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Abstract

Massive coastal bridges were damaged in Hurricanes Ivan (2004) and Katrina (2005),
and considerable efforts have been devoted to the studies of wave forces acting on
bridge decks since then. When the hurricane and tsunamis approach the coastal
zones, the mean water level is elevated, making it possible for the incident wave to
hit the bridge deck directly. The study of wave force acting on the bridge deck is
essential for the investigation of bridge failure mechanism, and a literature review of
wave forces with experimental and numerical methods after Hurricanes Ivan and
Katrina is presented in this paper. Though the experiments and numerical models
can not fully simulate the wave-deck interaction as in realistic conditions, remarkable
progress has been achieved, and some significant findings help the researchers to
further understand the failure mechanism of the bridge deck. Emphasis is given to
the studies that have significantly improved our understanding of the topic.
Challenges associated with the existing studies and suggestions for future studies are
presented for a deeper understanding of the failure mechanism of the bridge deck,
and more countermeasures are expected to protect the bridge deck under extreme
wave forces.
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1 Introduction
Hurricanes Ivan (2004) and Katrina (2005) have caused $2.5 billion in damage to the

coastal bridges in southeastern areas of the United States (Douglass et al. 2007), e.g.,

103 bridge spans from the eastbound and westbound were entirely or partly removed

from their initial positions on the support structures over Escambia Bay in Hurricane

Ivan (2004), and more than 437 bridge spans were laterally displaced with varying dis-

tances in Hurricane Katrina (2005) (Sheppard and Marin 2009). Tsunamis also have

caused extensive damage to the communities in coastal zones. A large number of brid-

ges were washed away caused by the 2004 Indian Ocean Tsunami and 2011 Great East

Japan Tsunami, leading to thousands of casualties as well (FHWA (Federal Highway

Administration) 2008; Bricker and Nakayama 2014). This infers that the coastal bridge

decks are weak when they are subjected to extreme wave loads induced by the hurri-

canes and tsunamis (Douglass et al. 2004; IEMURA et al. 2005; Ghobarah et al. 2006;

Unjoh 2006; Mosqueda et al. 2007; Robertson et al. 2007a, 2007b; Kosa 2011; Kaufman
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et al. 2012; Stearns and Padgett 2012; Akiyama et al. 2013; Kawashima and Buckle

2013; McAllister 2014; Mas et al. 2015; Bueno 2017; Godart 2017). The mean water

level is elevated as the hurricanes and tsunamis approach the coastal zones, making it

possible for the incident wave to hit the bridge deck directly (Robertson et al. 2007a,

2007b; Chen et al. 2009; Webb and Cleary 2019). However, wave loads were not con-

sidered in the design of these bridges in the last century as the bridge deck elevations

were thought to be out of the reach of extreme incident waves even during hurricanes

and tsunamis.

Before the happening of massive damage of bridge decks in Hurricanes Ivan (2004)

and Katrina (2005), much work had been done on wave forces on offshore platforms

and decks (Kaplan et al. 1995; Suchithra and Koola 1995; Bea et al. 1999; Baarholm and

Faltinsen 2004), open coast jetties (Overbeek and Klabbers 2001; Tirindelli et al., 2003;

McConnell et al. 2003; Cuomo et al. 2003; Da Costa and Scott 1988; Sulisz et al. 2005),

flat plates and docks (Wang 1970; Isaacson and Bhat 1996). Despite some similarities

between these structures and coastal bridges, remarkable differences still exist, includ-

ing the differences of local water depth, relative width of the bridge deck to wavelength,

structure elevation from the still water level (SWL), entrapped air in the cavities, and

so on. Motivated by the damage of bridge deck in Mississippi during Hurricane

Camille, only two studies focused on the effects of vertical wave forces on bridge decks

(Denson 1978, 1980), while some significant flaws existed in the studies (Douglass et al.

2006; Sheppard and Marin 2009). In general, the studies about the wave forces on

bridge decks were scarce at that time. Since then, considerable efforts have been de-

voted to the studies of wave-deck interaction, indicating the event of massive bridge

decks damaged in Hurricanes Ivan (2004) and Katrina (2005) is a turning point for the

studies on wave forces. Experimental and numerical methods have been the two main

approaches to study the wave forces on bridge decks.

A significant number of laboratory tests have been carried out to study the wave-

deck interaction since the turning point (e.g., Douglass et al. 2006; IEMURA et al.

2007; Sugimoto and Unjoh 2007; Bradner 2008; McPherson 2008; Cuomo et al. 2009;

Sheppard and Marin 2009; Bradner et al. 2011; Lau et al. 2011; Lukkunaprasit et al.

2011; Hayatdavoodi et al. 2014; Rahman et al. 2014; Seiffert et al. 2014; Seiffert et al.

2015; Hayatdavoodi et al. 2015; Guo et al. 2015a; Chen et al. 2016; Chen et al. 2018;

Xiao and Guo 2018; Huang, Zhu, Cui, Duan, and Cai, 2018; Zhu et al. 2018; Huang,

Duan, et al., 2019; Fang et al. 2019; Xiang et al. 2020; Zhu and Dong 2020). To gain a

better understanding of the wave-deck interaction, Douglass et al. (2006) conducted ex-

perimental tests with a scale model (1:15) hit by normally incident waves under various

water conditions, and some additional understandings of the magnitude of the forces

that occurred for a set of wave conditions and given bridge geometry were provided.

Fang et al. (2019) conducted a detailed test covering different wave angles in the wave

flume, and the characteristics of wave forces under different wave conditions were stud-

ied, inferring the vertical wave force reached the peak at a wave angle of 30° under a

clearance of 0.04 m. A lot of empirical formulas were later proposed for fast evaluation

of wave forces on bridge decks based on the experimental results (e.g., Douglass et al.

2006; Cuomo et al. 2007; AASHTO, 2008; Chen et al. 2009; Chen et al. 2018; Liu et al.

2019; Xiang et al. 2020). Nevertheless, the majority of the empirical formula provides

the maximum wave forces acting on the coastal bridge decks other than the
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instantaneous wave-deck interaction in each moment, which may bring errors in the

final design of bridge decks.

In using a numerical method to analyze the problem of fluid-structure interaction,

many researchers tend to use the potential flow theory with the assumptions of non-

viscous and irrotational flow (e.g., Meng 2008; An and Faltinsen 2012; Ertekin et al.

2014; Zhao et al. 2014; Zhao et al. 2015; Hayatdavoodi and Ertekin 2015; Guo et al.

2015b). The governing equations are reduced to Laplace’s equation in the assumptions,

and velocities can be obtained by velocity potential. Based on the potential theory, An

and Faltinsen (2012) studied the linear free-surface effects on a horizontally submerged

and perforated 2D thin plate in finite and infinite water depths, and the influences of

the wavenumber, submergence, water depth, and perforation-effect KC-number were il-

lustrated. Guo et al. (2015b) presented an analytical method to estimate the wave forces

acting on a submerged bridge superstructure during a hurricane based on the potential

flow approach, and the results were compared to test data from two hydrodynamic ex-

periments, indicating the analytical model could be used effectively for the prediction

of the maximum wave forces acting on a submerged bridge superstructure. However,

the wave-deck interaction is highly nonlinear in many cases, especially when the bridge

deck is located above the mean water level. When the incident wave directly hits the el-

evated bridge deck, wave breaking occurs, resulting in wave overtopping above the deck

surface and air bubbles forming in the water. The conventional potential flow method

faces a difficult challenge in accurately predicting the highly nonlinear wave-deck inter-

action, and such cases are best studied by the use of the computational fluid dynamics

(CFD) solvers regardless of the submerged or elevated condition of the bridge deck

(e.g., Huang and Xiao 2009; Bozorgnia et al. 2010; Xiao et al. 2010; Jin and Meng 2011;

Bricker et al. 2012; Bozorgnia and Lee 2012; Yim and Azadbakht 2013; Azadbakht

2013; Azadbakht and Yim 2014; Hayatdavoodi et al. 2014; Xu and Cai 2014; Ataei and

Padgett 2014; Seiffert et al. 2015; Xu and Cai 2015; Xu and Cai 2015; Chen et al. 2016;

Xu et al. 2017; Xu et al. 2018a; Xu et al. 2018b; Xiao and Guo 2018; Huang, Yang,

et al., 2019; Istrati and Buckle 2019; Qu et al. 2019; Moideen et al. 2019; Montoya et al.

2019; Greco et al. 2020; Hu et al. 2020; Qu et al. 2020a; Qu et al. 2020b; Xiang et al.

2020; Yang et al. 2020; Zhao et al. 2020a, 2020b; Zhu and Dong 2020).

In this literature review, the paper focus on the review of the studies about wave

forces on the bridge decks by experimental and numerical methods after Hurricanes

Ivan and Katrina. This paper is organized as follows. Section 2 presents a literature re-

view of the experiments conducted to investigate the wave-deck interaction. Section 3

presents a literature review of the CFD studies on the wave-deck interaction. Finally,

Section 4 summarizes the findings with several conclusions.

2 Experimental method
Considerable experiments have been carried out to study the wave forces on coastal

bridge decks since the turning point in 2004–2005, and part of these experiments are

listed in Table 1 sorted by the publication date. The extreme incident waves hitting the

bridge deck are usually induced by hurricanes or tsunamis, which is concluded that

both hurricane-induced and tsunami-induced wave forces could cause damage to

bridge decks (Xu and Cai 2014). In the coastal zones, the bridges are usually built over

largely variable water depth ranges due to rapidly varying bathymetry, and the coastal
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bridge is a typical three-dimensional (3D) structure. Cuomo et al. (2009) designed a 3D

experiment of wave-deck interaction to give a deep insight into spatial and temporal

variability of wave loading along geometrically complex bridge decks, where the abut-

ment, rail, diaphragm, pile, pile cap, and slopes of the bridge in the longitudinal and

transversal directions were taken into account. Chen et al. (2018) studied the influence

of abutment on the wave forces acting on the bridge deck by changing the contraction

ratio, and found the effects of the contraction ratio on tsunami loads were different for

horizontal force, vertical force, and overturning moment. A 3D complicated experimen-

tal setup can better reflect the wave-deck interaction in realistic conditions. However,

most researchers in Table 1 tend to design a simplified 3D bridge deck model for sav-

ing the cost and better studying the influences of some essential parameters that played

a critically important role in the wave-deck interaction.

2.1 Wave type

As for the wave type, most researchers tend to choose regular wave with single wave

frequency and wave height (e.g., stokes wave, cnoidal wave, solitary wave) to simplify

the experimental investigation. Nevertheless, the study of irregular wave considering

the influence of the superposition of numerous waves with different frequencies and

wave heights can better simulate the wave-deck interaction in realistic hydrodynamic

conditions. Both regular and irregular waves were chosen as the incident wave in

Table 1 Details of some experiments

Year Researcher Hurricane/Tsunami Regular/Irregular T-type/Box Fixed/Movable Scale

2006 Douglas et al. Hurricane Regular T-type Fixed 1:15

2007 Iemura et al. Tsunami Regular T-type Fixed 1:77

2007 Sugimoto and Unjoh Tsunami Regular T-type Fixed 1:50

2008 Bradner Hurricane Regular/Irregular T-type Fixed/Movable 1:5

2008 Bradner et al. Hurricane Regular/Irregular T-type Fixed/Movable 1:5

2008 McPherson Hurricane Regular T-type Fixed 1:20

2009 Sheppard et al. Hurricane Regular T-type Fixed 1:8

2009 Cuomo et al. Hurricane Regular T-type Fixed 1:10

2011 Bradner et al. Hurricane Regular/Irregular T-type Fixed/Movable 1:5

2011 Lau et al. Tsunami Regular T-type Fixed 1:100

2011 Lukkunaprasit Tsunami Regular T-type Fixed 1:100

2013 Hayashi Tsunami Regular Box Fixed 1:50

2014 Hayatdavoodi et al. Tsunami Regular T-type Fixed 1:35

2014 Rahman et al. Tsunami Regular T-type Fixed 1:100

2015 Seiffert et al. Hurricane Regular T-type Fixed 1:35

2015 Guo et al. Hurricane Regular T-type Fixed 1:10

2016 Chen et al. Hurricane Regular T-type Movable 1:5

2018 Xiao et al. Tsunami Regular T-type Fixed 1:30

2018 Huang et al. Hurricane Regular Box Fixed 1:30

2019 Huang et al. Tsunami Regular Box Fixed 1:30

2019 Fang et al. Hurricane Regular T-type Fixed 1:10

2020 Zhu and Dong Tsunami Regular T-type Fixed 1:30
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Bradner (2008), Bradner et al. (2008), and Bradner et al. (2011) for comparison, and the

results indicated that the significant wave height and the average of the highest one-

third of wave force exhibited a second-order polynomial relationship, which is similar

to the cases of regular wave. Stokes wave and cnoidal wave are usually adopted to rep-

resent the hurricane-induced wave (e.g., Bradner et al. 2011; Seiffert et al. 2015; Chen

et al. 2016; Huang, Zhu, Cui, Duan, and Cai, 2018). Zhu (1983) suggested using stokes

wave theory at T
ffiffiffiffiffiffiffiffi

g=d
p

≤10, and cnoidal wave theory at T
ffiffiffiffiffiffiffiffi

g=d
p

> 10, where T is the

incident wave period, g is the gravity acceleration and d is the local water depth. Be-

sides, the solitary wave is most adopted to represent the tsunami-induced wave in the

relative studies (e.g., Hayatdavoodi et al. 2014; Xiao and Guo, 2018; Huang, Duan,

et al., 2019; Zhu and Dong 2020).

2.2 Motion of bridge deck

Table 1 shows that most experiments have treated the bridge decks as fixed without

taking the influence of dynamic model responses into account. In the wave-deck inter-

action, the structural system is flexible and movable under the combined effects of the

substructure stiffness and the interface stiffness between the substructure and

superstructure shown in Fig. 1. The response of bridges mounted on piles can be

modeled as a spring-mass-damper system with a single degree of freedom, where

the flexibility of the prototype structure was experimentally modeled by a pair of

elastic springs (Bradner 2008; Bradner et al. 2008; Bradner et al. 2011). Addition-

ally, the bridge decks were entirely or partly removed from their initial positions

by the field observation in Hurricanes Ivan and Katrina, indicating the bridge deck

became unconstrained when the connection between superstructure and substruc-

ture became damaged. To model the unconstrained cases in realist conditions, re-

searchers in Oregon State University carried out experiments to study the bridge

decks which freely moved without spring constraint under incident wave forces

(Bradner 2008; Bradner et al. 2008; Bradner et al. 2011; Chen et al. 2016). In the

study of the comparison between rigid case (fixed deck) and soft case (movable

deck constrained by spring), Bradner et al. (2011) found there was no significant

difference in the positive peak vertical forces between these two cases, while some

differences existed in the horizontal forces.

Fig. 1 Schematic diagram for the bridge deck-wave interaction under extreme waves. H is the wave height;
δ is the motion displacement of the bridge deck; SWL refers to the still water level
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2.3 Model scale

It is shown in Table 1 that the scale of the model in the experiments ranges from 1:100

to 1:5. Numerous challenges are faced in the experimental modeling of wave-deck

interaction, and the foremost is the kinematic similarity (Bradner et al. 2011). In a

small-scale model, the diaphragms are usually eliminated for simplification, which may

not yield realistic results. Besides, the effect of entrapped air may not be well studied

under the same Froude number between the prototype and model (Cuomo et al. 2009),

indicating a large-scale experiment is a good way to minimize the error brought by

scale effects. Thus, researchers conducted a series of experiments with a large scale (1:

5) reinforced concrete bridge superstructure in Oregon State University to study the

wave-deck interaction for a better understanding of the wave forces on the damaged

coastal highway bridges along the U.S. Gulf coast (Bradner 2008; Bradner et al. 2008;

Bradner et al. 2011; Chen et al. 2016).

2.4 Force components

Laboratory measurements of wave forces acting on elevated bridge decks show that the

typical time series of wave forces consist of two components, which are referred to here

as an impact force and varying force as shown in Fig. 2 (McConnell et al. 2004; Doug-

lass et al. 2007; Sheppard and Marin 2009; Bradner et al. 2011; Guo et al. 2015a, 2015b;

Huang, Zhu, Cui, Duan, and Cai, 2018). The short-duration impact force occurs slightly

before the peak of the slowly varying force. The impact force with high frequency is re-

ferred to as the slamming force, which is highly associated with the structure and inci-

dent wave. The slowly varying force is referred to as the quasi-static force, which

changes magnitude and direction with the wave phase in the interaction. The quasi-

static force is composed of three parts, i.e., the buoyancy force, the drag force, and the

inertia force. The buoyancy force is equal to the fluid’s weight that the structure dis-

places, and the drag force consists of pressure drag and surface friction. The inertia

force is associated with the momentum-driven force.

Field observations of post storms by Douglass et al. (2006) and Robertson et al.

(2007a, 2007b) showed some bridge decks were submerged in the water, inferring the

still water level (SWL) exceeded the bridge elevation. The time series of wave forces

acting on partially/fully submerged bridge deck are different from the elevated cases,

which is shown in Fig. 3 (Sheppard and Marin 2009). The slamming force decreases

with the decrease of clearance between SWL and the bottom of the bridge girders. The

Fig. 2 Time series of wave force on an elevated deck with flat bottom
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peak of negative forces become generally larger when the clearance decreases. In

addition, the buoyancy force increases when the bridge deck is submerged in the water,

which may be destructive in these cases when the horizontal wave force is sufficiently

large to overcome the friction between the superstructure and substructure. The eleva-

tion of the bridge deck varies in different places, which may be affected by many fac-

tors, such as geographical constraints, beautiful views, construction cost, and the

guarantee of safe accessibility of ramp. A deep investigation of the wave forces acting

on submerged and subaerial bridge decks helps to better understand the failure mech-

anism of bridge decks in various conditions.

Guo et al. (2015a, 2015b) analyzed the quasi-static and slamming components of

hurricane-induced wave forces acting on a 1:10 scale T-type girder bridge specimen

with different clearances, wave heights, and wave periods in the experiment. The find-

ings showed that the wave force’s slamming component was relatively small compared

with the maximum quasi-static force in the horizontal direction and the amplitude of

the slamming force in the vertical direction was in the same order as the quasi-static

force. The ratio of slamming force to maximum quasi-static force increased with the

reduction of the bridge elevation until the clearance between the bottom of the girder

and the SWL reached zero, and decreased to a small value when the bridge was sub-

merged in the water. In the experimental study of wave forces on the Box girder deck,

Huang, Zhu, Cui, Duan, and Cai (2018) found the wave force’s slamming component

was not noticeable in the vertical direction and the total horizontal force could be taken

as twice the quasi-static horizontal force. The geometrical difference of bridge deck

shape between T-type and Box girder decks probably leads to the disparity of the role

that slamming components played in horizontal and vertical wave forces. Xiang et al.

(2020) conducted a large-scale experiment to study the tsunami-induced wave force on

the elevated T-type girder bridge within various conditions. To get a comprehensive

study of the force components, four ratios were defined for investigation, i.e., the ratio

of the corresponding quasi-static force (at the instant of the maximum slamming force)

to the maximum value of this force (Fqs_cor / Fqs_max), the ratio of the corresponding

quasi-static value to the maximum of the slamming component (Fqs_cor / Fsl_max), the

ratio of the maximum values of slamming component to the maximum quasi-static

component (Fsl_max / Fqs_max), the summation of the maximum quasi-static and the

maximum slamming components to the maximum of the measured total forces

((Fqs_max + Fsl_max) / Ftotal). Phase lags (time differences) between the maximum values

of the slamming force and quasi-static force for the horizontal and vertical forces are

Fig. 3 Time series of wave force on an submerged deck with flat bottom
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listed in Tables 2 and 3, respectively. The ratio values for the horizontal and vertical

forces are also listed in Tables 2 and 3, respectively. It is shown that the corresponding

quasi-static force is between 46.4% and 100% of its maximum value in the horizontal

direction, and between 26.9% and 95.8% of its maximum value in the vertical direction,

indicating the happening of slamming force in the time series of total forces is corre-

lated with wave height and force direction, which is also demonstrated by the differ-

ences of phase lag in two tables. It is interesting to see the slamming forces in both

directions are in the same order as the maximum quasi-static forces (Fqs_max) and the

corresponding quasi-static force (Fqs_cor), and the relationship of slamming force and

quasi-static force is correlated with wave conditions. It is also noteworthy that the sum-

mation of the maximum quasi-static force and slamming force over-predicts the actual

maximum force, and the over-prediction is among 10.2% to 38.9% for horizontal force

and 1.7% to 42.9% for vertical force.

The maximum vertical force acting on the bridge deck tends to be larger than the

maximum horizontal force (Bradner et al. 2011; Guo et al. 2015a, 2015b; Seiffert et al.

2015). Bradner et al. (2011) inferred the magnitude of the maximum vertical forces was

approximately three to five times as large as that of the corresponding horizontal forces

in the large-scale experiments. Seiffert et al. (2015) found the maximum vertical forces

were roughly three times larger than horizontal forces in the experiments with a 1:35

scale bridge model. As for the phase lag between horizontal force and vertical force,

Bradner et al. (2011) found no significant phase lag existed between these two forces

on the fixed bridge deck. However, in the case of the movable bridge deck constrained

by springs, a phase lag was found between the maximum horizontal and vertical forces,

which was probably because the horizontal response was dominated by the fundamen-

tal mode of vibration of the bridge model.

2.5 Girder type

The girders of bridge deck damaged in Hurricanes Ivan and Katrina were all T-type,

and most of the subsequent laboratory experiments focused on the T-type girder decks,

which is extensively used in coastal zones of Eastern Pacific, especially in the coastal

zones of North America. Nevertheless, Box girder bridge decks are most adopted in the

design of bridge decks in Western Pacific, especially in China and Japan, as it has many

merits compared with T-type girder decks. A number of bridges were washed away by

the extreme tsunami wave caused by the 2011 earthquake off the Pacific coast of

Table 2 Phase lags and ratio values for the horizontal forces (Adapted from Xiang et al. 2020)

Case Water
level
(m)

Clear-
ance
(m)

Wave
height
(m)

Phase
lag
(s)

Fqs_cor /
Fqs_max

Fqs_cor /
Fsl_max

Fsl_max /
Fqs_max

(Fqs_max + Fsl_max)

/ Ftotal

1 2 0.29 0.36 0.097 79.5% 455.3% 17.5% 110.2%

2 2 0.29 0.42 0.183 64.4% 102.1% 63.1% 127.9%

3 2 0.29 0.55 0.25 50.3% 64.8% 77.6% 138.9%

4 2 0.29 0.7 0.222 100% 57.2% 88.7% 116.8%

5 1.9 0.39 0.46 0.11 70.9% 101.8% 69.5% 120.7%

6 1.9 0.39 0.52 0.19 73.0% 61.5% 118.8% 114.1%

7 1.9 0.39 0.65 0.15 46.4% 37.2% 125.0% 114.5%
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Tohoku, and Hayashi et al. (2013) conducted experiments to study the tsunami wave

force acting on a Box girder bridge deck, and behaviors of tsunami wave attacking a

scaled bridge model were also observed. Later, Huang, Zhu, Cui, Duan, and Cai (2018)

and Huang, Duan, et al. (2019) carried out experiments to study hurricane-induced and

tsunami-induced wave forces on coastal Box girder bridge decks, respectively, inferring

the configurations of bridge deck played an important role in the wave-deck

interaction.

To have a direct comparison of wave forces acting on T-type girder and Box girder

decks, Huang, Duan, et al. (2019) utilized the CFD method to study the wave forces on

the Box girder deck under different conditions, including four water depths and five

wave heights for each bridge elevation, which was compared with the experimental data

about the wave forces on the T-type girder decks in Hayatdavoodi et al. (2014). The

maximum vertical force, minimum vertical force, maximum horizontal force, and mini-

mum horizontal force in the time series of wave forces were chosen to study for com-

parison. As for the cases with elevated bridge deck, it was found that the positive

horizontal force on the T-type girder deck was larger than that on the Box girder deck

for most conditions. The reason to cause the force difference was that the wave hit dir-

ectly on the web of the T-type girders, while the wave forces on the web of the Box gir-

der were separated into two components (a horizontal component and a vertical

component) due to the web angle of the box girder. The difference in the wave forces

between two girder decks increased with the decrease of the elevation coefficient. With

the increase of nondimensional wave height or the decrease of the elevation coefficient,

the difference in the horizontal negative forces between T-type girder and box girder

decks presented an increasing trend, which was possibly caused by the wave acting on

the back of the web of girders. With the increase of the nondimensional wave height,

the vertical uplift force on the deck with a box girder tended to increase. The difference

in the vertical uplift forces between two types of girders with large elevation heights

was significant. For example, the vertical force acting on the Box girder deck was 3

times larger than the vertical force acting on the T-type girder deck at a specified case.

The difference was reduced when the incident wave height reduced and the bridge was

at a higher elevation condition. Overall, Huang, Yang, et al., 2019concluded that the

large vertical forces on a box girder deck could easily cause overturn damage to the

deck, and a vertical restraint was more important than a lateral restraint in the design

of a box girder deck compared with T-type girder deck.

Table 3 Phase lags and ratio values for the vertical forces (Adapted from Xiang et al. 2020)

Case Water
level
(m)

Clear-
ance
(m)

Wave
height
(m)

Phase
lag
(s)

Fqs_cor /
Fqs_max

Fqs_cor /
Fsl_max

Fsl_max /
Fqs_max

(Fqs_max + Fsl_max)

/ Ftotal

1 2 0.29 0.36 0.031 95.8% 267.0% 35.9% 101.7%

2 2 0.29 0.42 0.107 87.9% 74.2% 118.5% 105.9%

3 2 0.29 0.55 0.247 38.1% 35.9% 106.2% 142.9%

4 2 0.29 0.7 0.212 26.9% 34.9% 76.9% 115.1%

5 1.9 0.39 0.46 0.058 90.4% 60. 0% 150.8% 104.0%

6 1.9 0.39 0.52 0.159 82.8% 26.9% 307.9% 104.4%

7 1.9 0.39 0.65 0.129 46.9% 31.3% 149.9% 127.0%
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3 Numerical method
Based on experimental data, empirical equations have ever been proposed for the

estimation of wave forces acting on the bridge deck. However, the empirical equa-

tions do not always provide accurate or acceptable results as mentioned above, es-

pecially when the deck width is comparable to the wavelength. To further

investigate the wave-deck interaction, the numerical method has been adopted by

many researchers. Though potential flow theory is able to give satisfactory results

when the bridge deck is submerged, it faces many challenges in the elevated cases

where wave broken happens. With the rapid development of the computer, the

CFD method has gained popularity for it provides researchers with accurate in-

stantaneous results regardless of submerged or elevated cases, and part of these

studies are listed in Table 4 sorted by the publication date.

3.1 Governing equations

Riggs (2007) inferred wave forces attributable to hurricanes and tsunamis have

similar requirements in the engineering design of bridge decks, and researchers

choose either a hurricane-induced wave or tsunami-induced wave to be the inci-

dent wave in the CFD simulation as shown in Table 4. Both laminar model and

turbulence model are adopted in the numerical method. Xu and Cai (2015) studied

the positive peak horizontal and vertical forces acting on the T-type girder deck by

both laminar and turbulence models, and found that the results by the laminar

flow tended to be larger than those by the turbulent flow at most times, and the

difference in the results between two models is within 10% for most cases. Xu

et al. (2017) inferred the laminar model could make a good prediction in many

specified cases, but unreliable results may be estimated in cases with high Reynolds

number and wave breaking. Two turbulence models are mostly adopted in the

simulation for the Reynolds-averaged Navier–Stokes (RANS) equations, i.e., k − ε

model and the shear stress transport (SST) k − w model, which are both able to ac-

count for the turbulent fluctuations in the wave-deck interaction. Compared with

k − ε model, SST k − w model can better resolve the computational domains with

high Reynolds numbers in the main flow and relatively low Reynolds numbers in

the near-wall domain. Compared with the Large Eddy Simulation (LES) model, the

SST k − w model has less computational cost as LES requires more strictly for the

grid mesh in the computational domain, especially for the near-wall mesh. To bet-

ter capture the turbulent features for the bridge deck-wave interaction, a compre-

hensive comparison between different turbulence models is suggested to be carried

out in future work.

3.2 2D and 3D numerical models

Similar to experimental studies, most researchers focus on the T-type girder deck,

which is closely correlated with the shape of damaged bridge decks in Hurricanes

Ivan and Katrina. To save the computational cost, the three-dimensional (3D) con-

tinuing bridge deck is often simplified to a two-dimensional (2D) computational

domain without taking 3D bridge railings and diaphragms into consideration. Chen

et al. (2016) utilized a 2D model to study the wave forces acting on a bridge deck,
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and the results were compared with the laboratory data obtained in the experi-

ments carried out at Oregon State University (Bradner et al. 2008). The compari-

son showed the predicted forces agreed well with the experimental data except for

the vertical force at small wave heights, where over-prediction was observed. In the

3D experiment, two narrow gaps existed between the bridge and the wave flume’s

sidewalls, and part of the entrapped air in the cavities between the girders could

escape from the side gaps when the wave hit the bridge, thus the vertical force

was reduced. When the incident wave height was large, the water surface impacted

on the entrapped air fiercely, and most of the entrapped air could not escape to

the gap in time, which was similar to the 2D numerical case where no entrapped

Table 4 Details of some CFD studies

Year Researcher Hurricane/
Tsunami

Model T-type/
Box

2D/
3D

Fixed/
Movable

Counter-
measure

2009 Huang and Xiao Hurricane k − ε T-type 2D Fixed No

2010 Bozorgnia et al. Tsunami laminar T-type 2D Fixed Air vent

2010 Xiao et al. Hurricane k − ε T-type 2D Fixed No

2011 Jin and Meng Hurricane laminar T-type 2D Fixed No

2012 Bricker et al. Tsunami k − ε T-type 2D Fixed No

2012 Bozorgnia and
Lee

Hurricane laminar T-type 2D/
3D

Fixed No

2013 Yim and
Azadbakht

Tsunami laminar T-type/
Box

3D Fixed No

2013 Azadbakht Tsunami laminar T-type 2D/
3D

Fixed Air vent

2014 Hayatdavoodi
et al.

Tsunami laminar T-type 2D Fixed Air vent

2014 Xu and Cai Tsunami laminar T-type 2D Fixed No

2014 Ataei and
Padgett 2014

Hurricane k − ε T-type 2D Fixed/
Movable

No

2015 Seiffert et al. Hurricane laminar T-type 2D Fixed No

2015 Xu and Cai Tsunami SST k −w T-type 2D Fixed/
Movable

Flexibility

2015 Xu et al. Tsunami laminar /SST
k −w

T-type 2D Fixed/
Movable

No

2016 Chen et al. Hurricane k − ε T-type 2D Fixed/
Movable

Shear Key

2017 Xu et al. Hurricane SST k −w T-type 2D Fixed/
Movable

Flexibility

2018 Xiao and Guo Tsunami laminar T-type 2D/
3D

Fixed Air vent

2018 Xu et al. Hurricane SST k −w T-type 2D Fixed No

Year Researcher Hurricane/
Tsunami

Model T-type/
Box

2D/
3D

Fixed/
Movable

Counter-
measure

2019 Huang et al. Tsunami SST k −w Box 2D Fixed No

2020 Qu et al. Hurricane/
Tsunami

k −w T-type 2D Fixed Offshore floating
breakwater

2020 Zhao et al. Tsunami k − ε T-type 2D Fixed Air vent

2020 Zhu and Dong Tsunami SST k −w T-type 2D/
3D

Fixed No
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air could escape. When the incident wave height was small, a large portion of the

entrapped air could escape to the gap in time as the water particle velocity con-

tacted with the entrapped air was relatively small. The small difference between

the 2D numerical model and the 3D experiment setup led to a slight error be-

tween simulated results and experimental data. Overall, it is a suitable option to

choose a 2D model to simulate the wave-deck interaction, which has been demon-

strated useful by many researchers listed in Table 4. To investigate the influences

of rails, diaphragms and substructures on total wave forces, researchers are encour-

aged to use 3D numerical method (Azadbakht 2013).

3.3 Air entrapment

Air entrapment in the natural cavities created by the girders and diaphragms plays

a significant role in the magnitude and duration of the wave-induced loads when a

wave propagates past the structure (Sheppard and Marin, 2009; Hayatdavoodi and

Cengiz Ertekin 2016), as shown in Fig. 4. The formation of air pocket induced by

the air entrapment between the wave surface and bridge slab results in an increase

of the displaced water volume, leading to a rise of buoyancy force on the body and

a modification of the magnitude and duration of the impulse-like force. Air entrap-

ment in the process of wave-deck interaction is classified into two types: one may

happen when the wave crest hit a flat structure surface above the SWL, and the

other appears when the wave surface exceeds the elevation of bridge girders, lead-

ing to the formation of air pockets in the entrapped zone between the girders

(Hayatdavoodi and Cengiz Ertekin 2016). When the wave passes through the struc-

ture, the entrapped air acts somewhat like a spring in a spring-mass system, lead-

ing to a reduction of the magnitude of the slamming force and an increase of

duration with smaller frequency. The frequency of the slamming force is deter-

mined by the girder spacing and the wave celerity. The number of slamming oscil-

lations in the time series of vertical force is equal to the air cavity number

(number of girders minus one) as shown in Fig. 5. To account for the effect of

trapped air, a Trapped Air Factor (TAF) is calculated and applied to the quasi-

steady vertical forces. The TAF is associated with bridge geometry, bridge eleva-

tion, and wave height. Based on the minimum and maximum TAF, it is convenient

Fig. 4 Air entrapment and air cavity
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for the designers to use TAF to estimate a range of quasi-steady vertical forces

(AASHTO 2008).

3.4 Motion of bridge deck

As shown in Table 4, the CFD method is applicable to simulate the motion response of

bridge decks under wave forces (Ataei and Padgett 2014; Xu and Cai 2014, 2015; Xu

and Cai 2015; Chen et al. 2016; Xu et al. 2017). When the bridge deck encounters an

incident wave, both the substructure stiffness and the interface stiffness between the

substructure and superstructure directly affect the motion displacement of the bridge

deck. The substructure stiffness is determined by the soil condition, the structural stiff-

ness of the piers/piles and so on. The interface stiffness depends on the connections be-

tween the superstructure and substructure, such as bearing types, shear keys,

restraining cables, and shape memory alloys (Song et al. 2006; Dong et al. 2011; Xu and

Cai 2015). To simulate the flexible structure, a numerical single degree of freedom sys-

tem (SDOF) was proposed based on the mass-spring-damper system as shown in Fig. 6,

where the bridge model could vibrate in the x/horizontal direction (Xu and Cai 2015;

Xu et al. 2017). The motions of the bridge can be described as the following equations:

m€X tð Þ þ cẊ tð Þ þ kX tð Þ ¼ F tð Þ ð1Þ

where X(t) is the instantaneous displacements of the bridge in the x-direction. m is the

mass of the bridge. c and k are the structural damping and spring stiffness, respectively.

F(t) is the total horizontal forces acting on the bridge, including the fluid forces and

friction force. The friction force is neglected in the numerical system.

Azadbakht (2013) suggested the resistance of the bridges should also be investigated

to provide information on how safe the current highway bridges were in an extreme

wave. Generally speaking, F in Eq.(1) represents the net hydraulic wave forces acting on

the bridge deck regardless of the motion state, and the net forces are mainly utilized to

Fig. 5 Time series of wave force on an elevated bridge deck with nine cavities (adapted from Sheppard
and Marin 2009)

Fig. 6 The mass-spring-damper system
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design the bridge deck. To calculate the forces transferred from the superstructure to

the interface, the inertia forces should be included in the horizontal forces, i.e., F −m€X ,

which can be used to design the bearing supporting and the substructures. If the bridge

deck is fixed, i.e., lateral restraining stiffness is infinite, the inertia force (m€XÞ is equal

to zero, inferring no difference between wave force acting on the bridge deck and total

force acting on the substructure. The influence of motion response on wave forces was

illustrated in Fig. 7 (Left), showing the force response differed considerably in soft and

rigid setups (Bradner et al. 2011). In the case of the soft setup, the force was signifi-

cantly affected by the fundamental mode of vibration of the bridge model. Xu and Cai

(2017) inferred the experimental horizontal force obtained in Bradner et al. (2011) in-

cluded the inertial force, and simulated forces with and without considering inertia

forces were studied for comparison. Figure 7 (Right) gives the simulated results of hori-

zontal forces with and without considering inertia forces in a specified case, indicating

the structural flexibilities in the transverse/lateral direction did not necessarily benefit

the bridge structure with a noticeable force reduction (Xu and Cai 2017).

Left: Forces in soft and rigid setup (Adapted from Bradner et al. 2011); Right: Forces

with and without considering inertia forces (Adapted from Xu and Cai 2017).

As many bridge decks were displaced varying distance on the pile under the wave ac-

tion when the wave force surpassed the structure capacities, Chen et al. (2016) built a

CFD model to study the wave forces acting on the unconstrained bridge deck, where

both sway motion and heave motion were considered to better simulating the process

of bridge deck washing away above the substructure.

3.5 Current

When the water surface is typically far below the elevation of the bridge girders, the

joint effect of waves and currents is usually considered to design the coastal bridge

(Huang, Zhu, Cui, Duan, and Zhang, 2018). Coastal bridges are exposed to hurricane-

induced waves and storm surges during hurricanes, and ocean currents and waves co-

exist in the natural ocean environment. However, many researchers tend to only con-

sider the wave force acting on the bridge deck in extreme conditions for model

simplification, and the effect of current on total forces is unclear. As the action of cur-

rents leads to the changes in wave parameters and thus affects wave loads, considering

Fig. 7 Collected horizontal force
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wave-current interaction is a necessity for the study of water forces on coastal bridges.

Chen et al. (2009) inferred it was a significant issue to propose a method to accurately

estimate wave-current forces acting on coastal bridges under extreme condition, and

more attentions were paid to the wave-current forces (e.g., Huang, Zhu, Cui, Duan, and

Zhang, 2018; Qu et al. 2018; Zhang et al. 2019). Zhang et al. (2019) investigated the

wave-current loads on a Box girder bridge deck by experimental and numerical

methods, and different parameters were taken into consideration, including wave

heights, wave periods, current velocities, and submersion depths. The results indicated

the maximum horizontal forces became larger and the maximum vertical forces be-

came smaller in the following current, and vice versa for the reverse direction of oppos-

ing current with a low submergence depth. Nevertheless, the behaviors of wave forces

became complicated in other situations, which was attributed to the change of wave

parameter with the consideration of current.

3.6 Structural parameters

As discussed above, the wave-deck interaction is different between the T-type girder

and Box girder decks. Other structural parameters also have a certain influence on the

wave forces acting on the bridge deck, such as the geometric difference between flat

plate and bridge model (McPherson 2008), girder spacing/number (Sheppard and

Marin 2009), railing/parapet (Xu et al. 2017), deck inclination (Xu and Cai 2014;

Bricker and Nakayama 2014), twin bridge decks (Xu et al. 2016; Xu, Cai, Han, et al.,

2018; Xu, Chen, and Chen, 2018) and so on.

As the amount of entrapped air depends on the girder spacing/number, the gir-

der spacing/number has a significant effect on the loading experienced by the

structure. The girder spacing/number is important to both the slamming and

quasi-static forces. Sheppard and Marin (2009) studied two cases with the same

wave condition and structure parameter except for the girder spacing. The col-

lected results showed the case with wider girder spacing (seven girders) trapped

less air and consequently experienced a smaller quasi-static vertical force than the

case with narrow girder spacing (four girders). The net effect of the entrapped air

on slamming force is that the magnitude of the slamming is reduced and the dur-

ation is lengthened, and the number of slamming pulses is directly related to the

number of entrapped air cavities. If the energy in the wave is sufficient, the num-

ber of slamming pulses is equal to the air cavities. Three slamming pulses were ob-

served in the time series of collected force acting on the bridge structure with

three cavities (four girders), while only five slamming pulses were observed for the

case with six cavities (seven girders), which was attributed to the large energy dis-

sipation when the wave propagated past the bridge deck with six cavities (Sheppard

and Marin 2009). Bozorgnia and Lee (2012) utilized the CFD method to studied

the accuracy of simulated results in capturing slamming pulses in the time series

of wave force, indicating the accuracy was directly related to how accurately the

air movement under the bridge superstructure was modeled. The simulated cases

with a time step of Ti / 625 were found to accurately capture the slamming oscil-

lations, while the cases with a time step of Ti / 125 were unable to give satisfac-

tory predictions. Ti is the incident wave period.
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Twin bridge decks are normally seen in coastal areas. In Hurricane Ivan (2004), 51

spans from the eastbound and 33 spans from the westbound were entirely or partly re-

moved from their initial positions, indicating the decks in the eastbound and west-

bound suffered from different wave loads (Sheppard and Marin, 2009). Xu et al. (2016)

investigated the characteristics of the solitary wave-induced forces on twin bridge decks

with variable deck gaps in various conditions with different SWLs and submersion co-

efficients. The simulated results revealed that the wave forces on the seaward deck were

larger than those on the landward deck for almost all cases with different deck gaps at

a fixed bridge elevation. Xu, Chen, and Chen (2018) found the maximum uplift force

on the seaward bridge deck appeared when the deck gap approached zero, half of the

wavelength, one wavelength, or at a return interval of 0.5 wavelength. The maximum

vertical loads were much larger than those for the horizontal loads, which suggested

the vertical force on the seaward deck was easier affected by the landward deck than

horizontal force.

3.7 Countermeasures

Compared with the experimental method, an advantage of the numerical method is

that boundary condition and model geometry can be easily changed, thus the counter-

measures on protecting the bridge deck are able to be tested in the numerical experi-

ments. The most efficient way to prevent the coastal bridge from the extreme wave is

to increase the elevation of the bridge deck. However, many coastal bridges can not be

built at higher elevations from the SWL due to many restrictions, such as geographical

constraints and beautiful views. Additionally, many old bridge decks were designed in a

low elevation initially without considering the combined effect of the rising of mean

water level and large wave forces in extreme conditions. Thus, it is essential to study

the countermeasure to protect the coastal bridge decks. As shown in Table 4, the strat-

egies for protecting the bridge deck including the studies of air vents in the bridge deck

(e.g., Bozorgnia et al. 2010; Azadbakht 2013; Hayatdavoodi et al. 2014; Xu et al. 2016;

Xiao and Guo 2018; Zhao et al. 2020a, 2020b), the height of shear keys (e.g., Chen et al.

2016), the connection between the superstructures and substructures (e.g., Xu and Cai

2015; Xu et al. 2017; Balomenos and Padgett 2018; Cai et al. 2018; Yuan et al. 2018),

the offshore submerged breakwater (e.g., Wei and Dalrymple 2016), the offshore float-

ing breakwater (e.g., Qu et al. 2020a) and so on. Figure 8 gives a design of air vent dis-

tributed on the slab and the corresponding airflow field induced by the incident wave.

To change the interface stiffness, strategies may be learned from earthquake engineer-

ing, where base isolations, cable restraints, shear keys, and shape memory alloys are

commonly used (Xu and Cai 2015). It is found that the increase of the structural flexi-

bilities in the transverse/horizontal direction leads to larger horizontal forces on the

interface between the superstructures and substructures, and rigidifying the superstruc-

ture is generally beneficial to reducing the hurricane-induced and tsunami-induced

wave forces (Xu and Cai 2015; Xu and Cai 2017). To have a better practical perform-

ance evaluation and concept of interface design, Yuan et al. (2018) proposed a practical

guide for the connection design under wave-deck interaction by suggesting using a

structural capacity model with a three-step framework. With the further understanding

of the failure mechanism of bridge deck under various wave conditions, more
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countermeasures and models about the quantification of vulnerability and resilience of

the bridge system under extreme wave loadings are expected to be proposed for im-

proving the resilience of the coastal bridges (Balomenos and Padgett 2018; Qeshta

2019; Qeshta et al. 2019; Zhao et al. 2020a, 2020b).

3.8 Expanded topics

As an alternative approach to traditional mesh-based methods, the mesh-free method of

Smoothed Particle Hydrodynamics (SPH) has gained popularity for modeling free surface

waves in coastal zones in the past decade, which is benefit from the property that SPH

creates a free water surface directly since the particles represent the water and empty

space represents the air (Dalrymple and Knio 2001; Gómez-Gesteira and Dalrymple 2004;

Dalrymple and Rogers 2006; Capone et al. 2010; Farahani et al. 2013; Farahani and Dal-

rymple 2014; St-Germain et al. 2014; Shadloo et al. 2015; Wei et al. 2015; Wei and Dal-

rymple 2016; Liang et al. 2017; Sarfaraz and Pak 2017; Wen et al. 2018; Domínguez et al.

2019; Tripepi et al. 2020; Liu and Wang 2020). Wei and Dalrymple (2016) applied the

SPH method to study the efficiency of tsunami mitigation by an up-wave service road

bridge and an offshore breakwater. The simulated results not only showed the two-girder

service road bridge function effectively in reducing tsunami wave forces on the rear brid-

ges, but also indicated that a breakwater in the front of the bridge deck also helped to re-

duce the maximum tsunami wave forces to some extent correlated with the varying

distance between the breakwater and the bridge. Sarfaraz and Pak (2017) utilized the

mesh-free method (SPH) to investigate the process of tsunami-induced loads on bridge

superstructures where different bridge elevation was considered (completely emerged,

partially submerged, and completely submerged). The maximum forces and clockwise/

counterclockwise moments induced at the center of the structure were determined, and

the corresponding non-dimensional equations were proposed for fast estimation in engin-

eering. SPH is a truly Lagrangian method where particles and their properties are simu-

lated as they move in space with no requirement for any underlying mesh. This brings

some key advantages over most mesh-based schemes, such as the extraordinary capability

to simulate a large variety of complex flow, involving the complicated dynamic bridge

deck motions in the water without any concern about mesh update in each time step.

Fig. 8 Air vents. Left: Air vents distributed on the slab; Right: Flow fields of air vents
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Based on experimental and simulated data, Xu, Chen, Zhu, and Chakrabarti (2018)

proposed a methodology for predicting solitary wave forces on bridge decks using arti-

ficial neural networks (ANNs), and the results indicated the ANN methodology was ro-

bust and capable of capturing the underlying physical complexity in the wave-deck

interaction. Xu et al. (2020) presented a methodology for sequentially updating surro-

gate models with augmented data, which provided an effective approach to design ex-

periments in civil engineering to maximize the information gain based on limited

computational/experimental effort. It is demonstrated that it is an efficient way to use

machine learning techniques to study the wave-deck interaction after sufficient experi-

mental and simulated data are gained.

4 Conclusions
Field observations and researches have indicated that coastal bridges decks are vulner-

able to extreme wave loads due to a storm or tsunami event. Hurricanes Ivan (2004)

and Katrina (2005) is a turning point for the studies on wave forces. Since then, consid-

erable efforts have been devoted to the studies of wave-deck interaction. In this paper,

a literature review of wave forces on bridge decks with experimental and numerical

methods after Hurricanes Ivan and Katrina is presented.

A number of experiments about the wave-deck interaction induced by hurricanes

and tsunamis have been carried out since the turning point. Most researchers tend to

choose the regular wave with a single wave frequency and wave height to simplify the

experimental investigation, and some researchers take both regular and irregular waves

into consideration for comparison. Stokes wave and cnoidal wave are the typical wave

types regarded as the hurricane-induced wave, and the solitary wave is most adopted to

represent the tsunami-induced wave. In the wave-deck interaction, the bridge deck is

movable as the substructure stiffness and the interface stiffness are not infinite, and the

bridge decks can be displaced varying distance on the pile under the wave action when

the wave force surpasses the structure capacities. The bridge decks are usually regarded

as fixed in the experiments, and the corresponding findings are limited. The study of

movable bridge decks in the experiment is still scarce. The studies on the wave-deck

interaction have been extended from T-type girder deck to Box girder deck, while a dir-

ect comparison between these two bridge types is scarce. The scale of the model in the

experiments covers a wide range. As some structures are usually eliminated and the ef-

fect of entrapped air may not be well studied in small-scale experiments, a large scale

experiment is expected. Wave forces acting on the elevated bridge decks consist of two

components, i.e., slamming force and quasi-static force. The slamming force decreases

with the decrease of clearance between SWL and the bottom of the bridge girders, and

it becomes small in partially/fully submerged cases.

Potential flow theory is able to give satisfactory results in many cases, while it faces

many challenges in the elevated cases where wave broken happens. CFD method has

gained popularity for it provides the researchers with accurate instantaneous results re-

gardless of submerged or elevated cases. Both laminar model and turbulence model

have been adopted in the CFD method. Turbulence models are suggested in cases with

high Reynolds number and wave breaking. The 2D model is mostly adopted in the nu-

merical simulation as it saves the computational cost. However, over-prediction of the

vertical force may happen in the 2D model as the escape of entrapped air in 3D
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experiments is not able to be simulated. Air entrapment affects not only the magnitude

of wave force, but also the duration of the wave-induced loads. When the wave passes

through the structure, the entrapped air acts somewhat like a spring in a spring-mass

system, leading to a reduction of the magnitude of the slamming force and an increase

of duration with smaller frequency. The frequency of the slamming force is determined

by the girder spacing and the wave celerity. CFD method is applicable to simulate the

motion response of bridge decks no matter whether it is restrained by the substructure.

To simulate the flexible bridge deck, a numerical single degree of freedom system

(SDOF) is found to perform well in the wave-deck interaction. Countermeasures to

protect the bridge deck from wave damage have been studied by the CFD method. The

strategies for protecting the bridge deck including the studies of air vents in the bridge

deck, the height of shear keys, and the interface stiffness between the superstructures

and substructures, and so on.

So far, significant progress has been achieved on determining wave loads on bridge

decks within different conditions. Some following works are suggested to be carried out

in the future to have a further understanding of the failure mechanism of the bridge

deck and propose more countermeasures to protect the bridge deck under extreme

wave loads.

1. Currently, researchers tend to use regular waves instead of irregular waves to study

wave-deck interaction. Though the adoption of the regular wave makes the oper-

ation easier, the wave-deck interaction in regular wave with single wave frequency

and height does not fully reflect the realistic process of the interaction. Many es-

sential findings within regular waves may not be applicable for the realistic cases in

the irregular wave. As the influence of the superposition of numerous waves with

different frequencies and wave heights on the wave-deck interaction is important,

more numerical and laboratory experiments in irregular waves are expected to be

carried out.

2. To simulate the flexible structure under wave action, a single degree of freedom

system (SDOF) was proposed based on the mass-spring-damper system. The SDOF

system is applicable when the superstructure is connected to the substructure.

However, when the wave force surpasses the structure capacities, the spring force

becomes zero and the bridge deck is only constrained by frictional force. What is

more, when the vertical wave force is large enough to overcome the bridge weight,

the heave motion happens. Meanwhile, the pitch motion also occurs under the

wave moment when the bridge is unconstrained in the directions of rotation. A

multiple degrees of freedom system (MDOF) is expected to accurately simulate the

motion of bridge deck when the connection between superstructure and substruc-

ture does not work.

3. Coastal bridges are exposed to hurricane-induced waves, storm surges, and winds

during hurricanes. Ocean currents and waves coexist in the natural ocean environ-

ment, and wave parameters are changed in the action of currents, leading to a

change of wave loads on structures. The combined actions of wave and wind are

also crucial for the wave-structure interaction as the free water surface can easily

be deformed in a strong wind. The studies of wave-current and wave-wind interac-

tions are both scarce in the current stage, and more efforts are suggested to be put
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on these topics. The study of the hydrodynamic characteristics of coastal bridges

under the joint action of wave, wind, and current is also a necessity in the future,

which can best reflect the realistic process of wave-deck interaction.

4. To improve the resilience of the bridge deck, the influences of many

countermeasures are expected to be further discussed. For example, the influence

of air vents on the wave force has been well studied by 2D models, and 3D models

are suggested to be utilized to study the optimum size and location of air vents for

rapid air ventilation on the deck, such as the air vents on the slab and girder.

Anchor cables are suggested to constrain the bridge deck, however, the tensile

forces on the cables are not well studied and the efficiency of this solution is

unknown. When the wave force surpasses the structure capacities, the bridge decks

are displaced up and laterally displaced with varying distances on the pile cap. To

avoid the failure of connection, it is highly suggested to introduce new approaches

to increase the capacity of bridges.

5. Lots of empirical formulas have been proposed for a fast evaluation of wave forces

on bridge decks based on limited experimental and numerical results. These

formulas are usually limited to specified wave conditions and structure parameters,

and it is challenging to propose an empirical formula to account for various

conditions. Machine learning technique is regarded to be an efficient way to study

the wave-deck interaction. For example, deck configurations with overhang, railing,

and air-venting holes would be worthy of studying using the machine learning

technique. With sufficient experimental and simulated data, the machine learning

technique can well predict the wave forces on the different geometrical bridge

decks under various conditions.
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