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1  Introduction
Tsunami, one of natural disasters, has caused devastating damage to coastal infrastruc-
ture including ports, bridges, houses, etc. In 1960, the Chilean Sea Tsunami caused the 
death and missing of more than 10,000 people, according to Feng 2005. In 2011, Tohoku-
Oki Earthquake (Mw9.0) in Japan caused a massive tsunami and it triggered a nuclear 
leakage accident at the Fukushima Nuclear Power Plant (Zhu et  al. 2006). Tsunami 
caused serious damages to coastal bridges (Unjoh and Endoh 2006; Kasano et al. 2012; 
Salem et al. 2014), which are important transportation bonds in coastal areas. Therefore 
it is of great significance and engineering value to study the tsunami force on coastal 
bridges.
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Solitary wave is ordinarily used to simulate Tsunami wave propagates in ocean. The 
solitary wave deforms and breaks up due to the shallow water effect when it propa-
gates to the coast, then it transforms into bores and impacts on the coastal structures. 
The wave forces on bridge superstructures caused by solitary waves has been widely 
studied. Seiffert et al. (2014) studied horizontal and vertical forces acting on a two-
dimensional horizontal plate due to solitary waves experimentally, and results show 
the vertical uplift forces become larger when the wave amplitude increases and the 
plate moves closer to the still-water surface. Hayatdavoodi et  al. (2014) used physi-
cal experiments and CFD software OpenFOAM to study the forces of solitary waves 
on T-girder bridge, and results show that the forces calculated by OpenFOAM are in 
good agreement with the laboratory measurements in most cases. Huang et al. (2019) 
investigated wave forces on the deck with a box girder subjected to solitary wave, 
the wave force influencing parameters such as wave height, and submergence coef-
ficient were discussed. Zhu and Dong (2020) studied influence of wave height, water 
depth, submerged depth, etc., on wave force on a T-girder bridge model, results show 
that wave force is lineally proportional to wave height, and the 3D model can obtain 
more accurate wave forces than 2D model. Huang et al. (2020) proposed an analyti-
cal method for estimating the wave forces on the box-girder superstructure of coastal 
bridges based on the potential flow theory, and the results show that the girder type 
has a significant effect on the wave forces of the submerged superstructure.

The record by Kosa et al. (2014) shows that when the East Japan Tsunami occurred 
in 2011, the broken bore with bore front height 2 m impacted the costal bridge. How-
ever, the un-broken solitary wave, which has different flow field from the broken bore, 
was employed to study the tsunami force in the above articles. Broken bore should be 
used when studying tsunami force on coastal bridges. At present, there are two meth-
ods to generate the tsunami bore in laboratory or in CFD simulation: (1) dam-break 
method. This method simulates the tsunami bore by opening the gate of dam quickly 
to generate dam-breaking bore. The dam-break method, which is convenient and can 
simulate tsunami bore considerably well, has been used by Sugimoto and Unjoh 2007, 
Yang et al. 2020, etc. (2) solitary wave breaking method. This method generates a soli-
tary wave at the far end of flume by wave maker, the solitary wave deforms and then 
breaks to generate tsunami bore when it propagates on the slope placed at the bottom 
of the flume (the slope simulates continental shelf ). This method can reproduce the 
propagation and evolution process of solitary wave relatively completely, which has 
been employed by Seiffert et  al. 2014, Hayatdavoodi et  al. 2014, Huang et  al. 2019, 
Zhu and Dong 2020.

Cross (1967) simulated the tsunami bore propagation in water tank with dry down-
stream bed by the dam-break method, and studied the impact force on the vertical wall. 
Sugimoto and Unjoh (2007) measured tsunami force on a reinforced concrete deck-
girder bridge and a steel bridge by dam-break method, and compared the damages of 
the original bridge struck by real tsunami bore and the model bridge struck by dam-
break bore in the laboratory. The generation mechanism and characteristics of the peak 
value of vertical component of the tsunami bore force on girder bridge are investigated 
by using dam-break method by Yang et al. (2020), the results show the entrapped air in 
chambers plays an important role for the generation of the vertical force peak value.
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Although the dam-break method is more convenient than the solitary wave break-
ing method, it cannot simulate the deformation and breaking up of the solitary wave 
on the continental shelf, which may make the flow field to be different from that of 
the tsunami bore and ultimately makes the tsunami force generated by the dam-
break method quite different from that generated by real tsunami bore. Therefore, 
even if the solitary wave breaking method is relatively difficult and costly, it has been 
employed by some scholars to study the tsunami force on coastal bridge. Ramsden 
and Raichlen (1990) studied the tsunami bore forces on a vertical wall, in which the 
tsunami bore was generated by solitary wave breaking up on the slope. The results 
show the maximum runup of the tsunami bore on the wall exceeds twice of the veloc-
ity head, and the maximum tsunami bore force occurred after the maximum runup. 
The calculation formula proposed by Cross (1967) was also verified by Ramsden and 
Raichlen (1990). Iemura et al. (2007) studied breaking up of the solitary wave on the 
slope of 1:10 experimentally, and the tsunami bore impacting on T-girder bridge was 
also investigated. Results show the largest tsunami bore force happens at the larg-
est velocity or at the beginning of the attack. Lau et  al. (2011) studied the tsunami 
bore force on T-girder bridge impacted by broken solitary wave experimentally, the 
results show that the vertical force was composed of the vertical upward impact peak 
and the relatively gentle downward lift force after the beam was submerged. Also tsu-
nami forces on bridge deck are proposed to be categorized into four components, i.e. 
impulsive, slowly-varying, uplift and additional gravity forces. Note that in the experi-
ments by Lau et al. (2011), the solitary wave was generated by releasing water from an 
elevated water tank over water flume abruptly, it is difficult to control the wave height 
and wave shape. Park et al. (2018) studied the impact of breaking waves on the coastal 
cubic structure numerically, the results show that the tsunami force is less sensitive 
to the mesh size, but is remarkably influenced by the simulation accuracy of shoaling 
and breaking processes of waves.

At present, the tsunami forces on T-girder and deck-girder bridges have been widely 
concerned, but the tsunami forces on box-girder bridges, which have been massively 
built in coastal area of China, have not been involved. This study aims to numerically 
simulate the propagation and breaking up of solitary wave on the slope with 1/20 gra-
dient, and investigate the characteristics and generation mechanism of breaking soli-
tary wave (also named as tsunami bore) forces on box-girder.

2 � Numerical model and validation
The widely used commercial software ANSYS Fluent, which is based on finite volume 
method, is used to solve the Reynolds Averaged Navier-Stokes (RANS) equations in 
this study. The computational domain consists of water and air, and VOF method is 
employed to trace the water surface. The solitary wave is calculated by the second-
order solitary wave theory and by the solitary wave generation method proposed by 
Goring and Raichlen (1980), i.e. the wave is generated by moving the wave paddle. 
The UDF (User Defined Function) in ANSYS Fluent is used to control the position of 
the wave paddle. Note that the wave paddle in the numerical model is the front wall of 
the numerical flume.
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2.1 � Basic control equations

The software ANSYS Fluent was chosen to solve the incompressible, Reynolds-Averaged 
form of the Navier-Stokes (RANS) equations. In which, the mass conservation equation 
and momentum equation are:

Where ui = 1
�t

∫ t0+�t
t0

uidt is the time average velocity, ui = ui + u′ is the water veloc-
ity. In which the indices i and j represent the direction of (x, y, z) in the coordinate sys-
tem. P is time-averaged pressure, ρ is the density of fluid, and μ is the dynamic viscosity.

When the tsunami bore flows around the box-girder model, the Reynolds number is 
expected to be much large, i.e. around or larger than 1e5, therefore a turbulence model is 
required. Wu (2017) compared the tsunami force on structure using different k − ε tur-
bulence models and pointed out that the k − ε RNG model has higher calculation accu-
racy. Therefore, the k − ε RNG turbulence model is adopted in this study. However, the 
tentative calculation indicates that wave attenuation is serious when the solitary wave 
propagates over the flat flume bottom. And the wave attenuation will be weak if the lam-
inar model is used to calculate the propagation of the solitary wave over the flat flume 
bottom. Also the calculation efficiency is remarkably improved if the laminar model is 
used. Therefore, the laminar model is used before the solitary wave reaches the toe of the 
slop and the k − ε RNG turbulence model is used when the solitary wave propagates on 
the slope and impacts the box-girder. The Scalable Wall Function is chosen to treat the 
boundary layer to avoid the degradation of the standard wall function when y+ is very 
small.

2.2 � Solitary wave theory

Based the second-order solitary wave theory, the wave surface elevation  η and wave 
velocity c can be obtained by Eqns. (3) and (4) respectively:

Where a is the wave height of solitary wave, h is the water depth, and g is the accelera-
tion of gravity. In which, ε = a

h is the relative wave height, q =
√
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the intermediate variable. The upstream sidewall of the numerical flume is set as station-
ary wall boundary, but it is forced to move back and forth under the control of UDF by 
using dynamic mesh technique. Namely the upstream sidewall can move back and forth, 
acting as a wave maker to generate solitary wave. The movement of the upstream 
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sidewall is controlled by Eq. (5) proposed by Goring and Raichlen 1980, Goring and 
Raichlen 1992), which uses the target solitary wave surface equation to solve the position 
of upstream sidewall under shallow water conditions.

Equation (5) assumes the horizontal velocity of the water particles is a constant value 
in a certain depth, and the upstream sidewall speed is equal to the average velocity of 
the water particles in the certain water depth. In which ξ is the position of the upstream 
sidewall, t is time and η is the wave surface elevation which is assumed to be:

Where f is the function of the phase angle θ, θ = k(ct − ξ), k is the wave number. The 
implicit relation is available as:

Substituting the second-order solitary wave surface elevation Eq. (3) into Eq. (5), 
the position of the upstream sidewall ξ can be calculated based on Eqs. (5) ~ (7). Then 
the position is assigned to the upstream sidewall by UDF to control the motion of the 
upstream sidewall to generate solitary wave.

2.3 � Numerical model

In this study, a three-dimensional numerical water flume is built, whose front view is 
shown in Fig. 1. The flume is with the total length of 47 m, height of 1.2 m, and width 
of 0.2 m. The toe of the slope is 15 m away from the wavemaker, and the length of the 
horizontal projection of the slope is 12 m, the center of the box-girder model is 2 m away 
from the top of the slop. The boundary condition of the flume top is set as Pressure-
outlet to allow air flow in and out. The bottom, the downstream sidewall, and the lateral 
sidewalls of the flume, as well as the surface of the box-girder, are all set as stationary 
wall boundaries.

ANSYS ICEM is employed to build geometric model and generate grids. In the y direc-
tion, the computation domain is divided into 3 layers of grids uniformly. In the z direc-
tion, the grid size at the top is dz = 0.3 m, and gradually decreases to dz = 0.02 m at the 
water free surface. And the grid size at the box-girder is refined to dz = 0.002 m. In the 
x direction, the grid size is uniform above the flat flume bottom, i.e. dx = 0.3 m. In the 
slope section, the grid size decreases to dx = 0.02 m and the grid size further decreases to 
dx = 0.002 m around the box-girder. In addition, the grid size downstream the upstream 
sidewall (wavemaker) is dx = 0.03 m. The grids around the box-girder are shown in Fig. 2.

2.4 � Verification of numerical model

This numerical model will be verified in two aspects: (1) verification of solitary wave 
deformation on the slop by comparing with theoretical wave deformation; (2) verifica-
tion of solitary wave force by comparing with the experimental result.

(5)
dξ(t)

dt
= U(ξ , t) =

cη(ξ , t)

h+ η(ξ , t)

(6)η(ξ , t) = af (θ)

(7)ξ(t) =
a

kh

∫ θ

0

f (ω)dω
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Fig. 1  Front view of the numerical wave flume (unit: m)
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(1)	Verification of solitary wave deformation

The solitary wave with water depth 0.6 m, wave height 0.12 m is selected as the case 
to validate the numerical model. The free surface height at x = 5 m is measured in the 
numerical model and compared with its theoretical value, as shown in Fig. 3. It can 
be observed that the two curves are almost coincident with each other, which indi-
cates that the 3D numerical wave flume built in this study can generate solitary wave 
accurately.

The solitary wave shoaling and breaking up on slope have been studied by many 
scholars. Grilli (1997) investigated the wave height and water depth during wave 
breaking, discussed the characteristics of various breaking types and made a clear 
classification of wave breaking, as shown in Eq. (8) and Table  1. In which S is the 
breaking coefficient of the solitary wave, which can be used to determine the wave 
breaking type. s is the gradient of the slope, ε = a/h is the wave steepness, a is the 
wave height and h is the water depth measured from the flat flume bottom. Based on 
Eq. (8), the value of the breaking coefficient S for the cases in this study can be calcu-
lated and results show 0.1 < S < 0.24, which indicates that the wave breaking type of all 
the cases in this study is plunging breaking.

Fig. 2  Grids around the box-girder
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Fig. 3  Comparison of wave heights of solitary waves generated by the numerical method and the 
theoretical method (at x = 5 m)

Table 1  Classification of wave-breaking proposed by Grilli (1997)

S S < 0.025 0.025 < S < 0.3 0.3 < S < 0.37 S > 0.37

Breaking type Spilling breaking Plunging breaking Surging breaking Un-broken
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The water depth hb (measured vertically from the still water surface to the slope sur-
face) at the location where solitary wave breaks on the slope can be estimated by the 
method suggested by Grilli (1997), as shown in Eq. (9). Hsiao et al. (2008) simulated the 
shoaling and breaking of solitary waves on a beach with a slope of 1/60, and the experi-
mental results agree well with that of Grilli (1997).

A series of monitoring points named wh1 ~ wh4 are set downstream of the wave-
maker with 5 m interval in the flat flume bottom section, and a series of monitoring 
points named wh5 ~ wh11 are set from the toe of the slope with interval 1 m in x direc-
tion in the slope section, as shown in Fig. 1. The wave surface elevations of the monitor-
ing points are shown in Fig. 4. It can be found that the wave height of the solitary wave 
almost remains unchanged along the flat flume bottom, indicating that the numerical 
flume can simulate solitary wave propagation considerably well. It also can be observed 
that the wave height of the solitary wave becomes large gradually, indicating the solitary 
wave steepens because of shoaling effect; and then the wave height decreases abruptly, 
indicating the solitary wave breaks.

The shoaling and breaking process of the solitary waves on the 1/20 slope is shown in 
Fig. 5. The wave surface becomes unsymmetrical about the wave crest when the solitary 
wave arrives at the toe of the slop, as shown in Fig. 5 (a). The wave front becomes steeper 
and even vertical, as shown in Fig. 5 (b) and (c). According to the geometric criterion of 
the breaking point (Grilli 1997; Chen et al. 2017), breaking occurs if the wave front is 
vertical. After that, the wave crest velocity continues to increase, then rolls down as a 
tongue and finally plunges into water, as shown in Fig. 5 (d) and (e). The breaking of the 
wave causes turbulence and tumbling of the water flow, entraps a large amount of air to 
form bubbles of different sizes, and the surge continues to propagate with the entrapped 
bubbles, as shown in Fig. 5 (f ). These characteristics agree well with the description of 
the plunging breaking, which means that the numerical method in this study can simu-
late wave breaking considerably well.

In addition, the x-coordinates of solitary wave breaking points in different cases are 
extracted and compared with the theoretical values by Eq. (9), as shown in Fig. 6. It can 
be observed that the difference between the numerical solution and theoretical solution 
is within 1 m, indicating the numerical model in this study can simulate the shoaling and 
breaking of solitary waves on slopes considerably well.

(2)	Verification of solitary wave force

The experimental data of Huang et al. (2019) was used to verify solitary wave force 
calculation accuracy by the numerical model in this study. A wave flume and a box-
girder model, which are completely the same as that in the physical experiment, 
were built numerically. And the same case, i.e. the case with water depth 0.623 m, 
submergence ratio 0 and wave height 0.167 m, was conducted in the verification. The 

(8)S = 1.521
s
√
ε

(9)
hb

h
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Fig. 5  Phase contours when the solitary wave propagates on the 1/20 slope in the case with h = 0.6 m, a = 
0.12 m: a t = 8.00 s, b t = 10.00 s, c t = 11.50 s, d t = 11.71 s, e t= 11.86 s, f t = 12.20 s (units of axes: m)
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in-line wave forces Fx calculated by the numerical method in this study and meas-
ured by Huang et al. (2019) are compared in Fig. 7 (a), and correspondingly the ver-
tical wave forces Fz are compared in Fig. 7 (b). It can be observed that the solitary 
forces obtained by the numerical method agree well with that measured in the physi-
cal experiments by Huang et al. (2019), indicating the numerical method used in this 
study can calculate wave force on structures accurately.

Generally, the verification implies that the turbulence model, wall function and 
boundary conditions, grid size and other parameters used in the numerical simula-
tion are correct and can be used for simulation of tsunami bore force.

3 � Characteristics of breaking solitary wave force on box‑girder
3.1 � Numerical model of box‑girder and calculation cases

The box-girder bridge with span of 20 m and width of 12 m, which is widely used in 
coastal areas of China, is selected as prototype in this study. The scale ratio λ = 1 : 40 
(length scale) is used to scale down the superstructure of the prototype bridge, 
then the box-girder model is obtained and shown in Fig. 8. In which, the surface of 
the box-girder is decomposed into multiple panels. This method, which has been 
employed by Xu et al. 2016 and Yang et al. 2020., can facilitate analyzing the contri-
bution of each panel to the entire force.

The initial water depth is set as h = 0.6 m, i.e. the water surface is aligned to the 
top of the slope. The horizontal distance between the center of the box-girder and 
the top of the slope is 2 m, which remains unchanged in this study. The solitary wave 
height changes from a = 9 cm to a = 30 cm with the increment of 3 cm. The clear-
ance of the box-girder (the distance from the still water level to the bottom of the 
box-girder) ranges from Z = 1 cm to Z = 5 cm with the increment 1 cm. All the wave 
height and clearance pairs used in the cases in this study are listed in Fig. 9. When 
Z ≥ 4 cm and a≤ 0.15 cm, breaking solitary wave cannot impact the bridge girder, 
therefore the corresponding cases are not involved here.

20

21

22

23

24

25

26

27

28

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35X
 c

oo
rd

in
at

e 
of

  t
he

 b
re

ak
in

g 
po

in
t (

m
)

Wave height (m)

Theoretical solution

Numerical solution

Fig. 6  Compare of the x coordinates of the breaking point between numerical solution in this study and 
theoretical solution by Grilli et al. (1997)



Page 12 of 29Yang et al. Advances in Bridge Engineering            (2021) 2:28 

3.2 � Characteristics of tsunami bore forces

The case with h = 0.6 m, Z = 2 cm, a = 18 cm is selected as a representative to discuss the 
characteristics of tsunami bore force on box-girder. The time history of the in-line force, 
as shown in Fig. 10 (a), can be divided into three stages according to its characteristics, 
i.e. (I) bottom flow stage, (II) initial impinging stage and (III) second impinging stage. 
The characteristics of the three stage are as follows:

	(I)	 Bottom flow stage (t = 12.82 s ~ 13.33 s): the stage lasts from the instant when the 
bore reaches the horizontal position of the panel S1 to the instant when the bore 
touches the panel S3 and generates horizontal force on S3 abruptly. In this stage, 
the horizontal force is almost zero since the bore cannot impact the girder and just 
flows under the girder rib. With the increase of wave height or with the decrease of 
clearance, the duration of this stage decreases or even disappears.

	(II)	 Initial impinging stage (t = 13.33 s ~ 13.74 s): the stage lasts from the instant when 
the bore impacts the box-girder to generate horizontal force to the instant when 
the horizontal force reaches its first trough. In this stage, the horizontal force 
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increases sharply until reaching its first peak, and then it decreases to its first 
trough.

	(III)	Second impinging stage (t > 13.74 s): the stage starts from the instant when the 
horizontal force reaches its first trough, and ends when the bore completely passes 
through the box-girder. In this stage, the in-line tsunami force experiences the sec-
ond impinging and gradually decreases.

Time history of the vertical force on box-girder is shown in Fig.  10 (b), which can 
be divided into four stages accordingly, i.e. (I) bottom flow stage, (II) chamber being 
enclosed stage, (III) initial impinging stage and (IV) second impinging stage. Note that 
the first two stages are the same as that of the in-line force. The characteristics of the 
four stages are:

	(I)	 Bottom flow stage (t = 12.82 s ~ 13.33 s): in this stage, the bore continuously rises 
and contacts the bottom of the beam ribs but no tsunami bore impinges on the 
upstream panels.

	(II)	 Chamber being enclosed stage (t = 13.33 s ~ 13.74 s): in this stage, a small quantity 
of tsunami bore impinges on the panels S3 and S12, generating slightly positive 

Fig. 8  Cross-section of the box-girder, and the girder surface is decomposed into panels named in the form 
of “SN”. The ribs and chambers are named in the form of “RN” and “BN” respectively. In which “N” is the number 
of the panel, rib or chamber. (unit: cm)
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vertical force. Simultaneously the chambers are enclosed by water flowing below 
the girder, the oscillation of entrapped air in chambers generates negative and fluc-
tuating vertical force on box-girder.

	(III)	Initial impinging stage (t = 13.74 s ~ 14.04 s): in this stage, the upstream panels S1 
and S3 are impacted by a great quantity of tsunami bore, resulting in a positive 
peak value of the vertical force.

	(IV)	Second impinging stage (t > 14.04 s): in this stage, the bore overtopping the box-
girder deck strikes the top panel S11, resulting a downward impacting force, i.e. the 

Fig. 10  Time histories of the in-line force (a) and the vertical force (b)
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vertical force reaches the largest negative value. And with the green water falling 
down from the top panel S11, the vertical force increases to zero gradually.

3.3 � Analysis of tsunami bore force generation mechanism

The cross-section averaged flow velocity time-histories of the tsunami bore at posi-
tions A ~ E located between the slope top and box-girder are shown in Fig. 11 (a), cor-
respondingly the averaged wave height time histories of these locations are shown 
in Fig.  11 (b). It can be found that the cross-section averaged flow velocity suddenly 
increases when the tsunami bore arrives at the monitoring locations, and the veloc-
ity decreases slightly with several fluctuations within a certain time, then the velocity 
suddenly decreases to a small value, i.e. around 2 m/s, indicating the main body of the 
tsunami bore has passed through the monitoring location, at last the velocity gradually 
decreases to zero.

Fig. 11  Flow velocity time histories (a) and bore height time histories (b) at different monitoring locations



Page 16 of 29Yang et al. Advances in Bridge Engineering            (2021) 2:28 

It can also be found that at the point near to the slope top, i.e. the location at 
x = 27.00 m, the tsunami bore height is about 1.5 cm (61.5 cm ~ 60 cm) when the tsunami 
bore arrives, and the bore height increases sharply to about 9 cm later. However, at the 
position farther from the slope top, i.e. the position at about x = 28.86 m, the bore height 
increases 4 cm (64 cm ~ 60 cm) suddenly and then decreased slowly.

As mentioned in the second section, when the plunging wave breaks, the wave crest 
velocity increases, and rolls down as a tongue, as shown in Fig. 5 (d) and (e). After the 
wave breaks, the water tongue collapses into the downstream to form a surge, which 
is composed of air bubbles and water, and propagates forward with higher flow veloc-
ity and smaller surge height, as shown in Fig.  5 (f ). This is also the reason why the 
velocity increases sharply when the bore arrives at the monitoring position, as shown 
in Fig. 12 (a), but the bore height increases slightly and remains unchanged in a cer-
tain time before increasing sharply, as shown in Fig. 12 (b).

The time history curves of bore height, flow velocity, and tsunami force are nor-
malized by their maximum values respectively, and compared in Fig.  12. It demon-
strates that time when the drag force increases suddenly is coincident with that of 
bore height, and the positive peak of the vertical force happens around the time when 
bore height reaches its maximum, which implies that the drag force and the maxi-
mum of vertical force are dominated by bore height. Just as discussed in last para-
graph, before sudden increases of drag force and vertical force, the bore has larger 
velocity but fewer contribution to drag force, and only cause downward fluctuation to 
vertical force. Because during this stage the bore height is small enough to be able to 
flow under the girder ribs.

In the following paragraph, the contributions of the panels (defined in Fig. 8) to the 
peak values of the horizontal and vertical forces will be discussed in detail to explore 
their generation mechanism.

(1)	First peak of horizontal force (t = 13.62 s)

At the beginning, the bore directly flows under girder ribs and fails to impact on 
girder panels because the bore height is smaller than the clearance. As the bore height 
increases, the panel S3 is impacted, and the horizontal force sharply increases and 
then reaches the first peak value. At this time, part of the bore flow downstream 
under the girder, and part of the bore blocked by the panel S3 begins to roll upstream 
and impacts the panel S12, as shown in Fig. 13 (a). Figure 13 (b) shows the contribu-
tion of each panel to the horizontal force at t = 13.62 s. It can be seen that the hori-
zontal force is almost provided by the panel S3. In Fig. 13 (b) the contribution rate 
is defined as Rx−max−i =

Fxi
Fx−max

× 100% , Fxi and Fx − max are horizontal forces on the 
panel S3 and on the whole girder respectively. The static pressure, dynamic pressure 
and total pressure contours at t = 13.62 s are shown in Fig.  14. It can be observed 
that the horizontal force on S3 is mainly generated by static pressure. Note that the 
pressure in the chambers B1, B2, and B3 are all negative (relative to the atmosphere 
pressure). Therefore the panels S4, S6 and S8 contribute positive horizontal force, 
while the panels S5, S7 and S9 contribute negative horizontal force. And the negative 
pressure in the upstream chamber is larger than that in the downstream chambers, 
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i.e. |PB1| > |PB2| > |PB3|. Generally the resultant force of the two opposite panels in 
one chamber, for example the panels S4 and S5 in chamber B1, is approximately zero 
(fewer contribution to the entire horizontal force) because the horizontal forces on 
the two panels counteract with each other.

(2)	Second peak of horizontal force (t = 13.86 s)

As the runup on the upstream panels continues to increase, the horizontal force 
continues to increase until it reaches the second peak, as shown in Fig. 12. When the 
runup height is larger than the panel S1, the bore begins to overtop the girder deck 
and then overturns downstream, as shown in Fig. 15 (a). At t = 13.86 s, the horizontal 
force on the girder is mainly contributed by the panels S3 and S1, whose contribution 
rates are 85% and 14% respectively, as shown in Fig. 15 (b). At the moment, the cham-
bers B1, B2, and B3 are already closed and the air pressure in chambers is positive. 
Therefore the panels S4, S6 and S8 generate negative horizontal forces, while the pan-
els S5, S7 and S9 generate positive horizontal forces. But it is obvious that the force 
on S5 is greater than S4, and S7 is greater than S6. This is because a part of the water 
directly impacts the panels S5 and S7, as shown in Fig. 15 (a), making the horizontal 
force on the two panels larger. The static pressure, dynamic pressure and total pres-
sure contours at t = 13.86 s are shown in Fig. 16. It demonstrates that the horizontal 
forces on the panels S3 and S1 are mainly caused by the static pressure.

(3)	Positive peak of vertical force (t = 13.75 s)

When the bore wave impacts the girder, part of the bore flows from the bottom of the 
girder and closes the chambers B1, B2, and B3 gradually, exerting positive pressure in 
the chambers; part of the bore is blocked by the panels S3, S12 and S1, running up along 

Fig. 12  The relationship between tsunami force, bore height and bore velocity at x = 28.86 m (each data is 
normalized by its maximum value)
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these panel, as shown in Fig. 17 (a). At t = 13.75 s, the vertical force reaches its positive 
peak value, and the contribution of each panel to the vertical force is shown in Fig. 17 
(b). Among them, the main contributors are S12 and S3, whose contribution rates are 
20.65% and 15.76% respectively. In addition, the panels S17, S18, S19 and S20 contribute 
positive vertical force. The closer to the upstream surface of the girder, the larger the 
contribution rate except of the panel S17 because a recirculation zone is formed under 
the panel S17, which introducing a lower pressure, as shown in Fig. 20 (b) and Fig. 18 (a).

At the same time, all the panels in the chambers suffer positive vertical force because 
the air pressure in these chambers are positive. The closer to the upstream surface, the 
larger the air pressure in chamber because the runup height on the upstream surface is 
the main determinant of the air pressure. Therefore, the contribution rate of S13 is larger 
than S14, and S14 is larger than S15. And in one chamber, the horizontal panel has larger 
contribution rate than the inclined panels because the former has larger projection area 
on horizontal axis, for example S13 > S4, as shown in Fig. 17 (b).

The static pressure, dynamic pressure and total pressure contours at t = 13.75 s are 
shown in Fig.  18. It can be observed that the vertical forces is mainly contributed by 
the panels S3 and S12, which suffer considerably larger static pressure when impacted 
by bore front. It can also be observed that air pressures in chambers are in order: 

Fig. 13  Phase contour (a) and the contribution rate of each panel to the horizontal force at t = 13.62 s (b)
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PB1 > PB2 > PB3, which supports the discussion in last paragraph that contribution of S13 
is larger than S14, and S14 is larger than S15.

(4)	Negative peak of vertical force (t = 14.058 s)

When t = 14.058 s, the bore overturns downstream and forms a water tongue. The 
water tongue finally impacts the girder deck, i.e. the panel S11, as shown in Fig. 22 (a), 
exerting an extremely large pressure on the panel S11, as shown in Fig. 20 (c). Simulta-
neously a part of air was entrapped by water tongue and the panel S11, the entrapped 
air is pressed by the rushing down tongue and exerts considerably large pressure on 
the panel S11, as shown in Fig. 20 (c). Therefore the panel S11 suffers a large downward 
force, which makes the negative vertical force on the girder to be the largest, as shown 
in Fig. 12, i.e. the contribution of S11 is dominant, as shown in Fig. 19 (b). On the panel 
S11, because the stressed area of the direct impacting of water tongue is smaller than 
that of entrapped air, the contribution rate of the former is believed to be smaller than 
the latter. The panels S13 and S17 contribute non-negligible negative vertical forces and 
the panels S3 and S12 contributes relatively larger positive vertical forces.

Fig. 14  Static pressure (a), dynamic pressure (b) and total pressure (c) at t = 13.62 s (units of axes: m, unit of 
pressure: Pa)
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The static pressure, dynamic pressure and total pressure at t = 14.058 s are shown in 
Fig. 20. It can be observed that the vertical force is dominated by static pressure. In real 
practice, when the water tongue impacts the girder deck, air could escape more obvi-
ously because the shape of water tongue is complex in the longitudinal direction (the 
direction perpendicular to the paper in Fig. 22 (a)) and cannot impact bridge deck simul-
taneously, so only a part of air could be captured. In other words, the negative verti-
cal force on the panel S11 in real practice should be smaller than that in this numerical 
simulation.

4 � Influence of solitary wave height on tsunami bore force
The water depth and clearance remains unchanged, i.e. h = 0.6 m and Z = 2 cm, the soli-
tary wave height a changes from 0.15 cm to 0.3 cm with increment 0.03 cm. The time 
histories of horizontal forces of these cases are compared in Fig. 21. It can be observed 
that with the increase of the wave height, the peak value of the horizontal force occurs 
earlier, and the time interval between the first and second peak values becomes smaller, 

Fig. 15  Phase contour (a) and the contribution rate of each panel to the horizontal force at t = 13.86 s (b)
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as shown in Fig. 21. This is because the larger the wave height, the larger the tsunami 
bore velocity after the solitary wave breaks.

The first and the second peak values of the horizontal force, i.e. Fimp(f )
x−max and Fimp(s)

x−max 
respectively, changing with wave height, are shown in Fig.  22 (a). It demonstrates 
that Fimp(f )

x−max and Fimp(s)
x−max monotonically increase with wave height. This is because the 

horizontal peak force is mainly caused by the impacting pressure on the upstream 
panel S3. The impacting pressure increases with the bore height, and the bore height 
increases with solitary wave height. However, the horizontal force peak value does 
not increase with wave height linearly because the solitary wave breaking position, 
the air entrapped in the wave breaking process and the tsunami bore shape don’t 
change linearly with solitary wave height strictly.

The vertical force time histories of the cases with different solitary wave height are 
similar as that in Fig. 13, which are omitted intentionally here. The positive and neg-
ative peak values of the vertical forces with different solitary wave height, i.e. Fimp(+)

z−max  
and Fimp(−)

z−max  respectively, are compared in Fig. 22 (b). The positive peak value of the 
vertical force Fimp(+)

z−max  , which is mainly contributed by the static pressure on S3 and 

Fig. 16  Static pressure (a), dynamic pressure (b) and total pressure (c) at t = 13.86 s (units of axes: m, unit of 
pressure: Pa)
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S12, increases with wave height. The negative peak value of the vertical force Fimp(−)
z−max  

increases with wave height when a≤ 0.24 m. This is because with the increase of 
solitary wave height, not only the bulk of overturning water volume increases, but 
also the runup height increases, which makes the water tongue over the bridge 
deck with greater potential energy and impacts the girder deck with greater kinetic 
energy when it overturns, resulting in a greater impacting force on the panel S11. 
When the wave height is greater than a certain level, i.e. a > 0.24 m, the water tongue 
has enough kinetic energy to partly stride over the girder deck when it overturns, 
as shown in Fig.  23, therefore only part of the water tongue impact the panel S11, 
resulting in a decrease in the negative peak value of the vertical force, as shown in 
Fig. 22 (b).

Similarly, the positive peak value of the vertical force fails to changes linearly with 
solitary wave height as the solitary wave breaking position, bore front shape and the 
entrapped air involved in the breaking process are nonlinearly changed with solitary 
wave height, which introduce a certain fluctuation to the change trend of the vertical 
force peak value, as shown in Fig. 22 (b).

Fig. 17  Phase contour (a) and the contribution rate of each panel to the horizontal force at t = 13.75 s (b)
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5 � Influence of clearance on tsunami bore force
In this section, the water depth and solitary wave height remain unchanged, i.e. h = 
0.6 m and a = 0.21 cm, and the clearance Z changes from 1 cm to 5 cm with increment 
1 cm. The characteristics of the tsunami force time histories in these cases are similar as 
those in Fig. 10, therefore the tsunami force time histories are omitted here intention-
ally. Comparison of horizontal peak values of different clearance is shown in Fig. 24 (a) 
and comparison of vertical peak values of different clearance is shown in Fig. 24 (b). It 
can be observed that both Fimp(f )

x−max and Fimp(s)
x−max decrease with clearance. With increase 

of clearance, not only the time when tsunami bore impacts on box-girder delays, but 
also the bulk of water volume impacting on box-girder reduces. In other words, the 
impacting energy on the box-girder reduces. In Fig. 24 (b), both the absolute values of 
F
imp(+)
z−max  and Fimp(−)

z−max  generally decreases with clearance. The main reason is that when 
the clearance is very small, i.e. Z = 1 cm, the tsunami bore impact the panels S13 and S2 
more intensively, inducing larger positive vertical peak force; and the bulk of overturn-
ing water volume is larger and the impacting on bridge deck panel S11 is more vigorous, 

Fig. 18  Static pressure (a), dynamic pressure (b) and total pressure (c) at t = 13.75 s (units of axes: m, unit of 
pressure: Pa)
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inducing larger negative vertical peak force. However, when the clearance increases to 
some degree, i.e. Z =4 cm, both Fimp(+)

z−max  and Fimp(−)
z−max  approach to zero. Because the panels 

S13 and S2 are mainly impacted by the lower part of the bore, which has smaller veloc-
ity. And the large part of the tongue can overtop the girder, only small part impacts the 
girder deck, resulting in the smaller negative force.

6 � Conclusions
This study focus on investigating characteristics and generation mechanism of break-
ing solitary wave force on box-girder numerically. Firstly the numerical wave flume 
with a 1:20 slope was built to generate breaking solitary wave. Validation shows that the 
numerical wave flume not only predicts wave deformation and wave breaking correctly, 
but also calculates wave force precisely. The main conclusions are:

(1)	 The time history of horizontal force could be divided into three stages: bottom flow 
stage, initial impinging stage and second impinging stage. Accordingly, the time his-

Fig. 19  Phase contour (a) and the contribution rate of each panel to the horizontal force at t = 13.75 s (b)



Page 25 of 29Yang et al. Advances in Bridge Engineering            (2021) 2:28 	

Fig. 20  Static pressure (a), dynamic pressure (b) and total pressure (c) at t = 14.508 s (units of axes: m, unit of 
pressure: Pa)

Fig. 21  Comparison of time histories of horizontal forces of the cases with different wave height
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tory of vertical force could be divided into four stages: bottom flow stage, chamber 
being closed stage, initial impinging stage and second impinging stage.

(2)	 Peak values of horizontal force are mainly contributed by static pressure on the 
upstream panels. Positive peak of vertical force is mainly contributed by static pres-
sure on upstream panels S3 and S12 resulted from impinging, as well as the static 
pressure on the panels in chambers by pressed air. Negative peak of vertical force 
is dominated by static pressure on girder deck (the panel S11) resulted from water 
tongue impacting and pressing of entrapped air.

(3)	 Peak values of horizontal force and positive peak value of vertical force increase 
with solitary wave height a, and negative peak value of vertical force increases 
with a when a ≤ 0.24 m, but it is decreases with a when a > 0.24 m. Absolute 
values of peak values of both horizontal and vertical forces decrease with clear-
ance.
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However, the influence of water depth, slope gradient, the distance between the slope 
top and girder, etc. on breaking solitary wave force on box-girder still requires further 
investigation.
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