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Abstract: Given the documented wave-induced damage of elevated coastal decks during extreme
natural hazards (e.g. hurricanes) in the last two decades, it is of utmost significance to decipher the
wave-structure-interaction of complex deck geometries and quantify the associated loads. There-
fore, this study focuses on the assessment of solitary wave impact on open-girder decks that allow
the air to escape from the sides. To this end, an arbitrary Lagrangian-Eulerian (ALE) numerical
method with a multi-phase compressible formulation is used for the development of three-dimen-
sional hydrodynamic models, which are validated against a large-scale experimental dataset of a
coastal deck. Using the validated model as a baseline, a parametric investigation of different deck
geometries with a varying number of girders Ng and three different widths, was conducted. The
results reveal that the Ng of a superstructure has a complex role and that for small wave heights the
horizontal and uplift forces increase with the Ng, while for large waves the opposite happens. If the
Ng is small the wave particles accelerate after the initial impact on the offshore girder leading to a
more violent slamming on the onshore part of the deck and larger pressures and forces, however, if
Ny is large then unsynchronized eddies are formed in each chamber, which dissipate energy and
apply out-of-phase pressures that result in multiple but weaker impacts on the deck. The decompo-
sition of the total loads into slamming and quasi-static components, reveals surprisingly consistent
trends for all the simulated waves, which facilitates the development of predictive load equations.
These new equations, which are a function of Ng and are limited by the ratio of the wavelength to
the deck width, provide more accurate predictions than existing empirical methods, and are ex-
pected to be useful to both engineers and researchers working towards the development of resilient
coastal infrastructure.

Keywords: wave-structure-interaction; storm; hurricane; waves; loads; pressures; slamming; decks;
bridges; CFD

1. Introduction

In coastal regions transportation networks are often exposed to catastrophic waves
during storms, hurricanes or tsunamis. For example, hurricane Katrina (2005) and the 2004
and 2011 tsunamis in the Indian Ocean and Japan respectively, caused damage to numer-
ous coastal jetties, wharves, bridges and roads, and unprecedented economical loses [1-
4]. Based on post-event damage assessment data to transportation assets from recent tsu-
namis, Williams et al. [5] pointed out that bridges are more vulnerable to the impact of
tsunami waves than roads. Since coastal bridges act as lifelines that enable the evacuation
and rescue of vulnerable communities after extreme events, the survival of such infra-
structure is a critical need. Despite the development of several predictive wave load equa-
tions in recent years (e.g. [6-10]) the majority of them were calibrated with datasets from
specific deck types, making it hard to find a set of universal equations that can be applied
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to other deck configurations and geometries outside the original dataset. Therefore, it be-
came necessary to understand the effects of extreme waves on a wider range of coastal
decks, and to develop accurate methodologies for the prediction of the applied loads.

In the early twentieth century, experimental methods were utilized to investigate the
wave forces on structures. El Ghamry and Osman [11] conducted experiments to test the
wave force on a flat plate, and developed a relationship between the wave period, wave
steepness and plate elevation. French [12] studied the solitary wave-induced pressures on
a horizontal platform located above the still water level, and revealed the existence of two
characteristic components: a short-duration impact pressure and a slow-varying one.
These two components were also observed by Overbeek and Klabbers [13] in the hurri-
cane-induced vertical wave forces on jetties. Wang [14] experimentally studied the vertical
forces on a horizontal plate subjected to periodic waves and explained the physics of the
impact process. Robertson et al. [15] surveyed the damaged bridges and buildings along
the Gulf Coast in Louisiana, Mississippi and Alabama after hurricane Katrina. They ana-
lyzed the effects of the hurricane waves into a lateral load, hydrostatic and hydrodynamic
uplift, scour and debris effects, and conducted analytical calculations to explain the ob-
served damage. More recently, Bradner et al. [16] presented a large-scale experimental
study of a reinforced concrete bridge deck subjected to regular and irregular waves. Guo
et al. [17] used the eigenfunction expansion method and presented an analytical method
to estimate of maximums of horizontal and vertical wave forces on submerged bridge
decks impacted by hurricane waves. The analytical equations were compared with large-
scale experimental data, demonstrating their accuracy. Nakamura et al. [18] conducted
both hydraulic experiments and numerical simulations to study the tsunami wave forces
on bridge superstructures, and concluded that using Morison’s equation it was possible
to estimate the horizontal force.

Istrati [19] conducted hydrodynamic experiments of both solitary waves and bores
impacting a single-span 1:5 scale bridge deck with different configurations, including
open-girder and box-girders decks supported on steel or elastomeric bearings and a sub-
structure with varying levels of flexibility. The experimental results revealed the signifi-
cant dependence of both the total applied forces and the uplift demand in individual
structural components (bearings and columns), on the deck type and the flexibility of the
structural system, as well as, the wave type [19-20]. Moreover, box-girder bridges were
also investigated experimentally under regular waves in [21], and appropriate simplified
load equations were developed. Although the majority of the studies focused on the
maximum horizontal and vertical forces, some of them [22-24] demonstrated the govern-
ing effect of the overturning moment on the demand in individual connections, which
results in concentration of the uplift in the offshore bearings, increasing consequently the
probability of failure. To account for the complex temporal evolution of the fluid-induced
forces and moment, Istrati et al [23] developed a simplified physics-based design meth-
odology that considers three load cases. A similar approach of using multiple load cases
in the design of coastal decks subjected to storms has also been used in AASHTO [25]. An
alternative method for calculating the design values for individual elastomeric bearings
that connect the deck to the substructure, is to use non-dimensional design curves, as the
ones provided in [26]. It is noteworthy that in addition to wave loads on decks and con-
nections, more recently some studies have investigated the hydrodynamic loads on col-
umns, bridge piers and pile caps [27-29], while others have focused on the resilience as-
sessment of coastal bridges [30] and drag-induced displacements of bridge spans exposed
to hurricanes [31].

Apart from the experimental studies conducted to date (e.g. [11-14], [16], [18-23],
[32]), the development of numerical solvers and the increased availability of high perfor-
mance computing (HPC) resources provided an alternative efficient methodology for
studying further the wave forces on coastal structures. Huang and Xiao [33] applied the
Reynolds averaged Navier-Stokes (RANS) equations with the volume of fluid (VOF)
method to investigate the dynamic impact of waves on the bridge deck over the I-10 Es-
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cambia bay. The research found out that the major reason for the damage caused by hur-
ricane Ivan was the large wave-induced uplift, which exceeded the weight of the deck.
Istrati and Buckle [34] conducted fluid-structure-interaction (FSI) analyses to study the
flexibility of both the superstructure and the connections during the tsunami impact on a
simplified two-dimensional bridge model and pointed out the importance of structural
dynamics and FSI for predicting both the applied loads and the reactions forces. Similarly,
Xu and Cai [35] considered the horizontal flexibility of the bridge via a single-degree of
freedom numerical model, and found out that the increase of this flexibility resulted in
larger horizontal forces on the superstructure due to dynamic amplification. Moreover,
Cai et al. [24] applied a dynamic mesh updating technique to study the behavior of a
bridge superstructure under the impact of solitary waves. The model simulated the bridge
response and showed that the rotational movement and vertical translation affected the
magnitude of the vertical wave force. Matamoros et al [36] validated a coupled Eulerian-
Lagrangian finite element model and showed that for waves similar to those from past
hurricanes in the Gulf Coast, the deck with flexible connections witnessed larger connec-
tion forces. Greco et al. [37] used a moving mesh method to simulate the extreme fluid
impact on bridge deck structures. Their computations took into account the bridge de-
formability, and pointed out that the force coefficients provided by the codes need to be
revised. Based on numerical simulations of solitary waves, Xiang et al. [10] quantified nu-
merically the influence of wave height and deck elevation on the quasi-static and slam-
ming force components and developed an improved predictive equation that can capture
not only the forces but also the moment. While all the majority of numerical investigations
to-date were based on mesh-based methods (e.g. [10], [24], [33-38]), some recent studies
used (i) particle-based methods, such as, the Smoothed Particle Hydrodynamics (SPH),
[39-41], and (ii) hybrid or coupled particle-mesh-based methods, such as, the particle fi-
nite-element method (PFEM) [42] and the coupled SPH-FEM [43], to investigate the com-
plex wave-structure interaction or wave-debris-structure interaction, and loads on coastal
structures.

While the majority of the numerical studies focused on two-dimensional (2D) mod-
els, some of them pointed out that the interaction between a deck and the wave is not a
completely two-dimensional process, especially when (i) the deck has diaphragms that
trap the air [44-46], (ii) the elevated slab has air-vents [19], (iii) the deck is skewed [47-49]
(iv) the wave is oblique [49], or (v) water-borne debris is trapped in front of the deck at an
off-center location [50]. For example, Bozognia and Lee [44] showed that simplified 2D
simulations of periodic waves impacting a concrete deck with diaphragms, could not rep-
resent the motion of air in the longitudinal direction. The accuracy of the predictions could
be significantly improved by simulating the airflow under the deck in three-dimensions
(3D). The importance of 3D effects was also observed experimentally in the case of bridges
with air-vents in the deck, for which case the distance of the vents from (i) the diaphragms
and (ii) the girders forming the chambers had a critical role [19]. Moreover, Crowley et al.
[45], who conducted numerical simulations of monochromatic wave impact on bridge
decks noticed that both the high-frequency load component and the quasi-static compo-
nent are affected by trapped air, and that 3D simulations can capture the air movement
more realistically than the 2D ones.

As discussed above, elevated coastal decks of different shapes and under different
wave conditions have been studied in recent years, however, only a few of these studies
investigated the role of the number of girders (Ng) on the applied loads. Hayatdavoodi et
al [51] studied numerically the effect of Ng by modeling the impact of solitary waves on a
small-scale (1:35) flat plate and an open-girder deck with Ng between two and six. They
concluded that the increase of Ng increases slightly the horizontal force, but has no effect
on the vertical force. Similarly, using the SPH method Sarfaraz and Pak [41] found that
when the deck is submerged, the Ng has no effect on the uplift forces. On the other hand,
for elevated decks they revealed that the largest uplift was witnessed by the deck with
two and three girders, and that for a larger Ng the girders can act as barriers that decrease
the pressure on the bottom of the deck. Furthermore, Moideen et al. [52] demonstrated
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numerically via the RANS method that the solitary wave-induced forces on a deck with
girders is larger than the ones on a flat plate. By investigating three decks with Ng=4, 5
and 6, they concluded that for small air-gaps the Ng has a negligible effect, however, as
the air gap increases, i.e. the deck relative elevation increases, the increase of Ng increases
significantly the uplift force.

The significant differences in the findings of the aforementioned three studies [41],
[51-52] could be attributed to a variety of reasons, such as, differences in deck dimensions,
hydrodynamic conditions, modeling assumptions (e.g. single-phase vs. multi-phase) and
potential scale-effects in small-scale models. Nonetheless, these findings demonstrate the
complex effect of the number of girders (Ng) on the wave loads, and its dependence on
the wave conditions. Therefore, the objective of the current research study is to advance
the fundamental understanding of solitary wave impact on coastal decks with a different
number of girders and deck widths, and to develop simplified load equations that will
account for the role of these two parameters. The focus of the particular paper will be on
open-girder decks with cross-frames, where the air can escape from the sides of the span.
The first part of the paper will focus on the validation of an arbitrary Lagrangian-Eulerian
(ALE) formulation with large-scale experimental data, the second part will present a par-
ametric investigation of the role of the two aforementioned parameters, and the third part
will develop improved predictive equations for wave loads.

2. Numerical Modeling

2.1. Governing Equations and Validation

The numerical investigation was conducted using the finite element analysis code
LS-DYNA [53]. The interaction between the water, the air and the bridge deck is computed
using an ALE formulation [54]. The equilibrium equations for mass, momentum and en-
ergy are given by equations (1), (2) and (3) respectively:

Z—‘Z + pdiv(v) + (v —w)grad(p) = 0 M)
p % + pdiv(v) + p(v — w)grad(v) = div(o) + f @)
P% + pdiv(e) + p(v — w)grad(e) = o:grad(v) + f - v 3)

where v is the particle velocity, w is the grid velocity of the numerical simulation, p is the
density of the material, fis the body force and e is the internal energy. o denotes the Cau-
chy stress which is given by:

o = —PI + p[grad(v) + grad(v)T] 4)

where P = the pressure; I = the identity tensor; u = the dynamic viscosity; (v — w) = the
convection velocity across the grid; and T = matrix transpose.

Both the air and the fluid were simulated as compressible viscous fluids, with the
viscosity being equal to 1.0E-5 m?/s for air and 0.001 m?/s for water. The compressibil-
ity of the fluid was controlled by the bulk modulus and was defined to be 1.0E5 and 2.2E9
Pa for air and water, respectively. Lastly, an equation of state with a linear polynomial
form was used to determine the initial thermodynamic state of the material, as shown
below. The pressure is given by:

p =CotCiC+ C20%+ G303+ (Cat CsC+ CéC2)E (5)

Where Cos are user-defined constants, E is the initial energy per initial volume, while the
volumetric parameter is C equal to:

¢=,-1 (6)
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with the relative volumeV = p,/p, where p,is the reference mass density. For more infor-
mation the user can refer to Hallquist [53].

In order to validate the hydrodynamic solver, the large-scale (1:5) experimental study
conducted by Istrati [17] in the 104m long flume of the Hindsdale Wave Research Lab at
Oregon State University, was used as a benchmark. In the experiments the bathymetry
consisted of a 21.49m long horizontal part at the wave-maker location, followed by a
1:12th sloped part 7.32m long, and a second horizontal part 40.2 m long where the bridge
was located, and another 1:12 slope towards the end of the flume, which dissipated the
waves. However, in order to reduce the computational time, a smaller three-dimensional
numerical flume was developed, which included the area close to the bridge location and
was 27m in length, 3.16 m in height and 0.3 m in depth, as shown in figure 1. The bridge
deck model was located at a distance of 15.79 m from the upstream boundary and 1.71m
from the bottom boundary. The span length was assumed to be 0.25m, meaning that a
0.05m gap was left between the deck and the side walls of the flume to allow for the air to
escape. The bridge deck model is rigidly fixed in all directions in order to restrain any
translational and rotational movement.

The boundaries conditions of the computational domain include: no slip boundaries
on the front, back, top and bottom sides; a damping section in the downstream area to
prevent wave reflection; in the upstream boundary, an inlet velocity boundary is defined
to generate targeted solitary waves. The time histories of the inlet velocity are pre-defined,
according to the asymptotic long wave relationship, which is given as:

u=nyJg/H )

where 7 represents the wave height time history, H is the water depth, and u is the wave
velocity. The mesh size of the ALE domain far from the bridge deck is 0.05 m, while in the
region of CDEF the mesh size of both the ALE domain and the bridge deck model is re-
fined to 0.025 m.

This experimental work was selected as a benchmark due to its extensive instrumen-
tation that enabled the accurate quantification of both the hydrodynamic characteristics
and the effects on the deck, including pressures at different locations on the girders and
the slab, and forces measured by load cells at the interface between the superstructure and
the substructure. For the current study, the experimental configuration with open cham-
bers (i.e. cross-frames) and rigid connections, which was tested under the impact of four
unbroken solitary wave heights and water depth of 1.16m, will be used. To verify the
accuracy of the numerical method, the simulated wave profiles of SW1, SW2, SW3 and
SW4, with corresponding heights equal to H=0.43, 0.52, 0.68m and 0.97m are compared
with the ultrasonic wave gauge measurements located at 0.92 m in front of the bridge deck
. As shown in Figure 2, the numerically predicted wave profile histories agree well with
the experimental data, both in terms of maximum values and temporal evolution, with
some shape differences at the tail of the wave. These differences are more obvious for the
large waves, e.g. SW3, and this could be due to the fact that in the experimental tests as
the wave height increases the solitary wave undergoes a more significant shoaling process
with nonlinear effects that change the shape of the wave. These effects cannot be captured
in the truncated numerical model because the shoaling process is not simulated in the
numerical model. Nonetheless, the solitary waves of the numerical model compare well
with the modified solitary waves of the experiments, allowing us to proceed further with
the comparison of the wave-induced effects on the deck.
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Figure 2. Comparison of wave profile at USWG1 between experimental measurements (source: Istrati [19]) and numerical
simulations

To eliminate the effect of the structural dynamics on the measured forces, both the
experimentally and numerically recorded force histories are filtered using a Butterworth
filter (with cutoff frequency of 30 Hz). The reason for choosing this filtering process has
been thoroughly discussed in Xiang et al. (2020). Figure 3 shows a comparison of the hor-
izontal and vertical wave force histories for SW3 and SW4. It can be observed that the
maximum values of the numerical wave forces are close enough to the experimental meas-
urements and the time histories are in reasonable agreement. Interestingly, the horizontal
forces seem to be predicted more accurately than the vertical ones, with the worst predic-
tion corresponding to the downward force (negative values in the F, graphs). A possible
reason for this observation is the fact that as mentioned previously the numerical model
does not capture accurately the tail of the wave, which will affect the volume and the
shape of the fluid that will overtop the deck. Given the fact that elevated decks tend to fail
due to the large horizontal or uplift force, and not due to the downward force, the focus
of this study are on the two former types of forces. The good prediction of these forces
demonstrates the accuracy of the ALE solver and the validity of the truncated numerical
model.

While the good prediction of the wave profiles and forces would suffice as a valida-
tion case, the accuracy of the solver was challenged further by comparing the applied
pressures at selected locations. Figure 4 shows the locations of the pressure gauges that
were installed on the bridge deck specimen. The comparison of the maximum pressures
(filtered at 50Hz) for the four tested heights is shown in Figure 5 for four selected locations:
below the overhang (P10) and the first chamber (P11), and on the offshore side of the first
(P3) and second (P6) girder. This figure indicates that the numerically predicted pressures
are generally matching well the experimental measurements, apart from P10 for the case
SW4. For this case, the experimentally recorded pressure below the overhang is much
higher than the numerical predictions, which could be probably caused by the differences
in the wave shape and particularly the fact that experimentally the wave front was steeper
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than in the numerical model (due to the nonlinear shoaling). The steepness of the wave
can have a major effect locally when the wave reaches the deck. Generally, the observed
differences can also be attributed to differences in (i) the deck geometry, which was sim-
plified in the numerical model, and (ii) the locations of the recorded pressures, which
might differ slightly in the simulations and the experiments. Nonetheless, the reasonable
agreement of the pressures for most cases provides additional evidence that the 3D slice
numerical model with a bridge width of 0.25m and a 0.05m gap can release the trapped
air from the sides of the girders in a similar way with the real bridge specimen.
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Figure 3. Comparison of wave force histories obtained from the experiments of Istrati [19] and the numerical simulations
for SW3 and SW4.
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Figure 4. Locations of the pressure gauges used in the validation study

2.2. Parametric Investigation

For the parametric investigation of the role of the deck geometry, the numerical flume
and four-girder bridge model of the validation study was used as a baseline. In addition,
by keeping the deck width constant four new configurations were considered with 2, 3, 5
and 6 girders respectively, as shown in Figure 6. Furthermore, in order to expand the
range of tested models, in addition to the 1.94m wide baseline model, the width was in-
creased by about 50% and 100%, giving two new deck widths (L) of 2.98m and 4.01m. As
shown in Figure 7, in all three models the girders and the distance between them was
identical, meaning that the comparison of these configurations would give an insight into
the role of the width for open-girder bridges. A summary of all the numerical models is
shown in Table 1.
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Figure 7. A schematic of the decks with a different widths used in the present study

Regarding the hydrodynamic conditions, eight wave heights are investigated numer-
ically, including the four wave heights tested in the experiments (SW1, SW2, SW3 and
SW4), and four additional wave heights (SW1.5, SW2.5, SW3.3 and SW3.6) with
H=0.475m, 0.6m, 0.725m and 0.97m. The still water level (h) is 1.16 meters, yielding nor-
malized wave heights (H/h) equal to 0.37, 0.41, 0.45, 0.52, 0.59, 0.63, 0.73 and 0.84, as shown
in Table 2. The mesh-size was kept the same as in the validation study, and only in the
case of the wider bridges (width 2.97m and 4.01m) the length of the area with the refined
mesh-size, i.e. area CDEF, was extended from 3.5m to 5.5m. All the analyses were run on
the Multihaz HPC cluster of the Department of Civil and Environmental Engineering at
the University of Nevada, Reno. The authors used 32 Intel Xeon E5-2650 v2 cores with
1.5TB of RAM per analysis, with the run time of each being about 10hrs.

Table 1. Summary of the bridge deck configurations

Comparison A (L=1.94m) Comparison B
Number of Girder Spacing Bridge Width L
2 1.46 100% L, (Lgctyqr=1.94m)
3 0.68 150%L, (Lgetyq=2.97m)
4 0.42 200%L, (Lgctyqr=4.01m)
5 0.29
6 0.21

Table 2. Simulated wave heights

Impact Wave Height Normalized Wave

Case #
H (m) Height (H/h)
SW1 0.430 0.37
SW1.5 0.475 0.41
SW2 0.520 0.45
SW2.5 0.600 0.52
SW3 0.680 0.59
SW3.3 0.725 0.63
SW3.6 0.850 0.73
SW4 0.970 0.84

3. Effect of Number of Girders
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3.1. Horizontal and Vertical Forces

Figure 8 presents the wave force histories for the five bridge decks with Ng=2, 3, 4, 5
and 6, for two selected wave heights. For small wave heights, e.g. SW1, both the horizontal
and the uplift force increases with the increase of Ng, with the five-girder deck witnessing
2.1 and 2.25 times larger horizontal and uplift forces respectively than the two-girder deck.
However, as the wave height increases the forces on the deck with small Ng increase more
than the respective forces on the large Ng, and for SW3 the five-girder deck having to
withstand about 50% and 33% of the horizontal and uplift forces respectively applied on
the two-girder deck. Another distinct difference in the figures is that for small wave
heights there are no short duration impulsive peaks (slamming component), however, in
the wave-induced force time histories of larger heights, i.e. SW2 and SW3, it is easy to
observe the slamming components on the two- and three-girder decks. In fact, it seems
that the number of impulsive peaks is equal to the number of girders. These peaks become
less noticeable as the girder number increases, which indicates that the impulsive compo-
nent is mitigated as the girder number increases.

To determine if this true, a wavelet method was used to decompose the total force
histories into the quasi-static and slamming components. An example of the decomposed
components is shown in Figure 9 for SW3. The quasi-static component is a single, low-
frequency fluctuation which is caused by the interaction between the wave and the struc-
ture, while the slamming component consists of a series of high-frequency impulses
caused by the wave impacts on specific girders or chambers. Interestingly, for both the
horizontal and uplift direction, the number of girders has an opposite effect on the quasi-
static and slamming component, with the former one being increased by the increase of
Ng, and the latter one being reduced. This opposite effect could potentially explain the
complex role of Ng on the applied wave loads, observed in previous studies [41], [51-52].
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Figure 8. Time histories of wave forces on decks with a different number of girders

Figure 10 depicts the maximum values of the total horizontal and vertical wave
forces, as well as the quasi-static components and slamming components, as a function of
the number of girders (Ng), for all the wave heights tested herein. As observed in the fig-
ure, there are two different trends in the total forces, one for the three small-to-intermedi-
ate wave heights SW1~SW2, where the normalized wave heights are 0.37~0.45, and an-
other one for the five large wave heights: SW2.5~SW4, where the normalized wave heights
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are 0.52~0.84. For the former case, the maximum horizontal and vertical force tend to in-
crease with Ng at a relatively small rate, while for the latter case the increase of the Ng
causes major reductions of the forces at a much larger rate. Two different trends were also
observed by Sarfaraz and Pak [41], who suggested that for small and intermediate wave
heights (H/h<0.5), the wave forces in the vertical uplift direction tend to remain constant
for different girder numbers, while for higher wave height cases, (H/h>0.5), the wave
forces increase as Ng decreases.

The explanation for the above trends is given by the decomposed components,
shown in figures 10c~10f. The maximum values of the quasi-static components in the hor-
izontal and vertical directions increase with a slow rate and in a nonlinear manner with
the increase of Ng. Compared to the total wave forces, the quasi-static component seems
to have a continuously increasing rate for all the wave heights. On the other hand, the
slamming component seems to be affected by Ng in a similar way with the total wave
forces, at least for the large wave heights. For these heights, the maximum slamming
forces decrease significantly with the increase of Ng, while for small wave heights the
maximum values are almost negligible, irrespective of Ng. It is noteworthy that:

e  For large wave heights the magnitudes of the slamming components are twice as
large as the quasi-static components for the two-girder case, meaning that they will
have a governing effect on the total forces. However, for the decks with the largest
Ng (e.g. 5, 6) the quasi-static components are larger than the slamming ones (due to
the simultaneous reduction of Fy; and the increase of Fy,, as Ng increases)

e  For small wave heights the quasi-static component has a governing role over the total
forces, irrespective of the number of girders.
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Figure 9. Time histories of quasi-static and slamming force components of decks with a different number of girders for
SW3 (H=0.68m)
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Figure 10. Maximum values of wave forces vs the number of girders in the deck

These opposite trends in the quasi-static and slamming forces provide a partial ex-
planation of the complex trends observed in the total forces and indicate the possibility to
develop predictive equations for each force component (slamming, quasi-static) sepa-
rately. As discussed in Xiang et al [10], the maximum values of the two components do
not occur at the same instant, complicating further the prediction of the total loads.

3.2 Demand Diagrams

While the investigation of the horizontal and vertical force histories gave an insight
into the applied loads on a bridge, it is important to look at the temporal evolution and
combination of the forces in the two directions, since they will dictate the total demand
and the critical load case for the bridge. For this reason, Figure 11 shows demand diagrams
(similar to the ones in Istrati et al [23]) which are the envelopes of the combination of the
simultaneous horizontal and vertical forces applied during the inundation of the deck. It
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is clearly shown that the vertical wave forces are always higher than the horizontal ones
(and in some cases almost twice) for different girder numbers and wave heights. Moreo-
ver, the shapes of the envelopes between the different decks with varying Ng have simi-
larities, and in most cases the maximum horizontal and vertical force seem to be synchro-
nized. The most important finding though is that the two-and three-girder bridges have
the largest demand, and that this demand decrease with the increase of Ng up until it
becomes equal to 5, above which there are no differences. This indicates that during the
design of a new coastal bridge that will have to withstand the impact of extreme waves,
the number of girders in the deck can be optimized in a way that the wave loads will be
small enough (requires a large Ng), while the volume of required construction material
will not increase too much (requires a small Ng).
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Figure 11. Envelopes of horizontal and vertical forces applied on decks with different number of
girders (Ng=2, 3, 4, 5, 6) by four selected wave heights

3.3 Pressures and Fluid Velocities

Comparing the applied pressures on the two- and six-girder bridge cases can deci-
pher the role of the number of girders and shed light on the reasons behind the observed
trends. To this end the pressures were recorded numerically at different locations of the
girders and below the chamber, as shown in Figure 12. On each girder, the pressure sen-
sors are located at four elevations: the bottom of the girder, at %4 ,% and % of the height,
while the pressure under the deck are recorded at a 0.1m interval. In Figure 13, the impact
pressures applied at the mid-height of the offshore side of each girder, and at three differ-
ent locations below the deck chambers, are presented for the two- and six girder deck for
wave height SW3.6 (H0.85m). This figure reveals that:

e In the case of the two-girder deck the long-duration pressures on the offshore and
onshore girder are quite similar, however, the onshore girder (downstream) wit-
nesses a much larger impulsive component. Similarly, the uplift pressures below the
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deck have a major impulsive peak at the location close to the onshore side (P28),
while the peak does not exist at the remaining locations below the deck.

e On the other hand, in the case of the six-girder deck the maximums of the pressure
histories are much smaller, with only some small-to-negligible impulsive peaks.

P14~P29

P5~P8 P30~P33

P14-P16 P26~P28 P38~P40 P50~-P52 P62~P64
| | | |

o

|
| i - |
P5~P8| P17~P20| P29~P32| P41~P44] P53~P56| P65~P68

Figure 12. Locations of DBFSI pressure sensors on the girders and chambers: a. two-girder
deck; b. 6-girder deck.
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Figure 13. Pressure histories on girders (left) and below the slab (right) for the deck with
two girders (top) and six girders (bottom) for wave SW3.6 (H=0.85m)

The presence of the impulsive peaks in the pressure histories has been related to the
role of air in previous research studies. Takahashi et al. [55] conducted caisson model tests.
One group of caisson model considered the sealed ceiling slab and the air leakage from
the vertical slit wall. This situation is similar to the current study: when the wave passes
through the bridge chambers during the impact, the air can escape from the side opening
as the water is filling the space. Takahashi et al [55] pointed out that, when the opening
rate is large, the air entrapment effect is diminished, and the waves tend to directly impact
of the ceiling causing much greater forces. Cuomo et al. [56] reached similar conclusions
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and suggested that if the case of large opening ratio, the air leaks freely and the water

mass impacts the deck without any resistance due to the air cushioning effect. While in

the current study the air escapes from the sides and not from air-vents in the deck as in

[56], the new results seem to be consistent with the findings of the aforementioned studies,

since the increase of the number of girders reduces the total area of the side openings,

which could potentially increase the air-cushioning effect and consequently reduce the
impulsive peaks.

As demonstrated in previous sections, the increase of the bridge girders reduce the
wave impact forces, which agrees partially with [41], who suggested that for certain con-
ditions a girder can act as a barrier. This sounds surprising, given the fact the surface of
the girders is the one that attracts the horizontal forces, in the first place. To provide a
thorough explanation it is imperative to understand how the existence of the girders af-
fects the wave impact process and the flow of the fluid around the deck. This can be vis-
ualized in Figures 14 and 15, which present a series of snapshots of the fluid velocity vec-
tors in the horizontal and vertical directions respectively, for both the two- and six-girder
bridge. It can be observed that:

e In the two-girder case, the wave impacts first the upstream (offshore) girder, then it
reaches the bottom of the deck —at a location close to the mid-width- and after that it
accelerates and impacts the downstream girder and deck slab with much larger hor-
izontal and vertical velocities. These large velocities are the reason for the generation
of the impulsive pressures and slamming component of the total horizontal and up-
lift forces.

e On the other hand, in the case of the six-girder bridge, the wave does not accelerate
and the horizontal velocities remain low when the wave reaches the downstream
girder. However, in the vertical direction, although the wave accelerates and impacts
the last chamber next to the downstream girder with a large velocity, this impact
happens on a small area, while at the same instant the velocities in the remaining
chambers are in the negative direction (pointing downwards), meaning that those
chambers do not contribute significantly to the total uplift. In contrast, at the same
instant in the two-girder case the wave impacts violently on a larger area close to the
downstream side of the deck (since it is not limited by the presence of additional
girders) while the majority of the remaining area below the deck is witnessing pure
buoyancy, resulting in larger total uplift forces than the six-girder deck.

In summary, in addition to the air escape from the sides of the deck, the main reason
for the generation of larger horizontal forces on the bridges with two and three girders, is
the acceleration of the fluid particles after the initial impact on the offshore girder, and the
existence of a long chamber that allows the fluid to increase its velocity. For a large num-
ber of girders, the flow is blocked by each girder forming unsynchronized eddies in each
chamber, and the wave impact is broken into multiple smaller and weaker impacts, miti-
gating the overall wave effect.
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Figure 14. Snapshots of the vectors of the horizontal fluid velocities of wave SW3.6 (H=0.85m) impacting a deck with two
girders (left) and six girders (right) at three instants: (a) t=6.2s, (b) t=6.4s and (c) t=6.5 s
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Figure 15. Snapshots of the vectors of the vertical fluid velocities of wave SW3.6 (H=0.85m) impacting a deck with two
girders (left) and six girders (right) at two instants: (a) t=6.2s and (b) t=6.5s

4. Effect of Bridge Width
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4.1. Horizontal and Vertical Forces

This section will focus on the effect of the bridge width on the wave loads by com-
paring three bridge widths: 100%, 150% and 200% of the width L of the baseline model.
The spacing between the girders remains constant for the three different bridge widths,
which means that the decks will have 4, 6 and 8 girders respectively. Figure 16 shows the
time histories of the horizontal and vertical forces for two large wave heights (SW3 and
SW4). These histories exhibit clear differences, with the wider bridges having additional
impulsive peaks both in the horizontal and upward direction. In fact, the number of the
impulsive peaks correlates to the number of the girders. Moreover, it is noticed that the
increase of the bridge width tends to elongate the impact duration and consequently the
duration of the applied horizontal and uplift force. Surprisingly though, the differences
in the magnitudes of the maximum forces are minor-to-negligible. The reason for that is
related to the fact that the maximum forces seem to occur when the wave reaches the 4th
girder, thus, the additional girders in the wider bridge decks do not contribute much to
the total forces.

The observed trend in the time histories of the previous figure, is consistent for all
the wave heights, as shown by the maximum total forces in Figure 17. Only for the large
wave heights with (H/h)>0.5 the horizontal forces seem to increase slightly with the width,
and the two longer widths (150%L and 200%L) give similar results. Generally, looking at
the decomposed components it can be concluded that the slamming force component is
the one that is affected more by the bridge width, which in turn increases slightly the
horizontal forces (less than 10%) but has a negligible effect on the maximum uplift forces.
This is an important finding, because it seems to contradict many of the available force
predictive equations that are a function of the bridge deck. Moreover, the minor-to-negli-
gible effect of the deck width on the maximum forces observed in the current study, seems
to differ from the significant increase of the uplift force for larger widths observed by
Hayatdavoodi et al. [57]. This could probably be attributed to the fact that the aforemen-
tioned researchers focused on submerged plates and periodic waves. For an elevated
bridge deck with girders, the process of the wave impact is more complicated.
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Figure 16. Wave force histories applied on three bridge decks with different widths
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Figure 17. Comparisons of numerically predicted maximum wave forces (total, slamming and quasi-static) for different

bridge deck widths

4.2 Wave Impact Process

Figure 18 presents a series of snapshots of the wave impact process on one of the
wider decks (150%L) and the associated fluid velocity vectors in the vertical direction,
which will help explain the negligible effect of the deck width. The entire inundation pro-
cess can be divided into three main steps. The first step takes place when the wave contacts
the deck. Since the deck is elevated from the still water level, the wave usually reaches
first the bottom of the upstream girder. After hitting the upstream girder, the water level
will reach the overhang generating a first peak in the uplift force histories. In the second
step, the wave will keep propagating through the deck, which increases the water level in
the chambers forming locally air-pockets until they escape from the sides and the whole
chamber becomes inundated. The sequential inundation of the chambers in step 2, will
keep increasing the total forces, until the wave crest starts overtopping the deck, which
will initiate the last step. The downward pressures applied by the water above the deck,
counteracts the applied uplift pressures in the chambers resulting ultimately in smaller
total forces. Interestingly, these snapshots reveal that the overtopping occurs for the first
time slightly after the impulsive upward impact on the 3rd chamber, or in other words
when the wave has inundated the four girders (less than 100%L). This explains why the
wider bridges with 150%L and 200%L see similar forces with the baseline model with
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100%L, since by the time the wave reaches the remaining chambers the crest of the wave
has already overtopped the deck. Moreover, while the 200%L is not shown in this figure,
it must be noted that for very wide decks the solitary wave cannot inundate the whole
width, since the maximum inundation will be limited by the wavelength. By the time the
wave reaches the downstream girder, the wave has already passed the upstream girder
and overhang, meaning that it applies pressures only on a part of the deck width.
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Figure 18. Vectors of z-velocity during the impact of wave SW3 (H=0.68m) on the deck with
150%L

5. New Predictive Equations for Wave Loads
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5.1. Motivation

As discussed in the introduction the role of the number of girders has not yet been
deciphered. Thus, there are simplified predictive equations of wave loads in the literature,
which give larger forces for a larger number of girders Ng (e.g. [7], [8]) or are independent
of the Ng (e.g. [9]). Based on the findings of the previous section, it became clear that (i)
the number of girders Ng has a different effect on the slamming and quasi-static forces,
and (ii) the bridge width does not affect significantly the maximum forces on an elevated
deck. These findings can help improve existing wave force prediction methods. For exam-
ple, Azadbakht and Yim [9], who investigated numerically five coastal bridges inundated
by tsunami waves, developed the following prediction equations for the horizontal and
vertical wave force:

Horizontal force:

Fy a4y = 0.5pg(2 X hy — L)Ly, + 0.5C,pVv?Ly, 8)
Vertical force:

Fy_ay = Cyp[pgV + 0.5C,pv?L] 9)
where L, is the height of the bridge superstructure, h, is the difference between the bot-
tom of the deck and the maximum free-surface.

In equation (9), the vertical wave force is related to the parameters V and L, which
are the full deck volume and its width. Therefore, this prediction method may not be very
accurate for the elevated decks investigated in the current study, which are not fully in-
undated by the waves. In figure 19, the force estimated by equations (8) and (9) are com-
pared with the simulation results for the three bridge widths presented in the previous
section. In the horizontal direction, figure 19a shows that the predicted wave forces follow
similar trends with the numerical results, although, their magnitudes are smaller for all
the wave heights. On the other hand, the predicted vertical wave forces shown in figure
19b, increase significantly with the bridge width, which contradicts the numerical simu-
lations.
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Figure 19. Maximum wave forces vs the normalized wave height for different bridge widths, obtained from numerical
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simulations and predicted by the simplified equations of Azadbakht and Yim [9]

5.2 Formulation

In a more recent study [10], the simplified methodology of [9] was used as a reference
(FH_av, Fv_ay) and was updated in order to account for the effect of the bridge elevation Z
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on the quasi-static and slamming components. This approach yielded more accurate pre-
dictive equations for the forces (eq. (10), (11)) by utilizing non-dimensional coefficients for
each force component (eq. (12), (13), (14), (13)), as shown below:

Horizontal:

Fy xi = Fy_ay * (Cuyg + Cuy)); (10)
Vertical:

Fy xi = Fy_ay * (Cyo + Cy)); (11)
Where the four coefficients C are the quasi-static and slamming coefficients and are cor-
related to the bridge elevation Z, the wave height H, and the bridge width L in the hori-

zontal and vertical directions.

Horizontal direction:

Citgy = 04390/ for 0 < Y2E < 1 8V, (12)
Cyy = 25(VHL/Z)™° for 0.72VI < 2% < 25.1VI; (13)
Vertical (upwards) direction:
-2.2 -1 \/ﬁ
Cyye = [24(VHL/Z)™>? +0.9] "Hfor 0.72VL < == < 25.1VL; (14)
Cyyy = [20WHL/2) 2 +1] 7 for 0.72VL < Y2 < 25.1VT; (15)

Based on the numerical results, the number of girders tends to have a strong influ-
ence on the wave forces applied on the deck, while the deck width is less influential. In
fact, for a constant bridge width increasing the Ng will reduce significantly the total and
the slamming forces in both directions, while the effect on the quasi-static forces is much
less. Therefore, for the purpose of developing improved simplified equations, one could
neglect the effect of Ng on the quasi-static forces and keep the ones from Xiang et al [10],
i.e. eq. (12) and (14), but developed improved coefficients for the slamming coefficients
that will be a function of Ng.

Moreover, since the numerical results revealed that the bridge width has a small-to-
negligible effect on the total forces, it must be ensured that the updated slamming coeffi-
cients, will be a function of the number of girders Ng, but will not increase with the deck
width. Therefore, it makes sense to relate the slamming forces to the chamber width (dis-
tance between consecutive girders), which remains constant for a wider bridge with the
same spacing of girders, as the maximum forces do. The chamber spacing can be repre-
sented as L/Ng which incorporates both the deck width L and the girder number Ng. Fur-
thermore, since the predictive equation for the uplift force developed by the aforemen-
tioned study [9] increase with the increase of the bridge width, which contradicts the nu-
merical results, the new reference force for the estimation of the slamming component will
be modified by the factor L,,qy./L. In this case, Lyqye is the characteristic wavelength of
a solitary wave, which is defined by Goring [58] as:

Lyave = 1.5{R3/H (16)

Where h is the still water level, and H is the wave height. Using the above factor, the
uplift force (Fv_ay) will be modified as shown in eq. (17), making the new reference uplift
force a function of the Luwe instead of the deck width.:

L
Fyrer = Fy_ay * WZW (17)
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Taking all the above tends into account, it was decided to relate the new slamming
coefficients to a new unitless parameter ’H NL—g /Z, in order to incorporate the influence of

the deck geometry. Figure 20 plots the normalized ratios of the slamming force compo-
nents, i.e. the maximum slamming components of the forces predicted by the simula-
tions divided by the corresponding reference forces, as function of the new unitless pa-
rameter for each case. Note that in this figure the reference force in the horizontal direction
is given by eq. (8) and in the vertical direction by eq. (17). Given the reasonable correla-
tion of the slamming coefficients with the new parameter shown in in Fig. 20, a linear
regression line is used to describe their relationship. Therefore, the new slamming coeffi-
cients are given as:

Horizontal:

Chz,, = 0.0723(,/HL/Ng/Z)*" (18)
Vertical:

Cyay = 0.0127(\/HL/Ng/Z)*3* (19)

The updated wave force prediction equations become:

Horizontal:
Fy = Fy_ay * (Cpyg + Chzy); (20
Vertical:
Lwave
Fy = Fy_ay * (Cypg + Cyag =), (21)
Where Fr_avand Fv_ay are given by eq. (8) and (9) respectively, the quasi-static coefficients
by eq. (12) and (14), and the slamming coefficients by eq. (18) and (19).
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Figure 20. Regression analysis of the maximum wave forces predicted by the simulations over the reference wave force,
as function of the unitless parameter V(HL/N)/Z .

5.3 Accuracy of new method and comparison with existing equations

Using the new simplified equations, the predicted maximum horizontal and vertical
(uplift) wave forces are compared with the corresponding experimental and numerical
results in Figure 21. The solid line represents a perfect matching, which means that the
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predicted wave forces are identical to the experimental or numerical results, and the data
points above the solid line are overestimated values, while the ones below are underesti-
mated ones. The +20% error range is also shown with dashed lines. The figure reveal that
the predictions of the new method tend to fall within the 20% error range, while for the
cases where the differences are larger, the simplified equations tends to over-predict the
forces. Overall, the improved empirical equations demonstrate a good predictive capabil-
ity of the wave loads.

While the comparison of the improved equations with experimental and numerical
data gives an insight into its accuracy, it is also interesting to compare it with other em-
pirical methods that are available in the literature. To this end, the authors will consider
four popular predictive equations, including the ones developed in [6-9]. The detailed
equations of these methods are shown in the Appendix of the manuscript (see eq. (Al)-
(A8)). Nonetheless, it is interesting to note that:

e  The predictive equations of McConnell et al. [6], i.e. eq. (A1), (A2), divided the wave
forces into several components, including the ones applied on the internal and the
seaward (upstream) structural elements, and considering both the slab and the gird-
ers (beams) of jetties. The force on each component is a function of a reference hydro-
static force, without the explicit consideration of the impulsive component. The total
wave forces are the summation of the wave forces on each structural element, which
means that this set of equations considers the geometry of the deck.

e Douglass et al. [7] proposed predictive equations for the total applied wave forces
on a coastal deck (see eq. (A3) — (A6)). These forces are calculated based on (i) a ref-
erence hydrostatic force and (ii) different coefficients that can be used to estimate
either the “slowly-varying” forces or the total ones that include the impact compo-
nent as well. Interestingly, the impact coefficient of the uplift forces was suggested
to be three times larger than “slowly-varying” coefficient, revealing the high magni-
tude of the impact forces. Moreover, the equation for the uplift force is a function of
the bridge width, while the horizontal force is a function of the number of girders Ng.
In the horizontal force equation the internal girders are contributing to the total force
with a reduced coefficient of 0.4 relative to the offshore external girder (coefficient=1).

e McPherson [8] developed a different set of equations for the total wave loads applied
on coastal bridge decks. In contrast to the equation of [7], the horizontal force was
not a function of the internal girders, but just the external offshore and onshore gird-
ers, meaning the Ng did not influence the predicted force. On the other hand the up-
lift wave forces was distributed into the hydrostatic force (F), buoyancy force (Fz),
the weight of overtopping water (Fy, ) and the air-entrapment force (Fy). In this
method all the internal chambers were assumed to be filled with air up to 50% of
their individual volume, which means that the total uplift was dependent on the vol-
ume of the chamber and consequently on the number of girders Ng.

Figure 22 presents for three selected decks with two, four and six girders, the (i) pre-
dicted horizontal and uplift forces from the aforementioned available equations in the lit-
erature, and (ii) the improved method developed in this manuscript, together with the
numerical and experimental results. For the Douglass et al [7] method, two sets of forces
were calculated, i.e. with and without the impact component. Furthermore, since the cur-
rent numerical results corresponded to coastal decks that allowed the air to escape from
the sides, while the method of McPherson [8], was developed for decks with trapped air,
two sets of equations were used for the prediction of the uplift forces, i.e. with and without
consideration of the air-entrapment force (F,).
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Figure 21. Comparisons of the maximum wave forces predicted by the new method with the numerical results and exper-

imental measurements

Regarding the horizontal force, the new method gives overall the most accurate re-
sults for the three decks, although for the two largest heights in the case of a deck with
Ng=2 the equations of Azadbakht and Yim [9] give better predictions. For the majority of
the decks, the horizontal force predicted by Douglass et al [7] under-predicts the actual
force if the impact component is neglected and it over-predicts significantly if it is consid-
ered. On the other hand, the equation of McConnell et al [6] and McPherson [8] tend to
over-predict significantly the horizontal force for most cases (e.g. by a factor of 3.8 and
7.22 respectively for the largest height), with the former one under-predicting the force
only for Ng=2.

In regards to the maximum uplift forces, the new method achieves the most accurate
performance for the three decks with different Ng, however, an observed issue is that it
does not seem to be able to capture the change of slope observed in the numerical data
when the wave height increased above a certain limit. The method of Douglass et al. [7]
tends to over-predict the uplift force for most cases, even if the impact component is not
considered, although in this case the predictions are closer to the numerical results. If the
impact component is taken into account the over-prediction is very large. The equations
of McPherson [8] over-predict significantly the uplift if the buoyancy of the trapped air is
considered, but give more accurate results if the air is neglected, achieving especially very
good predictions for decks with large number of girders. Furthermore, the equations de-
veloped by McConnell et al [6] and Azadbakht and Yim [9], seem to give overall reason-
able estimations, with the former one being more accurate for decks with a small number
of girders (e.g. Ng=2) and the latter one for decks with a larger number of girders (e.g.
Ng=6). In summary, although some of the available equations in the literature can be quite
accurate in estimating the horizontal and uplift forces for specific decks and wave heights,
only the new method presented herein predicts consistently reasonable forces for the
whole range of Ng and conditions, which makes sense since it was developed based on
this wider range of cases.

Figure 23 shows the predicted forces from the aforementioned equations and the nu-
merical results, but for the wider decks with respective lengths of 2.98m (150%L) and
4.02m (200%L). In the horizontal direction the new method gives the most accurate pre-
dictions, followed by the method of Azadbakht and Yim [9] and the Douglass et al. [7], if
the impact component is not considered in the latter case. When the impact is taken into
account then the horizontal force is over-predicted by the latter method, especially for
large wave heights. Furthermore, the empirical equations of McConnell et al [6] and
McPherson [8] over-predict the horizontal forces, with the over-prediction increasing for
wider decks. Regarding the vertical direction, the majority of the equations over-predict
the uplift force, and their predictive capability is reduced as the deck width increases. The
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best overall predictions of the uplift force are achieved by the new method and the
McPherson equations without the buoyancy force from the trapped air.

In a nutshell, the last two figures demonstrate that the new method developed herein
achieves the most accurate prediction of the horizontal force for the majority of wave
heights, decks with different number of girders (Ng between two and six) and widths (e.g.
exception is the Ng=2 and the largest wave height, for which the new method over-pre-
dicts Fy by 36% and the Azadbakht & Yim equations predicts it better). In the vertical
direction, the new method gives the best prediction of the uplift force for the decks with
the baseline width and different number of girder (Ng=2-6), and one of the best predictions
for the two wider decks (together with the McPherson (2008) method). Therefore, taking
into account the capability of the simplified empirical methods in predicting both the hor-
izontal and uplift forces for the whole range of geometries and conditions considered
herein, the new method is the most accurate one, which is expected since it has been de-
veloped based on this wider range of conditions.
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b. Fz 2 girders L=1.94m
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Figure 22. Comparisons of the maximum wave forces predicted by different methods with the numerical results and ex-
perimental measurements, for three decks with different number of girders (Ng=2, 4 and 6)
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Despite the promising performance of the new empirical equations for the specific
range of conditions and deck geometries, it would be interesting to check in future studies
its accuracy for hydrodynamic conditions and geometries outside the range investigated
herein. For example, additional deck elevations, girder heights, and ratios of (deck
width/girder height) should be considered in the future. Ideally, the deck dimensions, ra-
tios of the (deck width/girder height) and number of girders Ng should be selected based
on the actual design process of a superstructure (e.g. as prescribed in AASHTO LRFD
[59]), which might require to change the height or thickness of girders when the Ng was
changed (not considered herein). Furthermore, follow-up studies could investigate addi-
tional wave heights and different types of waves, such as, regular and random waves that
will more realistically represent hurricane waves. Also, it would be interesting to investi-
gate ways of expanding the method to cases of oblique wave impact on the deck, since the
current version is limited only to the idealized scenario of a normal impact (i.e. 90 degrees
angle between the direction of the deck length and the wave propagation). Other limita-
tions of the current numerical investigation and predictive equations include: (i) the fact
that it is applicable only to decks that do not have diaphragms and thus allow the air to
escape from the sides, and (ii) the consideration of only rigid supports without any lateral,
vertical or rotational flexibility that could potentially affect significantly the reaction forces
as seen in previous studies (e.g. [16], [24], [34-36], [60]).

6. Summary and Conclusions

Using solitary waves to represent extreme wave conditions, the current study focuses
on investigating the wave-induced loads on elevated coastal decks that allow the air to
escape from the sides, such as, bridge decks with cross-frames. The aim is to advance the
fundamental understanding of the role of the deck geometry, including the number of
girders (Ng) and the deck width (L) on the wave loads that the structure has to sustain. To
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this end, an arbitrary Lagrangian-Eulerian (ALE) numerical method with a multi-phase
compressible formulation is used and validated with large-scale experiments of wave im-
pact on a representative coastal deck [19]. The experimental specimen of the open-girder
deck, which was 3.45m by 1.94m in-plane, was simulated in a three-dimensional (3D) nu-
merical model with a 0.25m span length and 0.30m flume width, in order to speed-up the
calculations while allowing the trapped air to escape from the sides of the model as ob-
served in the experiments.

The comparison of the numerical and experimental results demonstrated that the
ALE method can capture with good accuracy the wave profiles in front of the coastal deck,
as well as, the horizontal and vertical wave forces. Some differences were observed in the
prediction of the tail and shape of the largest waves, which in turn affected the downward
force. However, this was due to the fact that the length of the numerical flume was re-
duced relative to the experimental one in order to reduce the size of the model, meaning
that the shoaling process and associated potential nonlinear transformation of the waves,
was not simulated. This truncated hydrodynamic model was also capable of predicting
reasonably the wave pressures applied on the girders and in the chambers below the deck,
providing additional evidence of the validity of the numerical assumptions and the accu-
racy of the ALE method. Using the validated numerical model as a benchmark, a follow-
up parametric investigation of different deck geometries with two, three, four, five and
six girders (for the same deck width) and three different widths (L, 1.5L and 2L) was con-
ducted. The numerical results revealed that:

e  The effect of Ng on the total forces is dependent on the wave height H. For small H,
the maximum horizontal and vertical forces increase with Ng at a relatively small
rate, while for medium-to-large H the increase of the Ng causes major reductions of
the forces at a much larger rate. In fact, the five-girder deck has to withstand about
50% and 33% of the horizontal and uplift forces applied on the two-girder deck.

e  Forboth the horizontal and uplift direction the Ng has an opposite effect on the quasi-
static and slamming forces, which could potentially explain the complex role of Ng
observed in previous studies [41], [51-52]. In fact, as Ng increases, the maximum val-
ues of the quasi-static forces increase nonlinearly with a slow rate, while the slam-
ming forces decrease dramatically. Depending on the deck geometry, the latter forces
can be twice as large as the former ones for the big waves and negligible for the small
ones, which means that the effect of Ng on the total forces is governed by its effect on
(i) the slamming forces when the wave height is large and Ng is small, (ii) the quasi-
static ones when the wave is small, and (iii) both components for all other cases.

e  The main reason for the generation of larger horizontal and uplift forces on the decks
with a small Ng (i.e. 2, 3) is the fact that the fluid particles accelerate after the initial
impact on the offshore girder and propagate inside a long chamber that allows the
fluid to increase its velocity further. This results in a more violent slamming on the
onshore girder and deck slab that generates large impulsive pressures and forces. For
a large Ng (e.g. 5, 6), the multiple girders and chambers (i) prevent the fluid from
accelerating, (ii) cause the formation of unsynchronized eddies in each chamber that
dissipate energy, and (iii) result in multiple but smaller loads on the deck due to the
out-of-phase application of pressures on the consecutive structural elements.

e The increase of the bridge width (from L to 1.5L and 2L) increases the number of
peaks in the force histories due to the additional girders and chambers, and tends to
elongate the inundation process and duration of the applied forces. However, it has
a minor-to-negligible effect on the maximum horizontal and uplift force. In the ver-
tical direction, this can be attributed to the fact the maximum uplift tends to occur
when the wave has inundated the three chambers (less than 100%L), and after that
the wave overtops the deck counter-acting any uplift pressures that might be gener-
ated in the additional chambers of the wider decks. Moreover, for very wide decks
the wave cannot inundate the whole deck width, meaning that the maximum inun-
dation and respective forces are limited by the wavelength.
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The last section of the current study focused on the development of a new simplified
method for predicting the maximum solitary wave-induced loads on the aforementioned
type of coastal decks. The new predictive equations: (i) include improved slamming coef-
ficients that are a function of a new unitless parameter that is dependent on the number

girders Ng (width of chamber), i.e. /H Ni /Z, and (ii) are limited by the ratio of L4./L
g

in the vertical direction. These new equations demonstrate a good predictive capability of
the wave loads, with the most estimates falling within the 20% error range from the results
of the numerical simulations. In the cases where the differences are larger, the simplified
equations tend to over-predict the forces. Furthermore, comparison of the new method
with four popular empirical methods available in the literature, showed that the new
equations can achieve the highest accuracy for the range of wave conditions and deck
geometries considered herein.

It must be noted that the presented findings and empirical equations are limited to
the particular (i) hydrodynamic conditions and wave type, and (ii) deck elevations, geom-
etries and type (e.g. open-girder with rigid connections and without trapped air). Future
studies are encouraged to investigate the accuracy of the current work outside the range
of the selected conditions and the need for further modifications, in order to quantify as
realistically as possible the effects of storm and hurricane waves on coastal decks. Moreo-
ver, since the numerical results indicate the possibility to reduce the wave loads without
increasing the number of girders too much (i.e. limit the construction material), future
studies should explore the possibility for design optimization of elevated coastal decks, in
order achieve safer and more sustainable infrastructure.
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Appendix A

This appendix will present the empirical wave load equations developed by previous
studies [6-8].

McConnell et al [6]: The empirical equations for the decks and girders are given as
Horizontal:

_ b
Fp = a/[Mme=]  Fy; (A1)
Vertical:
_ b
F, = af|Mme=e] " Fy; (A2)
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F; and F;are basic wave forces calculated by the hydrostatic pressure of the height
of the incoming waves and multiplied by the wet projection area of both horizontal and
vertical elements. And a and b are parameters associated with the structural elements
(girders and decks) and the element locations (seaward or internal).

Douglass et al. [7]: The empirical equations for estimating the slowly-varying wave forces
on an elevated bridge deck, are:
Vertical force:
Fy = cypvaly (A3)
Horizontal force:
Fh = [1 + Cr(N - 1)]Ch—vaF}: (A4)

Where, F; = y(Az,)A, and F, = y(Az,)A,are reference forces calculated based on the
hydrostatic pressure. ¢,_,, and c;_,, are empirical coefficients which are suggested to
be 1. The horizontal force is the combination of the wave forces on each bridge girder,
where N is the number of girders and c, is a reduction factor for internal girders, which
is suggested to be 0.4. Additionally, the previous equations can be expanded to include
the impact forces as well by using the additional coefficients: ¢,_;;, and c,_iy, as shown
in equations (A5) and (A6). These coefficients are equal to 6 and 3, respectively:
Vertical force:
Fv = (Cv—va + Cv—im)EJ* (AS)

Horizontal force:

Fp = {[1 + Cr(N - 1)]Ch—va + Ch—im)Fiél~< (A6)

McPherson [8] proposed empirical equations that predict the total horizontal and uplift
forces and are a function of the bridge geometry, as shown below:

FH = FHydrostatic_upstream - FHydrostatic_downstream (AS)
E,=Fy—Fy+Fg+ Fy =v8,Auet — Fw + YVariage + (N — 1)0.5Y654; (A7)

In this method the horizontal wave forces consider the hydrostatic wave pressure only on
the upstream and downstream girders, which depend only on the wave height and deck
height. Regarding the uplift force, it consists of the hydrostatic force (Fy), buoyancy force
(Fg), air-entrapment force (F;) and the weight of the overtopping water (Fy,). In this
equation, A; represents the area of an individual chamber, and N represents the number

of girders.
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