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Abstract: Simply supported bridges comprise the majority of bridge systems in coastal communities
and are susceptible to severe damage from extreme waves induced by storms or tsunamis. However,
the effects of oblique wave impacts have been less investigated due to the lack of appropriate
numerical models. To address this issue, this study investigates the effects of wave incident angles
on coastal bridge superstructures by developing an advanced computational fluid dynamics (CFD)
model. Different wave scenarios, including wave height, relative clearance, incident angle, and
wavelength are tested. It is found that the maximum wave forces in the horizontal and longitudinal
directions could reach 1901 and 862 kN under extreme conditions, respectively, destroying bearing
connections. Three surrogate models, i.e., the Gaussian Kriging surrogate model, the Artificial Neural
Network (ANN), and the Polynomial Chaos Expansion (PCE), are established by correlating the wave
parameters with the maximum wave forces. Through comparisons among the three surrogate models,
it is found that the 3-order PCE model has better performance in predicting loads in vertical and
horizontal directions, while the ANN model is more suitable for results in the longitudinal direction.
This study contributes to the optimized design of coastal bridges and also offers an opportunity for
future studies to investigate hazard damage-mitigation measures.

Keywords: coastal bridge; oblique wave; computational fluid dynamics; surrogate model

1. Introduction

The prosperous economy in the bay area triggers the construction of more coastal
bridges, forming comprehensive transportation networks. The harsh environment, particu-
larly extreme waves and surges induced by tropical cyclones or tsunamis, poses consider-
able challenges to the structural safety of these infrastructures. According to a post-hazard
report, Hurricanes Ivan (2004) and Katrina (2005) led to a USD 2.5 billion loss for the
damaged bridge networks [1]. More recently, the 2011 Great East Japan Tsunami destroyed
more than 250 coastal bridges [2]. The bearing connections could be damaged by extreme
waves, leading to the bridge superstructure being washed away [3–6]. However, although
a design methodology for the tsunami design of skewed bridges is available [7,8], the
estimation methods of storm-induced oblique wave load on coastal bridges are still not
clear, and more investigations are necessary to improve existing design standards [9].

The wave incident angle is one of the critical issues affecting structural safety, which
induces uneven load distributions and large overturning moments on the bridge superstruc-
ture. Previous studies on tsunami effects on coastal bridges have proven that large yaw and
roll moments will be generated under extreme solitary wave impacts, but relevant studies
on storm-induced wave effects are still limited. The hindcast analyses for Hurricane Katrina
showed that most of the bridge damages were caused by oblique waves [10]. Among the
few relevant studies [11] conducted experiments to measure the oblique wave loads on two
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typical bridge decks with slab-and-beam and box-culvert cross-sections, but only the wave
with a period of 3.0 s was tested. In recent years [12] performed numerical simulations
of tsunami-induced forces on skewed bridges using the OpenFOAM software and found
that the angle between wave direction and bridge deck would significantly increase the
horizontal force [13] conducted laboratory experiments to investigate the influences of
wave incident angles. It was also highlighted that the limited observations in that study
could not provide a comprehensive understanding of such a complex problem, and further
studies on this issue are required [14,15].

Moreover, existing studies on skewed bridges [7,8,16] have proven that the angle of a
bridge will lead to a much more complicated phenomenon, since it reduces the lateral force
in the direction of the flow propagation (beneficial) but increases it in the other direction
(detrimental) [14]. Another significant detrimental effect is the generation of yaw and roll
moments, which result in an unequal distribution of both the horizontal and uplift forces
in the two bent-caps and in the individual connections and bearings [15,16]. Although
the terms “skew angle of a bridge” and “incident angle of a wave” are not exactly the
same things, they both generate a complex three-dimensional (3D) wave-bridge interaction,
sharing similar difficulties when calculating the maximum loads on the bridge. In the case
of a skewed bridge, the bent-caps and abutments are generally designed to be aligned with
the flow (so the abutments are skewed relative to the direction of the span length) [14], while
in the case of an ‘oblique wave impact on a straight bridge’ the bent caps are not aligned
with the flow. Due to the misalignment between the direction of the substructure (bent-caps
or abutments) with the flow, the wave-bridge interaction is more complex causing larger
impulsive loads and different trends in the steady-state loads than a respective skew bridge.

The oblique wave effects have not been thoroughly investigated, as appropriate nu-
merical models have not been developed until recent years. There are some promising
methods that have been used in the past to investigate the wave-bridge interaction such
as the Arbitrary Lagrangian-Eulerian (ALE) method [17], the Smoothed Particle Hydro-
dynamics [18], the Particle Finite Element Method (PFEM) method [19], and the coupled
SPH-FEM method [20]. However, the investigations on wave incident angles are still lim-
ited, which is mainly because of the fact that (i) it requires the development of sophisticated
3D models allowing waves from different angles; (ii) validation of these numerical models
requires prior experimental data of such phenomena, which are very limited; and (iii) the
computational fluid dynamics (CFD) process is computationally expensive requiring high
performance computer systems. Nonetheless, in recent years, ref. [14] has demonstrated
that an incompressible hydrodynamic solver based on the FEM can simulate accurately the
solitary wave impacts on skewed bridges and capture all the 3D effects [21]. utilized a Finite
Volume Method (FVM) to investigate the tsunami impact on skewed bridges. Moreover,
during the wave-bridge interaction, there is an aleatory uncertainty in the wave breaking
process [22]. A minor change in the initial water level or height of an unbroken wave can
result in a major variability in the impact pressures and forces on a bridge [23], which adds
complexity to these investigations. Inspired by these works, this study develops a 3D com-
putational fluid dynamics (CFD) model to investigate oblique wave forces acting on coastal
bridges. Different wave heights, wavelengths, relative clearances, and wave incident angles
are tested. The maximum wave forces are quantified by using different surrogate models.
These results can facilitate the following structural reliability analyses [24–28].

Overall, this study develops a 3D CFD model capable of computing oblique wave
forces on coastal bridges. Time histories of wave loads in the x, y, and z directions under
different wave heights, wavelengths, relative clearances, and incident angle conditions are
computed. The maximum wave forces are quantified by different surrogate models. The
remainder of this study is organized as follows: The 3D numerical modeling method is
introduced in Section 2. A brief review of different surrogate models that are tested is given
in Section 3. Oblique wave impacts and examinations of quantification metamodels are
presented in Section 4. Finally, conclusions are drawn in Section 5.
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2. 3D Numerical Modeling for Wave–Bridge Interactions
2.1. Model Setups and Boundary Conditions

In this study, the 3D CFD numerical domain was established in the ANSYS Fluent
software, as shown in Figure 1a. After building the bridge superstructure model, subtract
Boolean was generated with the fluid domain set as target bodies and structure domain
set as tool bodies. Waves were generated in the velocity inlet plane ABCD and flowed
toward the pressure outlet plane EFGH. Plane BCGF was also set as a pressure outlet with
an atmosphere. Other planes were set as stationary walls. In the pressure outlet planes
EFGH and BCGF, the free surface level model was utilized as the pressure specification and
density interpolation method. The volume-of-fluid method was used as the multiphase
model, and the open-channel flow model and open-channel wave boundary conditions
were adopted. The SST k-omega model was used as the viscous model, and the turbulence
damping factor was set as 10. The turbulence damping factor was set as 2%, and the
turbulence viscosity ratio was set as 10%.
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Figure 1. (a) The 3D CFD numerical domain and boundary conditions and (b) mesh sensitivity
analysis results for cases with mesh size = 0.65 m, 0.60 m, and 0.55 m, respectively.

After performing mesh sensitivity analyses to satisfy the requirements of the Courant
number [29], the tetrahedron meshes with a maximum size of 0.6 m and a minimum size
of 0.07 m were utilized to form the whole numerical domain. Under this settlement, there
are a total of 2,905,470 meshes in the numerical domain. The corresponding time step was
set as 0.0025 s. The CFL number during the CFD process is around 0.25. The results of
mesh sensitivity analysis are shown in Figure 1b. The numerical modeling method was
validated by the authors’ previous studies [30]. Compared with previous studies [31], in
this study, we aimed to improve the structural details of the CFD model by modeling
the I-shaped girders, diaphragms, and overhangs of the bridge. To reach this purpose,
the meshes in the CFD domain were refined by adding wall layers along the fluid–solid
interfaces, producing a smooth distribution along all the structure surfaces. It should
be noted that the air and water are assumed as incompressible flows in the established
numerical model. The trapped air has a critical role and increases the uplift forces [32–36], as
well as the overturning moment [34] on the bridges. Moreover, refs. [35] and [36] indicated
the generation of three-dimensional effects even in the case of a normal wave impact on
a straight bridge (without any obliqueness) due to the tendency of the air to move in the
3rd direction. The effects of trapped air may be mitigated by setting air venting holes. This
study mainly focuses on a 3D numerical modeling method for investigating storm-induced
oblique waves. Additional experimental and numerical studies are encouraged to explore
the 3D effects of trapped air in future work.

The investigated bridge model in this paper is a typical simply supported bridge
designed to carry two-lane traffic on the deck (as Figure 1a), which is commonly used
to connect island communities and suffered from severe damage during previous hurri-
canes [37]. The bridge superstructure is 10.45 m in width, 0.3 m in depth, and 15.85 m
in length. There are six I-shaped girders evenly distributed along the width of the deck,
and the height of each girder component is 1.05 m. A total of three sets of diaphragms
are settled at the two ends and the middle part of the deck, each with a thickness of 0.5 m.
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The overall density of the concrete and steel is taken as 2.6 × 103 kg/m3. Hence, the total
weight of the superstructure is around 3063 kN/span. The total wave loads on the bridge
superstructure are calculated by accumulating the pressures on the structural surface of
the bridge model. Detailed information on the bridge model could be found in ref. [14].
This study mainly focuses on the oblique wave impacts on the bridge superstructure and
assumes that the substructure would not affect the forces on the superstructure. Effects of
the substructures will be explored in future studies.

2.2. Tested Wave Cases

Different water and wave scenarios were tested in this study to explore the oblique
wave impacts. Several definitions are given first for the ease of following discussions.
As shown in Figure 2a, the distance from the bottom of the bridge girder to the seabed
was set as 16.5 m. Different initial water depths before the wave arrived were tested,
covering submerged (initial water level exceeds the bottom of girders, clearance Zc < 0 m)
and unsubmerged (initial water level does not exceed the bottom of girders, clearance
Zc ≥ 0 m) conditions. In the CFD simulations of wave–bridge interactions, linear waves
were generated at the velocity inlet domain by setting multiphase open-channel wave
boundary conditions. By rotating the bridge model in the computational domain, the wave
incident angle θ can be adjusted, as shown in Figure 2b. The coordinate x0–y0–z0 is the
original coordinate system of the cuboid fluid domain, and the coordinate x–y–z is set for
the measurements of oblique wave-induced forces on the bridge model in the horizontal
(x), vertical (y), and longitudinal (z) directions.
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In addition, determining investigated wave cases is also an important step in quan-
tification since it is rarely practical to study whole wave conditions. The tested water and
wave cases should cover a wide range of scenarios that could occur in natural disasters,
which is conducive to analyzing how the oblique wave impacts can be attributed to the
influences of various input factors (water depth, wave height, etc.), as well as the effects
of interactions between these inputs [38]. To serve this purpose well, a random sampling
method that provides good coverage of the parameter space and avoids an unconscious
bias reflected in the collected data is required [39]. A superior input group is also helpful
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to facilitate the metamodels to capture data characteristics, optimize the training speed,
and improve the applicability of the trained model [40,41]. Recognizing these, the Sobol
sequence method [42] was adopted to sample different wave parameters to form the input
group, which is a high-efficient quasi-Monte Carlo sequence and has been proven effective
in reducing model learning costs [43,44].

While the established numerical model can be used to calculate oblique wave im-
pacts on coastal bridges, these structural demands are not deterministic quantities in real
hazards because of aleatory and epistemic uncertainties in the modeling parameters [4].
Probability distributions are, therefore, applied for different parameters considered to be
random variables. In this study, we used the simulated sea surface directional wave spectra
under hurricane wind forcing [45], which was validated based on buoy observations and
NASA Scanning Radar Altimeter (SRA) data obtained during the 1998 Hurricane Bonnie.
Accordingly, uniform distributions were used to sample clearance Zc (−2.5~3.5 m), wave
height H (4~10 m), and wavelength λ (100~250 m). In addition, because of the symmetry of
the bridge structure, the incident angle θ was (0~90◦). The sampled water and wave cases
are listed in Table 1, and the distributions of each parameter are illustrated in Figure 2c.

Table 1. Tested wave cases.

No. Zc (m) H (m) λ (m) θ (◦) No. Zc (m) H (m) λ (m) θ (◦)

1 2.94 4.13 222.90 15.38 36 3.18 6.17 108.88 54.06
2 −0.67 8.98 128.64 3.12 37 −0.44 6.50 239.47 65.71
3 1.69 9.01 244.07 55.50 38 −2.39 9.27 225.99 77.31
4 −1.95 4.97 216.24 8.92 39 2.69 7.45 161.25 65.89
5 2.03 7.32 215.06 70.09 40 −0.01 9.44 178.24 75.38
6 0.32 4.56 130.10 32.48 41 0.87 6.31 138.84 39.25
7 1.19 7.66 243.33 80.73 42 −1.34 4.94 179.85 59.64
8 −1.50 9.22 115.01 48.03 43 2.86 8.41 139.42 47.34
9 3.29 5.87 148.12 23.95 44 −0.93 9.90 244.60 33.80
10 −0.60 4.28 137.57 82.31 45 1.86 7.25 138.54 20.80
11 1.35 4.38 162.77 13.05 46 −1.75 7.17 155.87 13.26
12 −2.41 7.51 242.79 31.53 47 2.23 5.15 154.69 88.49
13 2.63 5.73 196.50 79.69 48 0.24 4.02 155.28 71.97
14 0.11 4.01 122.96 19.05 49 0.95 9.04 200.69 82.34
15 0.72 6.68 168.66 31.00 50 −1.60 4.75 212.99 80.58
16 2.29 7.97 134.24 31.79 51 3.49 8.05 219.00 42.53
17 0.21 7.06 178.11 40.54 52 −0.40 9.96 227.20 75.57
18 1.03 4.95 117.76 83.08 53 1.55 9.06 241.85 9.13
19 −1.73 9.60 210.34 6.44 54 −2.24 9.24 141.95 89.81
20 3.34 8.00 102.23 40.36 55 2.52 9.54 233.94 81.73
21 −0.34 7.53 227.04 16.11 56 −0.25 5.44 141.36 7.90
22 1.52 5.97 124.06 58.38 57 0.64 5.92 235.77 86.25
23 −2.16 6.49 241.83 87.56 58 −1.08 8.63 109.80 38.79
24 2.39 4.92 189.10 10.92 59 3.01 5.74 206.18 87.48
25 −0.13 4.81 116.15 71.56 60 −0.67 6.26 164.58 59.01
26 0.55 4.61 103.85 19.18 61 1.63 6.76 233.72 56.90
27 −1.09 4.12 206.00 29.54 62 −2.00 8.96 158.58 75.97
28 3.10 6.71 174.95 43.25 63 1.20 4.21 199.88 26.22
29 −0.79 8.29 164.40 74.89 64 −1.56 7.86 104.96 63.49
30 1.75 9.40 216.25 87.73 65 3.27 9.53 202.37 19.00
31 −2.07 5.27 191.06 69.09 66 −0.56 5.40 242.79 3.88
32 2.18 6.95 107.42 72.17 67 1.43 9.68 128.24 11.09
33 0.47 4.51 247.45 30.33 68 −2.47 7.88 120.04 62.42
34 1.08 7.85 199.41 19.79 69 2.57 6.21 168.67 3.71
35 −1.44 8.76 124.70 83.24 70 0.75 7.79 156.22 78.15

3. Surrogate Models for Quantification of Oblique Wave Forces

This section provides an introduction to different surrogate models examined in this
study for the prediction of oblique wave forces. The CFD computational results were used
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as data sources for the model training. These advanced mathematical models can help to
approximate and extrapolate the hydrodynamic features during wave–bridge interactions.

3.1. Gaussian Kriging Surrogate Model

The Gaussian Kriging surrogate model is a stochastic process model furnished with
features of uncertainty quantification. It has been widely applied in many engineering
disciplines [46]. Supposing a function to be approximated has n sampled points and k
variables, (as xi = (xi

(1), . . . , xi
(k)) for i = 1, . . . , n), and the associated observation value

yi = y(xi), the predicted value Yi can be expressed as

Yi = ∑k
l=1 βl fl(xi) + ε(xi) (1)

where each fl(xi) is a linear or nonlinear function of xi; βl is the coefficient corresponding to
the lth variable; ε(xi) is randomly distributed with a mean zero and a variance equals σ.

3.2. Artificial Neural Network (ANN)

The artificial neural network (ANN) model is a powerful computing system based
on a collection of connected nodes, called artificial neurons, connecting the inputs X and
outputs Y [47]. The general structure of an ANN comprises an input layer, an output layer,
and several hidden layers formed by neurons. The nonlinear relations between X and
Y are modeled through the connections between the neurons, forming a comprehensive
network. The output of the jth neuron in the (I + 1)th layer aj

(i+1) is a function of the linear
combinations of the outputs from the neurons in the previous layer

a(i+1)
j = h

(
∑
m

w(i)
m a(i)m + b(i)

)
(2)

h(r) =
1

1 + e−r (3)

where h() is the activation function (the commonly used sigmoid function); am
(i) is the

output from the previous layer; wm
(i) is the weight; b(i) is the bias term.

3.3. Polynomial Chaos Expansion (PCE)

The polynomial chaos expansion (PCE) is a widely used metamodel constructed based
on the spectral representation of the performance function [48,49]. The key concept of
PCE is that the outputs can be expanded to a basis composed of several multivariate
polynomials [50]. A typical PCE model can be expressed as

Y = G(X) = ∑
α

CαHα(X) (4)

Hα(X) =
M

∏
i=1

φ
(i)
αi (xi) (5)

where α is a set of indices mapping to the components of Hα(X); Cα is coefficients; φαi
(i)

is the univariate orthogonal polynomial with respect to the ith variable in degree αi. For
practical purposes, the original PCE is truncated to a finite sum by setting the total degree
of all the polynomials associated with the input variables smaller than or equal to p as

Y = GAp,k(X) = ∑
α∈Ap,k

Cα Hα(X) (6)
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where Ap,k is the truncation set. In this study, a three-order PCE model (i.e., p = 3) was
adopted after several calculations and comparisons, and the total number of coefficients in
a PCE (P) could thus be calculated as

P =
(k + p)!

k!p!
(7)

The unknown coefficients Cα (or C) are commonly determined by the projection
approach or by the regression approach. In this paper, the least-square minimization
method (regression approach) was adopted to calculate the unknown coefficients C by
minimizing the mean-square truncation error [50].

4. Oblique Wave-Induced Forces and Metamodeling
4.1. Time Histories of Oblique Wave Forces

Figure 3 shows one typical example of wave–bridge interaction result for the case of
clearance Zc = −2.39 m, wave height H = 9.27 m, wavelength λ = 226 m, and incident angle
θ = 77.31◦. In this case, the bridge is already submerged beneath the initial water level
by storm-induced surges, and massive waves continue to hit the bridge superstructure,
generating periodically changing loads. Additionally, there is a large incident angle between
the bridge model and the wave forwarding direction, so that it would generate changing
wave forces in both horizontal and longitudinal directions. The wave–bridge interactions
at representative moments with t = 8, 10, 12, and 14 s are illustrated in Figure 3a–d, and the
changing wave forces are shown in Figure 3e.
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height H = 9.27 m, wavelength λ = 226 m, and incident angle θ = 77.31◦: (a) t = 8 s; (b) t = 10 s;
(c) t = 12 s; (d) t = 14 s; and (e) time histories of wave forces.

From Figure 3, it is observed that as the water surface rises, the vertical wave force
Fy gradually increases to 3192 kN, as shown in Figure 3e. Fy reaches its positive peak at
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around t = 10 s, while the maximum values of Fx and Fz occur a little later. Although the
bridge is fully submerged at the initial stage and subjected to a large buoyance, Fy reduces
to a negative value (around −1565 kN) as the water level drops to the trough (not the static
weight of the structure). Such wave-induced downward load is relatively small, compared
with normal traffic load, which means the bridge is less likely to be crushed by wave
impacts. However, it is worth noting that the maximum longitudinal force Fz-max is larger
than the maximum horizontal force Fx-max (288 kN and 506 kN, respectively). In the general
design of such kinds of simply supported bridges, the constraints for the superstructure are
mainly contributed by the bearing connections beneath the girders [51]. The connections
are assumed as elastomeric bearings for the investigated bridge. The limit state is defined as
the state where the failure of the bearing occurs. Once the bearing is damaged, it needs to be
repaired immediately, otherwise, it will affect the normal traffic use. These bearings usually
have a large capacity in the vertically downward direction (y) and horizontal direction (x),
but the resistance in the longitudinal direction (z) is relatively small. This means the bearing
connections could be damaged by the wave forces in the longitudinal direction (z), and once
damaged, they will lose their constraints in the other directions (x and y), leading to the
deck overturning or unseating failure [51]. Therefore, it is of vital importance to quantify
the varying loads on coastal bridges subjected to oblique wave impacts and consider these
effects in the design stage. The results of another representative unsubmerged case with
clearance Zc = 0.21 m, wave height H = 7.06 m, wavelength λ = 178 m, and incident angle
θ = 40.54◦ are shown in Figure 4. The maximum vertical, horizontal, and longitudinal
forces can reach 533, 2413, and 250 kN, respectively.
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4.2. Maximum Wave Forces under Different Scenarios

For an in-depth understanding of the oblique wave impacts, the maximum forces
(Fx-max, Fy-max, and Fz-max) were obtained from the time histories of the wave forces and
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are plotted in Figures 5 and 6. The computed results of the tested cases are listed in Table 2.
The colors of the circular marks in the figures correspond to the wave incident angles, and
the sizes are proportional to the values of wave forces. Several typical results are marked
with arrows. Figure 5 shows the results under unsubmerged conditions. Generally, Fz-max
has a much larger magnitude than Fx-max and Fy-max in most cases and could exceed the
static weight of the bridge superstructure under extreme conditions, which is around 3063
kN per span [51]. The values of Fx-max and Fz-max highly depend on the wave incident
angle. Fz-max is larger than Fx-max in most cases when θ > 60◦, as marked by the yellow
and orange circles in Figure 5c. Results under submerged conditions are presented in
Figure 6. Similar characteristics are observed except that the peak values of Fy-max are much
smaller than those under unsubmerged conditions, while the results of Fx-max and Fz-max
are very close in these two scenarios. Although the bridge is affected by buoyancy when it
is submerged, the smaller Fy-max indicates that the vertical uplift force is mainly contributed
by the impulse impact under unsubmerged conditions. Conversely, the effects of Fz-max
could be more critical to structural safety under oblique wave impacts considering the
insufficient constraints in the longitudinal direction (z). Besides, the bridge is assumed as a
rigid body in the established numerical model, which means the structural dynamics are not
considered. The dynamic characteristics have been proven significant in previous studies
on tsunami waves and breaking waves [52–54]. These dynamic structural characteristics
should also be investigated for oblique wave impacts in future studies.
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Table 2. Maximum wave forces of the tested cases.

No. Fx-max (kN) Fy-max (kN) Fz-max (kN) No. Fx-max (kN) Fy-max (kN) Fz-max (kN)

1 74.33 118.88 11.85 36 381.84 236.57 297.03
2 1900.79 3952.66 46.00 37 357.08 2290.60 393.53
3 848.28 2680.82 569.96 38 288.16 3192.11 506.35
4 579.70 2026.92 49.00 39 447.60 644.45 438.13
5 325.02 1559.30 417.89 40 539.81 3353.63 862.02
6 320.77 708.66 107.75 41 635.92 933.15 230.84
7 168.13 1764.98 484.21 42 216.61 1417.98 191.23
8 502.52 1826.05 243.77 43 1237.72 718.86 564.73
9 360.88 164.86 48.83 44 1316.40 3752.72 451.41
10 48.84 908.83 170.35 45 1181.32 1104.69 204.05
11 178.98 427.54 26.76 46 970.81 2642.00 125.28
12 755.85 3232.77 260.52 47 4.98 418.91 182.02
13 80.60 340.80 186.42 48 95.18 821.20 162.72
14 186.33 699.87 51.65 49 213.54 2563.57 788.73
15 778.37 1611.61 233.25 50 57.52 1709.83 213.47
16 1376.21 1063.41 406.01 51 715.33 831.02 295.57
17 749.23 1961.12 323.20 52 446.95 3399.66 840.53
18 54.36 336.82 221.63 53 1315.23 3034.26 148.19
19 1430.87 3716.05 81.63 54 45.55 3360.03 740.43
20 1389.92 1120.65 477.58 55 229.58 1829.72 711.40
21 292.00 951.00 193.00 56 622.32 1841.32 67.71
22 413.38 473.73 286.93 57 21.30 1646.42 326.69
23 46.68 2406.67 310.56 58 936.88 2576.45 259.62
24 131.35 225.82 14.91 59 14.68 225.35 147.93
25 111.04 790.88 192.60 60 332.66 1470.05 262.32
26 429.13 817.47 74.79 61 448.49 1305.80 300.98
27 296.63 1090.63 91.20 62 396.52 2913.42 740.31
28 499.00 539.47 181.89 63 156.04 566.40 42.33
29 130.72 1206.10 209.91 64 372.10 2219.16 313.96
30 101.10 2192.40 839.84 65 1514.30 1482.25 264.18
31 186.17 1802.30 234.10 66 596.26 2679.94 26.79
32 368.53 379.54 645.14 67 670.14 3477.37 225.47
33 457.91 1727.20 158.39 68 367.81 2151.41 381.46
34 1069.10 2450.47 234.21 69 588.66 928.00 31.33
35 141.47 3448.73 653.86 70 305.21 1731.20 642.15

4.3. Quantifications of Maximum Wave Forces Using Different Surrogate Models

The established numerical model provides reliable results under different wave condi-
tions but may lead to expensive or even prohibitive computational costs when it requires
large-scale calculations, such as fragility and risk assessment. Thus, how to quantify the
complex relationships between the maximum wave forces and these wave parameters to
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the greatest extent is also a critical step. Conventional methods estimated wave loads using
empirical formulas summarized based on experimental or numerical data; however, this
method cannot accurately measure the effects of each parameter and their interactions. Ad-
ditionally, the introduction of the incident angle makes it more complicated. Recognizing
this, this study used advanced stochastic techniques to predict the maximum wave forces
under different wave scenarios. In this section, the performance of different surrogate
models (the ANN model, Kriging model, and three-order PCE model) are examined and
compared. The coefficient of determination (R2) and root-mean-square error (RMSE) were
adopted as the goodness of prediction.

In this study, the ANN metamodel was trained using the stochastic gradient descent
method, which uses randomness to find the optimal weights and bias from the inputs
to the outputs. The network weights were first initialized randomly. To this end, 70%
of the datasets were used to train the neural model, 15% were used as a validation set,
and the remaining 15% were retained to test the trained data. After several calculations
and comparisons, 3 hidden layers were adopted, and 10 neurons are used in each layer.
The Bayesian Regularization algorithm was employed as the transfer function. A typical
example of the gradient descent during the training process for Fy-max is shown in Figure 7.
The gradient gradually converged after 100 epochs.
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Figure 7. A typical example of the ANN training process for Fy-max.

After several calculations and comparisons, the fitting results and prediction per-
formance for Fx-max, Fy-max, and Fz-max by using different metamodels were determined,
which are listed in Table 3. For most of the cases, the Kriging surrogate model has a smaller
R2 than the other two models. The Kriging model fails to capture the characteristics of the
sampling data well, which also means a larger volume of data is required for a better pre-
diction performance, increasing the computational cost. On the other hand, the three-order
PCE has the largest R2 in most cases, and the results of the ANN model are in between.
The RMSE values from the three-order PCE and ANN models are close when predicting
Fx-max and Fy-max. For Fz-max, the ANN model results in a much smaller RMSE, compared
with the PCE model, indicating a smaller prediction bias and better performance. Thus,
the ANN model is adopted for the prediction of maximum wave loads in the following
fragility analyses. It should be noted that the trained surrogate models are only applicable
to the investigated bridge model, which mainly considers the effects of different wave
parameters. Previous studies have proven that the bridge dimensions also have significant
effects on the wave-induced loads [4,32]. Thus, more investigations on different structural
dimensions are recommended in future studies, to ultimately reach a flexible prediction
model which could be applied for different bridge and hazard scenarios.
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Table 3. Prediction performance of different metamodels.

3-Order PCE Kriging ANN

Fx-max
R2 0.8924 0.8274 0.8567

RMSE 142.7 180.7 134.1

Fy-max
R2 0.9161 0.8725 0.9044

RMSE 308.3 379.9 323.4

Fz-max
R2 0.9476 0.8324 0.8979

RMSE 52.3 93.5 16.5

5. Conclusions

In this study, an elaborate 3D CFD numerical model was developed to investigate
oblique wave impacts on coastal bridges. Time histories of wave-induced forces in the
horizontal (x), vertical (y), and longitudinal (z) directions were computed, and the maximum
values were quantified by using different surrogate models. The developed 3D CFD
model has superior performance in calculating wave load distributions on coastal bridges
for its spatial advantages and structural details. More relevant studies are required to
study the responses of bearing constraints under changing loading distributions. The
maximum oblique wave forces were quantified by using ANN surrogate models with
different wave parameters, including wave height, relative clearance, wave incident angle,
and wavelength.

Overall, this study provides a preliminary numerical investigation of oblique wave
impacts on coastal bridges, providing data reference for future studies and design standards.
More experimental and parameterizing studies on oblique wave impacts are encouraged to
improve existing design specifications.
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