element (FE) model to calculate detailed structural responses with considering bearing

constraints.

Currently, only a few studies have been conducted on the reliability assessment of

coastal bridges under hurricanes (Ataei and Padgett 2013; Li et al. 2020b; Mondoro

et al. 2017), and to the best knowledge of the authors, none of them accounted for

overturning effects and bearing constraints. Ataei and Padgett (2013) first proposed the

probabilistic vulnerability model on the deck unseating failure mode of coastal bridge

caused by wave force. Saeidpour et al. (2019) discussed uncertainties associated with

structural demand and capacity and pointed out the lack of detailed bridge failure

model. Kameshwar and Padgett (2014) also pointed out the necessity of a more thor-

ough failure model considering wave overturning effects. Therefore, given various

sources of uncertainties pertaining to structural system and load characteristics, as well

as the numerical results computed from the established CFD and FE models, a prob-

abilistic vulnerability model of coastal bridge subjected to hurricane wave impacts is

established targeting on both wave force and overturning moment.

The hurricane-induced consequences on coastal bridges are commonly measured in

terms of financial losses, which is vital to aid the decision-maker to mitigate potential

losses and enhance preparedness (Dong and Frangopol 2017; Frangopol et al. 2017).

Previous loss assessment for hurricane hazard mainly focused on the unseating failure
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mode, and few studies incorporated component-level analysis. For example, Kameshwar

and Padgett (2014) performed the risk assessment of highway bridges subjected to

hurricane hazard, but only the deck unseating failure mode was considered. Neglecting

the effects of overturning moment and bearing constraints may result in the inappro-

priate estimation of hurricane induced loss, and a more thorough model is required to

address this issue. Thus, long-term loss assessment incorporating the overturning

failure mechanism and effects of bearing constraints is performed in this study. The

results are compared with previous methods for illustrative purpose.

Overall, this study aims to perform probabilistic vulnerability and long-term loss analyses

of coastal bridges subjected to hurricane hazards based on an insightful exploration of the

wave-deck interaction. 3D CFD model and FE models for the investigated bridge are estab-

lished to explore wave influences and structural responses. Based on the numerical results,

a probabilistic failure model of bridge under wave impacts is established, in which the ef-

fects of wave induced force and overturning moment are evaluated. Subsequently, long-

term damage loss assessment during the bridge service life is calculated based on the

homogeneous Poisson process. These results could aid the management, maintenance, and

optimal structural design of coastal bridges. The remainder of the paper is organized as

follows. CFD modeling and computational results are introduced in section 2. Bearing

constraints, FE modeling, and calculation of structural responses are presented in section

3. A probabilistic vulnerability model incorporating the overturning failure mechanism is

developed in section 4. Long-term loss analyses are discussed in section 5. Conclusions and

future work are shown in section 6.

2 Wave force and overturning moment on bridge deck computed by 3D CFD
model
2.1 3D CFD domain and model setups

The investigated bridge model is a typical simply supported bridge as shown in Fig. 1.

This type of bridge is widely built in coastal region and the old bridge design could not

fully meet the requirement under climate change scenarios (Robertson et al. 2007). The

combined effects of increasing sea level rise and amplification of hurricane intensity are

threatening structural safety (Douglass et al. 2004). As shown in Fig. 1, the investigated

bridge model is 15.85 m long and 9.6 m wide. The deck thickness is 0.18 m, and 6 I-

shaped girders, with a height of 1.37 m, are evenly distributed along the deck. The ini-

tial water depth before surge and wave arrive is set as 12.5 m, and the clearance is 4 m.

Fig. 1 Bridge model and bearing constraint
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The 3D CFD model of the investigated bridge is established with ANSYS Fluent pack-

age as shown in Fig. 2. The numerical domain is 140m long in x direction, 30m high in y

direction, and 20.85m wide in z direction, i.e., there is 2.5 m reserved at both ends of the

deck. The bridge model is located 20m from the velocity inlet domain. Plane ABCD is set

as velocity inlet plane to generate solitary waves by using User Defined Functions (UDF)

(Chen et al. 2016a). Plane EFGH is set as pressure outlet plane and there is a 100-m long

distance between the bridge model and plane EFGH to minimize wave reflection effects.

Plane AEHD is a pressure outlet plane with one atmosphere (i.e., 101.325 kPa). The rest

planes are set as stationary walls. The solitary wave particle velocities u and v when trans-

mitting a wave are calculated as (Sarpkaya and Isaacson 1981)
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where D = water depth; H = wave height; g = gravitational acceleration; x = coordinate;

t = time; ɛ = H / D; s = y + D; and y = the distance from the still water level to the wave

crest, which is negative if the free surface is lower than the initial water level.

In the CFD model, the Volume of Fluid method (VOF) is utilized to compute the free

water surface with air set as phase-1 and water-liquid set as phase-2 (Chen et al. 2020).

The SST k-ω model is adopted and the turbulence damping factor is taken as 50. The tur-

bulent intensity and viscosity ratio of the boundaries are set as 2% and 10%, respectively.

Tetrahedron mesh is utilized to fit the irregular bridge shape and mesh sizes are examined

by performing sensitivity analysis to satisfy the Courant Number (Robertsson and Blanch

2020). After test and comparison for different setups, the tetrahedron mesh size is set as

0.6 m and the fixed time step is 0.01 s, which could result in a suitable Courant Number

ranging from 0 ~ 0.4. The total mesh number of the numerical model is 3,505,118.

Detailed information and experimental validation of the established model could be found

in Zhu and Dong (2020). With the established 3D CFD model, wave induced force and

overturning moment under various surge and wave conditions can be calculated.

Fig. 2 3D CFD numerical domain established with ANSYS Fluent
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2.2 Wave induced force and overturning moment

Time histories of wave induced force (FV and FH) and moment (M) of a typical case

with D = 15m, H = 3.6 m, and Zc = 1.5 m are plotted in Fig. 3. The reference point of

the overturning moment is determined at the bottom of the landward girder, which

corresponds to the numerical analysis of structural responses and in line with the guide

specification (AASHTO 2008). The vertical and horizontal wave forces increase to the

peak and then drop down as the wave flow passes the bridge, as shown in Fig. 3a. Simi-

lar trend of increasing first and then decreasing is observed for overturning moment M

as Fig. 3b. The peak of FV is much larger than FH, and the maximum values of FV, FH,

and M occur almost simultaneously, at about 20.5 s.

By tracing time histories of wave force and moment, several critical points which may

affect structural stability are determined as: (1) maximum vertical force FV-MAX which

could over the deck weight and lift the deck; (2) maximum horizontal force FH-MAX which

may exceed lateral constraint from the bearings and the friction force between bridge

superstructure and substructure; and (3) maximum moment MMAX which may damage

local constraint at the seaward side and overturn the deck. Typical results under different

wave and inundation conditions calculated from the CFD model are presented in Fig. 4.

As indicated in Fig. 4a, FV-MAX increases with the wave height H, but the increment rate

changes with different water depth D. Under submerged conditions (Zc = − 2.1m), wave

height H has little influence on FV-MAX. The maximum value of FV-MAX occurs when the

initial water level is close to the deck position. The maximum horizontal force FH-MAX

shows different characteristics from FV-MAX, which is less influenced by the water depth D

but more by the wave height H. FH-MAX has close values under different water depths for

small wave heights (H = 3.6 and 4.2 m). The maximum momentMMAX has a similar trend

to FV-MAX and has the maximum value when Zc is the smallest, which means it is attrib-

uted to the vertical force component significantly. The extreme overturning moment leads

to uneven loading distribution on the bridge deck, which may destroy local components

(e.g., bearing) and overturn the deck. It is necessary to conduct structural response ana-

lyses of coastal bridges under wave impacts.

3 Bridge structural responses under wave impact based on FE numerical analysis
3.1 FE modeling for the bridge and boundary conditions

To investigate the structural performance and capacity of the coastal bridge under extreme

wave impacts, a spatial FE bridge model is established to compute structural responses by

Fig. 3 Time histories of wave induced vertical force, horizontal force, and moment
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using ANSYS Mechanical APDL package. The established bridge model and bearing con-

straints are shown in Fig. 5, where the wave induced forces are applied on different girder

and deck components. Constraints are set at bearings according to real bridge design as

shown in Table 1 (Caltrans 1994; Khaleghi et al. 2019). All the bearings are set as compres-

sion only and the constraints in horizontal direction (x) are set at bearings L3 and R3. To

accurately calculate structural responses, the bridge deck is divided into 6 parts as Fig. 5 (b),

and time histories of wave forces on each part (surface) are extracted from the CFD model

and then input into the FE model. Surface load, which is evenly distributed along the longi-

tudinal direction (z direction), is applied on the bridge span.

In the FE model, SOLID 65 and COMBIN 39 (compression only) are used to simu-

late the concrete and constrain of each bearing. The stiffness of COMBIN is set as 1×

1010 N/m. For SOLID 65, the modulus of elasticity (EX) = 3.524 × 104 N/mm2; Poisson’s

ratio = 0.167; density = 2600 kg/m3; shear transfer coefficient for open crack = 0.3; and

shear transfer coefficient for closed crack = 0.5. The ultimate concrete compressive

strength fc
’ is taken as 37.1MPa and the axial tensile cracking stress ft

’ is 3.25MPa (ACI

2014). It is assumed that there is no descent stage for the concrete, and the stress-

strain relationship is defined as (ACI 2014)

σc ¼ f
0
c 1 − 1 −

εc
ε0

� �2
" #

εc≤ε0 ð4Þ

Fig. 4 Maximum wave force and overturning moment under different conditions

Fig. 5 a FE bridge model and bearing constraints and b structural segmentation for load application
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σc ¼ f
0
c ε0≤εc≤εcu ð5Þ

where σc = concrete stress; εc = concrete strain; and ε0 and εcu = peak and ultimate

strains, which equal 0.002 and 0.0033, respectively.

3.2 Bearing reactions under different loading conditions

Given relevant parameters used in the bridge FE model, bearing reaction forces and

working states can be calculated as shown in Fig. 6. In Fig. 6, a positive value represents

the compressed (normal) working state, while a zero value refers to the disengaged

(damage) state, because tension force (negative value) is not allowed for compression-

only bearings. Disengaged bearing no longer provides constraint. Since the lateral

constraint (x direction) is set at the R3 bearing at the R end of the span as Table 1,

there is little difference between reaction forces of the left and right bearings. The deck

weight is about 219.4× 103 kg per span, and the overturning capacity from the deck

weight is calculated as 9298 kN×m. Figure 6a shows the case where the maximum

overturning moment MMAX = 3023 kN×m, which is relatively small as compared with

the capacity from the deck weight. All the bearings are working properly. With the in-

crease of maximum wave force and overturning moment as shown in Figs. 6b – d,

more bearings are damaged, which significantly reduces structural stability and the

Table 1 Bearing constraints of the bridge model

No. x y z No. x y z

R1 – C_O Constrained L1 – C_O –

R2 – C_O Constrained L2 – C_O –

R3 Constrained C_O Constrained L3 Constrained C_O –

R4 – C_O Constrained L4 – C_O –

R5 – C_O Constrained L5 – C_O –

R6 – C_O Constrained L6 – C_O –

Note: C_O refers to compression only bearings

Fig. 6 Bearing working states under different overturning moments
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bridge deck could be easily overturned by the wave impacts. Identification of such fail-

ure mode and calculation corresponding limit states are of vital importance.

By applying different external overturning moment on the bridge model, the bearing

reaction forces and limit states can be calculated. After several calculations, once exter-

nal moment M exceeds 7696 kN×m, bearings at seaward side will damage including L1

– L3 and R1 – R3. At this moment, the deck loses all the constraints in x direction,

and structural stability cannot be guaranteed. Thus, 7696 kN×m is determined as the

limit state for the overturning effect by considering bearing performance.

4 Probabilistic vulnerability model for coastal bridge under wave impact
4.1 Fragility model and bridge capacity considering overturning moment

To account for the wave induced forces and overturning moment effects on the bridge

deck, the limit state function of the bridge failure model is developed as

P ¼ CF ≤DF or CM ≤DM½ � ð6Þ

where C = structural capacity; D = structural demand; P(F) = the probability failure of

the bridge span; and the subscript F and M represent failure caused by force and mo-

ment, respectively. The structural capacity for vertical wave force is mainly provided by

deck weight

CF ¼ Ws ¼ dbW þ Agng
� �

γl ð7Þ

where Ws = the static weight of the deck; db = deck thickness; W = the deck width; Ag =

cross-sectional area of girders; ng = girder number; γ = unit weight of the deck; and l = span

length. With respect to the overturning failure mode, the structural capacity CM = 7696

kN×m is computed from the bridge FE model considering bearing working states.

4.2 Probabilistic demand model for wave load and overturning moment

The structural demand parameters associated with bridge failure caused by force and

moment (DF and DM) are the maximum vertical wave force and overturning moment

on the bridge deck. Although the 3D CFD numerical model could compute reliable re-

sults for different cases, it is limited to its high computational cost, which is not condu-

cive to large-scale calculations, especially for vulnerability and risk analyses. To address

this issue, surrogate models are utilized in this study to predict wave induced force and

moment. Such mathematical method establishes the correlation between structural

demand with hazard intensities (wave parameters) based on numerical results. And the

proposed surrogate model could be utilized to compute wave force and moment under

various conditions, which highly improves computational efficiency.

Considering different characteristics of wave force and overturning moment under

different inundation conditions, different surrogate models are selected for unsub-

merged and submerged cases. A total of 108 data sets are used to train the surrogate

model, 54 for unsubmerged cases and the other 54 for submerged cases. In this study,

the stepwise regression method is used to identify the most critical factors contributing

to the wave induced force and overturning moment from water depth D, wave height

H, clearance Zc, and coefficients wave period T, wavelength λ, wave steepness H/λ,

which are calculated based on the solitary wave generation theory (Goring 1978), and

their interactions with each other (i.e., the product of two indexes). After several
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calculations and comparisons, a second order polynomial regression model is adopted

and wave height H and clearance Zc are taken as two model predictors. In addition, a

normally distributed model error term υ, with 0 mean and standard deviation equal to

the root-mean-square error (RMSE), is added to consider the lack of fit (Segura et al.

2019). The general equation is as (Simpson et al. 2001)

y
0 ¼ θ0 þ

Xq
i¼1

θimi þ
Xq
i¼1

Xq
j¼1

θijmimj þ υ ð8Þ

where mi and mj = the model predictors (i.e., H and Zc); θi and θij = fitting coefficients;

and q = the number of total predictors taken as 2. The coefficient of determination (R2)

and the root-mean-square error (RMSE) are adopted as the goodness-of-predict, which

are calculated as

R2 ¼ 1 −

Xq
i¼1

yi − y
0
i

� �2
Xq
i¼1

yi − ymeanð Þ2
ð9Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXq
i¼1

yi − y
0
i

� �2
n

vuut ð10Þ

where y’ = predicted values calculated by the surrogate model; y = simulated values

from CFD model; ymean = the mean value of the samples; and ymax and ymin = the max-

imum and minimum sample, respectively.

The fitting coefficients θi and θij, and performance indexes RMSE and R2 are listed in

Table 2. Also, comparisons of simulated results from the CFD model and predicted

values using the surrogate models are presented in Fig. 7. Generally, good fittings are

observed, proving the accuracy of the established surrogate models.

4.3 Uncertainties associated with structural demand and capacity

The numerical model computes a deterministic relationship between structural demand

and wave parameters, while uncertainties associated with structural capacity and

intensity measures should be considered for real bridge conditions. For example, the

concrete and steel strength could be slightly different from the standard values, which

would affect the overall capacity of the bridge. Thus, a probabilistic vulnerability

analysis, rather than a deterministic one, is utilized and introduced herein.

Table 2 Fitting and performance coefficients for different inundation scenarios

Unsubmerged RMSE R2 θ0 θ1 θ2 θ11 θ12 θ22

FV-MAX m1 = H
m2 = Zc

403.6 0.909 − 1299 1132 − 410.9 −32.75 172.6 − 400.3

FH-MAX 140 0.943 − 1899 1077 − 569.2 −77.37 112.1 −10.87

MMAX 1863 0.897 3593 3465 − 8261 7.948 1446 − 725.2

Submerged RMSE R2 θ0 θ1 θ2 θ11 θ12 θ22

FV-MAX m1 = H
m2 = Zc

401.2 0.828 2042 481.8 1781 −6.311 29.63 349.7

FH-MAX 117.7 0.901 139.7 56.96 − 183.9 33.69 39.82 − 35.89

MMAX 1059 0.879 7950 2771 5087 57.73 831 842.9
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Wave height influences wave force and overturning moment significantly. Since most

coastal bridges are located near the coastline, a Weibull-generalized Pareto (WGP)

model (Wu et al. 2016), that was proposed based on long-term field observation record

in shallow water depth, is employed to model the wave height distribution as

f W hð Þ ¼ κφ
ρHs

h
ρHs

� �κ − 1

exp − φ
h

ρHs

� �κ	 

h≤Hs ð11Þ

κ ¼ 2 1 − ω
Hs

D

� �1:7
 ! − 1

ð12Þ

f GP hð Þ ¼ 1
αρHs

1þ ξ
α

h − ρHsð Þ
ρHs

� � − 1
ξ − 1

h > Hs ð13Þ

ξ ¼ α 1 − 2βπ
tanh kLDð Þ
kLρHs

� � − 1

ð14Þ

where fW(h) = the Weibull distribution function; fGP(h) = the Generalized Pareto distri-

bution function; h = wave height; Hs = significant wave height; φ = Weibull distribution

scale parameter taken as 5; ω = adjustment coefficient taken as 1; kL = wave number; α

= GP scale parameter taken as 0.22; β = Miche limit coefficient taken as 0.15 (Miche

1944); and ρ = estimation factor taken as 1 (Wu et al. 2016). The significant wave

height Hs during a hurricane event can be calculated as (CERC 1984)

Hs ¼ 5:112� 10 − 4UAF
1=2 ð15Þ

UA ¼ 0:71U1:23
max ð16Þ

where UA = the wind stress factor; F = the fetch length, which is treated deterministically

as 5000m; and Umax = the maximum hurricane wind speed. The maximum hurricane

wind speed Umax, is determined as a function of the return period (RT) for hurricanes

Fig. 7 Comparisons of the CFD simulated results and surrogate model predicted values
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based on the field weather record data (Malmstadt et al. 2010). The maximum wind

speeds corresponding to a RT of 10, 20, 50, 100, and 500 years are 47m/s, 56m/s, 62m/s,

65m/s, and 68m/s, respectively (Malmstadt et al. 2010).

The storm induced surge height is also stochastic and affected by the complex

meteorological environment. A uniform distribution ranging ± 20% is utilized for the

surge height (Saeidpour et al. 2019). And the mean value of surge height is taken as a

linear function with Umax (Liang and Julius 2011).

With respect to the structural capacity, uncertainties in density of construction mate-

rials and structural dimensions are considered. According to JCSS (2001), the rein-

forced concrete density follows a normal distribution with a mean of 2400 kg/m3 and a

coefficient of variation (COV) of 0.04. For steel, the mean density is 7850 kg/m3 and

COV is 0.01. A uniform distribution from 95% to 105% is used for deck thickness. The

calculated bridge deck density thus follows a normal distribution with a mean value of

2.2 × 105 kg/m3 and a COV of 0.036. Similarly, the overturning capacity also is consid-

ered as normally distributed with a COV of 0.036.

5 Fragility and long-term loss analysis for coastal bridge under hurricane hazard
5.1 Fragility curves under different hurricane scenarios

Based on the probabilistic fragility model introduced above, fragility curves can be

derived for the coastal bridge under different hurricane hazard scenarios as shown in

Fig. 8. Generally, the failure probability increases with the hurricane wind speed, and

the bridge is less likely to be affected by storm surge and waves with small wind speeds

(smaller than 35 m/s). The failure model without considering the overturning effect has

a smaller failure probability, which means it may underestimate the risk of hurricane to

the bridge. The bridge failure probability under different hurricane scenarios can be

identified from Fig. 8 and could be utilized for the long-term loss analysis.

5.2 Long-term loss quantification for hurricane hazards

The loss severity is calculated as the product of the repair cost of the bridge and the

conditional probability of the bridge being in a specified damage state under a given

intensity measure (Giouvanidis and Dong 2020). In this study, the cost of bridge

Fig. 8 Fragility curves for coastal bridge under different hurricane scenarios with and without considering
overturning effect
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superstructure replacement is taken as 1.283 million US dollars (USD) based on previ-

ous investigations (Mondoro et al. 2017). The future loss is discounted to the present

value using a monetary discount rate r. Thus, the proposed long-term loss can be de-

termined by summing the losses from individual hurricane hazards during the investi-

gated time period as

LTL tintð Þ ¼
XN tintð Þ

i¼1

Lie
− rTi ð17Þ

Li ¼ PiLr ð18Þ

where LTL = total loss for the ith hazard; Li = financial loss due to structural failure

under the ith hazard event; Ti = arrival time of the ith hazard; Pi = bridge failure prob-

ability under the ith hurricane; Lr = deck replacement cost; and r = financial discount

rate used to convert future loss to present taken as 2%.

The long-term loss LTL (tint) is related to the stochastic models. A homogeneous

Poisson process {N (tint), tint > 0} is implemented for loss assessment, the inter-arriving

time Wi follows an exponential distribution, and the number of arrivals N (tint) has a

Poisson distribution (Li et al. 2020ab). Then, the expected number of hazard arrivals

can be expressed as E [N (tint)] = λtint with N(0) = 0. The expected long-term loss can

be derived as (Li et al. 2020b)

E LTL tintð Þ½ � ¼ E L½ �λ
r

1 − e − rtintð Þ ð19Þ

Figure 9 shows the expected long-term damage loss changing over the investigated

time period under different hurricane scenarios, and the results calculated with and

without considering overturning failure mechanisms are plotted. It is identified from

the long-term loss that a hurricane hazard with a 20-year RT will lead to the highest

expected long-term loss throughout the investigated period. This feature is mainly due

to its relatively high occurrence frequency compared with other intensity levels,

although the single damage loss is small. On the contrary, the 500-year RT hurricane

scenario would cause the lowest long-term loss of the bridge for its low occurrence

frequency. It can be observed by comparing Figs. 9a and b that neglecting the

Fig. 9 Expected long-term loss for the investigated bridge with and without the consideration of
overturning effects
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overturning effect would underestimate the long-term damage loss by 20–30%. Based

on the expected long-term loss for the investigated bridge, decision-makers could

further formulate countermeasures against hurricanes.

6 Conclusions
This study provides an elaborate framework to assess the vulnerability and long-term

loss of coastal bridge subjected to hurricane hazards based on 3D numerical analyses.

A 3D CFD numerical model is established to investigate wave-bridge interaction and a

FE model is established for the bridge to further calculate structural responses under

wave impacts. Based on the numerical results, a probabilistic vulnerability model is

developed considering the effects of wave force and overturning moment. Structural

demand, capacity, and limit states are determined for the investigated failure modes.

Uncertainties arising from wave parameters, structural capacity, and material properties

and the resulting consequences are considered. Then, fragility curves are calculated,

and long-term damage loss is assessed.

The CFD simulation of the wave-deck interaction calculates the wave-induced force

and overturning moment on the bridge deck. Combined with structural responses ana-

lyses, it reveals that the extreme overturning moment could lead to bearing constraint

damage before the deck is lifted by the waves. Such phenomenon indicates the neces-

sity of considering overturning failure mechanism when analyzing structural perform-

ance under the hurricane wave impact.

Accordingly, a bridge fragility model considering the effects of wave force, overturn-

ing moment, and bearing constraints is developed. Fragility analysis and long-term loss

assessment with and without considering overturning effects are performed. The results

show that neglecting the overturning effects could not fully assess bridge failure prob-

ability under different hurricane scenarios, and it would underestimate the long-term

loss by 20–30%. Therefore, the overturning effects should be considered when formu-

lating countermeasures for coastal bridges against hurricanes.

The proposed approach can benefit the management and design of coastal bridges

against the impacts of hurricane hazards. Further studies are expected to consider other

types of highway bridges and climate change effects.
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