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Probabilistic performance of Coastal Bridges under Hurricane Waves using
Experimental and 3D Numerical Investigations

Deming Zhu'!, Peng Yuan?, and You Dong™*

Abstract

This paper proposes a comprehensive framework for performance and reliability analyses of
coastal bridges under hurricane surge and waves, including a three-dimensional (3D)
Computational Fluid Dynamics (CFD) model to simulate the wave-structure interaction,
laboratory experiments to improve the model accuracy, a 3D Finite Element Model (FEM) to
evaluate bridge and component responses, surrogate models for performance prediction, as
well as effects of uncertainties and climate changes in long-term vulnerability analyses. The
experimental validation ensures the credibility of the established model and computational
results. For accurate and efficient quantification of the structural responses under different
surge and wave conditions, surrogate models with different parameters are introduced for
investigated scenarios, which could not be well predicted by using existing methods. Based on
the detailed 3D CFD and FEM results, a new component-level overturning failure mode of a
bridge subjected to the hurricane is developed by considering wave force, overturning moment,
bearing damages, and uncertainties in structural and hazard parameters. Given fragility surface
and potential changing climate scenario, long-term reliability analysis is performed. The
established framework could be accurately and widely applied to other bridges and hurricane
scenarios by adjusting the model and experimental parameters. This study could help in
exploring the resistance of coastal bridges against natural hazards, and in developing
specifications to mitigate future hurricane risk.
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1. Introduction

Due to the climate change scenario in recent years, hurricanes have a devastating impact on
coastal communities, threatening public life and property. For instance, Hurricane Wilma in
2005 attacked the US and caused 23 deaths and a total loss of $28.1 billion (2005 USD) [1].
Typhoon Hato in 2017 struck Macau and led to 10 fatalities and a $1.42 billion loss (2017 USD)
[2]. The infrastructures, especially for those coastal bridges, are particularly susceptible to
damage for their inadequate design. Under hurricane events, damaged bridges may not only
result in traffic disruption and economic loss, but also the subsequent rescue and material
transportation problem. Reliability assessment of the coastal bridge under hurricanes is of vital
importance for enhancing resistance and resilience capacity of coastal communities against
natural hazards, and for developing structure specifications to mitigate future risks as well.
For systematic reliability analysis, the structural capacity and demand associated with
failure mode should be identified, which require a deep exploration of the structural
performance under hazards [3], [4]. Generally, a primary failure mode for coastal bridges under
hurricane events is the deck unseating by comparing the uplift wave force with the deck weight
[5]. For instance, [6] conducted laboratory experiments to measure the hurricane wave forces
on the superstructure of coastal bridges. [7] tested the quasi-static wave forces on the bridge
deck. However, an important thing that has often been neglected is the characteristic that the
wave tends to impact the deck from only one side, causing an extreme force concentrated on
the seaward side of the deck. Considering the large width of the deck, the uneven load
distribution could lead to significant structural stability problems such as extreme overturning
moment and component damage (e.g., bearing). [8] tried to calculate the overturning moment
from the measured wave loads but neglected the contribution of the horizontal force. [9] used
a CFD model to compute the overturning moment, while the constraints of the bearings were
not examined. Studies on the wave force distribution and overturning moment were very
limited. Therefore, this study focuses on detailed structural performances under hurricane
waves, including wave force, overturning moment, bearing damage, and failure sequence.

To explicitly assess the bridges and components performance under the relevant forces,
2
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the complex wave-structure interaction, such as the trapped air between the girders and the
deck, should be well addressed. Traditional two-dimensional (2D) computational fluid
dynamics (CFD) model has often been adopted to simulate the wave-structure interaction
considering the high expense of prototype scale experiments [10]-[13]. Although several
empirical formulas have been reached based on this method, the 2D model is limited in the
longitudinal (z) axis in providing accurate results. [14] simulated the wave-bridge interaction
and found there existed differences between their 2D computational results with the analytical
ones. [9] conducted numerical research of solitary wave forces on bridges and pointed out the
2D numerical model may not fully capture the wave features. [ 15] concluded that simplification
by using a 2D model could lead to errors, and a three-dimensional (3D) model should be studied
for better simulation of the wave process. [16] examined 2D and 3D models with experimental
measurements and proved the 3D model’s better performance in simulating the trapped air and
calculating wave load. Thus, a 3D CFD model is established in this study to investigate the
wave-structure interaction and to measure the external wave loads on the bridge model. In
addition, laboratory experiments are conducted in this study to improve and validate the
numerical model considering the complicated hydrodynamic problem. The wave-induced
forces are extracted from the CFD model and then imported into a 3D structural finite element
model (FEM) for the investigated bridge. The established 3D FEM bridge model could
compute structural responses and bearing performance of the bridge under wave impacts,
comprehensively considering the effects of structural dimensions, bearing constraints, and
material properties (e.g., stiffness, density, and elastic modulus).

On the other hand, a systematic probabilistic assessment framework of coastal bridges
under hurricane waves has not been well established. Existing ones are established based on
some general empirical formulas, neglecting the complex wave-structure interaction process
and the component performance. For instance, [17] investigated damaged bridges during
Hurricane Katrina, and qualitatively described bridge damage levels. [5] proposed the bridge
deck unseating failure mode by comparing empirical wave forces and the static weight of the

bridge. Furthermore, most previous studies focused on the deterministic performance
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assessment of the coastal bridge under wave loads, which does not allow uncertainty
quantification associated with capacity and demand [18]-[21]. Only a few studies assessed the
reliability of bridges under hurricanes [22]. [23] attempted to assess the vulnerability of the
coastal bridge under hurricane events using multiple environmental parameters. [24] utilized
surrogate models to evaluate the structural responses with different intensity measures based
on a 2D model. [25] discussed uncertainties in demand and capacity models and pointed out
that more studies should be conducted on the failure model at a structural component level.
There also exist some other studies [26]-[30] on the reliability assessment of coastal bridges
under hurricane wave loads. However, in these probabilistic studies, the overturning failure
mechanism and performance of the components (e.g., bearings) were not considered. To the
best knowledge of the authors, there has been no study focusing on a systematic and detailed
probabilistic performance assessment of coastal bridges under hurricane surge and waves using
both experimental and numerical methods. Therefore, based on the 3D numerical and
experimental investigations, this study develops a new component-level overturning failure
mode of a bridge subjected to hurricane waves by considering the overturning moment, bearing
damage, and uncertainties in structural capacity and demand.

Nowadays, climate change has an increasing impact on the built environment and civil
infrastructure performance [31], [32]. There has been growing evidence that global climate
change may affect both the frequency and severity of the extreme event from natural hazards
[33], [34]. [35] estimated that hurricane speed may increase by 20% around the world in the
21% century. Australian Greenhouse office reported that the peak wind speed would increase
by 2-5% by year 2030 and 5-10% by 2070. The IPCC (Intergovernmental Panel on Climate
Change) also indicated that hurricane intensity and frequency may be affected by the increase
of sea surface temperature. Under the climate change scenario, the increased vulnerability of
civil infrastructure poses a significant challenge to city planners and bridge managers. Thus,
studies are needed to assess the potential impact of climate change on the bridge vulnerability
and reliability under hurricanes.

Overall, this paper proposes a comprehensive framework for performance, vulnerability,



117
118
119
120
121
122
123
124
125
126
127
128

129
130

and reliability assessment of coastal bridges under hurricane surge and waves, and develops a
novel component-level overturning failure mode. The framework, as shown in Fig. (1),
includes an experimental verified 3D CFD model to investigate the fluid-structure interaction,
a 3D FEM to evaluate bridge and component responses, surrogate models to predict structural
performance, a probabilistic bridge fragility model considering the uncertainties associated
with structural capacity and demand, as well as a long-term failure probability analysis
considering climate change effect. The 3D CFD model and experimental measurement are
introduced in section 2. The FEM setups and results are presented in section 3. The new
component-level overturning failure mode and relative limit states are discussed in section 4.
The probabilistic long-term failure probability is presented in section 5. Conclusions are drawn
in section 6. The proposed framework can be used in reliability assessment of other structure

and hazard types and extended to evaluate the effectiveness of alternative retrofit measures.

For a given bridge

Comparison ¢

Laboratory experiment ' » | CFD model

Validation

Froude scaling model ¢

Wave force details

» Material properties v
* Boundary conditions ——— FEM structural model
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Fig. 1 Computational flowchart of the developed framework
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2. 3D CFD modeling and experimental investigation on wave-structure interaction

In this section, the wave-structure interaction is studied with ANSYS Fluent. The traditional 2D
CFD model could simulate the solitary wave but may yield errors due to the simplification in
the longitudinal direction (z axis). A 2D model could not reflect the uneven wave force
distribution on the deck, which is detrimental to the subsequent structural response analyses
such as the bearing performance. The 3D model could better address the trapped air between
the deck and girders, calculate wave load distribution, and thus provide more accurate results.
Therefore, a 3D CFD model is established to investigate the hurricane wave for more accurate
results.

Furthermore, laboratory experiments are adopted as an improvement and validation for
the numerical model. The complex hydrodynamic problem, especially for the wave-structure
interaction with trapped air in this study, could significantly influence the accuracy of the
numerical model. Although there exist several theoretical models to describe the fluid motion,
it requires specific analyses for the given case considering practical engineering issues.
Laboratory experiments could provide insights into the characteristics of wave-structure
interaction, as well as the basis of numerical simulation. Hence, experiments are conducted
herein to measure the relevant load on the bridge and to validate the CFD model. With the
established model, differences between the results from 2D and 3D models are compared,
horizontal and vertical wave forces are computed, properties of wave forces are discussed.

For the ease of the following discussion, the bridge model is introduced first. Based on
the reconnaissance report after hurricanes, most of the severely damaged bridges during
hurricanes were simply supported concrete bridges, of which the old design cannot meet the
requirement of extreme hurricane waves and climate change effects [36]. For illustrative
purposes, the bridge model investigated herein is a typical simply supported bridge widely built
in coastal regions as Fig. 2 (a). Detailed information and damage reports of this type of bridge
could be found in [36]. The deck is supported by 6 bearings at each side, labeled from L1-L6
and R1-R6 as Fig. 2 (b). The water depth is assumed as 6 m, and clearance, which is the distance

from the bottom of bridge girders to still water level before storm surge arrives, is set as 4 m.
6
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Fig. 2 (a) Simply supported bridge and (b) schematic diagram of the investigated bridge

2.1 3D CFD modeling and experimental validation

The boundary conditions of the CFD numerical domain in the ANSYS Fluent are shown in Fig.
3 (a). The numerical domain is 140 m in length (x direction), 20.85 m in width (z direction),
and 30 m in height (y direction). The bridge is located 20 m from the inlet plane, and there is a
100-m long region between the bridge model and the outlet plane to minimize wave reflection
effects. Note that only part of the numerical domain is shown in Fig. 3 for clear presentation.
As indicated, plane ABCD is the velocity inlet; plane EFGH is the pressure outlet to keep the
balanced pressures for the air and water zones; plane BCGF is set as pressure outlet with the
constant atmosphere pressure (i.e., 101,325 Pa); and others are set as no-slip stationary wall
conditions. In the CFD model, the I-shaped girders are simplified to rectangular, which is a
common method to reduce the high computational cost associated with hydrodynamics. The
wave forces on the bridge deck are calculated as the sum of the dot product of the pressure and
viscous forces on each face with the specified force vector [37]. The volume of fluid (VOF)
method is used to determine the dynamic free surface, and two phases are included. Air is set
as phase-1, the primary phase, and water-liquid is set as phase-2, the secondary phase. The
shear-stress transport (SST k-w) model is utilized as the turbulence closure for the Reynolds-
averaged Navier-Stokes (RANS) equations.

In this study, the solitary wave theory is applied to simulate extreme waves, which is a
widely accepted model to investigate hydrodynamic effects on coastal bridges in the

engineering field [38]. In addition, a solitary wave has a relatively stable wave profile within
7
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processing [39], [40], which is beneficial to validate the CFD model using experiments and

conduct the parametric study. The free surface profile 7 of the applied solitary wave theory is

, |3 H
17(xt)=H sech ‘/ZE(X_Ct) (1)

_tanh™(0.999) 38

[41], [42]

’ 3H _[3H (2
CJ 4D C\/m

where H = wave height; D = water depth; ¢ = wave celerity; x = coordinate; and ¢y = the time
interval between the wave crest and still water level. To meet the requirement of practical
experimental and numerical tests, an approximate method of using three significant figures,
i.e., 0999 in Eq. (2), is adopted to calculate the infinite solitary wave period [42]. The
simplified wave period can be calculated as 27y, and the wavelength 4 equals the product of
wave period and celerity.

In the numerical domain, a Boolean subtract is applied for the bridge model, and
tetrahedron mesh is used to fit the irregular surface of the model. To ensure accuracy of the 3D
numerical domain, a mesh sensitivity study is conducted, and different time steps are tested to
satisfy the Courant Number [43]. After several calculations and comparisons for different mesh
resolutions, the mesh size is determined as 0.6 m and the fixed time step is set as 0.01 s. The
Courant Number is around 1/3. The generated mesh of the model is shown in Fig. 3 (b). Results
of mesh sensitivity analysis are plotted in Fig. 3 (d). Little differences among each condition
are observed. Before testing the wave-structure interaction, the authors examine the simulation
stability of the generated solitary waves. After several calculations, the generated solitary
waves could forward with a steady wave profile under a wave height to water depth ratio (/D)
from 0.2 — 0.6. Given further examinations, more H/D scenarios could be applicable in other
studies. The measured water surface elevations in the numerical model are compared with
analytical models. A typical case with D =7.2 m and H =4.8 m is shown in Fig. 3 (¢), and good
agreements are observed. The initial water depth is set as 6 m, and additional water depth

(considering the effects of storm surge, tidal, and sea-level rise, efc.) ranges from 1 — 8 m, i.e.,
8



205  the overall water depth D is from 7 — 14 m. Multiple wave heights are tested for each water

206  depth with considering the H/D ratio.

207
y (vertical)
C x (horizontal)
//1‘\““\\\\4\(1ongitudinal)
B i O )
() Boundary conditions (b) Mesh of the model
6 6000
s (¢) Comparisons of wave profiles with analytical model 5000 (d) Mesh sensitivity study for wave forces
g5 r - F ) o
= E 2000 *  Meshsize=0.5m
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291 oS Solitary wave model 5 P .
= . ) - ok Nt
0 : : : : : -1000 — : : : ’ ’
10 20 30 40 50 60 70 10 12 14 16 8 20
208 Distance x (m) 1(s)
209 Fig. 3 (a) Boundary conditions of the 3D numerical domain; (b) generated mesh of the
210 model; (¢) comparisons of simulated wave profile with the analytical model; and (d) results
211 of the mesh sensitivity analysis
212
213 A 1:30 scale experiment, which is designed according to the Froude scale model [44], is

214 conducted in the wave channel at the Hydraulics Laboratory of the Hong Kong Polytechnic
215  University. The wave channel is 30 m in length, 1.5 m in width, and 2 m in height as Fig. 4 (a).
216  The Froude scale model [44] is suitable for phenomena where gravity and inertial forces are
217  dominant, particularly for free surface flows (e.g., coastal structures and waves). For a
218  geometric scale ratio = L, / L, (model/prototype), other scale ratios can be derived from the
219  Froude similarity, e.g., velocity ratio = 7/, pressure ratio = 7, and force ratio = °. The tested
220  bridge model is made of acrylic board, 0.52 m in length and 0.32 m in width. A piston-type

221  wavemaker is used to generate waves at one side of the wave channel using DHI’s (Danish
9
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Hydraulic Institute) control system. A wave attenuation slope is set at the end of the wave
channel to minimize wave reflection effects. Water surface elevation is measured using
capacitive wave height gauges. Three wave gauges are arranged as Fig. 4 (b). A multi-axis load
cell is used to measure wave forces on the bridge model at a frequency of 100 Hz. The signal
from the load cell sensor is converted to electrical signal ranging 0 ~ £ 5 V by a signal
transmitter and then collected by a multi-channel data acquisition board. Instrument calibration
is performed for all the wave gauges and load cell in x, y, and z directions, respectively. A
schematic diagram of the wave channel and experimental setups is presented in Fig. 4 (c). After
several tests, the piston type wave generator could generate stable solitary wave with a H/D

ratio from 0.15 — 0.5.

A\

AT

Solitary wave I
- 5 X

Bridge model

L -
W Piston wavemaker 3 wave gauges

CrES - Side wall
Piston type wave generator

(b) Top view and wave gauge arrangements

Piston wavemaker A . .
W Rigid connection
ave gauges
I Solitary wave
I HT Water surface
! v
e

A D

(c) Wave channel bottom

Fig. 4 (a) Photo of the 30 m long wave channel; (b) top view of the wave channel and

arrangement of wave gauges; and (c) schematic diagram of experimental setups

Photos of two typical moments in the experiment test are shown in Fig. 5. The wave comes
from the left side to the right side. When the water surface rises and reaches the deck, the water

surface is broken by the bridge model, causing splashes as indicated in Fig. 5 (b). The solitary
10
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wave could not only exceed the top of the deck but also flow around the deck in the longitudinal
direction (in z direction as indicated in Fig. 3 (a)). The trapped air between the deck and water
surface escapes from both ends of the deck, as the bubbles shown in Fig. 5 (b). Comparisons
of wave-deck interaction simulated in the 2D and 3D CFD models are presented in Fig. 6,
where the water volume fraction is represented by different colors (1 for water phase and 0 for
air phase based on the VOF method). The wave profile of the 2D model is shown in Fig. 6 (a).
The 2D model could not simulate the escape of the trapped air in the longitudinal direction (z
direction), so the air is fully trapped beneath the deck. Thus, the 2D model underestimates the
interaction area between wave and bridge, and the results could deviate from real values. On
the other hand, the 3D model better simulates the flow of trapped air, as the green and red
between deck and girders in Fig. 6 (b), representing the mixture of water and air phases. A top
view of the 3D model is presented in Fig. 6 (c), from which we could better identify the airflow
around the deck. In addition, the 3D CFD model simulates the wave-deck interaction at both
ends of the model, which is closer to the experimental measurements, and thus could provide
more reliable results. Comparisons between maximum vertical and horizontal wave forces (F)
and F,) computed from 2D and 3D models are presented in Fig. 6 (d). As indicated, F)
computed from a 2D model are larger than those from a 3D model, while values of Fx are
similar. This feature may be caused by the fact that waves and air cannot flow around the bridge
in a 2D model (i.e., along the z or longitudinal direction), which could increase the pressure on
the interaction surface. Generally, the 3D model could better solve the end effects, including
the wave effects on the ends and the escape of trapped air, and could also simulate the complex
wave-air-deck interaction for its spatial advantages.

Bridge model Breaking water surface f

—~

Splashes and bubbles
Rising water surface

Fig. 5§ Photos of the bridge model during the experiment

11
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(c) Top view of the 3D model
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265
266 Fig. 6 Comparisons of wave-deck interactions and maximum wave forces in the 2D and 3D
267 CFD models
268
269 To further validate the 3D model, comparisons of the wave force time histories between

270  numerical results and experimental measurements, for a case with D = 8.4 m and H =3 m in
271  prototype scale (D = 0.28 m and H = 0.1 m in 1:30 laboratory scale), are shown in Fig. 7. The
272  experimental measurements are converged to prototype scale according to the Froud scaling
273  model. It should be noted that in all the following figures and discussions, the origin of time ¢
274 does not necessarily refer to the actual starting point of the test wave, but for better presentation.
275  Asindicated, wave forces on the deck first reach the maximum value and then drop down to a

276  trough. The vertical force has a larger magnitude as compared with horizontal force. Generally,
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there exist acceptable deviations between experimental and numerical results due to the scale

conversion and measurement error, proving the accuracy of the established 3D CFD model.
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Fig. 7 Comparisons of wave force time histories between experimental and 3D CFD results

2.2 Properties of wave force using 3D CFD model

Schematic diagrams of different submerged conditions and bridge deck sections are illustrated
in Fig 8. The unsubmerged condition is the case where the bridge deck is elevated from the
water level before the wave arrives (D < 10 m). The partially submerged condition refers to the
scenario where the surge water level reaches the bottom of the girder but not exceeds the top
of the deck (10 <D < 11.55 m). For fully submerged cases, the surge water level is higher than
the top of the deck (D > 11.55 m). To investigate the asymmetric wave force and structural
responses, this study not only measures the overall wave force on the bridge deck but also the
force on each section as indicated in Fig. 8. The investigation of wave force on each girder
section can provide valuable information for the performance assessment of bearings under
different scenarios, which could act as input for the overturning assessment of the bridge

structure. The sections are numbered as 1 to 6 from the seaward to the landward side.

Fully submerged

Landward (D> 11.55m)

1/2!3/4/516
155 mjf m Partially submerged
Y u ! ! ! ‘ (I0m<D<11.55m)
\
10m Water surface Unsubmerged
' Bottom ©=10m)

Fig. 8 Different submerged scenarios and investigated bridge sections
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A typical case of the simulated wave-structure interaction in the 3D model is presented in
Fig. 9. Four stages are illustrated: (a) initial stage; (b) water surface starts to rise; (c) wave
overtops the bridge; and (d) after the wave. The pressure distributions on the bridge deck during
this process are shown in Fig. 10 (in the bottom view for better illustration of the wave
slamming effects). When the wave crest first overtops the bridge deck (i.e. Fig. 10 (c)), the total
pressure is unevenly distributed on the bridge deck. Wave force concentrates on the seaward
side, which would cause a large overturning moment on the deck and further lead to local
component damage. Hence, it is vital to assess the influence of the extreme overturning

moment when investigating structural performance.

Water volume
fraction

1.00

(@) Initial stage (b) Rising water level

0.75

0.50

0.25 (c) Overtopping (d) After wave crest

0.00

X
(wave dir

z

Fig. 9 Wave profiles simulated in the 3D numerical model
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Fig. 10 Pressure distribution on the bridge considering the wave-structure interaction

The time series of the solitary wave force on each bridge section for a typical case with H
=4.6 m and D = 7 m are presented in Fig. 11. In this case, the bridge deck is elevated from the
surge water level, but the wave is large enough to exceed the top of the deck. The vertical and
horizontal wave forces on each bridge section (f,; and f.;) are shown in Figs. 11 (a) and (b),
respectively. Positive values represent upward or forward forces (i.e. same direction as the
wave flow), while negative values represent downward or backward forces (i.e. opposite
direction as the wave flow). During the wave-structure interaction, f,; and f; not only have
different peak values but also reach their peaks at different moments. Peak vertical forces at
the seaward side are larger than those at the landward side, while peak horizontal forces at the
seaward side are smaller and fs is the largest one. These characteristics may be caused by the
irregular shapes of the girders and the trapped air between the girders and the deck. The value
of f,; may be mainly contributed by the wave slamming impact, and hence gradually reduces
as the wave progresses. In this process, the uplifting water surface is deformed and ‘knocked’
down by the deck and trapped air, and then pushed forward by the advancing wave. This part
of deformed water could gather and increase as the wave moves forward, resulting in larger fv;
caused by the hydrostatic pressure. Generally, the maximum vertical force on each section of
the deck f,; decreases from seaward (f,;) to landward side (fs), while fy; is just the opposite.
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Fig. 11 Time series of wave forces on different bridge sections

The maximum vertical and horizontal wave forces on the whole bridge span (F) and F%)
under different submerged scenarios are presented in Fig. 12, where the dimensionless
parameter wave steepness H// is plotted along the x axis for the ease of comparison with the
previous dimensionless study. Figs. 12 (a) and (b) show the results for the unsubmerged
scenarios. F;, shows a close linear relationship with the wave steepness //4 and the largest value
occurs when H/A > 0.045. Similarly, F increases linearly with /4 and near-linearly with D.
With respect to partially submerged scenarios as Figs. 12 (¢) and (d), F, changes little with H/4,
and decreases as D increases. Fy is larger than that for unsubmerged conditions, and is well
fitted in a linear relationship with H/4. For the fully submerged conditions shown in Figs. 12
(e) and (f), both F) and F slightly increase for larger steepness, and gradually stabilize for D.
Since the wave crest does not induce significant forces on the girder in fully submerged cases,
F), and F are much smaller as compared with other two scenarios. Generally, the wave-induced
vertical and horizontal forces F, and Fx vary and depend on different submerged scenarios,
water depth D, and wave steepness H/A. Wave forces show different characteristics under
unsubmerged and fully submerged conditions, and those with respect to partially submerged

cases could be seen as transitions between these two scenarios.

16



347
348

349

350
351
352
353
354
355
356

6000 Unsubmerged e 1200 Unsubmerged
4500 QQ@F&D ks 900 | @@Oﬁo
Z 2 a@@ A
< 3000 < 600 r
>\. N—r
OD=84m XD=88m OD=84m XD=8.8m
O 1 1 0 1 1
0.005 0.025 0.045 0.065 0.005 0.025 0.045 0.065
(@) H/L H/A
6000 Partially submerged 800 Partially submer%ﬁi @ SO
g5 o Eﬂﬁ @ A 600 w2
4000 O O R
;2 < 400 r
2200 Ap=94m oD=96m | o AD=94m OD=96m
OD=9.8m XD=10.0m OD=9.8m XD=10.0m
0 1 1 1 O 1 1 1
0.005 0.015 0.025 0.035 0.045 0.005 0.015 0.025 0.035 0.045
(c) H/A (d) H/A
1200 500
Fully submerged Fully submerged A
900 | A4 O 0, a8 375 | o
~ b xP ol X o
= R 50 gy B > O @ B
< 600 r <250 F @ X
S o
300 AD=124m OD=128m 125 | AD=124m OD=128m
0 EllD:li?’.Zm .><D:1.3'6m 0 OD=132m XD=13.6m

0.005 0.01 0.015 0.02 0.025 0.03

(€)

H/A

0.005 0.01 0.015 0.02 0.025 0.03
U] H/

Fig. 12 Maximum vertical and horizontal wave forces under different submerged scenarios

3. Component-level analysis under wave forces based on 3D FEM

Solitary waves are simulated, and wave forces are computed using the 3D CFD model, while

the complex loading and supporting conditions of the bridge could not be well solved in such

a model. More specifically, the deck is constrained by multiple bearings with different

constraint conditions, and their working states vary under the changing wave forces. Thus, a

3D FEM is adopted in this study for an accurate calculation of detailed structural responses,

including overturning moment, bearing reaction force, and bearing performance. The model

setups and results are introduced in this section.
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3.1 FEM model setups

The 3D FEM is established by using the ANSYS Mechanical APDL package as shown in Fig.
13 (a). In this numerical model, SOLID 65 and COMBIN 39 (compression only) are used to
simulate the concrete and constrain at each bearing, respectively. The ultimate concrete
compressive strength £ is set as 37.1x10° N/m? and the axial tensile cracking stress f; is

3.25%10° N/m? [45]. The stress-strain relationship for the used concrete is defined as follows

o, = fC' {1( —i} ] ec<eo ®)
o

&0 < é&c < é&cu (4)

[45]:

where o. = concrete stress; &. = concrete strain; and & and &, = peak and ultimate strains, which
equal 0.002 and 0.0033, respectively. It is assumed that there is no descent stage considered for
the concrete. Detailed material properties adopted in the model are listed in Table 1. The
calculated weight of the bridge model is 1.36x10° N/m (2.15x10* kN per span).

Table 1 Material properties defined in the FEM

No. | Element Material properties
Concrete-(MISO)
Modulus of elasticity (EX) 3.524x10'° N/m?
Poisson’s ratio (PRXY) 0.167
1 | soLID65 Density 2600 kg/m?
Shear transfer coefficient for open crack 0.3
Shear transfer coefficient for closed crack 0.5
Axial tensile cracking stress 3.25x10% N/m?
Ultimate concrete compressive strength 37.1x10° N/m?
2 | COMBIN | Stiffness (compression only) 1.0x10' N/m

The boundary conditions, i.e., bearing constraints, of the model are determined based on

practical engineering design. All the bearings are set as compression only in the vertical
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direction since generally the bearings are not designed to resist the uplift force [46], [47]. For
the investigated simply supported bridge, the displacement in the longitudinal direction (z) is
constrained at one end (i.e., right side) of the span. Note that the longitudinal forces and rotation
caused by longitudinal constraints are neglected in this model, which have a tiny influence on
the results. In addition, bearings of the simply supported bridge are often designed to allow
thermal movement caused by changing temperature, especially for hot and humid coastal
regions [46], [48]. Thus, the constraints in the horizontal direction (x) are only set at bearing
L3 and R3 at the two ends of the span. Details of the boundary conditions are listed in Table 2.

Based on the 3D CFD numerical model, the vertical wave forces mainly act on the deck,
while the horizontal forces mainly act on girders. Therefore, the wave forces obtained from the
CFD model are applied on the bridge along the longitudinal direction as Fig. 13 (b). The applied
wave loads are constant forces determined by tracing the wave force time series and selecting
values of several most unfavorable moments, e.g., when the overall wave force on the bridge
span reaches the peak value and when the wave force on certain section(s) (as Fig. 8) reaches
the maximum. The overturning moment is calculated by accumulating the contribution of each
force component as indicated in Fig. 13 (b). The reference point of the overturning moment O
is set at the bottom of the landward girder (girder 6), which is consistent with the simulated
overturning results and in line with guide specifications [49]. The horizontal moment arm Lz
equals half of the girder height, while the vertical moment arm L, depends on the horizontal

projection to center O.
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z
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Fig. 13 (a) FEM bridge model and (b) illustration of the boundary conditions and overturning

moment center

Table 2 Setups of the constraints associated with the bearings

No. Horizontal (x) Vertical (y) Longitudinal (z)
R1 - CO Constraint
R2 - cCoO Constraint
R3 Constraint coO Constraint
R4 - coO Constraint
R5 - coO Constraint
R6 - coO Constraint
L1 - CO -

L2 - CO -

L3 Constraint coO -

L4 - CoO -

L5 - CoO -

L6 - CoO -

Note: Constraint represents the bearing cannot move along the corresponding direction, -
means no constraint in the corresponding direction, and C_O refers to the bearings with the
property of compression only. For a simply supported bridge, displacement in the
longitudinal direction (z) is constrained at the right end of the bridge. Furthermore, only one
constraint is set at each end of the bridge to release the concrete temperature effect in the
horizontal direction (x). More specifically, only R3 and L3 cannot move in the horizontal

direction (x).

3.2 Bearing working state and reaction force

Given the relevant parameters used in the FEM, the peak overturning moments, corresponding
bearing reaction forces, and working states are presented in Fig. 14. The positive value

represents compressed (normal) working state, while a zero value refers to the disengaged state
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since there is no tension (negative value) from compression-only bearings. Disengaged bearing
no longer provides constraint and is considered a component failure. Due to the different
constraints at L and R sides, two bearings connecting to the same girder could have different
performances.

Fig. 14 (a) shows the case where the peak overturning moment M = 3023 kNxm, which
is relatively small as compared with the capacity from the deck weight. All the bearings are
working properly. Reaction forces and working states of bearings at seaward and landward
sides gradually vary for larger M as indicated in Fig. 14 (b). L1 and L2 are disengaged, and R1
and R2 are also close to the limit state. With M further increases, more bearings are damaged,
and the deck weight is concentrated on L6 and R6 as shown in Fig. 14 (c). Horizontal
constraints provided by the bearings are significantly reduced in this case, expediting the failure
of the deck. Fig. 14 (d) presents the results for M = 12067 kNxm, where most of the bearings
are damaged, and only L6 and R6 still work. It is difficult for two bearings to maintain structural

stability and the deck could be easily washed away.

z z
4 4
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Fig. 14 Bearing reaction forces and performance
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3.3 Overturning moment under different wave scenarios

The peak overturning moment considering bearing performance is calculated with FEM as well.
Similarly, M shows different characteristics under different submerged scenarios, and typical
results are presented in Fig. 15. For unsubmerged cases, M increases for larger H/4, but is less
affected by water depth D. The maximum value occurs when H//A is larger than 0.05. On the
other hand, M has no obvious monotonic relationship with H/A under fully submerged
conditions. It tends to reduce as D increases. Generally, peak overturning moments in
unsubmerged cases are larger than those in fully submerged cases. The extreme overturning
moment could destroy seaward bearings first, and the changed constraints would further affect
the structural stability, causing the bridge deck to overturn.

30000 8000

Unsubmerged O Fully sxbmerged
£ 22500 | Q@;@Aﬁf@g £6000 I g & A ax P
15000 | A2 a0 | XHLD gx o
OD=84m XD=88m OD=132m XD=136m
O 1 1 O 1 1
0 0.02 0.04 0.06 0 0.01 0.02 0.03
H/A H/A

Fig. 15 Overturning moment under different submerged scenarios

4. Proposed novel component-level overturning failure mode

Based on the numerical and experimental investigations on the wave-structure interaction, a
novel component-level overturning failure mode is proposed considering the wave-induced
overturning moment, bearing working state, and reaction force. Damage states are defined, and

criteria are computed using 3D FEM.

4.1 Comparison of the overturning and unseating failure modes

The primary failure mode of the coastal bridge under hurricane considered in previous studies

is the deck unseating by comparing the maximum wave force F) with the deck capacity [2].
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Once F), exceeds the sum of deck weight W;, the deck is considered as a failure. Although this
model could describe some damaged bridges during hurricane events, it does not account for
wave force distribution, bearing performance, and overturning moment. Moreover, the
overturning failure mode could be more critical, since a small but concentrated load could cause
component damage, expediting deck failure.

Component damage refers to the damage of bearings herein. Once the compression-only
bearing is disengaged by the uplift force, the bearing is considered damaged. Comparisons of
the deck overturning and unseating failure modes are presented in Fig. 16 for a typical case
where the surge water depth D is 7 m (clearance Z. = 3 m). As indicated, the peak vertical force
F), is relatively small as compared with the deck weight W, and the limit state (the gray line)
has not been reached. However, component damage occurs due to the overturning effects. The
extreme overturning moment leads to bearing failure when H > 3.4 m, and more bearings are
destructed for larger wave height and overturning moment. Since the unseating failure mode is
considered by comparing total wave force on the bridge deck with the deck weight, it fails to
identify the loading condition and damage of local bearings, which may overestimate the

overall capacity of the bridge.
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z g R1, R2,R
= 6750 | —#— Vertical force F, T:L1, L2, L3,
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Note: 1 refers to damaged bearings. Half-filled symbols indicates
component damage cases.

Fig. 16 Comparisons of overturning and unseating effects

4.2 Limit states by considering overturning failure mode

For clear clarification of the relationship within bearing damage, overturning eftects, and deck
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failure, four limit states are defined by tracing the CFD and FEM simulations for the
investigated bridge as:

e Level 1: No damage;

e Level 2: Slight damage, where component damage occurs;

e Level 3: Moderate damage, where the constraint is severely reduced; and

e Level 4: Extensive damage, where deck failure occurs.

An uplift line load is applied at the seaward girder (connecting bearings L1 and R1) in the
3D FEM, and the overturning moment, bearing reaction force, and bearing performance are
computed. The applied load is proportionally increased (amplified) until the final failure or
calculation divergence. The overturning moment M and corresponding bearing reaction forces
fLi and fg; are recorded and presented in Fig. 17. Every time a bearing is disengaged (reaction
force becomes 0), the bridge constraints and the reaction forces of the residual bearings would
change. Fig. 17 (a) shows the results for seaward bearings which would be destroyed earlier.
At the initial state without external overturning moment, the weight of the bridge deck is evenly
distributed on each bearing, which means the extension lines of each segment on the left side
will converge at the same point. As indicated, bearing R1 is the first to be disengaged,
indicating the bridge reaches the component damage Level 2. The limit overturning moment at
this state 1s 3746 kNxm. With M further increases, multiple bearings are damaged in turn
including L1, R2, and L2. When M reaches 6368 kNxm, bearing R3 damages, which means
the deck loses x-direction-constraint at R side. This state is determined as the Level 3 limit state
for the investigated bridge, since unacceptable and nonreversible movement may generate in
this state due to insufficient constraint in the x direction. Level 4 limit state is defined as when
bearing L3 is disengaged (7696 kNxm). At this state, both bearings providing constraints in the
x direction (L3 and R3) are destroyed, and the deck could be washed away laterally. Results
for landward bearings are illustrated in Fig. 17 (b). Although the failure limit states of these
bearings are larger than the Level 4 limit state, the remaining bearings are not enough to provide

sufficient constraints.
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494 Fig. 17 Limit states, bearing reaction forces, and external overturning moments
495
496 For a better illustration, the vertical displacements of the bridge deck at each limit state

497  are presented in Fig. 18. The downward deformation is represented by blue, and the uplifted
498  part caused by the wave force is presented in red and yellow. Destructive bearings at each
499  damage level are marked with arrows. No damage Level 1 is shown in Fig. 18 (a). Two ends
500  of the deck are supported by bearings and the middle section is downward because of the deck
501  weight. No bearing disengagement or component damage occurs at this stage. At Level 2 limit
502  state as shown in Fig. 18 (b), the downward deformation at the seaward side is reduced by
503 uplift force. Then, multiple bearings are damaged at Level 3 and Level 4 limit states as Figs.
504 18 (c) and (d), respectively. The uneven force and displacement distributions not only exist on
505  the seaward and landward sides, but also on the L and R sides. The new overturning failure
506  mode not only provides more critical limit states but also comprehensively considers deck and
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component spatial performances, facilitating the reliability analyses of coastal bridges.
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Fig. 18 Displacement of the deck and bearings at different limit states

5. Vulnerability analyses based on new failure mode

5.1 Surrogate models for peak wave force and overturning moment

In order to reduce the high computational expense of the 3D numerical model, surrogate models
are examined to quantify the peak wave force and overturning. The 3D simulation could
provide reliable and detailed results as introduced previously but may be limited to its high
computational cost, especially for probabilistic performance assessment which requires a large
amount of calculation. Based on typical calculation results, the general function between the
structural responses and the wave parameters could be summarized. After verification of its
prediction accuracy through mathematical methods, such a function (i.e., surrogate model)
could be utilized to calculate the general structural responses. The experimentally verified 3D
numerical model also ensures the credibility of the data source for the surrogate model.

After several calculations and comparisons, the polynomial surface model with stepwise
regression method [50] is employed, which has also been adopted in several engineering

studies [51]. The general equation is
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y =6, +:216imi+i21‘4§6iimimi ®)
where y’ = the approximating function; m; and m; = the model predictors such as wave height
and wavelength; 6; and 6; = the model parameters; and ¢ = the number of total predictors
considered in the model.

A total of 389 datasets (168 for the unsubmerged conditions, 84 for the partially
submerged conditions, and 137 for the fully submerged conditions) from the numerical analysis
are used within the surrogate model. The 5-fold cross-validation method is utilized to evaluate
the predictive performance of the surrogate model. The original sample (i.e., structural
responses computed from the numerical model) is randomly partitioned into 5 equal-sized
subsamples, and one single subsample is retained to validate the model trained from the other
4 subsamples. The cross-validation process is repeated for each subsample, and the coefficient
of determination (R?) and the normalized root-mean-square error (NRMSE) are adopted as the
goodness-of-predict, which are calculated as

(v

RZ - 1_ i=1 : (6)
(yi - ymean)

q
i=1

. (")
NRMSE— _RMSE__ V& n

ymax - ymin ymax - ymin

where y”and y = predicted values and observed values respectively; ymean = the mean value of

the samples; and ymax and ymin = the maximum and minimum sample in each subsample,
respectively. Small NRMSE value indicates good prediction performance of the surrogate
model.

Since the characteristics of the wave forces and structural responses vary for different
submerged scenarios, different predictors are determined for each scenario. For the

unsubmerged cases, the wave forces are quantified with clearance Z. and wave height H as
F =0,+0Z +0,H+0,(Z.) +6,HZ, +6,H’ (8)
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The fitting coefficients and NRMSE values are listed in Table 3.

Table 3 Fitting coefficients for unsubmerged cases

NRMSE R? 6o 61 6> 611 012 622

Fy 0.059 0.929 3515 1851 -3249  -1053 51.57 148.4
Fx 0.056 0.910 3183  -14.24 1786  -77.72 21.92 -8.23
M 0.048 0.918 13690 5979 1505 -4723 837 181.5

For the partially submerged cases, the wave forces are quantified with wave steepness H/4
and initial trapped air ratio 4,, accounting for both the various water depths and the trapped air

quantity as

. H HY H
F =00+91(7j+92A+911(7j ‘Hglz (7)A+922A¥2 (9)
C,+d -D
= — = (10)

g
where Cq = design clearance and d, = girder height. The relative coefficients are listed in Table
4.

Table 4 Fitting coefficients for partially submerged cases

NRMSE R2 o 61 6> 611 012 022

Fy 0.093 0.922 3036 3662 5047 98910 19510  -2886
Fx 0.038 0.984 367.6 13150 89.96  -83620 258 -95.03
M 0.089 0.902 13630 45760 21190 65170 98000 -12600

For fully submerged cases, the wave force is mainly affected by the submerged ratio, and
changes little with wave height and steepness. Wavelength 4 and submerged ratio M, are

determined as the predictors as:

F =6+ A+, +0,27 + 6,2, +G,M? (11)
(,-5)
M, = e =>)

"~ Td, +d, (12)
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where dj, = deck thickness and S = surge height.

Table 5 Fitting coefficients for fully submerged cases

NRMSE R’ 6o 0; 0> 011 012 622

Fy 0.106 0.851 4289  -7.671  -2120 0.0257 -1.699 497.3
Fy 0.058 0.942 1050  -1.754  -317.6 0.001961 -0.0204 54.7

M 0.099 0.887 | 12650  7.561 -5460 -0.01727  2.834 615

5.2 Probabilistic vulnerability analysis

Comprehensively considering the unseating failure mode and the overturning failure mode, the

limit state function is developed as
P(F)=P[G.(C..D.)<00rG,(C,,D,)<0|IM] (13)

where G = the limit state function; C; = structural capacity; D; = structural demand; P(F) = the
probability failure of the bridge span; IM = the hazard intensity measure; and the subscript F
and M represent unseating and overturning failure mode, respectively.

The structural demand Dr and Dy, which are the peak vertical wave force and overturning
moment on the bridge deck under a certain wave, could be derived from the surrogate model
results as introduced previously. With respect to the overturning failure mode, the structural
capacity Cy for the 4 limit states are 0, 3746, 6368, and 7696 kNxm, respectively (as Fig. 17).
The capacity Cr for the unseating failure mode can be calculated as [5]

Ce =W, =(dW +An, )7l (14)
where Wi = the static weight of the deck; W = the deck width; 4, = cross-sectional area of
girders; ng = girder number; y = unit weight of the deck; and / = span length.

The experimental and numerical based methods provide deterministic estimates of surge
and wave impacts, which may yield conservative estimations for undetermined wave
uncertainties. The probabilistic distributions employed variables are introduced as follows. A
classic Rayleigh distribution [52] is adopted to model wave heights during a hurricane, which

has been examined by several studies with measured data including [53], [54]. The probability
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density function (PDF) is as

h h?
mode mode
1
Hmode =§Hs (16)

where Hmode = the mode wave height and H, = the significant wave height, which equals the
mean wave height of the highest third of the waves in an event.

The surge height distribution during a hurricane is hard to predict because of the large
number of meteorological and environmental factors involved. [55] used the Freund bivariate
exponential distribution to represent the joint distribution of rainfall intensities and the
corresponding storm surges. [56] proposed a Gumbel logistic model for representing a
multivariate storm event. [57] utilized the Logistic correlation model to correlate the extreme
surge and waves. However, these methods lack data support due to field measurement
difficulties. Herein, a uniform distribution ranging + 20% is utilized for the surge height [25].

Uncertainties in the unit weight of construction materials, workmanship error, and
construction error are considered in the capacity modeling. A uniform distribution with lower
and upper limits of 95 and 105% is used to account for workmanship and construction errors
in deck thickness. A normal distribution for concrete and steel density is used in this study
according to [58]. The mean density for concrete is taken as 2,600 kg/m?, with a coefficient of
variation (COV) of 0.04. For steel, the mean density is 7,850 kg/m* and COV is 0.01. The
calculated bridge deck density also follows a normal distribution with a mean of 2.2 x10° kg/m’
and a COV of 0.036. Similarly, the overturning capacity at each limit state is considered as
normally distributed with a COV of 0.04. Table 6 lists the main hurricane hazard parameters
with respect to demand modeling.

Table 6 Hurricane hazard parameters used in reliability analysis

Hurricane hazard parameters

Wave height H Rayleigh distribution
Surge height S Uniform distribution
Surge water depth D Function of S
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Wavelength 1 Determined by applied wave theory
Wave steepness H/A Function of H and A
Initial air ratio Ar Function of Cq, dg, and D
Submerged ratio M, Function of Cq, dg, db, and S

5.3 Reliability analysis and fragility surface

With the probabilistic vulnerability model proposed above, the fragility surface could be
calculated by performing 1,000,000 Monte-Carlo simulations for each combination of /Ms.
The fragility surface intuitively displays the bridge failure probability under a certain intensity
measure. A fragility surface of exceeding the Level 4 limit state for the investigated bridge is
presented in Fig, 19 (a). A sharp increase in the failure probability is observed when S is around
2 - 3 m, which corresponds to a category 2 or 3 hurricane based on the Saffir-Simpson
Hurricane Wind Scale (SSHWS). This method defines hurricane scale with several parameters,
including wind speed, surge height, air pressure, and wave height, etc., and the wind speed U
and surge height S are adopted in this study. After S > 3 m, the bridge span is under a relatively
higher failure probability due to the large surge water depth. Generally, the failure probability
is more sensitive to the value of S than H,.

The bridge failure probability for a certain hurricane category (classified by wind speed)
could be estimated by determining the relationship of maximum hurricane wind speed Umax

with Hy and S. The significant wave height during a hurricane event can be calculated as [59]

H, =5.112x10"*U ,F" (17)
U, =071U%2 (18)

where Uy = the wind stress factor; F' = the fetch length, which is treated deterministically as
5000 m; and Umax = the maximum hurricane wind speed. The surge height S is taken as a linear
function with Unax [60], [61]. The exceeding probability of different overturning limit states as
well as the unseating failure mode are plotted in Fig. 19 (b), and the regions for each hurricane
category are highlighted as well. It is observed that the bridge is under relatively small failure

probability under a category 1 hurricane, and the failure probability sharply increases for
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618  hurricanes over category 2 due to the increasing surge and wave heights. The unseating failure

619 mode underestimates the failure probability of coastal bridges during hurricane events.
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622 Fig. 19 (a) Fragility surface under surge and wave conditions and (b) Failure probability
623 associated with different damage levels under specific hurricane intensities

624 5.4 Long-term failure probability and climate change effects

625 The long-term failure probability is calculated by accumulating the product of hurricane
626  occurrence rate and corresponding bridge failure probability. Changing hurricane wind speed
627  could affect the coastal environment and wave scale, which further contributes to the deck-
628 wave interaction and structural responses. Several studies utilized annual wind speed
629  distribution over an area as the hurricane occurrence model. For instance, [62], [63] modeled

630 the hurricane wind speed in a given year as a Weibull distribution based on the annual wind
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speed meteorological data. Such a method could describe the annual weather of a region but
may not be suitable for extreme events such as a hurricane. Therefore, this study adopts the
method of the probability distribution of the maximum wind speed during a hurricane event to
assess the hurricane failure probability [64]. Accordingly, a two-parameter Weibull distribution
of the maximum hurricane wind speed during each hurricane is used to simulate the
probabilistic wind speed, and a Poisson point process model is utilized as the hurricane
occurrence model within the investigated time interval. Accordingly, the cumulative density
function (CDF) of the maximum wind speed during hurricane events Fy, and the CDF of

maximum wind speed during [0, 7] period F are given by

R (u) =1—exp{—(§jﬁ1 (19)

F (u)=exp [—a)T (1-F, (u))] (20)

g
where # = wind speed; o and S = two parameters sorted from the weather record data; 7 = the
investigated time interval in year; and @ = the mean annual occurrence rate of the hurricane.
Furthermore, to describe the effects of climate change on the long-term hurricane hazard
model, the shape parameter f is assumed unchanged, while the hurricane occurrence rate w and

the maximum wind scale parameter a are time-variant [58]

o(t)=aw,+r,t (21)
a(t)=a,+rt (22)

where 7, and r, = the annual increment rate in hurricane occurrence rate and maximum wind
speed, respectively. The parameters wo, ao, and S are 0.245, 35.9, and 2.06, respectively based
on historical data obtained from US National Oceanic and Atmospheric Administration [37].
Based on previous research on climate change effects [33], [35], an 10% increment rate
during 50 years for both w(¢) and a(¢) is assumed in this study, and the CDF curves of the
maximum hurricane wind speed during a period (7) of 30, 50, 70 and 100 years with and

without considering the climate change effects are plotted in Figs. 20 (a) and (b), respectively.
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In Fig. 20, the point on the curve represents the probability of the maximum wind speed
resulting from the hurricanes not exceeding a certain value. Given the CDF, the probability
density function (PDF) can be easily obtained to determine the occurrence probability of the
relevant maximum wind speed within hurricanes. The curve on the right side of the figure
means that a large-scale hurricane (with a large maximum wind speed) is more likely to occur
within the investigated period. It could be found by comparing Figs 20 (a) with (b) that,
considering the impact of climate change, the occurrence probability of extreme wind speed
resulting from hurricanes would become larger under a longer investigated period. The failure
probabilities (e.g., probability of exceeding the damage level) within the investigated time
interval under different scenarios are listed in Table 7. Results from the unseating failure mode
without considering the overturning effects are calculated as well, and the climate change
effects are examined and compared. The failure probability remarkably increases for a longer
estimation period, especially for Level 3 and Level 4 limit states (from 0.3743 to 0.9331 and
0.3301 to 0.9008, respectively). The 100-yr period has the highest bridge failure probabilities
0f 0.9639, 0.9331, and 0.9008 due to the cumulative effect of the time period. Neglecting the
overturning effect could result in underestimation of bridge failure probability by 5 - 15% based

on different time intervals.

1 = 1
30yr e
08 - ,’/_/"/ 08 | 30yr v
oy /_/,'/
2 06 50yr 7 ¢ 06 [ soyr '\
3 3
w 04 | s 100yr w 04 f : 100yr
[a] S [a)
o - O
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’,_./'.
0 == el 1 1 O =i 1 1 1
20 40 60 80 100 120 20 40 60 80 100 120

@

Maximum hurricane wind speed (m/s)

(b)

Maximum hurricane wind speed (m/s)

Fig. 20 CDF curves of maximum hurricane wind speed under different time periods (a) with

considering climate change effects and (b) without considering climate change effects

Table 7 Probability of failure within the investigated period
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30 yr 50 yr 70 yr 100 yr

Level 2 0.4618 0.7093 0.8667 0.9639

Level 3 0.3743 0.6138 0.7932 0.9331
With CM effects

Level 4 0.3301 0.5600 0.7463 0.9008

Unseating 0.2692 0.4830 0.6767 0.8708

Level 2 0.3511 0.5050 0.6174 0.7340

Level 3 0.2719 0.4032 0.5063 0.6225
No CM effects

Level 4 0.2340 0.3520 0.4476 0.5594

Unseating 0.1827 0.2814 0.3654 0.4691

Apparently, climate change could significantly increase the bridge failure probability as
listed in Table 7. For a better understanding of such phenomenon, a sensitivity analysis is
performed by using different time-variant hurricane scale parameter o(¢) and occurrence rate
(?) as shown in Fig. 21. Increment rates of 0%, 5%, 8%, 10% during a 50-year interval [35]
are examined for both a(7) and w(¢). The relative failure probability is calculated as the ratio of
Level 4 failure probability under each climate change scenario to that calculated without
considering climate change effects (i.e., 0% for both a(¢) and w(¥)). As indicated, the bridge
failure probability could increase by 40% during a 30-year period (relative failure probability
equals 1.4), while which could be over 90% for a 100-year period (relative failure probability
exceeds 1.9). Bridge with longer service life would suffer more from the climate change effects.
The increment in a(f) has a greater impact on the failure probability as compared with w(¢)

since it directly affects multiple demand parameters including surge and wave heights.
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Note: 1 and « refer to an increment rate per 50 years for hurricane occurrence rate
and maximum hurricane wind scale, respectively. The relative failure risk is calculated as
the ratio of Level 4 failure risk under each CM scenario over the initial risk without CM
effects (i.e. 0% for both 2 and )

Fig. 21 Sensitivity analysis of climate change effects on long-term failure probability

6. Conclusions

This study focuses on the performance, vulnerability, and reliability of coastal bridges
susceptible to hurricane waves based on 3D numerical and experimental studies. The wave-
structure interaction is simulated by a 3D CFD model, which is validated by experimental
measurements. The external wave forces are then imported into the 3D FEM to further calculate
the overturning moment, bearing reaction force, and working states. Surrogate models are

examined to quantify wave force and overturning moment with different parameters for cases
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which the empirical method could not well predict. Based on the numerical results, a new
component-level bridge overturning failure mode is developed, which considers the effects of
the overturning moment and bearing damage. Limit states are defined, and criteria for each
limit state are calculated from FEM. Given the fragility surface derived from the new
overturning failure mode, long-term failure probability is assessed by considering climate
change effects.

The conclusions are drawn as follows:

1. A 3D CFD model is established to simulate the wave-structure interaction and
validated with experimental measurements. This model could better simulate the
uneven force distribution on the deck and provide reliable results for its spatial
advantage in x, y, and z directions. During the wave-structure interaction, the
maximum vertical force on each deck component reduces, while horizontal force
increases, from seaward to landward side.

2. A 3D FEM model is established to investigate the uneven wave force distribution on
the deck and the resulting large overturning moment. The extreme overturning
moment could destroy seaward bearings first, and the changed constraints would
further affect the structural stability, causing the bridge deck to overturn.

3. For a more accurate prediction of structural response, different parameters are
introduced to quantify the results under different surge and wave scenarios, including
clearance Z. and wave height / for unsubmerged conditions, wave steepness H/A and
initial trapped air ratio 4, for partially submerged conditions, and wavelength 4 and
submerged ratio M, for fully submerged conditions.

4. Based on the 3D numerical results, a new component-level bridge overturning failure
mode is developed by considering the effects of the overturning moment, bearing
damage, and failure sequence. Each damage level is defined according to the degree
of structural damage, and limit states are computed with FEM.

5. It is demonstrated that the overturning failure mode could identify component-level

damage of the bridge and calculate a larger failure probability for the investigated
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case as compared with the unseating mode. It is suggested by the authors that both
failure modes should be considered in future studies since the structural responses
vary and depend on wave forms as well as structural dimensions.

6. Itis concluded that the bridge failure probability could increase by up to 40% during

a 30-year period and by over 90% for a 100-year period when considering climate
change effects. The increment in hurricane scale has a great impact on the bridge
failure probability since it affects multiple demand parameters such as surge and wave
heights.

The proposed framework can aid the robust design and management of coastal bridges
subjected to hurricanes in a life-cycle context by considering different failure modes (e.g., uplift,
overturning) and reliability. Future studies are expected to examine the structural responses and
bearing performance of a bridge under oblique wave effects, to assess the monetary loss caused
by the hurricanes, and to consider the deterioration effects of RC structures in the reliability

assessment.
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Notation

The following symbols are used in this paper:

Ag = cross-sectional area of girders;
Ar =initial trapped air ratio;
Cq = design clearance;

Cr = structural capacity of unseating failure mode;
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Cwm = structural capacity of overturning failure mode;
c =wave celerity;
D =water depth;
Dr = structural demand of unseating failure mode;
Dwm = structural demand of overturning failure mode;
d» = deck thickness;
dg = girder height;
F = fetch length;
Fx = horizontal wave force on bridge span;
Fy = vertical wave force on bridge span;
fLi = reaction force of the i"" bearing on the span L side;
fri = reaction force of the i'" bearing on the span R side;
fi = horizontal wave force on the i"" bridge section;
f,i = vertical wave force on the i bridge section;
fc’ = ultimate concrete compressive strength;
fi = axial tensile cracking stress;
G = limit state function;
H =wave height;
Hmode = mode wave height;
Hs = significant wave height;
Leni = horizontal moment arm;
Lri = vertical moment arm;
Lm = bridge length in model scale;
L, = bridge length in prototype scale;
| =span length;
M = overturning moment on bridge span;
M, = submerged ratio;

m = model predictors;
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ng = girder number;

O = moment center;

g = number of total predictors;

r. = increment rate in maximum wind speed,;

r, = increment rate in hurricane occurrence rate;

wn

= surge height;
T =investigated time interval in year;
t =time;
to = time interval between wave crest and still water level,
Ua = wind stress factor;
Umax = maximum wind speed;
W = deck width;
Ws = deck weight;
y = observed values;
ymax = maximum sample in the subsample;
Ymean = mean value of the samples;
Ymin = minimum sample in the subsample;
y’ = approximating function;

Z:. = clearance;

S

= scale parameter;
B = shape parameter;

= unit weight of deck;

> =

= wavelength;
& = concrete strain;
gu = Ultimate concrete strain;
go = peak concrete strain;
n = water surface elevation;

6 = model parameters;
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o = scale parameter of Rayleigh distribution;
oc = concrete stress;
t = scale ratio;

o = mean annual hurricane occurrence rate.
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