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ABSTRACT
In this study, a numerical method for predicting solitary wave forces on a typical coastal bridge deck with 
girders is utilised in order to obtain an alternative way to assess solitary wave forces on coastal bridge decks 
with sufficient accuracy. Firstly, a wave model based on the solitary wave theory representing the incident 
wave of tsunamis is applied through a computational fluid dynamics computer program, where the shear 
stress transport k-ω model is adopted as the turbulent closure for the Reynolds Averaged Navier–Stokes 
model equations. Then, the numerical wave profiles and the predicted wave forces are compared with the 
analytical solutions and the reported laboratory measurements, respectively. These verifications assure the 
results in the following parametric study reliable. Finally, comparisons between the numerical results and 
those acquired through the empirical methods are conducted in order to examine the appropriateness of 
these empirical procedures regarding this specific case. Furthermore, an expanded formula is proposed 
with the definitions of the key parameters being discussed thereafter. This method can be expanded 
to cases where different deck cross sections rather than the typical one used in the present study are 
considered and to scenarios where different wave parameters are involved. It is hoped that the expanded 
formula could provide straightforward but advisable results for practicing engineers.
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Introduction

Wave forces are responsible for many coastal bridge failures 
during recent tsunamis (FHWA, 2008; Maruyama et al., 2013; 
Shoji & Moriyama, 2007; Sugimoto & Unjoh, 2006), and many 
efforts have been made in order to understand the bridge fail-
ures and tsunami wave forces on the bridges. However, due to 
the complex geometries of coastal bridge superstructures and 
other variable parameters, such as the bridge site bathymetry, 
the clearance between the bottom of the superstructure and the 
still water level (SWL) and the tsunami wave stages (breaking 
or non-breaking), it is difficult to analyse tsunami wave forces 
(vertically and horizontally) on bridges using available design 
approaches such as the current AASHTO procedure (AASHTO, 
2008; Douglass & Krolak, 2008) that are primarily proposed for 
hurricane-induced waves. As such, it is of significant importance 
to develop alternative tsunami wave-related methodologies in 
order to appropriately assess the wave loadings on bridge decks 
for designing or retrofitting coastal bridges in tsunami prone 
areas.

Some early studies on tsunami waves (French, 1969, 1979; 
Iradjpanah, 1983; Lai, 1986; Lai & Lee, 1989) mainly focused 
on the solitary wave (the incident wave of tsunamis)-induced 
forces on horizontal platforms and elevated slabs. These studies 

employed conventional laboratory approaches and emerging 
numerical methods to realise the designated objectives and 
provide useful observations which have shed some lights on the 
understandings of the solitary wave forces on bridge superstruc-
tures. Recently, the devastating damage of bridges due to the 
tsunamis has motivated more research using both experimen-
tal and numerical methods on the bridge deck-wave interac-
tion problems since the last decade (Azadbakht & Yim, 2014, 
2015; Bozorgnia, Lee, & Raichlen, 2010; Hayatdavoodi, Seiffert, 
& Ertekin, 2014; Lau, Ohmachi, Inoue, & Lukkunaprasit, 2011; 
McPherson, 2008; Seiffert, Ertekin, & Robertson, 2015; Seiffert, 
Hayatdavoodi, & Ertekin, 2014). McPherson (2008) conducted 
a laboratory study with a 1:20 scale bridge model and this bridge 
model will be utilised later for the verification purpose in the 
current study. Bozorgnia et al. (2010) carried out numerical sim-
ulations for solitary waves on the bridge decks with and with-
out air venting holes. Comparisons of the obtained wave forces 
between these two cases show the advantages of adopting air 
venting holes in practice engineering. Seiffert et al. (2014, 2015) 
and Hayatdavoodi et al. (2014) presented experimental studies 
for solitary wave forces on a two-dimensional (2D) model of 
coastal bridge decks with a 1:35 scale. Numerical simulations 
were calculated using Euler’s inviscid model in OpenFOAM in 
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2  G. Xu eT AL.

based on the Navier–Stokes equations, which are shown as 
follows: 

 

 

where ρ is the mass density, u and v are the velocity components, 
p is the pressure, μ is the viscosity, g is the gravitational accelera-
tion and Sx and Sy are the momentum sources in the x direction 
and y direction, respectively.

To account for the turbulent fluctuations in the bridge deck-
wave interaction problem, the SST k-ω model is used as the tur-
bulence closure for the RANS equations. This turbulent model 
has its advantages over the k-ε model, one of the most com-
mon turbulence models, such that the flow domain with a high 
Reynold number and the near wall domain with a relatively low 
Reynold number can be more appropriately resolved. The equa-
tions for this turbulent model are:

 

 

where Γk = � +
�t
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�
= � +
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�
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 are the effective diffusivity 
of k and ω; σk and σω are the turbulent Prandtl numbers for k 
and ω, respectively; �t is the turbulent viscosity; Gk represents 
the production of turbulence kinetic energy, Gk = −�u�

iu
�
j

�uj
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j  is Reynolds stress, representing the turbulent flow effects 

on the mean flow field, −�u�
iu

�
j = �t

(

�ui

�xj
+

�uj

�xi

)

−
2

3
�k�ij; k is the 

turbulent kinetic energy, k =
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i are the mean and 
fluctuating velocity components; δij is Kronecker delta; G

�
 is the 

generation of ω; Yk and Y
�
 are the dissipation of k and ω, respec-

tively; D
�
 is the cross-diffusion term; and Sk and S

�
 are user- 

defined source terms. The detailed description of this model can 
be found in Mentor (1994).

For the set-ups of the SST k-ω model in Fluent, the pres-
sure-based solver (segregated) is chosen for the transient 
flow, the Pressure-Implicit with Splitting of Operators scheme 
(Bricker, Kawashima, & Nakayama, 2012; Bricker & Nakayama, 
2014; FHWA, 2009) is utilised for the pressure–velocity coupling 
method, and the PRESTO (PREssure STaggering Option) scheme 
is set for the pressure spatial discretisation. The turbulence damp-
ing is turned on and the damping factor is 50. For the veloc-
ity inlet boundary, the turbulent intensity is 2% and turbulent 
viscosity ratio is 10%. For the top and outlet of the calculation 
domain (see Figure 1), the backflow turbulent intensity and the 
backflow turbulent viscosity ratio are the same as that set for the 
velocity inlet boundary. As a two-phase problem, the volume of 
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order to make comparisons with the results from the laboratory 
measurements.

While the above-discussed studies focus on solitary waves 
only, Lau et al. (2011) and Azadbakht and Yim (2014, 2015) doc-
umented the characteristics of tsunami bore forces on the bridge 
decks and empirical equations with respect to their studied cases 
were proposed. However, there are quite limited studies touching 
the topic of proposing design equations for the tsunami incident 
waves (McPherson, 2008). The physical mechanics between the 
tsunami bores impinging the bridge deck and tsunami incident 
waves interacting with the bridge deck can be significant. As 
such, this study is motivated by proposing an empirical equa-
tion for estimating solitary wave forces on typical coastal bridge 
decks.

In this paper, a numerical method for predicting solitary 
wave forces on a typical coastal bridge deck with girders is uti-
lised. To this end, a wave model based on the solitary wave 
theory representing the incident wave of tsunamis is applied 
at first using a computational fluid dynamics computer pro-
gram ANSYS Fluent (Academic Version, V15.0), where the 
shear stress transport (SST) k-ω model is adopted as the tur-
bulent closure for the Reynolds Averaged Navier–Stokes model 
(RANS) equations. Verification of the wave profiles with analyt-
ical solutions and of the wave forces with reported laboratory 
experiments is then conducted, demonstrating that the utilised 
numerical method can yield reliable results with sufficient accu-
racy in the following parametric study. Finally, comparisons 
between the numerical results and those acquired through 
the empirical methods are conducted in order to examine the 
appropriateness of these empirical procedures regarding this 
specific case. In addition, an expanded formula is proposed with 
the definitions of the key parameters being discussed thereafter. 
Further verifications of the expanded method is conducted, 
which shows a potential and promising application of the pro-
posed expanded method.

Numerical methodology and verification

Governing equations

In the present study, 2D numerical simulations are adopted since 
significant computational cost can be saved as compared with 
three dimensional (3D) simulations and reasonable results can 
be yielded by using 2D simulations on this specific topic pertain-
ing to the bridge deck-wave interaction problems (Bozorgnia & 
Lee, 2012). For the turbulent flow simulations, water is assumed 
as an incompressible, viscous fluid. The fluid motion is described 
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Figure 1. Schematic diagram for the computational domain.
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STRuCTuRe AND INFRASTRuCTuRe eNGINeeRING  3

fluid (VOF) method (Hirt & Nichols, 1981) is employed to pre-
scribe the dynamic free surface. Least squares cell-based scheme 
is used for the gradient discretisation, second-order upwind for 
momentum advection terms and geo-reconstruct for the vol-
ume fraction equations. Second-order upwind is also used for 
the spatial discretisation of the turbulent kinetic energy and the 
specific dissipation rate.

Theory of the second-order solitary wave

The water particle velocities u and v, water pressure p and 
free surface profile η of the solitary wave of the second-order 
(Sarpkaya & Isaacson, 1981) are expressed as follows:
 

 

 

 

where � =
H

d
, q =

√

3�

2d

�

1 − 5

8
�

�

(x − ct), s = y + d, d is the still 
water depth, H is the wave height and y is the distance from 
the SWL and is negative if it is in the same direction with the 
gravitational acceleration. Hence, the wave celerity c can be cal-
culated as:
 

It is calculated from Equation (3a) that the solitary wave crest is 
located at x = 0 when t = 0s, namely, the wave crest is just at the 
inlet boundary. To more appropriately simulate the wave profile, 
the incident solitary wave should be shifted leftward by replacing 
t with t − t0, where t0 = Lmin/c and Lmin is defined as the mini-
mum length to allow the wave crest to reach the inlet boundary 
after a certain time. In this way, the water surface will increase 
gradually at the inlet boundary to ensure that a fully developed 
wave profile will be generated propagating from the inlet to the 
location of the structure model. Lmin should be greater than the 
effective wave length Le, where Le = 2�d∕

√

3H

d
. This method 

was adopted from Dong and Zhan (2009).

Numerical calculation domain and boundary conditions

Figure 1 shows the schematic diagram for the 2D computa-
tional domain, where the line EF is the SWL, which separates 
the regions of the air phase and water phase at the initial point. 
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The geometry of a typical coastal bridge deck model that with 
six girders is introduced here firstly for the convenience of dis-
cussion, and the numerical simulations employing this bridge 
model will be described later. This prototype bridge designed 
to carry two traffic lanes on the deck consists of a slab and six 
AASHTO type III girders and can be commonly found connect-
ing island communities (Hayatdavoodi et al., 2014). The width of 
the superstructure is 10.45 m, the girder height is 1.05 m and the 
deck depth is .3 m. All the six girders, each with a width of .3 m, 
are simplified as rectangles. The railing effect will be considered 
later for selected cases to demonstrate the effects of the railing 
height on the wave forces.

The boundary conditions are the same for all the simulations 
in the present study and are specified as follows:
AB: pressure outlet. This keeps the pressure in the air phase being 
the static gauge pressure that is the same as the operating pressure 
(101,325 Pa).
AC: velocity inlet. The equations of u (3c) and v (3d) are com-
piled into Fluent as the velocity inlet components in the x and y 
directions, respectively, by the user defined functions. The free 
surface profile η is controlled by Equation (3a).
CD: No slip stationary wall condition.
BD: pressure outlet.

Verification of the wave profiles with analytical results

To ensure sufficient accuracy for the numerical methodology, a 
verification of the wave profile with analytical results is deemed 
as a primary and essential step. In this verification procedure, 
the computation domain is set with a section of 200 m long and 
13 m high. The mesh sensitivity study is conducted and a value 
of .3 for ɛ (the ratio of the wave height to the still water depth) 
is chosen for the sensitivity study. Different mesh resolutions, 
dx = .05 m and .1 m in the x direction and dy = .05 m and .1 m 
in the y direction are used, respectively. Time steps of .001 s and 
.005 s are studied. The obtained results show that there are no 
significant differences on the achieved wave profiles. Therefore, 
the cell dimensions dx = .05 m in the x direction and dy = .05 m 
in the y direction are selected for this verification. This selection 
is based on the consideration for the requirements of the aspect 
ratio of the near wall mesh cells, say, the aspect ratios should 
be smaller than 10 in order to obtain a reasonable solution for 
near wall cells. Hence, we choose the finer mesh which results 
in more computational efforts, though a coarser mesh might be 
still valid. The fixed time step dt = .005s is adopted which satisfies 
the requirements of the Courant Number.

Figure 2 shows the comparisons of the free surface pro-
files at the appropriate location of the bridge model between 
the  numerical results and the analytical solutions for ɛ being 
.12, .18, .24, .30, .36 and .42, respectively. In such a way the values 
of ɛ employed in the following verification of the wave forces with 
reported laboratory measurements and in the parametric study 
will be within this prescribed range (i.e. from .12 to .42). These 
surface profiles are obtained by extracting the y coordinates of 
the cells where the VOF factor is .5 in the whole computational 
domain at a certain simulation time and then by normalising 
the coordinates with the corresponding water depth. The plots 
show that the numerical results agree very well with the analytical 
solutions even for a high value of ɛ (.30). When ɛ = .36, a phase 
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4  G. Xu eT AL.

method and the analytical solutions is 5% when ɛ = .42, and much 
less when ɛ = .36. Thus, valid results can be expected when the 
wave propagates to the bridge model with the simulated surface 
profiles close to the prescribed ones.

Verification of the vertical wave force on a horizontal 
platform

In this verification, a comparison is made between the predicted 
wave forces using the developed wave model above and those 
documented in a classic laboratory experimental study conducted 
by French (1969), where the solitary wave-induced vertical forces 

difference and a discrepancy of the wave crest between the results 
of the turbulent flow and the analytical method can be observed, 
which become larger when ɛ = .42. The critical reasons for this 
phenomenon are believed to include: (a) whilst the theoretical 
equations of the solitary waves are derived from the Navier–
Stokes equations based on the in-viscid fluid assumption, there 
are limitations to the accuracy of the turbulent flow simulations 
in the current numerical model; and (b) the effects caused by 
the higher order terms beyond the second-order terms in the 
analytical solutions may be prominent when larger ratios of ɛ are 
considered. However, the results show that the difference of the 
wave crest of the surface profiles between the current numerical 

Figure 2. free surface profiles for solitary waves near the location of the bridge model (the bridge model is placed at around 35 m in the x direction from the inlet 
boundary). d is the still water depth and y is the distance from the SWL to the water surface.
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STRuCTuRe AND INFRASTRuCTuRe eNGINeeRING  5

values, which may lead to this phenomenon. Generally speak-
ing, good agreements are obtained in the verification of the 
vertical wave force on a horizontal platform, which ensures 
a successful prediction of the wave forces in the following 
parametric study.

on a platform with several ratios of ɛ, namely, .24, .28, .32, .36 
and .40 were investigated. The experimental set-up is shown in 
Figure 3, where Fs is the weight of water in the approaching 
solitary waves above the platform, marked as the shaded water 
area. This experimental set-up was widely employed to verify 
numerical results by many researchers in the literature, including 
Lai (1986),  Huang and Xiao (2009), and Bozorgnia et al. (2010).

The parameters defined in this set-up are as follows. The 
computation domain is 14 m long and .7 m high; the still water 
depth d is .381 m; the solitary wave height H is related to �, for 
example, H = εd = .24 d = .0914 m; the distance from the bottom 
of the platform to the still water surface, S, is .2 d = .0762 m; the 
length of the cross section of the horizontal platform LW is 4 
d = 1.524 m; and the height of the cross section of the platform 
is .2 m.

To accurately capture the near-wall features (such as the veloc-
ity field and pressure field) and hence the wave forces, much 
attention should be paid to the wall boundaries of the focal struc-
ture model. Based on the log-law for the ‘law-of-the-wall’ used 
for identifying the viscous layer, blending layer and the fully 
turbulent layer, very fine meshes are adopted near the walls of 
the horizontal platform. To take full advantage of the SST k-ω 
model, the wall-coordinate (dimensionless) y+ should be less 
than 2, where y+ is used to calculate the height of the first grid cell 
along the walls of the focal structure model in the turbulent flow. 
While it is very difficult to satisfy this requirement, the height of 
the first grid should be in the logarithmic layer and valid results 
can still be produced. In the literature, y+ is desirable to be set in a 
range from 11.6 to 300 in order to achieve acceptable accuracy in 
bridge engineering (Bredberg, 2000; Xiong, Cai, Kong, & Kong, 
2014). In the current study, the range of y+ is from 30 to 50 in 
order to ensure that reliable pressure field around the near wall 
region can be obtained and to avoid the extensive computation.

In this verification, the grid resolutions are set as: dy = .02, 
.0025 and .005 m for the air zone, the near water zone and the 
deep water zone, respectively; dx = .005, .0025 and .02 m for the 
near velocity inlet zone, main computational zone and far field 
from the main computational zone, respectively. The time step 
is set as dt = .0025 s. The recorded time histories of the vertical 
wave forces are compared with those by French (1969) as well as 
some other studies (Bozorgnia et al., 2010; Huang & Xiao, 2009; 
Lai & Lee, 1989), as shown in Figure 4.

In Figure 4, it is observed that a larger value of ɛ leads 
to closer results to those by French (1969) in terms of the 
peak values in the time history curves. The possible reason 
is that the Iso-Surface used to separate the air phase and the 
water phase would be more accurate if more vertical grids 
are adopted in the prescribed wave height. However, in the 
current study the same grid mesh is employed for different ɛ 

SWL

d

H

Lw
y

x

Fs

S

Figure 3. experimental set-up of french (1969).

Figure 4. comparisons of vertical wave forces between different studies.
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6  G. Xu eT AL.

elevations and six different wave heights are chosen for this par-
ametric study, see Tables 1 and 2. The as-obtained wave forces 
with the considered wave heights and submersion coefficients are 
further utilised to examine the appropriateness of some previous 
empirical methods.

In Table 1, the submersion coefficient Cs is defined as the ratio 
of S (the distance between the bottom of the girders to SWL 
(negative if the structure is submerged in the water)), to Hb (the 
height of the bridge superstructure, consisting of the deck slab 
and the girders). The momentum centre is the moment centre 
due to the vertical force and horizontal force, and it is located at 

Verification of the wave forces on a bridge deck

The capability of the developed wave model to predict the wave 
forces is further ensured by the verification of the wave forces 
on a bridge deck with girders and side railings conducted by 
McPherson (2008) in a wave basin. The purpose of this verifi-
cation is demonstrated on two distinguishable aspects: (1) the 
cross section of the bridge deck with girders and side railings 
in the laboratory study by McPherson (2008) is more complex 
than a horizontal platform; and (2) the verification regarding the 
horizontal forces needs to be confirmed. The schematic diagram 
of the bridge model with a 1:20 scale in the experiment set-up 
is shown in Figure 5, where the bottom of the bridge girders is 
kept at a constant height, .41 m. Four water depths, .39, .41, .48 
and .54 m, are considered and one wave height, .14 m, is used. 
Since the perforated side railings cannot be fully realised owing 
to the limitation of the 2D model, a railing height of .03 m is 
considered above the bridge deck with a .02 m clearance in order 
to accommodate the experimental bridge model.

Comparisons between the results by the current method and 
by McPherson (2008) are shown in Figure 6. As shown in Figure 
6(a), when d = .54 m, small differences between the peak hori-
zontal forces (both the positive and negative peak values) are 
found. The main reason for this is that the simplified 2D railing 
has shortcomings when compared with the 3D perforated rail-
ings in the laboratory experiments. It is noteworthy in Figure 
6(b) that differences are found between the positive peak vertical 
forces when d = .39 and .41 m. We attribute this to the effects of 
the entrapped air. In the 2D simulations, the entrapped air cannot 
escape in a timely manner. In summary, good and substantial 
agreements are witnessed in this verification, further ensuring 
that the current method can make successful predictions of the 
wave forces in the bridge deck-wave interaction problem.

Parametric study

Study objects

Using the verified methodology, the characteristics of the wave 
forces considering different wave heights and submersion coef-
ficients were parametrically investigated and a demonstration of 
the effects of the railing height on the wave forces was presented. 
The geometric parameters of the bridge deck model are presented 
earlier in Figure 1 and the computation domain is 200 m long 
and 13 m high, the same as that employed in the verification of 
the wave profiles with analytical results. Eight different bridge 

Bottom

d (0.39m)
   (0.41m)
   (0.48m)
   (0.54m)

H=0.14m

0.038m 0.076m
0.6858m

0.
41

m
0.

13
m

0.
01

m

0.
07

m

SWL

0.
03

m

Figure 5.  Schematic diagram of the bridge model for experimental set-up 
(McPherson, 2008).

Figure 6. Verification of the wave forces on a bridge deck.

Table 1. Structure elevations and corresponding coefficients.

S (m) Cs = S/Hb

Momentum centre

x (m) y (m)
case 1 .67 .5 35.225 9.07
case 2 .30 .22 35.225 8.70
case 3 0 0 35.225 8.40
case 4 −.67 −.5 35.225 7.73
case 5 −1.35 −1 35.225 7.05
case 6 −1.65 −1.22 35.225 6.75
case 7 −2.02 −1.5 35.225 6.38
case 8 −2.70 −2 35.225 5.70
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STRuCTuRe AND INFRASTRuCTuRe eNGINeeRING  7

For the vertical forces in Figure 8(b), the positive peak vertical 
force is significantly larger than the corresponding negative peak 
vertical force for Cases 1–3 and the vertical force for Cases 5–8 at 
the initial stage (with values around 50 kN) are recognised as the 
buoyancy force owing to that the bridge deck is fully submerged 
in these cases. The positive peak horizontal and vertical forces 
are mainly employed to analyse the effects of the submersion 
coefficients on the wave forces in the next section.

Figure 9 demonstrates the snapshots of the bridge deck-wave 
interaction for Case 2 with the solitary wave height 1.74 m at sev-
eral time points. Because the air phase is set as incompressible in 
the current simulations, the entrapped air is obviously captured 
between the girders underneath the deck. It is expected that the 
use of the incompressible air would not have much effects on 
the predicted results (Hayatdavoodi et al., 2014; Seiffert, 2014).

Effects of submersion coefficients on wave forces

The predicted positive peak wave forces with different submer-
sion coefficients for different wave heights are shown in Figure 
10, respectively. In Figure 10, it is noteworthy that the maximum 
horizontal forces occur at Case 6, i.e. Cs = −1.22, for the six wave 
heights studied, the same as observed in Figure 8(a). While for 
the vertical forces as shown in Figure 10(b) (normalised by the 
self-weight of the bridge deck, Fb = 95.3 kN, which is calculated 
based on the study by Xiao, Huang, & Chen, 2010, where the 
bridge span weight is 154 metric tons and the deck length is 
15.85 m), the maximum positive peak vertical force appears in 
Case 5 (Cs = −1.0) for H = .87 m and in Case 3 (Cs = 0) for the 
other five wave heights. It is found that when the submersion 
coefficient falls in the range from −1.0 to 0, the positive peak ver-
tical forces are relatively larger. It is also interesting to notice that 
the positive peak vertical forces surpass the bridge’s self-weight 
when H = 2.20, 2.60 and 3.00 m for all the eight cases studied. 
For Case 3, i.e. when the bottom of the superstructure is just at 
the SWL, the positive peak vertical force is 1.16, 1.40, 1.93 and 
2.11 times of the bridge’s self-weight when H = 1.30, 1.74, 2.20, 
2.60 and 3.00 m, respectively.

To resist the horizontal forces, many practical countermeas-
ures are usually adopted in coastal bridges. The reported data 
pertaining to the resistant capability of the bolt systems in the 
study by Douglass, Chen, Olsen, Edge, and Brown (2006) is uti-
lised here in order to obtain a perspective of the relationship 
between the wave loadings and the bearing capacity of the bridge 
deck. Douglass et al. (2006) predicted that the total resistance 
provided by the bolt system per span is about 890 kN (200 kips) 
to 1779 kN (400 kips), much larger than the predicted horizontal 
force from the current study, 676 kN per span (42.66 kN/m, for 
Case 6 with the wave height 3.00 m). In other words, the hori-
zontal force only generated by a 3.00 m solitary wave cannot 

the middle height of the deck for each case. The still water depth 
d is 7.2 m and the range of the bridge elevations (distance from 
the seabed to the bottom of the superstructure) represents a large 
variety of bridge elevations that can be normally seen in coastal 
areas. In Table 2, it is noticed that the higher the wave height is, 
the faster the wave travels and the less calculation time (from 
the commencement of the simulation to the time the wave crest 
propagates far away enough from the bridge model) needed for 
one simulation. The run time for one case is about 110 cpu hours, 
varying with the wave heights and simulation time. The time is 
based on 64-bit processors with a frequency of 2.6 GHz and 2 G 
random-access memory.

Figure 7 displays an example of the model grid mesh adopted 
in the computational domain. The grid resolutions are: dx = .2, 
.05 and .2 m for the near velocity inlet zone, main computational 
zone and far field from the main computaional zone (outlet), 
respectively; dy = .2, .05 and .1 m for the air zone, the near water 
zone and the deep water zone, respectively.

Time-history of wave forces

The time histories of wave forces predicted for all the eight cases 
when the wave height is 1.74 m are demonstrated in Figure 8. For 
the horizontal forces as shown in Figure 8(a), it is observed that 
the peak values vary with the change of the submersion depth 
and the positive peak horizontal force is about 1.5–2.0 times of 
the corresponding negative peak horizontal force for each case. 

Table 2. Wave heights and related parameters for numerical simulations.

H (m) ɛ = H/d Le (m) c (m/s) t0 = Lmin/c (s) Calculation time t (s) dt (s)
3.00 .42 40.6 10.0 5 16 .002
2.60 .36 43.7 9.8 6 17 .002
2.20 .30 47.5 9.6 6 18 .002
1.74 .24 53.4 9.4 7 18 .002
1.30 .18 61.7 9.1 8 19 .002
.87 .12 75.5 8.9 9 22 .002

Figure 7. One example of the grid mesh.
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8  G. Xu eT AL.

the increase in the railing height. However, the railing has larger 
effects on the horizontal forces than on the vertical forces. It is 
noted that more studies considering multiple variables (i.e. the 
height of solid railings and/or perforated railings, one side or 
two sides) would ensure a better understanding of the railing 
effects on the wave forces.

Comparisons with previous empirical methods

It is found in the literature that Douglass et al. (2006), McConnell, 
Allsop, and Cruickshank (2004), Cuomo, Tirindelli, and Allsop 
(2007), and Boon-intra (2010) established empirical formulae 
for predicting wave-induced forces on coastal structures (includ-
ing the bridge decks) other than solitary waves and McPherson 
(2008) developed a method to assess the wave loadings under 
both the periodical waves and solitary waves. In the current 
study, the appropriateness of these procedures will be examined 
and expanded/improved, if necessary, to the cases of the solitary 
wave-induced forces on a typical coastal bridge deck with girders. 
Some other methods, such as Coastal Engineering Manual (U.S. 
Army Corps of Engineers, 2002) and ASCE/SEI7-05 (2006), are 
also found to predict wave forces on coastal structures. However, 
they are not utilised here in the current study with the following 
reasons: (a) for Coastal Engineering Manual (U.S. Army Corp 
of Engineers, 2002), it is indicated that physical model tests are 
needed to recalibrate the corresponding coefficients adopted in 
the prediction equations; (b) ASCE/SEI7-05 (2006) deals with 
wave forces on wall kind of coastal structures and they may be 
not suitable for assessing the wave forces on bridge decks that 
have relatively narrow horizontally projected areas.

McConnell et al.’s (2004) empirical method

Based on a series of experimental studies on jetties (Allsop & 
Cuomo, 2004; McConnell, Allsop, Cuomo, & Cruickshank, 2003; 
Tirindelli, Cuomo, Allsop, & McConnell, 2002), McConnell et 
al. (2004) provided the following empirical equations to predict 
wave forces on structure elements for jetty structures:
 

(5a)

Fvqs(+or−)

F∗
v

=
a

[

(�max−S)

H

]b

cause much damage to the bridge bolt system and then the super-
structure. However, the positive peak vertical force for Case 6 
with the corresponding wave height (H = 3.00 m) is much larger 
than the self-weight of the bridge deck (see Figure 10(b)), which, 
accompanied with the corresponding horizontal force, could 
easily displace or move the superstructure.

Effects of the railing height on wave forces

An additional effort is made to investigate the effects of the 
railing on the wave forces since only a few studies have been 
reported on the bridge deck models with railings (AASHTO, 
2008; McPherson, 2008). In this study, the railing heights of .3 
and .6 m (solid railings on both sides) are added to the original 
bridge model for Cases 1–3 with the wave height 2.20 m. The pre-
dicted results for these cases are listed in Table 3, where the force 
ratios are considered by taking the value when the railing height 
is 0 m as the referenced value. This table shows that the positive 
peak vertical forces and horizontal forces tend to increase with 

Figure 8. demonstration of the time histories of solitary wave forces.

Figure 9. Snapshots of the bridge deck-wave interaction for case 2 with the solitary 
wave height 1.74 m. the red colour refers to the water phase, while the blue colour 
refers to the air phase. (a) t = .0 s; (b) t = 8.0 s; (c) t = 9.0 s; (d) t = 10.0 s; (e) t = 11.0 s; 
(f ) t = 12.0 s.
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STRuCTuRe AND INFRASTRuCTuRe eNGINeeRING  9

 
where Fv = vertical wave load component; Fh = horizontal wave 
load component; cv−va and ch−va = empirical coefficients for ver-
tical and horizontal ‘varying’ loads, respectively; cr = reduction 
coefficient for reduced horizontal load on the internal girders; 
N = number of girders supporting the bridge deck; Av = area of 
the horizontal projection of the bridge deck; Ah = area of the 
vertical projection of the deck span; Δzv = difference between 
the elevation of the wave crest and the elevation of the bottom 
of the bridge deck; Δzh = difference between the elevation of the 
wave crest and the elevation of the centroid of Ah; and γ = unit 
weight of saltwater. The definition sketch for these parameters is 
shown in Figure 11. In the calculations employing the equations 
by Douglass et al.’s (2006), the parameters are defined as follows: 
Av = 10.45 m2, cv−va = 1, Ah = 1.35 m2, ch−va = 1, γ = 9.792 kN/
m3, N = 6 and cr = .4.

Cuomo et al.’s (2007) empirical method

Similar to the guidance for evaluating wave forces on exposed jet-
ties by McConnell et al. (2003, 2004) and Tirindelli et al. (2002), 
Tirindelli, Cuomo, Allsop and McConnell (2003), Tirindelli, 
Cuomo, Allsop, and Lamberti (2003), Cuomo et al. (2007) pro-
vides a prediction method based on separated structural elements 
using the filtered experimental data (Tirindelli, Cuomo, Allsop, 
& McConnell, 2003; Tirindelli, Cuomo, Allsop, & Lamberti, 
2003) by wavelet analysis (Cuomo, Allsop, & McConnell, 2003) 
to account for the dynamic effects in the experimental set-up. 
Both the horizontal and vertical wave forces are plotted against 
(ηmax − S)/d and non-dimensionalised by γHA, where A is the 
area of the element, normal to the wave forces applied. The gen-
eralised prediction equation is given as:
 

where the coefficients a and b are provided by empirical fitting.

McPherson’s (2008) empirical method

Taking the Douglass et al.’s (2006) interim approach as a starting 
point, McPherson (2008) developed a method to examine the 
wave forces on bridge decks. The developed equations are given 
as follows:
 

 

 

 
 

(6b)Fh = [1 + cr(N − 1)]ch−va�(Δzh)Ah

(7)
Fv or Fh
�HA

= a

(

�max − S

d

)

+ b

(8a)

Fv = Fhydrostatic + FBridge + FAirEntrapment

= ��ZAv − Fw + �VolBridge + (N − 1).5��GAG

(8b)Fh = FHydrostatic_Front − FHydrostatic_Back if h ≤ hmodel,

(8c)Fw = .5𝛾𝛿Av and if h > hmodel,

(8d)Fw = .5𝛾𝛿Av + 𝛾(h − hmodel)Av if 𝜂max < hdeck,

(8e)FHydrostatic_Front =.5(𝜂max + h − hgirder)HbridgeLbridge𝛾 and

if 𝜂max < hdeck,

 

where Fvqs and Fhqs are quasi-static forces to be determined; F∗
v 

and F∗
h are the basic vertical and horizontal forces, respectively; 

ηmax is the elevation of the wave crest; S is the clearance between 
the bottom of the structure to SWL; and a and b are empirical 
coefficients.

Douglass et al.’s (2006) empirical method

Based on the previous observations that the wave loads are line-
arly proportional to the difference between the wave crest and the 
elevation of the bottom of the structure (French, 1979; Overbeek 
& Klabbers, 2001; Wang, 1970), Douglass et al. (2006) developed 
an interim approach to predict the wave forces on typical coastal 
bridges using the following equations:
 

(5b)

Fhqs(+or−)

F∗
h

=
a

[

(�max−S)

H

]b

(6a)Fv = cv−va�(Δzv)Av

Figure 10. Variation of positive peak wave forces per unit length with submersion 
coefficient for different wave heights. (Fv refers to the positive peak vertical force 
and Fb refers to the self-weight of the bridge deck per unit length).
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10  G. Xu eT AL.

for design purpose due to the lack of laboratory experiments on 
physical bridge models. The equations are described as follows:
 

 

where Fh consists of two parts, hydrostatic horizontal force and 
hydrodynamic horizontal force; Fv consists of two parts, buoyant 
force (hydrostatic vertical force) and uplift force (hydrodynamic 
vertical force); Δz is the distance from the bottom of girders to the 
instantaneous water-surface elevation (to ηmax as used in the cur-
rent study); (Δh ⋅ u2)max is the maximum flux momentum; ux,max 
is the adjusted horizontal wave velocity (ux,max = 3.5u∗

x,max, when 
the bridge deck is subjected to less inundation and ux,max = u∗

x,max 
when the bridge deck is facing large inundation); u∗

x,max is hori-
zontal wave velocity; Cd is the empirical drag coefficient (Cd = 1.0 
when the bridge deck is subjected to less inundation and Cd = 2.0 
when the bridge deck is facing large inundation); Av, Ah, γ, N 
and cr are the same as those adopted in Douglass et al. (2006). 
In the current study, u and u∗

x,max are considered as the horizontal 
velocities of the water particles at the SWL in order to accommo-
date to the solitary wave conditions (rather than breaker bores).

Comparisons and examinations of the wave forces

The predicted numerical results of the positive peak horizon-
tal forces and vertical forces are compared with those through 
the empirical methods provided by McConnell et al. (2004), 
Douglass et al. (2006), Cuomo et al. (2007), McPherson (2008) 
and Boon-intra (2010) in order to identify their prediction capa-
bilities and appropriateness of use regarding the current bridge 
deck model under the prescribed conditions. The comparisons 
for two wave heights (H = 1.74 and 2.20 m) are demonstrated in 
the sequence in Figures 12 and 13.

In Figure 12, it is observed that the predicted wave forces 
by Douglass et al. (2006) and Boon-intra, 2010 are significantly 
conservative at most times. As a matter of fact, Douglass et al.’s 
(2006) interim approach predicts higher wave forces when the 
bridge superstructure is more submerged due to the increased 
water level. Building on Douglass et al.’s (2006) interim approach, 
Boon-intra’s (2010) method adds a hydrodynamic force com-
ponent into the total force. As a result, the predicted horizon-
tal forces of both methods follow the same general trend. In 

(9a)

Fh = Fhydrostatic + Fhydrodynamic

=
[

1 + c
r
(N − 1)

]

�(Δz)Ah + .5 ⋅ Cd�(Δh ⋅ u
2)max

(9b)Fv = Fbuoyant + Fuplift = [� ⋅ (Δz) + .5 ⋅ �u2
x,max]Av

 

 

 

where δZ is distance from the top of the deck to the wave crest, 
ηmax; δG is the height of the bridge girders; AG is the cross- 
sectional area of trapped air between girders; δ is the height 
of wave overtopping the bridge deck; h is the height from the 
ground elevation to the SWL (with the same meaning as d, the 
still water depth); hmodel is the distance from the ground eleva-
tion to the top of the deck; hgirder is the height from the ground 
elevation to the bottom of the bridge girders; hdeck is the height 
from the ground elevation to the bottom of the deck; Hbridge is 
the height of the bridge impacted by lateral wave forces; Lbridge is 
the length of the bridge impacted by lateral wave forces; Av, γ, N 
and ηmax are the same as those adopted in Douglass et al. (2006).

Boon-intra’s (2010) empirical method

Based on the tsunami time-history loadings calculated from 
finite-element models and the studies by Douglass et al. (2006), 
Yeh (2007) and FEMA P646 (2008), Boon-intra (2010) suggested 
a method to estimate tsunami impact forces on bridge super-
structures by combining the hydrostatic and hydrodynamic 
water pressure on deck-girder bridge sections. The suggested 
method was developed to be used as a preliminary guideline 

(8f)

FHydrostatic_Front =.5
[(

𝜂max + h − hgirder

)

+ (𝜂max − hdeck)
]

Hbridge

Lbridge𝛾 if h < hgirder,

(8g)FHydrostatic_Back = 0 and if h > hgirder,

(8h)FHydrostatic_Back = .5(h − hgirder)
2Lbridge�

A
Z Z

max
v

Av

h
h

Maximum Wave Crest Elevation

Storm Surge Elevation

Mudline Elevation

Figure 11. definition sketch for the interim approach proposed by douglass et al. 
(2006).

Table 3. results of different railing height by current method.

Vertical force Horizontal force

Railing height unit: kN Ratio unit: kN Ratio
case 1 0 97.143 1 18.67 1

.3 m 100.4 1.034 20.274 1.086

.6 m 109.638 1.129 22.908 1.227
case 2 0 145.78 1 20.52 1

.3 m 152.268 1.045 22.663 1.104

.6 m 156.188 1.071 25.725 1.254
case 3 0 158.003 1 19.93 1

.3 m 160.885 1.018 23.195 1.164

.6 m 167.151 1.058 27.134 1.361
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STRuCTuRe AND INFRASTRuCTuRe eNGINeeRING  11

considered in the experiments; and (3) different wave types were 
studied. These factors results in significant differences in both the 
phenomena and mechanisms of the wave–structure interaction 
between the experimental studies for a jetty structure and the 
current study for a bridge deck. As such, the prediction equations 
originally developed for the jetty structures cannot be directly 
adopted to estimate solitary wave forces on bridge decks.

It is noteworthy that McPherson’s (2008) method predicts 
much closer horizontal wave forces to those by the present 
numerical method as compared with other methods; however, 
the predicted forces are slightly larger than those by the current 
numerical method when the submersion coefficient is negative 
and smaller when positive. Apparently, McPherson’s (2008) 
method is more appropriate for assessing the solitary wave forces 
on the bridge decks since the hydrostatic force on the backside 
is taken into account. In contrast, no water (hence the water 
pressure) on the trailing edge (backside) of the structures is con-
sidered for the other four methods (Boon-intra, 2010; Cuomo et 
al., 2007; Douglass et al., 2006; McConnell et al., 2004).

For the vertical forces as shown in Figure 13, Douglass et al.’s 
(2006) interim approach predicts smaller vertical forces when the 
submersion coefficient is positive and more conservative vertical 
forces when the bridge superstructure is beyond fully submerged. 

general, the linear increase in the horizontal wave forces with the 
increase in the submersion depth contradicts with the observa-
tions reported in the literature (Huang & Xiao, 2009; Jin & Meng, 
2011; Xiao et al., 2010). The main reasons for this include: (1) this 
interim approach is not proposed for deeply submerged cases, 
but rather for the conditions when the bridge superstructure is 
located well around or suspended above the SWL; and (2) this 
interim approach does not distinguish the difference of wave 
types, e.g. Stokes waves, cnoidal wave and solitary wave. Different 
wave types have different horizontal and vertical velocity com-
ponents, which can be reflected in the numerical simulations, 
but not in the empirical formulas.

The predicted forces by McConnell et al.’s (2004) and Cuomo 
et al.’s (2007) empirical methods, both are calibrated based on 
experimental measurements, also show remarkable differences 
with the current numerical results. Several distinct factors con-
tributing to the differences are analysed in the comparisons of 
the horizontal forces: (1) the effects of the entrapped air are more 
prominent in the bridge deck-wave interaction in the present 
numerical simulations, while the air leakage and water shooting 
through the leakage gap was witnessed in the experiments of the 
jetty structure and hence influenced the developed empirical 
methods (Douglass et al., 2006); (2) no submerged cases were 

Figure 12. calculations of the horizontal forces by different methods.

Figure 13. calculations of the vertical forces by different methods.
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12  G. Xu eT AL.

Bea et al., 1999), are added to the vertical and horizontal force 
components, respectively, in the empirical formulae suggested 
by McPherson’s (2008), where Fl is the uplift force; FD is the drag 
force; CD and Cl are the drag and lift coefficients, respectively, and 
they are typically taken as 1.0 in the current study; and u is taken as 
the horizontal velocity of the water particle at the SWL located at 
the section of the wave crest and at the level of object for subaerial 
and submerged cases, respectively. Meanwhile, two parameters, 
Cw and hBack, are added and one parameter, δZ, is adjusted. The 
rationality for these changes will be discussed in details later. Some 
of the involved parameters are shown in Figure 14 and the equa-
tions of the expanded method are expressed as follows:
 

 
If the SWL is below the top of the deck and no overtopping 

water exists, i.e. h + ηmax ≤ hmodel,
 

if the SWL is below the top of the deck but overtopping water 
exists, i.e. h ≤ hmodel < h + ηmax,
 

and if the SWL is above the top of the deck, i.e. h > hmodel,
 

If the front girder is partially submerged, i.e. 
hgirder < h + ηmax < hmodel,
 

and if the front girder is fully submerged, i.e. h + ηmax > hmodel,
 

If the back girder is above the water, i.e. h + hBack < hgirder,
 

if the back girder is partially submerged, i.e. hgirder < h + hBack 
< hgirder + Hb,

(10a)

Fv = FHydrostatic + FBridge + FAirEntrapment + Fl

= ��ZAv − Fw + �VolBridge + (N − 1).5��GAG + .5 ⋅ �ClAvu
2

(10b)Fh = FHydrostatic_Front − FHydrostatic_Back + FD

(10c)Fw = 0

(10d)Fw = Cw��Av

(10e)Fw = Cw��Av + �(h − hmodel)Av

(10f)FHydrostatic_Front = .5(�max + h − hgirder)HbridgeLbridge�

(10g)

FHydrostatic_Front =.5[
(

�max + h − hgirder

)

+ (�max

+ h − hmodel)]HbridgeLbridge�

(10h)FHydrostatic_Back = 0

Boon-intra’s (2010) method predicted the same trend as that of 
Douglass et al.’s (2006) interim approach, but with more conserv-
ative results since the hydrodynamic force component is added 
into the total force. The predicted forces by McConnell et al. 
(2004) and Cuomo et al. (2007) almost follow the same pattern 
as compared with the current numerical results.

McPherson’s (2008) method predicts relatively close results 
of the vertical forces with those by the current numerical 
method when the submersion coefficient is positive and around 
-1.0, but with some difference in the other ranges. This is 
maybe due to the way of treating δZ in the force component of 
Fhydrostatic = γδZAv − Fw. Strictly speaking, the water depth (and 
hydrostatic pressure) from the wave profile to the deck is different 
at different points of the deck. Simply taking δZ as the distance 
from the top of the deck to the wave crest for the whole deck may 
misestimate the hydrostatic force. An alternative treatment of δZ 
will be discussed later.

In summary, the methods by McConnell et al. (2004) 
and Cuomo et al. (2007), originally developed for the jetty 
structures, cannot be directly adopted to estimate solitary 
wave forces on bridge decks. Douglass et al.’s (2006) interim 
approach predicts much conservative wave forces at most times 
and Boon-intra’s (2010) method is even more conservative 
since additional hydrodynamic force component is added to 
Douglass et al.’s (2006) interim approach. Overall, McPherson’s 
(2008) method performs better since the water on deck force 
(weight of the overtopping water) and the hydrostatic force due 
to the existing water at the backside of the bridge superstruc-
ture are considered. Therefore, it would be more promising to 
further expand McPherson’s (2008) method in order to make 
more reliable predictions for solitary wave forces on bridge 
decks.

Expansion of McPherson’s method

The total wave forces (in the horizontal direction or in the vertical 
direction) can be generally divided into three components, i.e. 
hydrostatic force (e.g. water on deck force and buoyancy force), 
velocity related force (e.g. drag force and slamming force) and 
acceleration related force (e.g. inertia force). For the examined 
methods, the hydrostatic force component is usually deemed 
as the major part of the total forces. Therefore, these empirical 
methods are developed based on the analysis at the hydrostatic 
force level (Cuomo et al., 2007; Douglass et al., 2006; McConnell 
et al., 2004; McPherson, 2008). However, including the velocity 
related force components (based on Bernoulli’s principle) that 
reflect the effects of the wave parameters other than the wave 
height, such as the wave period, wave length and wave types 
(AASHTO, 2008; Bea, Xu, Stear, & Ramos, 1999)  may lead to 
more realistic results. As such, an expansion of McPherson’s 
method is proposed by adding the velocity related components 
in order to provide straightforward, but advisable results of the 
solitary wave forces on the typical coastal bridge deck consid-
ered here.

Formulation of the expanded method

The expressions of the velocity related forces, Fl = .5 ⋅ �ClAvu
2 

and FD = .5 ⋅ �CDAhu
2, usually seen in the literature (for example, 

Bottom

h
hmodel

SWL

Water surface (undisturbed)
Water surface (disturbed)

Z

hdeck
hgirder

hBack

Av

Figure 14. Schematic diagram for the parameters used in the expanded method.
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STRuCTuRe AND INFRASTRuCTuRe eNGINeeRING  13

wave heights) to .8 m (for higher wave heights) tentatively based 
on the observations in the current study.

Improvement of the expanded method

The comparisons among the predicted results from the 
expanded method, the numerical results and the results cal-
culated by McPherson’s (2008) method for two wave heights, 
1.74 and 2.20 m, are typically demonstrated in Figure 15. The 
empirical coefficients used for the specified cases are listed in 
Table 4. For the parameter of Cw, its value is 0 if there is a small 
tendency of the water on deck. Since a smooth shape of the water 

 

and if the back girder is fully submerged, i.e. h + hBack > hgirder + Hb,
 

 
where Cw is an empirical factor to facilitate the consideration of 
the water on deck. When h ≤ hmodel < h + ηmax, Cw is the ratio of 
the weight of water above the top of the deck to the correspond-
ing value of γδAv.

When h > hmodel, Cw is the ratio of the weight of water above 
the SWL to the weight of a rectangular column of water above 
the SWL, γ(δ − h + hmodel)Av. It is closely related to the shape 
of water on deck, say, the wave height, the width of the deck, 
the effective wave length and the bridge deck-wave interaction, 
taken as .6 when h ≤ hmodel < h + ηmax (McPherson, 2008) to .80 
when h > hmodel in the current study; δZ is the distance from the 
bottom of the deck to the wave crest; and hBack is the possible 
water height above the SWL at the trailing edge of the bridge 
deck and it is related to the effective wave length, the wave height, 
the water depth, the wave speed and the geometry of the bridge 
superstructure. The value of hBack ranges from .4 m (for smaller 

(10i)FHydrostatic_Back = .5(h + hBack − hgirder)
2Lbridge�

(10j)
FHydrostatic_Back = .5(2h + 2hBack − hgirder − h_model)HbridgeLbridge�

(10k)FD = .5 ⋅ �CDAhu
2

Figure 15. comparisons of the results among current numerical results and calculations by the expanded method and by McPherson’s (2008) method.

Table 4. empirical coefficients for specified cases.

Case

H = 1.74 m H = 2.20 m

Cw hBack (m) Cw hBack (m)
case 1 0 0 .60 0
case 2 .60 0 .60 0
case 3 .60 .40 .60 .50
case 4 .60 .40 .60 .50
case 5 .60 .40 .60 .50
case 6 .70 .40 .70 .50
case 7 .70 .40 .70 .50
case 8 .70 .40 .70 .50
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14  G. Xu eT AL.

.60 and .70 are taken for cases with the submersion coefficient 
larger than −1.0 and smaller than −1.0, respectively. Regarding 
the parameter of hBack, it is taken as 0 when the bridge deck is 
subaerial (well above the SWL). Its values being .40 and .50 m 
are empirically chosen based on the disturbed wave profiles at 
the approximate time the peak horizontal forces occur when 
H = 1.74 and 2.20 m, respectively. These two key parameters 
will be further discussed later.

As observed in Figure 15, differences of the values between 
the predicted ones by the expanded method and the numerical 
results are observed. The possible reasons for the differences are 
believed to include: (a) the complex distribution of the pressure 
field on the specific projected areas may not be guaranteed to be 
perfectly represented by the limited parameters considered here 
since these parameters are empirically determined; and (b) the 
uncertainties of VolBridge induced by the entrapped air should be 
another reason for cases when the bridge deck is above the SWL. 
However, although the proposed expanded method predicts rela-
tively conservative results at most times, it makes relatively better 
predictions than the McPherson’s (2008) method.

The comparisons of the wave forces between the current 
numerical results and those predicted by the expanded method 
are plotted in Figure 16, showing a reasonable accuracy. As a 
result, this expanded method can serve as an alternative but 
convenient way to give practicing engineers a useful estimation 
of the wave loadings and to predict the solitary wave forces on 
similar kinds of deck-girder bridges. Further comparisons of this 
expanded method with the five examined empirical methods are 
made using the relative error E defined in Equation (11) and the 
results are shown in Table 5. The results confirm the improve-
ment of this expanded method.

 

(11)E =
1

n

√

√

√

√

n
∑

1

(

xi − x̂i
xi

)2

on deck is observed when the bridge deck is beyond fully sub-
merged, larger values are considered in order to obtain reasona-
ble predictions, especially for larger wave heights. The values of 

Figure 16. comparisons of the positive peak wave forces between current numerical results and the calculated results by the expanded method.

Table 5. comparisons of the relative error e between different methods.

McConnell et al. (2004) Cuomo et al. (2007) Douglass et al. (2006) Boon-intra (2010) McPherson (2008) expanded method
Fv .062 .052 .187 .306 .030 .024
Fh .753 1.552 .731 1.004 .061 .032

Bottom

h hmodel

Water surface

SWL

Overtopping water

+h        -h Av

Cw

model

+h        -h Avmodel

Figure 17. Schematic diagram of the estimated overtopping water.

Figure 18. demonstration of an example to estimate the overtopping water when 
the positive peak vertical force occurs.
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STRuCTuRe AND INFRASTRuCTuRe eNGINeeRING  15

be determined when the bridge elevation is partially submerged 
or fully submerged. Figure 19 demonstrates the consideration 
of the values of hBack used in the present study, where the snap-
shots around the occurrence of the positive peak horizontal 
forces for Case 3 with different wave heights are captured. It is 
observed that higher wave heights are accompanied with more 
intense bridge deck-wave interaction. In this regard, the value of 
hBack for the corresponding wave height needs to be empirically 
determined accordingly. In the current study, the value of hBack 
is tentatively taken from .4 m (for smaller wave heights) to .8 m 
(for higher wave heights) based on the observation. However, 
this value may subject to error due to that the solitary waves 
may undergo significant scattering or diffraction in the bridge 
deck-wave interaction, especially when the bridge elevation is 
located around the SWL.

Additionally, the value of δZ in the force component of 
Fhydrostatic = γδZAv − Fw needs to be discussed since it is one of the 
reasons for making the overestimations. In the proposed method, 
δZ is defined as the distance from the bottom of the deck to the 
wave crest, which results in the maximum possible hydraulic 
pressure for the deck elements. Actually, the pressure (γδZ) on the 
whole projected area (Av) can be different in different chambers 
as observed in Figure 20, where the gauge pressure (with respect 
to the operating pressure, 101,325 Pa) for three cases (Cases 1, 3 
and 6) with the wave height 1.74 m at the simulation time t = 10 s 
(at the approximate time when the positive peak vertical force 
occurs) is plotted. Therefore, the hydrostatic force component 
of Fhydrostatic may be overestimated for some chambers using γδZ 
for all the chambers, leading to more conservative predictions in 
the present study. As such, a reduction factor for Fhydrostatic would 
be necessary to obtain more realistic values.

where xi and x̂i are the wave forces by the current numerical 
method and predicted by the methods reviewed or proposed 
in the present study, respectively; and n is the number of tests.

Discussion of the key parameters used in the expanded 
method

Herein, the key parameters, Cw, hBack and δZ, are discussed in 
order to give reasonable physical explanations for this proposed 
expanded method. In addition, the conservative performance 
of this method is also demonstrated in this procedure. Strictly 
speaking, the actual weight of water above the top of the deck and 
above the SWL when h ≤ hmodel < h + ηmax and h > hmodel, respec-
tively, should be known to calculate Cw. However, it is difficult to 
obtain the accurate weight of the overtopping water practically 
due to the disturbance of the wave profile with the presence of 
the bridge deck. Alternatively, an approximate estimation of Cw 
is considered by taking the analytical wave profiles as a base, as 
demonstrated in Figures 17 and 18. Figure 18 depicts an example 
for predicting the fraction of the water above the SWL in the 
overall overtopping water (in the case of h > hmodel). Generally 
speaking, Cw should be a smaller value when the effective wave 
length is close to or less than the width of the bridge deck. The 
same criteria can be used for choosing appropriate values for Cw 
when h ≤ hmodel < h + ηmax.

The parameter of hBack is used to appropriately predict the 
hydrostatic force at the trailing edge of the bridge deck, named 
FHydrostatic_Back, at the time when the positive peak horizontal 
force occurs. In the proposed method, FHydrostatic_Back is 0 when 
h + hBack < hgirder and this is highly expected when the back girder 
is above the water. However, an appropriate value of hBack needs to 

Figure 19. Snapshots for empirically determining the values of hBack for case 3 with different wave heights at the approximate time when the positive peak horizontal 
force occurs.
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16  G. Xu eT AL.

considered and to scenarios where different wave parameters are 
involved. However, several coefficients need to be recalibrated 
accordingly, such as Cw, δZ and Av in the equations to predict 
Fhydrostatic and FHydrostatic_Back, the hydrostatic force at the backside 
of the bridge deck.

Further examination of the expanded method

In order to further verify the application of the expanded method, 
two more different still water depths are considered, 5.4 and 
9.0 m, covering a range of the water depth that coastal bridges 
are normally located. Four wave heights are considered here, 1.00, 
1.40, 1.80 and 2.20 m. The range of the submersion coefficient 
is from .44 to −2.00 and there are 12 cases for each water depth, 
as demonstrated in Figure 21(a). The corresponding structure 
elevations with respect to each SWL are shown in Figure 21(b) 
and the vertical difference between two continuous structure 
elevations is .3 m. The obtained wave forces for the water depths 
of 5.4 and 9.0 m are plotted in Figure 22, where the results for 
the water depth of 7.2 m are not shown here for simplicity. The 
characteristics of the wave forces are similar to the observations 
as discussed above for the water depth of 7.2 m and hence they are 
not further addressed here. The details of the differences between 
the wave forces with the same height but different water depths 
were presented in the study by Xu, Cai, and Han (2015).

By employing the expanded method, the comparisons 
between the calculated results and the numerical results are 
made, as shown in Figure 23. The empirical coefficients used 
for cases where applicable are listed in Table 6. It should be noted 
that the value of hBack is 0 for subaerial cases and the value of 
Cw is 0 if there is a small tendency of the water on deck, the 
same empirical rules as discussed above. The relative error E is 
.015 and .018 for the vertical and horizontal forces, respectively, 
indicating that the expanded method can predict reliable results 
for practical uses.

Currently, since research on the contribution of the inertial 
force to the total force is at the early stage for bridge deck-wave 
interaction problems, especially on the topic regarding solitary 
wave-induced loadings on bridge decks (AASHTO, 2008; Jin 
& Meng, 2011; McPherson, 2008), the inertia force is seldom 
included in these reviewed empirical methods. Though Kaplan 
(1992), Kaplan, Murray, and Yu (1995), and Bea et al. (1999) con-
sidered the inertial force for the horizontal cylinders and offshore 

In summary, the detailed discussion of the key parameters 
show that the proposed expanded method is able to predict the 
wave forces on the prescribed typical bridge deck with reasonable 
accuracy. The proposed method can also serve as a basis to be 
expanded to other cases where coastal bridges with different deck 
cross sections rather than the one used in the present study are 

Figure 20. gauge pressure (with respect to the operating pressure, 101, 325 Pa) for 
cases with the wave height 1.74 m at the simulation time t = 10 s. (a) case 1; (b) 
case 3; (c) case 6.

Figure 21. further examined cases with corresponding coefficients. (a) expressed using the submersion coefficients for each water depth; and (b) expressed using their 
structure elevations for each water depth.
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STRuCTuRe AND INFRASTRuCTuRe eNGINeeRING  17

Figure 22. Wave forces on the bridge deck for the further examined cases.

Figure 23. comparisons between current numerical results and the calculated results by the expanded method for the further examined cases.

Table 6. empirical coefficients for further examined cases.

Water depth (m)

hBack (m) Cw

H = 1.00 and 1.40 m H = 1.80 and 2.20 m Cs ≥ −1.0 Cs < −1.0
5.4 .40 .50 .60 .70
7.2 .40 .50 .60 .70
9.0 .40 .50 .60 .70
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Conclusions

In this study, a numerical method for predicting solitary wave 
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measurements. As such, it is expected that this method can be 
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than the typical one used in the present study are considered 
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areas. The range of the wave heights considered is from .87 m 
(ɛ = .12) to 3.0 m (ɛ = .42), which covers a considerable portion 
of the wave heights (ratios) studied in the literature. Numerical 
results show that: (1) when the submersion coefficient is from −1.0 
to 0, the positive peak vertical forces are relatively larger than those 
at other elevations; (2) the maximum positive horizontal force 
occurs when the bridge superstructure is just fully submerged; 
and (3) while increasing the railing height results in an increase 
of both the horizontal force and the vertical force, the railing has 
larger effects on the horizontal force than the vertical force.

Based on the comparisons between the numerical results and 
those acquired through the empirical methods, the appropriate-
ness of these empirical procedures in predicting the wave forces 
of the studied specific cases are examined. Then, an expanded 
formula is proposed based on McPherson’s method and it is 
hoped that this expanded formula could provide straightforward, 
but advisable results for practicing engineers.

The limitations of the current study and future work are noted: 
(1) in the present study, 2D numerical simulations have been 
conducted. Three-dimensional models may provide more reliable 
results, but with much higher computational cost; and (2) larger 
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