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Abstract: Finite element (FE) models that simulate wave–superstructure interactions with the coupled
Eulerian–Lagrangian (CEL) technique provide a viable and economical solution to estimate wave
impact forces on bridge superstructures. One of the main drawbacks of CEL FE models is that they
produce solutions distorted by numerical artifacts with very high frequencies that make it difficult
to quantify the magnitude of hydrodynamic forces on superstructures. This paper investigated
digital filter parameters for horizontal forces extracted from CEL FE models. The optimal filter
configuration was evaluated by comparing unfiltered and filtered horizontal force signals with
experimentally measured values from a reduced-scale superstructure specimen tested at the O.H.
Hinsdale Wave Research Laboratory at Oregon State University. It was found that digital filters with
cutoff frequencies below the fundamental frequency of the superstructure produced the best results
and that optimizing Eulerian–Lagrangian surface interactions significantly improved the quality of
the calculated force signals.

Keywords: coastal bridges; wave–structure interaction; coupled Eulerian–Lagrangian analysis; finite
element model; filtering

1. Introduction

Bridges, a critical component of transportation networks in coastal areas, are vulnera-
ble to extreme storm surge and wave impacts caused by hurricane events. In recent decades,
hurricanes Katrina (2005) and Ivan (2004) had catastrophic effects on bridge infrastructures
located along the Louisiana and Mississippi coasts. The cost of repairing and replacing
bridges damaged during hurricanes Katrina and Ivan was estimated to exceed $1 billion [1].
Large hurricane winds cause storm surges, which raise the water level and create inter-
actions between ocean waves and bridge superstructures. Fluid–structure interactions
occur in two scenarios: (i) superstructure submergence or (ii) waves slamming against a
superstructure. The process of reconstructing or retrofitting bridges to better withstand
extreme hurricanes demands a reliable estimation of hydrodynamic forces acting on the
bridge superstructure. Large-scale experimentation on bridge structures is not possible
in flume facilities [2–4], making it necessary to develop numerical simulation techniques
to enhance our knowledge of the hydrodynamic wave forces acting on these structures.
Complex numerical simulations to calculate forces resulting from wave–superstructure
interactions during extreme hurricane events are sensitive to modeling parameters and
computationally expensive.

The large computational cost of complex models used to simulate fluid–structure
interactions has motivated researchers to reduce computation time by using simplified
models. Kerenyi et al. [5] developed a 3D FE six-girder model representing a strip of a
bridge containing a rail and a gap. Lau et al. [6] calibrated numerical models to estimate
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the hydrodynamic wave forces on bridges based on experimental results from flume
tests. The models included a bridge deck and supporting piers in order to account for
substructure flexibility. They characterized the horizontal and vertical force histories as
consisting of two parts: the impulsive phase, which included the peak force, and the slowly
varying component, which included a slower varying force after the wave had passed the
bridge. Bozorgnia [7] conducted a suite of 2D and 3D numerical models and compared
their measurements with the experimental models developed by Bradner et al. [8]. It
was found that the peak magnitude of the resulting hydrodynamic forces was heavily
dependent on element size and the number of time increments defined in each step. Yim
and Azadbakht [9] estimated the horizontal and vertical forces resulting from tsunami
wave loads on the US Highway-101 Spencer Creek Bridge at Newport, Oregon. A range of
different mesh sizes and time steps were implemented in their numerical models to achieve
convergence and reduce excessive computational costs.

Past research [10–16] has shown that the Coupled Eulerian–Lagrangian (CEL) method is a
reliable technique that enables the modeling of fluid–structure interactions due to wave impacts
by simultaneously considering the behavior Lagrangian and Eulerian domains [17–19].

Montoya et al. [20] and Majlesi et al. [21] developed 3D FE models using the Coupled
Eulerian–Lagrangian (CEL) method to estimate vertical and horizontal hydrodynamic
forces on coastal bridges over Biloxi Bay MS (U.S. 90) and Escambia Bay FL (I-10). Their
research showed that the calculated vertical forces exceeded the weight of the deck and
that including the superstructure flexibility in the analysis of these bridges significantly
altered the numerical stability and magnitude of the force signals. Force signals at the
substructure–superstructure interface extracted from CEL numerical models included
high-frequency oscillations that did not represent the true physics of wave–superstructure
interactions [9,17,18,20,22–31]. Although major improvements have been observed in
the FE modeling of wave–superstructure interactions, the source of the abovementioned
oscillations remains poorly understood.

In a number of past studies [9,18,22–25,27,32], digital filtering has been used to remove
numerical artifacts from force time histories. Azadbakht and Yim [28] used a low-pass
filter to remove the unfavorable spikes in their resulting force time histories. Xiang and
Istrati [24] used a Butterworth filter with a cutoff frequency of 30 Hz for both experimental
and numerical force signals to remove the influence of structural dynamics from the
computed forces. The filter design that they used was the same throughout their parametric
study, neglecting the first mode frequency of superstructures with different dimensions. In
another study, Xiang et al. [22] proposed a digital filter design based on the fast Fourier
transforms (FFTs) of the vertical and horizontal force signals. Initially, they found the
frequencies of the governing modes and developed a digital filter that eliminated the
fundamental frequency of the structure. A low-pass Butterworth filter with a range of
cutoff frequencies was used to find the optimal digital filter. Eventually, they chose a digital
filter with a cutoff frequency lower than the fundamental frequency of a bridge structure
based on the premise that the mass of a wave interacts with a deck, increasing the effective
mass of the deck and decreasing the fundamental frequency of the bridge.

Tuning the modeling parameters in a CEL solver requires a parametric study and
comparison with the results of an experimental model [33–35]. The simulations performed
for this paper were based on numerical models of a reduced-scale superstructure specimen
subjected to wave impacts in the O.H. Hinsdale Wave Research Laboratory at Oregon State
University by Bradner et al. [36].

The study consisted of the following steps, illustrated in Figure 1. An ABAQUS
CEL numerical model with non-optimized modeling parameters was developed and used
to calculate forces at the superstructure–substructure interface. Subsequently, different
digital filter designs were applied to the force signals to evaluate the performance of the
filter in removing unwanted numerical artifacts. In the next step, filtered signals were
quantitatively and qualitatively compared with those from a CEL numerical model with
optimized modeling parameters. This paper illustrates two different methodologies (tuning
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and filtering) to reduce numerical artifacts and computational time and to increase the
accuracy of the predicted outputs.

Figure 1. Steps of parametric study.

2. Numerical Model

The dimensions of the finite element model, summarized in Table 1, were based on
a 1:5 scale physical model of the I-10 Bridge over Escambia Bay bridge tested at Oregon
State University. The numerical model consisted of six reduced-scale AASHTO (Amer-
ican Association of State Highway and Transportation Officials) Type III girders and a
bridge deck.

Table 1. Properties of the bridge superstructure model (1:5) and prototype.

Parameters Model
(1:5)

Prototype
(1:1)

Span length, S 3.45 m 17.27 m

Width, H 1.94 m 9.70 m

Girder height 0.23 m 1.14 m

Girder Spacing (CL to CL) 0.37 m 1.83 m

Deck thickness 0.05 m 0.25 m

Overall height 0.28 m 1.40 m

Span weight 19.0 kN 2375 kN

Span mass 1.94 t 242 t

The ABAQUS implementation [37] of the CEL technique employed in this study can
only be used in conjunction with an explicit solver, and the accuracy of the results is highly
dependent on the choice of explicit analysis parameters. The loading sequence of the
numerical model had two steps. The gravity load was applied to the numerical model in
the first step (t = 0 to t = 10 s), and the wave forces were applied in the second (t = 10 to
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t = 19 s). Both steps were analyzed using the dynamic/explicit method with a maximum
time increment of 1 × 10−6 s. The material model parameters utilized for concrete and
water instances were the same as those used by Majlesi et al. [30]. The air trapped between
the girders was ignored because only the horizontal hydrodynamic force was used in the
calibration of the model and the evaluation of the force signal, and the horizontal force was
not sensitive to air entrapment between girders [28].

2.1. Wave Flume

A crucial aspect of CEL models is the precise modeling of the wave introduced in the
Eulerian domain. In a previous study, Shahriar et al. [38] applied the Lagrangian-plus remap
technique to generate periodic waves in an Eulerian domain where the superstructure
was located using ABAQUS. Although the wave height and period of the generated
waves were slightly different from the analytical values, Fourier analysis proved that the
wave inconsistency observed in the first time increments decreased as the wave traveled
through the numerical flume. The recommendations provided by Shahriar et al. [38] were
implemented for modelling waves in this paper. The appropriate loading and boundary
conditions reacting on each side of the 3D wave numerical flume are shown in Figure 2.
Waves were produced by applying a velocity profile vx at an inlet located at the left
boundary of the Eulerian domain [38].

Figure 2. Boundary conditions and loading applied to the numerical wave flume.

Periodic waves are characterized by three independent variables, which are and initial
water depth (h), wave height (H), and wave period (T). For a wave with a relatively
small amplitude, the surface elevation, n, can be defined as n = −asin(kx−ωt), where
ω = 2π/T is the circular frequency, a = H/2 is the wave amplitude, and k = 2π/γ, is the
number of the wave. In linear wave maker theory [39], the displacement of a wavemaker is
defined as:

ξ(t) = −ξ0 cos(ωt) (1)

where ξ0 = an1
tanh(kh) , n1 = 1

2

(
1 + 2kh

sin(2kh)

)
, and k is the wave number, which can be deter-

mined from the dispersion relation provided by Lamb [40] as:

ω2 = gktanh(kh) (2)

Equation (2) represents the solution obtained with first-order wave theory. Madsen [41]
showed that by utilizing the wavemaker motion, an unwanted free second harmonic will
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be produced that distorts the desired wave from the analytical solution. The free surface is
described by Equations (3)–(5):

n = −asin
(
kpx−ωt

)
− a2pcos2

(
kpx−ωt

)
+ a2 f cos

(
k f x− 2ωt

)
(3)

a2p =
kpa2

4

{
2 + cosh 2

(
kph
)}

cosh
(
kph
)

sinh3(kph
) (4)

a2 f =
a2coth

(
kph
)

2h

(
3

4sinh2(kph
) − n1

2

)
tanh

(
k f h
)

n2
(5)

where n2 = 1
2

(
1 +

2k f h
sinh2(k f h)

)
. In Equation (5), kp = k and k f are the wave numbers of

the main and free wave, respectively. The 1st term of Equation (5) is the first-order wave
module, which represents the primary wave, and the second term is defined as the Stoke
second-order wave, which has a celerity equal to the desired wave. The third term is the
second-order free wave, which is defined as:

4ω2 = gk f tanh
(

k f h
)

(6)

The main characteristics of the waves interacting with the physical model tested
at Oregon State University are shown in Table 2. The wave parameters implemented
in the numerical model were the same as those used in the test of the physical model,
where the superstructure elevation left no gap between the bottom of the girders and the
water underneath.

Table 2. Wave parameters of the numerical model.

Parameters Magnitude

Initial water depth, h 1.9 m

Wave height, H 0.5 m

Wave period, T 2.5 s

Domain Length, L 30 m

2.2. Surface Contact Interaction Definition

Contact between the Eulerian and Lagrangian elements was defined using general
contact interaction in ABAQUS, which implements the penalty contact method that resists
node-to-face and edge-to-edge contact penetrations [42]. This type of contact interaction
definition is more flexible than the kinematic contact interaction used in dynamic problems.
To ease the extraction of the horizontal forces acting on the superstructure, multiple springs
in the X, Y and Z directions were added to connect the bent cap and the superstructure, as
shown in Figure 3. It was found in a previous study [30] that using springs instead of a
tied connection produced more accurate estimates of the hydrodynamic forces recorded in
a physical model.
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Figure 3. Spring connections between girders and bent cap.

2.3. Meshing

Hexahedron solid elements (8-noded) were used to mesh the Eulerian and Lagrangian
(superstructure and cap) instances. The overall number of Lagrangian and Eulerian ele-
ments in the models was approximately 1,320,000. A cross-section illustrating the mesh
in the zone where wave–superstructure interactions occur is presented in Figure 4. The
dimensions of the Eulerian domain and the location of the bridge superstructure are shown
in Figure 5. The superstructure was placed at the center of the Eulerian domain because the
study developed by Shahriar et al. [38] concluded that the waves most accurately matched
the analytical solution at this location.

Figure 4. Mesh configuration of the Eulerian domain and the superstructure.

Figure 5. Eulerian domain dimensions.

The numerical models had 6 different regions with different mesh sizes. The mesh size
was smallest at region 1 and larger at the remaining regions. The element sizes for each of
these regions are shown Figure 6 and Table 3. A mesh sensitivity study was performed to
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find the most efficient element dimensions in region 1, where the fluid–structure interactions
took place.

Figure 6. Eulerian domain regions.

Table 3. Eulerian domain mesh sizes.

Mesh Size (cm)

Region 1 Regions 2 and 3 Regions 4 and 6 Region 5

∆x ∆y ∆x ∆y ∆x ∆y ∆x ∆y

2.0 2.0 11.2 2.0 11.2 5.6 2.0 5.6

2.4. Hourglass Control Parameters in Eulerian and Lagrangian Mesh

Hourglass control, an important modeling parameter in the CEL element formula-
tions considered in this study, introduces an artificial numerical stiffness to reduce mesh
distortions caused by hourglass modes. In reduced integration elements, the linear portion
of the incremental displacement (designated as the hourglass field) is used to compute
the physical strain. Unwanted mesh distortion without any opposition occurs when the
hourglass modes have been exceeded. ABAQUS has a range of different solutions to stop
excessive hourglass distortions. In the element formulations assigned in this study, the
following parameters could be varied: displacement hourglass scaling factor s, linear bulk
viscosity scaling factor b1, and the quadratic bulk viscosity scaling factor b2. The Kelvin-
type viscoelastic force-moment conjugates to the hourglass mode magnitude (q), which is
implemented in explicit models using Equation (7):

Q = s
[
(1− α)Kq + αC

dq
dt

]
(7)

where Q is the force or moment related to q, K is the hourglass stiffness, α represents
the scaling factor that stabilizes viscous and elastic control, and C is the linear viscous
coefficient. Throughout an explicit analysis, bulk viscosity creates artificial damping that
can be changed at every analysis step. ABAQUS utilizes a linear bulk viscosity scaling
factor b1 to dampen oscillations of the element with the highest frequency in the stable
time increment. As shown in Equation (8), the abovementioned damping introduces a bulk
viscosity pressure where a linear correlation exists between pressure and the volumetric
strain rate

.
εvol . Because a small number of elements experience extremely high velocity
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gradients, the quadratic viscosity scaling factor b2 is introduced as an artificial pressure
that distributes the shock wave over other elements and stops them from collapsing. The
quadratic component of the pressure is shown in Equation (9).

pbv1 = b1ρcdLe
.
εvol (8)

pbv2 = ρ
(
b2Le

.
εvol
)2 (9)

3. Parametric Study

The parametric study considered two models with different configurations. The mod-
eling parameters that varied in the parametric study are presented in Table 4. Optimized
(model 2) and non-optimized (model 1) CEL models were developed to show the differ-
ence between unfiltered force signals that contained numerical artifacts. In model 1, FE
parameters that had been used in previous ABAQUS/explicit hydrodynamic simulations
were implemented [43–45]. As is shown with greater detail in subsequent sections, large
numerical artifacts were observed in the force signal calculated with model 1 during wave–
superstructure interactions. The modeling parameters optimized for model 2 included
damping, mass scale factor [46], hourglass control, and its dependent variables. Model
2 optimization was performed in a separate parametric study, and the optimal modeling
parameter values are presented in Table 4. The choice of modeling parameters used in
model 2 produced smoother interactions between the Lagrangian and Eulerian elements.

Table 4. Modeling parameters for optimized and non-optimized FE models.

Model
Mass
Scale
Factor

Damping
(%)

Eulerian Domain Lagrangian Domain

Hourglass
Control α s b1 b2

Hourglass
Control α s b1 b2

1 1 0.0 Default DV a DV a 0.06 1.2 Default DV a DV a 0.06 1.2

2 50 4.0 Combined b 0.25 1 0.06 1.2 Combined b 0.25 1 0.06 1.2

DV a: Default value. Combined b: Combination of elastic and viscous hourglass control.

Given that one of the goals of the study was to show the difference that modeling
parameter optimization caused in the force signal, all force signals calculated with model
1 were digitally filtered with a low-pass filter. The range of cutoff frequencies for the
low-pass filter was defined based on the fundamental frequency of the model. A frequency
analysis performed on the bridge superstructure showed that the first and second mode
had frequencies of 27.4 and 30.8 Hz, respectively (Figure 7). Modal participation factors for
the first 40 modes of the bridge superstructure were extracted, and cumulative values for
each degree of freedom (DOF) are shown in Figure 8.

Figure 7. The first two mode shapes of a superstructure; (a) first mode; and (b) second mode.
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Figure 8. Cumulative modal participation for the first 40 modes of the bridge superstructure for each DOF.

The parameters of the low-pass digital filter used in this study included the passband
ripple, passband frequency, and stopband frequency, as shown in Figure 9. The filtered
signal results presented in this paper for model 1 correspond to 21 different digital filters,
where the passband ripple, passband and stopband frequency parameters were varied.
Filter parameters had passband frequencies ranging from 1 to 30 Hz, stopband frequencies
ranging from 5 to 35 Hz, and passband ripple ranging from 0.05 to 0.6. A set of low-pass
digital filters with a passband ripple of 0.05 used in the study is shown in Figure 10.

Figure 9. Digital filter parameters.
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Figure 10. Digital filter configurations (ripple passband = 0.05).

4. Performance Metrics

In order to compare the numerical and experimental force signals, this study consid-
ered two performance metrics described below.

4.1. Frequency Domain Error (FDE) Index

A method developed by Dragovich and Lepage [47] was used to estimate the goodness
of fit among different response signals. This method is called the frequency domain error
(FDE) index and is calculated using the Fourier spectra of two waveforms. The FDE index
accounts for both phase and amplitude differences between signals, and a higher FDE
index value indicates a lower similarity between two compared signals. Assuming Rm, Im,
Rc and Ic as the real and imaginary components of the measured and computed signals, the
following equation estimates the FDE index:

FDE =
∑

f2
i= f1

√
(Rmi − Rci )

2 + (Imi − Ici )
2

∑
f2
i= f1

(√
R2

mi
+ I2

mi
+
√

R2
ci
+ I2

ci

) (10)

where f 1 is the initial Nyquist frequency for the sum and f 2 is the final Nyquist frequency
for the sum.

Force signals from the two models were compared in two different ways. Filtered
signals were compared with each other in terms of filter configuration (Figure 10) and with
the unfiltered force signal from the optimized model.

4.2. Maximum Force Error

The maximum force calculated with the numerical models was compared with the
maximum force recorded in the experimental model. The following equation was used:

Maximum f orce error =
|Fn

max − Fe
max|

Fe
max

(11)

where Fe
max is the maximum force resulting from the experimental model and Fn

max is the
maximum force resulting from the numerical model.
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5. Results

The normalized horizontal force (with respect to the weight of the superstructure)
calculated with the numerical models presented in Table 4 was compared in terms of the
FDE index and the absolute maximum force error. The wave impact progression for model
1, calculated during the second step of the CEL simulation of model 1, is shown in Figure 11.

Figure 11. Wave impact progression for model 1.

The execution times for the two models using the high-performance computers (ARC)
at the University of Texas at San Antonio (Intel© Xeon Gold 6248 @ 2.50 GHz × 20, San
Antonio, TX, USA) are shown in Table 5.

Table 5. Computational time (days).

Model 1 2

Computational time (days) 15 12

5.1. Model 1

The unfiltered normalized horizontal force signal for model 1 is shown in Figure 12.
As shown in Figure 12, the FE model that was not optimized included major numerical
artifacts throughout its signal. Regardless of this limitation, the numerical model was able
to capture the overall trend of the experimental signal during wave impact between t = 17 s
and t = 18 s. This observation provided assurance that applying digital filters with different
configurations would likely reduce the numerical artifacts and produce a signal that would
more closely qualitatively resemble the force signal from the experimental model.

The energy balance, defined as the summation of all energy components minus the
work done by external forces, is an important indicator of the accuracy in explicit analy-
ses [42]. Figure 13 shows the evolution of the energy output variables for model 1 over
simulation time. It should be noted that the artificial strain energy in Figure 13 had a very
small magnitude, so it coincided with the curve representing mass scaling work. The main
cause of concern from this output was the increase in the magnitude of the total energy,
particularly during wave impact. The absolute value of the total energy had significant
increases at approximately t = 14.0 s and t = 18.0 s, which corresponded to the times when
the first and second waves impacted the bridge. This suggests that additional energy was
introduced into the CEL model during wave impact while Eulerian–Lagrangian interac-
tions took place and that the magnitude of the change in total energy during wave impact
was an indication of the significance of stabilization on the results [45]. Additionally, the
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numerical artifacts observed in the unfiltered force signal (Figure 12) further support the
abovementioned hypothesis. Hence, the modeling parameters defined in model 2 were
chosen to provide smoother wave–superstructure interactions.

Figure 12. Unfiltered normalized horizontal force calculated with model 1.

Figure 13. Calculated energy components for model 1.

To further understand the physics and frequency content of the numerical models, the
fast Fourier transforms (FFTs) of unfiltered force signals from model 1 and similar models
with different mass scale factors are presented in Figure 14. Amplitudes at frequencies
lower than 1 Hz are attributed to the low-frequency component of the force signals, which
are associated with the quasi-static component of the force signal [22]. In model 1, the FFT
of the force signal had observable amplitudes at frequencies exceeding 50 Hz. The FFT
amplitudes in Figure 14 indicate that the fundamental frequency of model 1 was 27.4 Hz,
which was close the value calculated with the frequency analysis. CEL models were run
with different mass scale factors, which affected the natural frequency of the models. The
load cell signal from the experimental test was filtered with a low-pass filter with a cutoff
frequency of 12.5 Hz [36], which was less than the natural frequency of the models with
mass scale factors greater than 20. This was a limitation of the study that could not be
resolved because even if the unfiltered signal was available, it was not possible to determine
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if high-frequency components of the experimental signal were attributable to wave impact
or electrical noise.

Figure 14. FFTs of normalized horizontal force signals for model 1.

The calculated force signal shown in Figure 12 was filtered using a range of different
cutoff frequencies and passband ripples, as shown in Figure 15. The implemented digital
filter was able to pass most frequencies unchanged, attenuating those in the cutoff range
to small magnitudes. The filtered force signals presented in Figure 15 show that digital
filtering was effective in removing the numerical artifacts from the calculated signals.
A direct comparison between Figures 12 and 15 shows that the force signals had more
numerical artifacts prior to filtering and that, in most cases, the magnitude of the spikes
was reduced by decreasing the passband ripple. The filtered force signals illustrate that
utilizing a digital filter with a lower cutoff frequency and passband ripple produced a
smoother force signal with less numerical artifacts than those that had a higher cutoff
frequency. Moreover, applying a digital filter with a lower cutoff frequency reduced the
magnitude of the maximum force applied to the superstructure for each signal.

The sensitivity of the horizontal force to different filter parameters is shown in Figure 16.
Figure 16a presents a sensitivity analysis in terms of the FDE index of the normalized
horizontal force signal, and Figure 16b illustrates the sensitivity of the maximum horizontal
force. The dashed line in Figure 16 shows the error representing a cutoff frequency equivalent
to the fundamental frequency of the numerical model. After filtering, the errors showed
that the most accurate force signals corresponded to filters with cutoff frequencies at or
below the fundamental frequency. The lowest errors for the FDE index and maximum force
corresponded to the filter that had a passband ripple of 0.05, although the smallest errors
did not have the same passband and stopband frequencies. For the entire range of passband
ripples, the FDE index had the lowest value at a Fpass–Fstop of 1–5 Hz, but the lowest
maximum force error was observed at different passband and stopband frequencies.
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Figure 15. Filtered normalized horizontal forces of models 1–4 with different cutoff frequencies;
(a) passband ripple = 0.05; (b) passband ripple = 0.2; and (c) passband ripple = 0.6.
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Figure 16. Error metrics for model 1 with different digital filters applied; (a) FDE index error and
(b) maximum force error.

5.2. Model 2

The force signal calculated with the optimized model is shown in Figure 17. The
unfiltered signals show that the modeling parameters in Table 4 helped improve the quality
of the horizontal force signals by reducing numerical artifacts.

Figure 17. Resulting unfiltered normalized horizontal forces of model 2.

The total energy variation of models 1 and 2 is shown in Figure 18. Optimizing
the explicit model not only reduced the numerical artifacts in the force signal but also
reduced the total energy introduced in the model during wave impact. This proves that a
smoother interaction between the superstructure and wave occurred and that the amount
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of unwanted energy introduced through the Eulerian–Lagrangian interaction was reduced
in the numerical model.

Figure 18. Total energy for models 1 and 2.

As shown in Figure 19, optimizing the FE model improved the accuracy of the unfil-
tered horizontal signal in terms of its qualitative and quantitative behavior. The optimized
FE model produced a horizontal force signal with a maximum force error and a FDE index
error of 10.5% and 42.3%, respectively, compared with the experimental model.

Figure 19. FDE index and maximum force error for unfiltered force signals from models 1 and 2.

6. Conclusions

The goal of this study was to understand the relative benefits of the numerical pa-
rameter optimization and digital filtering of force signals from CEL models of bridge
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superstructures impacted by hurricane-induced waves. Different digital filter configu-
rations were applied to force signals calculated with an unoptimized CEL model that
produced significant numerical artifacts, and the force signal obtained with the unopti-
mized CEL model was compared with that obtained with a CEL model with optimized
modeling parameters. The following conclusions are made:

• The energy balance shown in Figure 13 indicates that the numerical artifacts were
likely the result of Eulerian–Lagrangian surface interactions when waves impacted
the bridge superstructure. It was observed that numerical artifacts in the unfiltered
signals were significantly reduced after optimizing the modeling parameters defining
the contact interaction between the Eulerian and Lagrangian elements.

• A poor choice of modeling parameters in CEL models was shown to lead to unwanted
force signal oscillations and an increase in total energy. This deficiency can be ad-
dressed by either optimizing the modeling parameters of the FE model or filtering the
force signal.

• Although a clear relationship was observed between the FDE index of filtered force
signals and passband ripple magnitude, no discernible trend was observed in the
relationship between maximum force error and passband ripple magnitude.

• Filter configurations that provided the lowest FDE index error did not provide the
lowest maximum force error.

• Applying a filter to the force signal from model 1 with a passband frequency equal to
the fundamental frequency of the superstructure produced a FDE index similar to that
of the unfiltered signal calculated with optimized model 2, although the maximum
force error of the model 1-filtered signal was significantly higher than the maximum
error of the unfiltered signal from model 2.

• Filter configurations with stopband and passband frequencies (1 to 20 Hz) lower than
the fundamental frequency of the superstructure, approximately 27 Hz based on the
FFT of the calculated force signal (Figure 14), produced the lowest FDE index and
maximum force errors.

• The optimized parameters used in model 2 (Table 4) were shown to be effective in
reducing force signal artifacts and are recommended for future studies analyzing
wave–superstructure interactions.
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