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Abstract

Coastal highway bridges are usually supported by pile foundations that are
submerged in water and embedded into saturated soils. Such sites have been
reported susceptible to scour hazard and probably liquefied under strong
earthquakes. Existing studies on seismic response analyses of such bridges often
ignore the influence of water-induced hydrodynamic effect. This study assesses
quantitative impacts of the hydrodynamic effect on seismic responses of coastal
highway bridges under scour and liquefaction potential in a probabilistic manner.
A coupled soil-bridge finite element model that represents typical coastal highway
bridges is excited by two sets of ground motion records that represent two seismic
design levels (i.e., low versus high in terms of 10%-50 years versus 2%-50 years).
Modeled by the added mass method, the hydrodynamic effect on responses of
bridge key components including the bearing deformation, column curvature, and
pile curvature is systematically quantified for scenarios with and without liquefaction
across different scour depths. It is found that the influence of hydrodynamic effect
becomes more noticeable with the increase of scour depths. Nevertheless, it has
minor influence on the bearing deformation and column curvature (i.e., percentage
changes of the responses are within 5%), regardless of the liquefiable or
nonliquefiable scenario under the low or high seismic design level. As for the pile
curvature, the hydrodynamic effect under the low seismic design level may
remarkably increase the response by as large as 15%–20%, whereas under the high
seismic design level, it has ignorable influence on the pile curvature.

Keywords: Coastal bridge, Probabilistic seismic response, Hydrodynamic effect,
Scour, Liquefaction
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1 Introduction
Coastal highway bridges have been increasingly constructed as rapid transportation

pathways for the development urban communities. Such kinds of bridges are normally

supported by substructure systems consisting of column and pile-foundation that pene-

trate through water and into soils. Under such site and environmental conditions, seis-

mic excitations-induced dynamic behavior of water and soils is expected to influence

seismic responses of the bridges. The water-related influence is normally called the

hydrodynamic effect (Westergaard 1933; Liaw and Chopra 1974; Goyal and Chopra

1989), while the soil-related influence may trigger liquefaction consequences when sat-

urated cohesionless soils are involved in the site soil profiles (Aygün et al. 2011; Wang

et al. 2019b). In addition to the seismic hazard, scour has been reported as another

common hazard to coastal bridges due to the intensifying climate changes (Khelifa et

al. 2013; Yang and Frangopol 2019). In this regard, the seismic behavior of coastal high-

way bridges under the combined effects of scour, liquefaction, and hydrodynamics are

worth for investigation.

Although enormous studies on seismic responses of bridges under the scour hazard

have been reported in the past decade (Alipour et al. 2012; Wang et al. 2014; Guo et al.

2016; Fioklou and Alipour 2019; Liu et al. 2020; Song et al. 2020; Liang et al. 2020,

among others), none of them included the hydrodynamic effect to the best knowledge

of the authors. Instead, the hydrodynamic effect is often separately considered in seis-

mic analyses of bridges (e.g., Wei et al. 2013; Li and Yang 2013; Jiang et al. 2017; Wang

et al. 2019; Zhang et al. 2019; Pang et al. 2015, 2020; Zhang et al. 2020b). For this rea-

son, the influence of hydrodynamic effect on the seismic responses of bridges under

different scour depths is yet to be well quantified. On the other hand, despite insights

on seismic response characteristics of bridges in liquefiable soils have been significantly

advanced in the past decade (Padgett et al. 2010; Aygün et al. 2011; Brandenberg et al.

2011; Cubrinovski et al. 2014; Khosravifar et al. 2014a; Mohanty et al. 2017; Wang et

al. 2017a; Xie et al. 2018; Zhang et al. 2020a, among others), very few studies consid-

ered the combined effects of liquefaction and scour (Wang et al. 2019c, 2020) or the

combined effects of liquefaction and hydrodynamics (Robertson et al. 2007; Padgett et

al. 2012). In other words, the hydrodynamic effect is usually ignored in the seismic ana-

lyses of bridges under scour or liquefaction. However, as these environmental effects

are susceptible to occur simultaneously and may interplay with each other (Wang et al.

2019c), it is of particular importance to examine the quantitative influence of the

hydrodynamic effect on seismic responses of coastal highway bridges under scour and

liquefaction potential. This noted research gap motivates the present study.

The objective of this paper is to quantify the influence of hydrodynamic effect on

seismic responses of coastal highway bridges under scour and liquefaction potential.

First, a typical coastal highway bridge at an earthquake-prone region of China is

adopted and modeled based on experimentally validated numerical modeling methods.

After that, the quantitative influence of the hydrodynamic effect on the responses of

bridge key components (e.g., bearing deformation, column curvature, and pile curva-

ture) are probabilistically assessed considering liquefiable and nonliquefiable scenarios,

both with scour depths from 0 to 6 m, under two seismic design levels that are com-

monly considered in seismic design practices (i.e., 10%-50 years and 2%-50 years).

Finally, conclusions and future studies are addressed, together with the limitations.
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2 Numerical modeling and ground motions
2.1 Scope of studied coastal bridges

The studied coastal bridges are limited to the widely constructed multi-span highway

bridges along coastlines, as indicatively shown in Fig. 1, an along-sea highway bridge at

southeast coastal region of China. Individual bents of these bridges are commonly sup-

ported by reinforced concrete (RC) columns through elastomeric rubber bearings. The

RC columns are supported by rigid RC caps connecting pile-group foundations sub-

merged in water and embedded into soils that may be subjected to scour and liquefac-

tion under earthquakes. As the individual bents normally have fairly close properties of

strength and stiffness, seismic responses of the bridge can be approximately character-

ized by one bent. This simplified modeling strategy has been utilized by several other

researchers as well as in the former studies of the authors (Hutchinson et al. 2004;

Khosravifar et al. 2014b; Wang et al. 2018, 2019a). In light of engineering practices, the

studied bent represents a typical coastal highway bridge with a single circular column

(height of 6.5 m, diameter of D = 2 m, and axial load ratio of α = 10%), supported by a

cuboid cap (length×width×height of L × W × H = 7.5 × 5.5 × 2.8 m) on top of a 2 × 3

pile-group (pile diameter of d = 1 m and center-to-center distance of 3d) submerged in

water and embedded into layered cohesionless soil profiles (an 8 m-thickness loose

sand layer with a relative density of Dr = 37% overlying a 22 m-thickness dense sand

layer with Dr = 75%). Two scenarios soil profiles, i.e., liquefiable versus nonliquefiable,

are considered. Besides, it is assumed that the original mud line is just below the cuboid

cap. Multiple scour depths from 0 m to 6 m, at a space of 1 m, are considered to cover

the possible range in engineering practices (Alipour et al. 2012).

2.2 Multi-dimensional coupled soil-bridge model

A multi-dimensional coupled soil-bridge model of the considered bent is established in

the open-source finite element platform, OpenSEES (McKenna et al. 2010). The finite

element model is composed by a two-dimensional (2D), three-degree-of-freedom

Fig. 1 A typical multi-span coastal bridge at southeast coastal region of China
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(3DOF) soil domain linking to 3D-6DOF structural domain through horizontally and

vertically uniaxial soil-pile springs, as illustrated in Fig. 2. The purpose of multi-

dimensional modeling is to save computational time in the analysis of soil behavior

while maintaining accuracy in the analysis of bridge behavior. Translationally fixed con-

straints are assigned at the bottom of the soil domain, where seismic excitations are im-

posed. Each pair of soil nodes at the same depth is tied to achieve the shear behavior of

the soil profile under horizontal excitations.

The deck is represented by a lumped mass, Md, calculated by the column properties

(i.e., concrete strength, fc = 34MPa, gross section area, Ag = π·22/4 = 3.14 m2, and axial

load ratio, α = 10%, resulting in Md = α·fc·Αg /g = 1083 ton). The bilinear constitutive

model by Zhang and Huo (2009) is adopted to represent the elastomeric rubber bear-

ing. The column and piles are simulated using displacement-based beam-column ele-

ments with fiber sections (Fig. 2b); each element has a length of 0.5 m with five

integration points (He et al. 2016). The fiber section is meshed to have one and eight

segments in the radial direction for concrete cover and core, respectively, and ten seg-

ments in the circular direction. Similar meshes have been utilized in recent studies on

inelastic seismic responses of bridges (e.g., Zhong et al. 2019, 2020; Chen 2020). In the

fiber sections, the steel fibers are represented by the bilinear model with a smooth tran-

sition (Filippou et al. 1983), i.e., Steel02 material, while the concrete cover and core fi-

bers are represented by Mander et al. (1988), i.e., Concrete04 material. The Concrete04

material parameters of the concrete core are calculated following Mander et al. (1988)

based on longitudinal and transverse reinforcement ratios of 2% and 1%, respectively.

The cuboid cap is modeled using rigid elements with a lumped mass of 300 ton.

Four-node QuadUP shear-beam elements, which can simulate solid–fluid responses

under cyclic loads (Biot 1955), are used to represent the soil profiles based on the pres-

sure-dependent-multi-yield material model (Yang 2000). The soil elements are meshed

into 0.5 m to ensure the reasonable propagation of seismic waves (Zhang et al. 2008).

Fig. 2 Schematic illustration of the coupled soil-bridge modeling: a multi-dimensional coupled soil-bridge
model, b column/pile fiber section mesh and associated concrete and steel constitutive models
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The soil-pile interaction is modeled by zero-length p-y, t-z, and q-z springs for the lateral,

friction, and pile-tip vertical resistance, respectively (Boulanger et al. 1999; Brandenberg et

al. 2013). A p-multiplier of 0.8 is adopted to account for the pile-group effect for the pile

center-to-center distance of 3d (Mokwa 1999). The soil constitutive model parameters are

determined based on their relative densities following tabulated calculation process in

Wang et al. (Wang et al. 2017b; Wang et al. 2019b). In particular, soil permeability coeffi-

cients in the liquefiable scenario are calculated as 1.24 × 10− 4 m/s and 7.94 × 10− 5 m/s

for the loose and dense sand layers, respectively, whereas in the nonliquefiable scenario, a

very large permeability coefficient of 1.0 m/s is taken to mitigate the liquefaction potential

(Su et al. 2017). Note that the above-described numerical modeling technique has been

experimentally validated using a series of centrifuge tests. For conciseness, details of the

validation refer to Wang et al. (2017b). The above model is taken as the reference case

without the hydrodynamic effect, while the modeling of hydrodynamic effect and

associated validation are described in a separate section below, for legibility.

2.3 Modeling of hydrodynamic effect

The hydrodynamic effect is concerned with the water pressures acting on the structure,

which could cause additional dynamic forces and modify the dynamic properties of the

structure (Westergaard 1933). There are two main methods for the simulation of the

hydrodynamic effect on structures. One is the analytical or simplified numerical

method with “added mass” representing the water moving with the structures (Morison

et al. 1950; Liaw and Chopra 1974; Bhatta and Rahman 2003). The other is the sophisti-

cated numerical method with coupled fluid-structure interaction (Olson and Bathe

1985; Di Pilato et al. 2008; Wei et al. 2013). Each method has merits and demerits in

terms of application scopes, simulation accuracy, and computational efficiency (Wei et

al. 2013; Zhang et al. 2020a, 2020b). The former is apparently computational efficient,

but special attention should be paid to the calculation of added mass that significantly

affects the accuracy of the method. The latter excels in the simulation of complex

fluid-structure interaction involving, for example, tsunami or storm surge-induced

breaking waves. However, it often requires huge computational costs and perhaps nu-

merical convergence issues would occur when structural nonlinear behavior is consid-

ered in particular. As the studied bridge is not supposed to suffer extreme

hydrodynamic loads such as the breaking waves, as well as towards the balance of ac-

curacy and computational efficiency, the hydrodynamic effect in the present study is

modeled using the well-known added mass method, which has been validated experi-

mentally and numerically by the authors (Pang et al. 2015, 2020). For clarification, the

calculation process for the added mass is interpreted below.

For piles with circular cross-sections, the added masses are calculated through

Morison et al. (1950):

Ma;pile ¼ CM
ρwπd

2

4
ð1Þ

where Ma, pile = added mass per unit length; CM = coefficient of the added mass

(1.0 for circular cross-sections (Sarpkaya 1975)); ρw = water density and d = pile

diameter. As Eq. (1) is limited to structures with circular cross-sections (Bhatta
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and Rahman 2003), the added mass on rectangular pile-caps is calculated following

Zhang et al. (2020a, 2020b):

Ma;cap ¼ 0:5742ρwLWH
L
H

� �β1 L
h

� �β2 h
s

� �β3 H
h

� �β4 W
h

� �β5
ð2Þ

where L = the length of the pile cap (parallel to the vibration direction); W = the width

of the pile cap (normal to the vibration direction); H = height of the pile-cap; h =

submerged depth from the waterline to the bottom of the pile-cap and s = a parameter

to determine whether the pile-cap is fully or partially submerged (i.e. s =H when h >H

and s = h when h ≤H). In this study, a fully submerged condition is considered. The

exponents βi (i = 1, 2, …, 5) are determined based on the pile-cap dimensions, i.e. β1 =

0.9199, β2 = − 1.891, β3 = − 1.1291, β4 = − 0.2701ln(H/h), and β5 = 0.2559–0.0771ln(W/h).

Given the dimensions of the pile-cap and piles (Fig. 2) as well as the element length

of 0.5 m, the added mass for the cap is calculated as 29.23 ton (approximately 10% of

the cap mass), while that for each pile-node is 0.39 ton (nearly 40% of the pile-node

mass). Based on the developed soil-bridge model, the calculated added masses are

imposed, from the waterline to the scoured mudlines for different cases (i.e., scour

depths of 0 m, 1 m, 2 m, 3m, 4 m, 5 m, and 6m, as shown in Fig. 2a), to account for

the hydrodynamic effect.

2.4 Considered seismic design levels and selected ground motions

According to the Chinese Code for Seismic Design of Urban Bridges (MOHURD 2011)

and Seismic Ground Motion Parameters Zonation Map of China (SAC 2015), two

seismic hazard levels, namely 10%-50 years (i.e., return period of 475 years, denoted as

“low”) and 2%-50 years (i.e., return period of 2475 years, denoted as “high”), were con-

sidered for the studied bridge at the southeast coastal region of China. The correspond-

ing design acceleration spectra for these two hazard levels are shown in Fig. 3. To

conduct nonlinear dynamic analyses under the considered seismic levels, two suites,

each with 20 ground motions from earthquake events with magnitudes between 5 and

8, are selected from the Pacific Earthquake Engineering Research (PEER) Center Strong

Motion Database (Ancheta et al. 2014). As can be seen in Fig. 3, the selected ground

motions are scaled to be averagely compatible with the design spectra across a range of

period of interest from 0.3 to 3 s, which covers the fundamental periods of the assessed

bridge and soil profile (described later in this paper). Note that the scale-factors for

Fig. 3 Acceleration spectra of the adopted ground motions versus the code spectra at different seismic
design levels: a 10%-50 years and b 2%-50 years
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individual ground motions are smaller than 4 (the average scale-factor for each seismic

level is smaller than 2) to avoid the overly-scaling-induced structural response biases

(Watson-Lamprey and Abrahamson 2006; Davalos and Miranda 2019).

3 Results and discussion: influence of hydrodynamic effect across different
scour depths
3.1 Assessed response parameters

The key components of the studied bridge model, including bearing, column and pile

foundation, are assessed in terms of their peak responses, i.e., peak bearing deform-

ation, peak column curvature, and peak pile curvature. Note that the peak column

curvature always occur at the bottom of the single column, while the peak pile curva-

ture is the maximum peak one among the six piles, which is found to normally occur

at the pile head of the studied bridge model.

3.2 Fundamental periods of bridge components and soil profile

Before interpreting the response results, fundamental periods of the bridge components

(superstructure and cap) and soil profile are presented to show the dynamic character-

istics of the bridge across different scour depths, as shown in Fig. 4. The fundamental

period for each component is identified through an Eigen analysis and judged accord-

ing to its dominant vibration shape. The examined two cases with and without the

hydrodynamic effect (i.e., with and without the added mass) are compared in terms of

the percentage change:

Percentage Change ¼ RH − R0

R0
� 100% ð3Þ

where RH represents the case with the hydrodynamic effect, while R0 refers to the refer-

ence case that has no hydrodynamic effect. A positive percentage change indicates an

increase in the result of the case with the hydrodynamic effect, while a negative per-

centage change means a reduction. The obtained percentage changes are marked in

parentheses at individual scour depths. It is clear from Fig. 4 that the hydrodynamic

effect (i.e., added mass) has almost ignorable influence on the periods (all the percent-

age changes are less than 1%, mostly approaching 0%), regardless of the superstructure,

cap, or soil profile. More specifically, the period of the superstructure, which often rep-

resents the fundamental period of the bridge model, increases with the increasing scour

depths (as seen in Fig. 4a, from nearly 1.1 s before scour to around 1.5 s under a scour

Fig. 4 Fundamental periods of structural components and soil profile under different scour depths with
versus without hydrodynamic effect (added mass): a superstructure, b cap, and c soil profile
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depth of 6 m). This is attributed to the fact that the increasing scour depths provide

more and more flexible boundary conditions for the bridge. As for the soil profile

(Fig. 4c), the period decreases along with the increase of scour depth, because the

scour-induced removal of soils renders the soil column shorter, leading to a stiffer soil

profile. The period of the cap (commonly the second-order structural period of the

bridge) is relatively complex, which is jointly influenced by the superstructure and soil

profile. In this study, it decreases with the increasing scour depths (Fig. 4b), following

the trend in the soil profile.

3.3 Results of nonliquefiable scenario

Figures 5 and 6 show the influence of hydrodynamic effect on responses of the bridge

in nonliquefiable soils across different scour depths under the considered two seismic

design levels. A quick inspection of the two figures generally shows decreasing tenden-

cies for the bearing deformation and column curvature, while an increasing tendency

for the pile curvature across the scour depths from 0m to 6m, which implies that the

role of scour hazards tends to shift the responses (and even damage positions) from the

bearing and column to the pile foundation (e.g., see Figs. 6b and c where first-yield cur-

vatures of the column and pile are plotted to highlight the shift of damage positions).

In other words, the pile foundation becomes more critical in the seismic design of brid-

ges under scour hazards. This finding generally obeys previous studies about the influ-

ence of scour hazards on seismic fragilities of highway bridges (Wang et al. 2014,

2019b; He et al. 2020). More specifically, under increasing scour depths, the decreasing

tendencies for the bearing and column responses are attributed to the reduced inertial

loads on the superstructure and column due to the elongated fundamental period (see

Fig. 4a). As for the pile foundation, the curvature response is relatively more complex,

which is controlled by the combined effects of structural inertial loads (on superstruc-

ture, column, cap, and piles) and soil-pile kinematic loads. According to the experimen-

tal study of the authors (Wang et al. 2020), scour reduces the contribution of kinematic

loads on the pile curvature, while in turn relatively increases that of the inertial loads.

Note that the term “contribution” means the relative role of the kinematic and inertial

loads on the pile curvature. In addition, the intensity of seismic wave in a shorter soil

column (with a smaller fundamental period) is expected to increase, which in turn fur-

ther increases the curvature responses in piles. These complex effects together yield the

Fig. 5 Bridge seismic responses in nonliquefiable soil with versus without hydrodynamic effect (added
mass) under the seismic design level of 10%-50 years: a bearing deformation, b column curvature, and c
pile curvature
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generally increasing trend of pile curvature across scour depths from 0m to 5m,

followed by a slight decrease to the scour depth of 6 m, which indicates that 5 m tends

to be an unfavorable scour depth for the studied bridge.

In terms of the quantitative influence of hydrodynamic effect on the bridge re-

sponses, different bridge components under different seismic design levels yield dif-

ferent results. Specifically, the bearing deformation and column curvature are

slightly influenced by the hydrodynamic effect, with the percentage changes within

5% regardless under the low or high seismic design level, although the percentage

changes slightly go up with the increasing scour depths (e.g., see Fig. 6b from 0%

to 5% for the column curvature under the high seismic design level). This is be-

cause the bearing deformation and column curvature are primarily dependent on

the inertial loads on the superstructure and column, while the hydrodynamic effect

(i.e., the added inertial loads on the cap and piles) rarely contributes. As for the

pile curvature response, by contrast, the hydrodynamic effect does increase the in-

ertial loads that contribute the increase of the response. Recalling the fact that

scour increases the contribution of inertial loads on pile curvature responses

(Wang et al. 2020), the hydrodynamic effect is generally more noticeable under lar-

ger scour depths, as shown in Fig. 5c particularly for the low seismic design level,

where the response is remarkably increased by as large as 22% at the above-

identified unfavorable scour depth of 5 m. By contrast, the hydrodynamic effect-

induced increase of pile curvature under the high seismic design level is signifi-

cantly reduced (see Fig. 6c versus Fig. 7c). This may be because the kinematic

loads under the high seismic design level dominate the pile curvature response;

thereby the contribution of the additional inertial loads by the hydrodynamic effect

is relatively diminished. This interpretation will be justified in the following

section.

3.4 Results of liquefiable scenario

The influence of hydrodynamic effect on the bridge responses in liquefiable soils is

shown in Figs. 7 and 8 for the low (10%-50 years) and high (2%-50 years) seismic design

levels, respectively. In general, the liquefiable scenario exhibits quite similar tendencies

in terms of the influence of hydrodynamic effect on the responses of different bridge

components. A close inspection from Figs. 5 to 8 shows that the role of soil liquefaction

Fig. 6 Bridge seismic responses in nonliquefiable soil with versus without hydrodynamic effect (added
mass) under the seismic design level of 2%-50 years: a bearing deformation, b column curvature, and c
pile curvature
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reduces the influence of hydrodynamic effect (i.e., added inertial loads) on the pile

curvature, e.g., from 22% to 14% for the scour depth of 5 m under the low seismic de-

sign level (see Fig. 5c versus Fig. 7c). This can be explained by the findings from the ex-

perimental study on seismic behavior of pile-supported bridge models in liquefiable

and nonliquefiable soils (Wang et al. 2019c), i.e., soil liquefaction reduces the contribu-

tion of inertial loads on pile curvature responses, while increases that of kinematic

loads. Accordingly, the added inertial loads by the hydrodynamic effect cannot cause an

increase of pile curvature response as remarkable as the nonliquefiable scenario. In

other words, it is reasonable to infer that the increase of the contribution of kinematic

loads on pile curvature responses diminishes the contribution of the additional inertial

loads by the hydrodynamic effect. This inference justifies the above interpretation that

the very slight influence of hydrodynamic effect on the pile curvature response under

the high seismic design level is because the kinematic loads dominates the response.

Besides, it is interesting to find that uncertainties (i.e., dispersions) of the bearing

deformation and column curvature responses generally decrease with the increasing

scour depths, while that of the pile curvature response shows an opposite trend.

This result indicates that for seismic design of bridges under scour potential, a rela-

tively large design margin (i.e., safety factor) should be considered for the responses

of bearings and columns before scour, while after scour the design margin for pile

foundations should be amplified.

Fig. 7 Bridge seismic responses in liquefiable soil with versus without hydrodynamic effect (added mass)
under the seismic design level of 10%-50 years: a bearing deformation, b column curvature, and c pile
curvature

Fig. 8 Bridge seismic responses in liquefiable soil with versus without hydrodynamic effect (added mass)
under the seismic design level of 2%-50 years: a bearing deformation, b column curvature, and c pile
curvature
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4 Conclusions
The current paper aims to quantify the water-induced hydrodynamic effect on seis-

mic responses of coastal highway bridges under scour and liquefaction potential.

To this end, a nonlinear finite element model of a typical coastal highway bridge is

established in which the hydrodynamic effect is simulated by the added mass

method for both piles and cap. Two suites of 20 ground motions are selected as

seismic inputs, which is compatible with two code-spectra with different hazard

levels (i.e. 10%-50 years and 2%-50 years) to present two seismic design levels (i.e.,

low and high). Probabilistic seismic responses of different bridge components, in-

cluding bearing deformation, column curvature, and pile curvature, are examined

to assess the hydrodynamic effect through the relative percentage changes from the

reference case without added mass to the case with added mass. The main conclu-

sions of this study are drawn as follows.

(1).The hydrodynamic effect has little influence on the fundamental periods of the

examined soil-bridge systems under different scour depths from 0m to 6 m. Be-

cause of this, the bearing deformation and column curvature are slightly influenced

by the hydrodynamic effect, regardless of the considered scour depths and seismic

design levels.

(2).As for the pile curvature, by contrast, the hydrodynamic effect does increase

the response under the low seismic design level, by as large as 15%–20% under

the scour depth around 5 m in particular, whereas the hydrodynamic effect

under the high seismic design level has an ignorable impact, disregarding scour

depths.

(3).The role of scour shows a tendency to shift the seismic damage position of

the examined coastal highway bridge from the column to the pile foundation,

regardless under the liquefiable or nonliquefiable scenario. The hydrodynamic

effect does not affect this tendency. Furthermore, the dispersions of seismic

responses under the adopted ground motions imply that a relatively large

design margin (i.e., safety factor) is needed for bearings and columns before

scour, while after scour the design margin for pile foundations should be

amplified.

(4).The role of liquefaction has ignorable impact on the influence of hydrodynamic

effect on bearing deformation and column curvature. However, it diminishes the

influence of hydrodynamic effect on pile curvature.

It is worth again noting that the conclusions are limited to the studied typical coastal high-

way bridge in cohesionless soil profiles subjected to scour depths from 0m to 6m. Special

care should be taken when applying these conclusions to circumstances with apparent differ-

ences. Future studies will explore the quantitative contribution of inertial and kinematic loads

on the studied bridges as well as use more complex finite element models to quantify the seis-

mic responses of other bridge components such as abutments, shear keys, etc. Besides, the

considered hydrodynamic effect does not cover the extreme meteorological hazards-induced

breaking waves. A separate study on the influence of breaking waves will be a direction. In

addition, analytical and numerical solutions to unfavorable scour depths for pile-supported

bridges under scour, liquefaction, and hydrodynamic effects will be another direction.
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5 Appendix
Tables 1 and 2 list the information of selected ground motions, including the earth-

quake event, magnitude (Mw), source distance (R), record sequence number (RSN) and

adopted scaled factor, for the two seismic design levels, 10%-50 years and 2%-50 years,

respectively.

Table 1 Selected ground motions for the code-compatible spectrum representing the design level
of 10%-50 years

# Earthquake event RSN Mw R (km) Scale factor

1 Kern County, 1952 12 7.36 117.8 1.40

2 Kern County, 1952 13 7.36 125.6 1.82

3 Kern County, 1952 15 7.36 38.9 0.87

4 Parkfield, 1966 28 6.19 17.6 2.40

5 Parkfield, 1966 30 6.19 9.6 0.68

6 Borrego Mtn, 1968 40 6.63 129.1 3.51

7 San Fernando, 1971 51 6.61 55.2 3.40

8 San Fernando, 1971 65 6.61 46.8 2.33

9 San Fernando, 1971 68 6.61 22.8 0.61

10 San Fernando, 1971 79 6.61 25.5 1.58

11 San Fernando, 1971 81 6.61 39.0 3.23

12 San Fernando, 1971 83 6.61 52.6 3.11

13 San Fernando, 1971 85 6.61 108.0 3.32

14 San Fernando, 1971 88 6.61 24.9 1.37

15 San Fernando, 1971 93 6.61 39.5 1.82

16 Managua_ Nicaragua-01, 1972 95 6.24 4.1 0.52

17 Managua_ Nicaragua-02, 1972 96 5.20 5.0 0.60

18 Friuli_ Italy-02, 1976 133 5.91 14.5 3.02

19 Tabas_ Iran, 1978 137 7.35 120.8 3.36

20 Tabas_ Iran, 1978 138 7.35 28.8 1.00

Note: RSN-Record sequence number in the PEER West2 Strong Motion Database; Mw-Magnitude; R-Source distance
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