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ABSTRACT

Two neighboring highway girder bridges exhibited significantly different damage during the 2021 Magnitude 7.4 Maduo
earthquake. Yematan Bridge, a multi-frame girder bridge (five frames each with five spans, denoted as 5 x 5 spans), suffered
collapse of 70% of the total number of girders (mostly on the north side), expansion joint damage from girder-to-girder pounding,
and severe north abutment damage due to girder-to-abutment pounding, whereas the single-frame Heihe Middle Bridge with
three spans (1 x 3 spans) remained almost intact. This contrast highlights the crucial roles of frame/span numbers and girder-to-
girder/abutment pounding in bridge performance. In this regard, a comprehensive parametric analysis using finite element full
bridge models is conducted to reproduce the observed damage and to explore pounding and collapse mechanisms, considering the
effects of near-fault pulse-like ground motions (i.e., pulse period, velocity, and wave passage) as well as the frame/span numbers.
A novel pounding Gantt plot is proposed to visualize the successive pounding events from girder-to-girder to girder-to-abutment,
called chain pounding in this study. Results show that significant chain pounding occurs in Yematan Bridge under specific long-
period pulse-like motions with wave-passage effect, which is the primary cause of the severe north abutment damage and girder
collapses. In contrast, such a devastating chain pounding is absent in the single-frame Heihe Middle Bridge, where stronger
abutment constraint effects on girders shift its vibration period away from unfavorable pulse periods of ground motions, thereby
mitigating damage. Furthermore, decreasing the frame/span numbers reduces bearing displacements under long-period pulse-
like ground motions, but increases them under short-period motions. Thus, seismic design of multi-frame and multi-span highway
bridges at near-fault sites should carefully consider relationships between bridge length and pulse period of ground motions.

through a continuous concrete deck (denoted as frame number
X span number in each frame, i.e., 5 X 5 spans). This bridge

1 | Introduction

On May 22, 2021, a magnitude 7.4 earthquake struck Maduo
County, Qinghai Province, China (hereafter referred to as the
2021 M7.4 Maduo earthquake), causing significant damage to
several bridges. One of the most affected structures was Yematan
Bridge, a 25-span highway bridge consisting of five frames,
each with five spans of simply supported girders connected

© 2026 John Wiley & Sons Ltd.

experienced severe damage, including collapse of 70% of the
total number of girders (mostly on the north side), expansion
joint damage from girder-to-girder pounding, and northern seat-
type abutment failures due to girder-to-abutment pounding. In
contrast, Heihe Middle Bridge, a similar 1 x 3-span single-
frame bridge located just 800 meters to the south, remained
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largely intact. This stark difference highlights the critical roles
of bridge length (i.e., numbers of frames and spans), girder-
to-abutment and girder-to-girder pounding in characterizing
seismic responses and collapse mechanisms. Similar unseating
or collapse damage phenomena, as in Yematan Bridge, were also
observed in past significant earthquakes, such as the 1999 Chi-
Chi [1], 2008 Wenchuan [2], 2010 Maule [3], 2011 Christchurch
[4], and 2023 Kahramanmaras earthquakes [5, 6]. In this context,
past studies have explored bridge damage mechanisms involving
seismic pounding effects [7]. This paper reviews the state of
research on three key aspects: girder-to-girder pounding, girder-
to-abutment pounding, and the influence of ground motion
properties.

In the context of girder-to-girder pounding, theoretical and
numerical studies have primarily employed simplified lumped
mass models, typically involving one to three single degree-of-
freedom (DOF) oscillators, to analyze the relationship between
structural parameters (e.g., period, mass, and damping ratio) and
pounding behavior as well as seismic responses. For instance,
Pantelides and Ma [8] studied the effects of separation distance
and inelastic structural behavior on pounding forces and reported
that higher damping energy dissipation capacity reduces the
pounding forces. Ruangrassamee and Kawashima [9] found that
pounding often amplifies relative displacements of girders and
thereby leads to unseating. Chau and Wei [10] reported that
pounding causes a period shift in structures, that is, the maximum
pounding velocity occurs at an excitation period different from
the natural period. DesRoches and Muthukumar [11] studied
the effects of one-sided pounding and found that pounding has
opposite effects on stiff and flexible frames depending on the ratio
of the structural period to the characteristic period of the ground
motion. For two-sided pounding, they reported that pounding
amplifies the response of a stiff frame while suppressing that of
a flexible frame. Dimitrakopoulos et al. [12-14]. systematically
analyzed one- and two-sided pounding problems for both elastic
and inelastic oscillators under pulse excitation, concluding that
pounding responses are highly dependent on the period ratio
between the structure and the input pulse. In experimental
studies, Guo et al. [15]. reported that pounding induces spikes
in acceleration. Malhotra et al. [16]. observed that such acceler-
ation spikes travel through the concrete deck with the velocity
of a compression wave, according to actual recordings from
an instrumented multi-span girder bridge. Other experimental
studies have revealed more complex phenomena in pounding,
such as uneven contact [17] and contact friction [18, 19], in-
plane rotation of the deck due to skewed bridge geometry [20],
and others. These studies provide useful simulation techniques
and insights on the role of girder-to-girder pounding on deck
unseating and even collapse, but generally limited to bridges
with a small number of spans such as two or three. For long
bridges with multiple frames and spans (e.g., the abovementioned
Yematan Bridge with 25 spans in total), studies on mechanisms of
potential successive girder-to-girder pounding are yet to be deeply
investigated.

The issue of girder-to-abutment pounding has also received much
attention in recent years, as abutments often act as critical
boundaries in bridges and have been found vital in restricting
girder movement [21-23]. Without being exhaustive, it is useful

to provide some pertinent examples. Saiidi et al. [24]. found that
girder-to-abutment pounding induces large in-plane rotations
of the girder. Kun et al. [21]. observed that abutments reduce
bending moments near pier bases by restricting girder movement,
particularly in straight and 30°-angled skew bridges. Thomaidis
et al. [22]. further demonstrated in numerical studies that seat-
type abutments help suppress free rocking motion in rocking
bridges. Darwash and Mackie [23] reported that increasing
abutment stiffness and strength reduces bridge displacements but
increases forces on substructures. In contrast, Moayyedi et al. [25].
noted that deck-abutment pounding brings adverse influence on
all the bridge components, with the number of spans exacerbating
the system fragility. These conflicting findings may arise from
various factors that influence girder-abutment pounding, includ-
ing gap size [26, 27], soil-structure interaction (SSI) [28], ground
motion intensity [29], pier rocking [30], and span number [31].
These inconsistencies highlight the need for further investigation
into girder-to-abutment pounding, particularly in long bridges
with multiple frames and spans.

Pounding-associated bridge damage mechanisms become more
complex against special seismic excitations such as spatially
varying waves and pulse-like motions. To prevent pounding,
DesRoches and Muthukumar [11] recommended a large period
ratio between adjacent spans (i.e., exceeding 0.7). However, this
recommendation is for uniform excitations, while under spatially
varying motions, pounding may occur even if adjacent structures
have identical periods [19, 32, 33]. Also, spatially varying motions
can significantly increase relative displacements and pounding
forces [32, 34, 35]. Additionally, near-fault pulse-like ground
motions cause more severe pounding, as pulse-like seismic waves
induce considerable displacement demands [25, 33]. However,
scarce studies have addressed the combined effects of spatially
varying and pulse-like motions on pounding-associated bridge
collapse, particularly for long bridges with multiple frames
and spans, which enhances the motivation of the present
study.

For the examined Yematan Bridge, although a number of studies
[36-38] have reported seismic damage properties, most remain
largely qualitative descriptions, and analyses of key factors
such as girder-to-girder and girder-to-abutment pounding, local
abutment damage characteristics, pulse-like ground motions, and
wave-passage effects have not been systematically examined.
To fill these gaps and complement existing documentation of
bridge damage, this study aims to reveal damage mechanisms
of Yematan Bridge and Heihe Middle Bridge via an in-depth
parametric analysis accounting for girder-to-girder/abutment
pounding under varying numbers of spans and frames and
different ground motion effects (pulse-like and wave-passage).
The paper begins with documentation of on-site bridge dam-
age observations. A full-bridge model is then established that
incorporates a macro nonlinear constitutive model of the abut-
ment, as developed in a recent study by the authors [39], to
properly account for the nonlinear behavior of abutments and
to reduce computational costs of full-bridge dynamic analyses.
Subsequently, the parametric analysis is conducted to quantify
effects of frame/span number, pulse-like ground motion, and
wave passage on bridge collapse. Finally, major findings, design
implications, and future studies are addressed.
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2 | Field Investigation and Documentation of
Bridge Damage

Figure 1 displays location information and post-earthquake
on-site observations of the two bridges. Yematan Bridge has
two separate lanes for uphill and downhill traffic. Each lane
is represented by a total 25-span girder bridge, configurated
in five frames, each with five spans of simply supported
girders connected by a continuous concrete deck (this span
configuration is hereafter referred to as “5 x 5 spans”). Such a
simply supported—continuous deck structure has been widely
used in China for construction facilitation. Under strong
earthquakes, displacement responses of the girders may exceed
ultimate limits of bearings, resulting in unseating or even
collapse, and the continuous deck may break once the girder
falls. In comparison, Heihe Middle Bridge is a 1 X 3-span
single-frame bridge, but featuring an identical simply supported-
continuous deck structure and abutments with respect to the
long Yematan Bridge. Basic design information of the two bridges
is provided in Appendix A to leave the main body of this paper
focusing on the damage observations. From Figure 1A, although
both bridges are located about 31 km from the epicenter, they
are very close to the observed surface rupture zone, indicating

a near-fault feature. Moreover, the longitudinal axes of both
bridges are nearly perpendicular to the surface rupture, implying
a directivity pulse-like effect in the longitudinal direction.

Yematan Bridge experienced widespread girder falling and severe
abutment failure. All girders moved northward along the bridge
longitudinal axis, causing 17 of 25 girders in the uphill lane
and 18 of 25 in the downhill lane to collapse, resulting in an
overall collapse rate of 70%. Figure 1B shows that the fallen
girders are primarily concentrated on the north side. For all
collapsed girders, the north end remained supported on the
pier, while the south end fell to the ground. The abutments,
particularly the northern ones, suffered significant damage from
girder pounding in the longitudinal direction, with backwalls
fractured and pushed into the backfill by about 1.2 m. A detailed
discussion of abutment damage is provided in a recent study
by the authors [39] while the present paper more focuses on
pounding and associated collapse. Significant pounding damage
also observed at expansion joints between bridge frames [36,
41]. Rubber bearings were sheared off due to excessive girder
displacements, forming an isolated seismic system, resulting in
minimal damage in the bents. As for the transverse direction,
some shear key failures induced by poundings from girders were
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FIGURE 1 | Geographical information and observed damage of two bridges: (A) location of bridges, epicenter [40]; post-earthquake condition of
the girders and abutments of (B) Yematan Bridge and (C) Heihe Middle Bridge [Fallen girders (red crosses) and borehole locations (ZK1, ZK2, etc.) are

shown].
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also observed. Overall, the longitudinal damage was much more
severe than the transverse damage. This is a reason why the
present study focuses on longitudinal damage.

In contrast, Heihe Middle Bridge was almost intact. As shown in
Figure 1C, only minor concrete cracks were observed at the abut-
ments, resulting from slight longitudinal and transverse pound-
ing from the girders. The bents were unaffected and remained
intact. Overall, the bridge remained fully functional for traffic.

Besides, soil liquefaction phenomena were observed near the
bridge sites [37]. Therefore, liquefaction severity is assessed using
both Liquefaction Potential Index (LPI) from the Chinese code
[42] and the well-known Ishihara-inspired Liquefaction Potential
Index (LPIgy) [43], as detailed in Appendix B. The reason for
this assessment is to develop simplified spring models of the
bent foundations accounting for the liquefaction-induced soften
soils. It should be noted that, since no apparent permanent
displacement of the Yematan Bridge piers was identified [44],
the contribution of liquefaction-induced lateral spreading to
the observed damage is considered less influential and is not
considered in this study.

3 | Bridge Finite Element Model

To quantify the impact of different span configurations on
pounding-associated bridge damage, a parametric finite element
(FE) model is established in OpenSees v2.6.0 [45] for highly
efficient numerical modeling. This model features a variable span
configuration, denoted as M X N, where M is the number of
frames, and N is the number of spans per frame. The model
is shown in Figure 2. Detailed modeling methods of bridge
components are elaborated as follows.

3.1 | Girders and Bents

The superstructure is simulated by a spine model with girders
mimicked using “elasticBeamColumn” elements. The columns of
bents are modeled using nonlinear “dispBeamColumn” elements
with a discretization dimension of 0.4 m (nearly one third of the
column diameter) with five integration points for each element.
The compressive stress—strain behavior of confined concrete is
modeled based on the Mander model [46, 47|, while the tensile
strength of concrete is determined following [48].

3.2 | Expansion Joints and Continuous Decks

At expansion joints, pounding elements are adopted to simulate
longitudinal pounding between girders or between girders and
abutments. The pounding behavior is modeled using the sim-
plified Hertzdamp model (i.e., the uniaxial “ImpactMaterial” in
OpenSees) proposed by Muthukumar [49]. As shown in Figure 2,
stiffness parameters k;, k, and §, can be calculated using the
stiffness parameter k;, and the coefficient of restitution e of
Hertzdamp model according to [49]. In this paper, k;, is set as
the axial stiffness of one-span girder [49, 50], and e is taken
as 0.7, as its typical value ranges from 0.6 to 0.8 [49]. The
maximum penetration is determined by preliminary calculations

using linear pounding spring under the same conditions [49]. In
a bridge frame, the concrete continuous decks between adjacent
simply supported girders are modeled as rigid links, as they
resist axial tension and compression, maintaining the connection
before girder collapse.

3.3 | Abutments

The abutment is modeled using two serial zero-length elements,
each assigned to the uniaxial “HystereticSM” and “Impact-
Material” materials, respectively. The “HystereticSM” material
is defined by a macro constitutive model of abutment (see
the abutment spring subfigure in Figure 2) to represents the
abutment nonlinear behavior and capture the girder-abutment
interaction in dynamic analyses of full-bridge model. Note that
this macro constitutive model of the abutment and associated
failure displacement of 0.136 m, at which the backwall fractures at
its bottom and separates from stem wall, are derived from a recent
study by the authors [39]. Besides, following the abovementioned
girder-to-girder pounding simulation, the “ImpactMaterial” is
again used to simulate the girder-to-abutment pounding consid-
ering the expansion joint gap at abutments.

3.4 | Bearings

Unbonded laminated rubber bearings with stainless steel-PTFE
(polytetrafluoroethylene) sliding interface are used for both
bridges. Specifically, a stainless-steel plate is embedded at the
bottom of the concrete girder, while a PTFE layer is placed
on top of the bearings, forming a low-friction sliding interface.
In other words, from the perspective of bearing design, both
bridges are configured as seismically isolated structures. When
an earthquake comes, it is quite challenging to simulate the
actual bearing state. Several factors contribute to this complexity,
including variations in the friction coefficient from the as-built
condition due to wear, corrosion, and environmental changes
(e.g., temperature and humidity), and most importantly, unstable
contact conditions between the girders and the bearings (e.g.,
detachment or unseating). Given these uncertainties, a para-
metric study on the friction coefficient is warranted. In this
study, the bearings are modeled by an elastic perfectly-plastic
constitutive model, where the yield force is defined based on the
friction coefficient. The initial stiffness of the bearings is set at
1000 kN/m as designed. For the parametric analysis, three friction
coefficients (0.05, 0.2, and 0.4) are examined according to the
following justifications:

1. Field observations showed that the bottom sections of bridge
bents generally remained elastic, primarily due to the seismi-
cally isolated design. Thus, the bending moment sustained by
a column at its bottom should not exceed its equivalent yield
bending moment of 3865 kN-m. This moment, combined with
the height of the tallest bent (4.5 m), generates a horizontal
force of 1718 kN at the top of the bent, corresponding to a
friction coefficient of 0.43 as the upper limit.

2. The friction coefficient of a stainless steel-PTFE sliding inter-
face typically ranges between 0.08-0.2 without lubrication
and 0.01-0.03 with lubrication [51];
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3. Detachment between the girder and bearing due to unseat-
ing effectively mitigates friction forces, corresponding to
a friction coefficient of 0.00, and significantly increases
displacement demand.

3.5 | Foundation

The foundations of the bents are modeled using elastic six degree-
of-freedom (6-DOF) springs, with the stiffness determined by
the M-method in the Chinese code [52], which is a simplified
foundation modeling approach based on elastic soil-pile springs
to calculate the six-DOF stiffness of the whole foundation. Soil
liquefaction effects are considered by reducing soil strength
properties via reduction factors based on liquefaction potential
or severity indicators (see details in Appendix B); thereby the
resulting foundation stiffness modeling technique is named
FM_Liq in Table 1. Note that past studies on foundation modeling
may consider nonlinear soil-pile behavior [53], thereby a further
investigation on the sensitivity of foundation stiffness to bearing
displacement demands is carried out in this paper. Two additional
stiffness modeling techniques are examined, namely FM_Nonliq
for the M-method without liquefaction effect, and F_Fix for fixed
foundation represented by very large stiffness, as listed in Table 1.
Accordingly, mean displacement responses of all bearings for
bridges with different foundation stiffness modeling under syn-
thetic pulse-like ground motions (see next section) are compared
in Figure 3. From Table 1, the horizontal stiffness of FM_Liq is

Parametric finite element (FE) model of bridge with M x N spans.

reduced to approximately 2/3 of FM_Nonliq due to liquefaction,
yet the differences in bearing displacement responses across the
three modeling techniques are quite small for both bridges, as
seen that the results mostly lie on the 1:1 lines in Figure 3. These
results indicate that foundation stiffness has little impact on the
bearing displacement responses, implying that soil liquefaction
may not be the major reason for the unseating and collapse of
Yematan Bridge. These results also follow the findings in past
studies, such as Dicleli et al. [54]. that foundation stiffness has
little influence on bearing seismic displacement responses of
isolated highway bridges.

4 | Near-Fault Pulse-Like Ground Motions

Due to the sparse distribution of monitoring stations, strong
ground motion recordings are unavailable at the bridge sites,
necessitating the use of synthesized ground motions. To this end,
characteristics of the fault and the bridge site are first investigated
via in-depth literature review, as detailed in Appendix C for con-
ciseness and legibility. The present section highlights how ground
motion intensity parameters at the bridge site, particularly pulse
velocity and period, are estimated. These parameters are then
used to generate the possible ground motions. In addition,
the apparent wave velocity is explored to facilitate the later
parametric analysis on wave-passage effects. Note that Yematan
Bridge and Heihe Middle Bridge are assumed to experience the
same input due to their proximity.

Earthquake Engineering & Structural Dynamics, 2026
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TABLE 1 | Stiffness of 6-DOF springs for modeling foundation.

Translational stiffness (10* KN/m)

Rotational stiffness (10* kN-m/rad)

Foundation stiffness modeling X Y Z Rx Ry Rz
FM_Liq: M-method w/ liquefaction 9.74 325 9.74 260 52.0 260
FM_Nonliq: M-method w/o liquefaction 16.7 315 16.7 290 57.9 290
F_Fixed: Fixed foundation 10000 10000 10000 10000 10000 10000

Note: X, Y, and Z denote the translational DOFs in the longitudinal, vertical, and transverse directions of bridge, respectively, while Rx, Ry, and Rz denote the

corresponding rotational DOFs.
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FIGURE 3 | Comparison of bearing displacement responses for bridges with different foundation stiffness modeling techniques (FM_Lig,
FM_Nonliq, and F_Fixed described in Table 1) under synthetic pulse-like ground motions: (A) Yematan Bridge, and (B) Heihe Middle Bridge.

TABLE 2 | Ground motion intensity parameters at bridge site.

Source PGA (g) PGV (cm/s) V, (cm/s) T, (s)
Official agencies CEA 0.41-0.85 — — —
USGS [62] >0.2 >50 — —
Publications of other Cai et al. [63] 0.33 — — —
researchers Zu et al. [38] 0.68 — — —
Li et al. [64] 0.33-0.63 — — —
Yuan et al. [37] 0.45 — — —
Liu et al. [65] 0.39 — — —
Derived from empirical Fu and Menun [57] — — 70 4.1
formulas Bray and Rodriguez-Marek [56] — 106 (65-173) 95 (58-155) 3.6 (2.0-6.4)
Cork et al. [60] — 78 (51-105) 70 (46-95) 5.6 (4.3-7.2)
Broad ranges from all the above results 0.2-0.85 51-173 46-155 2.0-7.2

Note: The values in parentheses provide the range of one standard deviation.

4.1 | Determination of Near-Fault Ground Motion
Parameters

Some researchers and organizations have predicted the ground
motion intensity parameters of the 2021 Maduo earthquake
at the studied bridge site. For instance, the China Earth-
quake Administration (CEA) reported a peak ground acceler-
ation (PGA) ranging from 0.41 to 0.85 g [55], while United
States Geological Survey (USGS) suggested PGA values exceed-
ing 0.2 g. Table 2 summarizes the predicted PGA, together
with peak ground velocity (PGV), pulse velocity (V,), and
pulse period (T,) values of ground motions at the bridge site
from official agency reports, journal publications, and those
derived from empirical equations. These predictions indicate

significant variability, with PGA estimates ranging from 0.2 g
t0 0.85 g.

Velocity pulses, typical of near-fault ground motions, may occur
in the fault-normal direction for strike-slip faults when seismic
shear waves superimpose as the rupture propagates toward the
site at a velocity close to the shear wave velocity [56, 57]. This
phenomenon is called forward directivity. The bridge site meets
the conditions for the occurrence of forward directivity for a
strike-slip event as described by Bray and Rodriguez-Marek [56]:
(1) fault rupture propagates toward the site because it propagated
bilaterally to both the west and east from the epicenter [40,
58, 59], and (2) there is a small angle between the direction of
rupture propagation and the direction of waves traveling from the
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fault to the site, as the bridge site is located 31 km west of the
epicenter and along the fault trace (see Figure 1). Furthermore,
obvious pulses are observed in fault normal component of the
recordings at the DAW station, even though it is located 175 km
east of the epicenter [38]. Therefore, based on the above, it
is highly likely that the ground motions in the longitudinal
direction of the bridges contain a pulse-like component induced
by forward-directivity effects.

The pulse parameters in near-fault ground motion, such as T,,
V, and PGV, are related to moment magnitude (M,,) and rupture
distance (R,,,). Their relationships have been quantified through
empirical attenuation formulas, for example, Equations (1), (2),
and (3) proposed by Fu and Menun [57], Bray and Rodriguez-
Marek [56], and Cork et al. [60], respectively:

{log(Vp) =0.39 + 0.21M,, — 0.16log(R,,,)
m

log(T,) = —3.38 + 0.54M,,
{ln(PGV) =4.58 +0.34M,, — 0.581In (R,,,” + 72) (o = 0.49)

In (T,) = —5.6 +0.93M,,(c = 0.58)
@

PGV = 626/1/R%,, + 6.8°(c = 27.0) 3)
log(T,) = —2.36 + 0.42M,,(c = 0.11)

The predicted values derived from these formulas are listed in
Table 2. Halldorsson et al. [61]. reported that V, ranges from
0.85 to 1.0 times PGV, therefore, vV, = 09 PGV is adopted to
calculated V). To provide a comprehensive overview of PGA,
PGV, V, and T,, the last row of Table 2 outlines the broad
ranges of these parameters from the aforementioned publications
and empirical estimates. These ranges serve as a reference for
selecting the examined parameter values in the subsequent
parametric analyses.

4.2 | Generation of Pulse-Like Ground Motions
4.2.1 | Pulse-Like Ground Motions

Due to considerable variability in the predicted ground-motion
intensity parameters (Table 2), this study focuses on the effects of
pulse parameters (i.e., T, and V), which are shown later to be the
primary contributors to the observed damage. The process of gen-
erating the synthetic ground motions is illustrated in Figure 4A.
A site-specific target response spectrum predicted specifically for
the Yematan Bridge site (Liu et al. [65].) was adopted to select
seven spectrum-compatible near-fault (R,,, < 20 km) pulse-like
recordings from the PEER database. The pulse components of
these recordings were identified and extracted using the method
proposed by Mimoglou et al. [66]. (Figure 4B). As per [57, 67],
synthetic motions were generated by superimposing the same
set of seven high-frequency components onto pulse waves with
varying T, and V. Specifically, according to Table 2, T, varied
from 2 to 7 s at intervals of 0.5 s, and V, from 50 to 140 cm/s
at intervals of 10 cm/s, resulting in 110 T, - V,, combinations
and thus 110 sets of synthetic pulse-like ground motions, each
consisting of seven ground motions with identical T, and V,.

It should be noted that the same seven high-frequency compo-
nents were used for all synthetic motions to ensure that response
variability is primarily governed by the pulse parameters rather
than the high-frequency content. For each T, - V, combination,
unless otherwise specified, the average response of the seven
synthetic motions was used, which is consistent with standard
seismic design practice, thereby allowing a clearer interpretation
of pulse effects, while maintaining a reasonable computational
cost.

The 5% damped acceleration response spectra for all 770 synthetic
pulse-like ground motions are displayed in Figure 4C. For
comparison, the predicted site spectrum by Liu et al. [65]. and the
average spectrum (along with the associated spectra representing
median plus/minus one standard deviation) from four widely
recognized NGA West-2 ground motion prediction equations
(GMPEs) (i.e., ASK14 [68], BSSA14 [69], CB14 [70], and CY14 [71])
are also plotted in Figure 4C. It is clear that the spectra of the 770
synthetic pulse-like ground motions generally well fit the range
bounded by the NGA West-2 GMPE:s.

422 | Non-Pulse-Like Ground Motions

Seven non-pulse-like ground motions are also selected to provide
a baseline for comparison and to highlight the higher damaging
potential of pulse-like motions. The acceleration response spec-
trum at bridge site estimated by Liu et al. [65]. is adopted as a
target spectrum. Figure 4D shows their 5% damped acceleration
response spectra.

4.3 | Apparent Wave Velocity at Bridge Site

The wave-passage effect is a primary source of spatial variation
in seismic motions, particularly for long bridges, caused by
the differences in arrival times of seismic waves at various
bridge support locations due to their differing distances from the
epicenter [72, 73]. The wave-passage effect can be accounted for
by adding a time delay ¢, to the input motions of different bridge
supports [33, 74]. The time delay ¢, can be calculated by [75, 76]

ta =L/0ypp (4a)

Oapp = Ugpp/ COSQ (4b)

Ugpp = Us/ sinf (4c)

where L is the distance between different supports; 0,,, and v,,),

are the apparent wave velocity along the bridge axis and along the
direction of wave propagation, respectively; o represents the angle
between the bridge’s longitudinal axis and the direction from the
epicenter to the bridge site; v, denotes shear wave velocity and
B denotes the incidence angle of the seismic wave. The spatial
relationship between the studied bridge site and the seismic
source (see Figure CI in Appendix C) leads to 0, = 408m/s ~
400m/s. Thus, the time delay ¢, = 0.05 s applies to bridge supports
with an interval of 20 m. It is important to note that the wave
propagation direction along the bridge axis is from north to
south.
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FIGURE 4 | Adopted ground motions: (A) flowchart of generating near-fault ground motions (GMs); (B) example of extracting residual high-
frequency component from pulse-like GM (RSN 1161, Wave 5); acceleration spectra for (C) 770 synthetic pulse-like GMs and (D) 7 non-pulse-like GMs

versus 7 pulse-like GMs with T, = 5.5 s and V}, = 120 cm/s as an example.

5 | Reproduction of Bridge Damage and Chain
Pounding Phenomena Under Specific Ground
Motions

In this section, the seven non-pulse-like ground motions and
their seven pulse-like counterparts—characterized by a specific
set of intensity parameters (T, = 5.5 s, V,, = 120 cm/s, which are
nearly the median values within the broad ranges summarized
in Table 2)—are used to perform nonlinear time-history analyses
for Heihe Middle Bridge (1 X 3 spans) and Yematan Bridge (5 x
5 spans). The bearing friction coefficient u is set as 0.05 in this
section, and full parametric analyses of various V), T,, and u
values will be presented in the next section.

5.1 | Description of Shifted Displacement
Time-History Plot and Novel Pounding Gantt Plot

To illustrate girder-to-girder/abutment pounding phenomena
more clearly, this study adopts a shifted displacement time-
history plot that explicitly incorporates the initial gaps between
the girders of each frame and the two-sided abutments. Such
a shifted displacement time-history plot has been previously
employed by Jankowski et al. [77]. In addition, a novel plotting
form named “pounding Gantt plot” is proposed in this study. For
clarification, Figure 5 presents these plots using Yematan Bridge
subjected to a specific pulse-like ground motion (Wave 5, with
PGA=0.31g,PGV=124cm/s, T, =5.5s,V,=120cm/s,and 0, =
400m /s accounting for the wave-passage effect) as an example.

In the shifted displacement time-history plot (Figure 5B), the
initial gaps between two adjacent components (see Figure 5A)
define the starting points of their displacement time histories.
Specifically, the north abutment begins at zero displacement,

Girder 5 (i.e., the girder of frame 5) at -0.08 m (the gap between
the north abutment and Girder 5), and Girder 4 at -0.24 m (the
sum of the gap between Girder 5 and 4 and the gap between north
abutment and Girder 5). This pattern continues for the remaining
girders and the south abutment. In this example, the relative
displacements with respect to the north abutment are used, so the
north abutment remains at zero displacement at all times in order
to more clearly visualize the successive pounding events near the
north abutment. As seen from the zoom-in part of Figure 5B,
crossovers between the displacement time-history curves of two
adjacent components signify these pounding events, marked by
red circles and labeled “pl-pl11” in chronological order. Note that
strictly speaking, each pounding event results in two intersection
points between the two adjacent displacement curves, because
the adopted “ImpactMaterial” for pounding simulation has finite
stiffness rather than being perfectly rigid, leading to a minor
“penetration” between the impacting components.

Based on such a shifted displacement time-history plot, a rhyth-
mic and successive pounding phenomenon between girders and
abutments is shown. At the onset of these poundings, all girders
move northward. The first pounding (pl) occurs between the
north abutment and Girder 5, lasting approximately 2s. Mean-
while, this pounding reduces the velocity of Girder 5, which in
turn triggers the second pounding (p2) between Girder 5 and 4.
Again, the second pounding (p2) decelerates Girder 4, inducing
the third pounding (p3) between Girder 4 and 3. Subsequently, the
third pounding (p3) decelerates Girder 3 whereas simultaneously
accelerates Girder 4, triggering the fourth pounding (p4) between
Girder 4 and 5, and the fifth pounding (p5) between Girder 3 and
2. This chain of interactions continues until the last pounding
(p11) occurs between north abutment and Girder 5. This rhythmic
and successive pounding phenomenon is referred to as “chain
pounding phenomenon” in this study.
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FIGURE 5 | Description of shifted displacement time-history plot and pounding Gantt plot for illustrating girder-to-girder/ abutment chain
pounding phenomenon: (A) elevation view of the Yematan Bridge showing the abutments, girders, and the initial gaps between them, (B) shifted

displacement time history plot with zoom-in display, and (C) pounding Gantt plot.

The chain pounding phenomenon is more explicitly illustrated
by a proposed “pounding Gantt plot” shown in Figure 5C, which
visualizes spatial-temporal evolutions of these pounding events.
Inspired by traditional Gantt plots in project scheduling, the
horizontal axis represents time, while the vertical axis represents
different pounding interfaces (denoted as PA-N, PG-4, etc.; see
Figure 5A). Each horizontal strip represents a pounding event,
with its width reflecting the pounding duration, and its color
gradient indicating the magnitude of pounding force. The vector
arrows illustrate the pounding paths. For instance, the aforemen-
tioned first pounding between north abutment and Girder 5 that
lasts approximately 2 s is clearly observed, which is significantly
longer than the durations of girder-to-girder poundings. This long
duration is attributed to the significant plastic deformation of
the north abutment as interpreted later. A notable feature of
chain pounding, clearly illustrated by the proposed “pounding
Gantt plot”, is that these individual pounding events form an
inverted triangular pattern in the time-space relationship, with
the number of girder-to-girder pounding events decreasing from
north to south (namely the reduction of pounding frequency).
Moreover, at positions experiencing multiple pounding events,
the first one generates the largest pounding force, followed by
a gradual decrease in subsequent events. Furthermore, from the
perspective of the north abutment, chain pounding is highly detri-
mental, as it facilitates the transfer of seismic kinetic energy from
the southern girders to the northern girders and abutment (see
pounding paths in Figure 5C), thereby increasing displacement
demands on the northern girders and thus the north abutment.
This issue is further discussed in detail in Section 6.4.

5.2 | Damage Characteristics of Two Bridges
Against Pulse-Like and Non-Pulse-Like Ground
Motions

The seismic responses of the two bridges subjected to the afore-
mentioned seven non-pulse-like and pulse-like ground motions
with specific pulse velocity and period are compared in Figure 6,
where the wave-passage effect is also considered. The top bar plots
illustrate the average bearing displacements and the displace-
ments of north abutments, while the bottom shifted displacement
time-history plots and corresponding pounding Gantt plots depict
the pounding behavior at adjacent girders and abutments under
a specific wave (Wave 5). Since the wave-passage effect is consid-
ered, the shifted displacement time-history plots adopt relative
displacements with respect to the seat node of north abutment
(see Figure 5A). This allows the north abutment displacement to
be explicitly shown, thereby facilitating direct comparison with
observed abutment (backwall) displacement detailed in Section 2.

Under non-pulse-like ground motions, the two bridges exhibit
similar seismic behavior. Owing to the effective constraint from
the abutments, the bearing displacements remain far below the
girder-falling limit (0.83 m, defined as the bearing displacement at
which the girder end exceeds the bent-cap edge). The abutments
sustain only slight damage but do not fail. However, these results
do not match the field-observed seismic damage because pulse-
like motions are expected for both bridges. Under pulse-like
ground motions, seismic responses of the 1 x 3-span Heihe Middle
Bridge remain small due to the effective abutment constraints.
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FIGURE 7 | Responses of Heihe Middle Bridge and Yematan Bridge under pulse-like ground motion Wave 5 (PGA = 0.31 g, PGV = 124 cm/s,
T, =5.55, V, =120 cm/s, Ugp, = 400m/s): (A) bearing displacement distribution across all spans (bents); (B) abutment force-displacement responses.

These results reproduce the key damage patterns at the two bridges: the girder-falling pattern (mostly on the northern side) and the north abutment

failure of Yematan Bridge, in contrast to the almost intact condition of Heihe Middle Bridge.

In contrast, the 5 X 5-span Yematan Bridge exhibits substantially
larger responses: the average bearing displacements under the
seven motions approach or even exceed the girder-falling limit,
while the abutment displacements far surpass the abutment-
failure limit (0.136 m, corresponding to backwall failure at the
bottom and separation from stem wall). Overall, responses under
pulse-like ground motions are more consistent with the field-
observed seismic damage (recall Section 2) than those under non-
pulse-like motions, highlighting the necessity of incorporating
pulse effects into ground motion inputs.

To further clarify the damage characteristics of bearing, girder,
and abutment of the two bridges under pulse-like motions,
Figure 7 compares their bearing displacement distributions
across all spans (bents) and force-displacement responses of
abutments under pulse-like Wave 5 (T, = 5.5 s, V,, = 120 cm/s,
Ugpp = 400m/s). In Figure 7A, the bearing displacements of
Heihe Middle Bridge are far below the girder-falling limit,
whereas a large proportion of the northern bearings of Yematan
Bridge exceed the girder-falling limit, indicating girder falling.

This result aligns with the observed seismic damage of girders.
Additionally, in Figure 7B, the abutments of Heihe Middle Bridge
are slightly damaged, whereas the north abutment of Yematan
Bridge exhibits apparent failure (maximum displacement of 1.1
m) yet the south abutment is marginally damaged. This result
is also consistent with post-earthquake field observations of
abutments [39]. The damage patterns of both bridges are suc-
cessfully reproduced under specific pulse-like ground motions.
These results shown pulse-like motions are more harmful to long
bridges, such as Yematan Bridge, than to short bridges like Heihe
Middle Bridge. To explore more generalized findings, a detailed
parametric analysis of bridge length (spans and frames) and pulse
parameters (T, and V) is presented in the next section.

6 | Parametric Analyses of Chain Pounding and
Collapse Mechanisms

To further explore the underlying mechanisms of bridge collapse
and associated chain pounding phenomena, a series of parametric
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FIGURE 8 | Effectof pulse parameters (i.e., T, and V) of ground motions on the average bearing displacement and north abutment displacement

for (A) Heihe Middle Bridge (1 x 3 spans) and (B) Yematan Bridge (5 x 5 spans) with different bearing friction coefficients (x).

analyses are conducted to investigate effects of pulse parameters
(T, and V), wave passage, and numbers of spans and frames.

6.1 | Effect of Pulse Periods and Velocity
Amplitudes

Figure 8 illustrates the effects of T, and V, on the average
bearing displacements and north abutment displacements of
Heihe Middle Bridge and Yematan Bridge with different bearing
friction coefficients (u = 0.05, 0.2, and 0.4). Each contour plot
is generated from 110 data points, where each point represents
the mean response of seven ground motions with identical T,
and V, values, and a wave-propagation velocity of 0, ,, = 400m/s.
In these plots, the limit displacements that cause girder falling
(0.83 m) and abutment failure (13.6 cm) are highlighted by thick
red lines, and by which the T, - V,, parameter regions enclosed
are referred to as “girder-falling region” and “abutment-failure
region” hereafter.

The results show remarkably different behavior between two
bridges. From Figure 8A for Heihe Middle Bridge (1 X 3 spans),
bearing and abutment displacement responses decrease with the
increasing bearing friction coefficient, but still are relatively small
compared with Yematan Bridge (5 X 5 spans). Girder falling does
not occur at any T, - V, combinations for Heihe Middle Bridge.
Moreover, the north abutment failure only occurs at quite short
pulse periods (T, < 3.0 s) and high velocity amplitudes (V, >
113 cm/s) for low friction coefficient (1 = 0.05), which is indeed
quite extreme condition.

From Figure 8B for Yematan Bridge (5 X 5 spans), the displace-
ment responses also decrease as the bearing friction coefficient
increases, especially from u = 0.05 to u = 0.2. Both girder falling
and abutment failure occur for u = 0.05, and even for larger
u, abutment failure occurs in more than half of the examined
T,-V, combinations, especially at larger V, (e.g., V, > 100 cm/s
regardless of T,). For u = 0.05, a moderate T, (i.e., around
4 s) will cause maximum responses. Besides, the results also

imply that abutment failure could be a necessary precondition for
girder falling because the abutment-failure region is always larger
than and encompasses the girder-falling region, which further
underscores that the abutment failure is a crucial factor that
causes the eventual collapse of Yematan Bridge.

The pounding behavior of Yematan Bridge is also influenced
by pulse parameters. Figure 9 presents the shifted displacement
time-history plots (absolute displacements are adopted) and
pounding Gantt plots in terms of different T, and V, under
bearing coefficient of u = 0.05. As T, and V, increase, the
inverted triangle-shaped time-space distribution of pounding
events becomes more distinct. Specifically, significant chain
pounding phenomena are more frequently observed when T, >
4.0s.

6.2 | Effect of Wave Passage

To demonstrate the impact of wave-passage effect on the girder-
to-girder/abutment chain pounding and collapse mechanisms of
the Yematan Bridge, Figure 10 shows shifted displacement time-
history plots (absolute displacements are adopted) and pounding
Gantt plots under the specific pulse-like ground motion Wave
5 (PGA = 031 g, PGV = 124 cm/s, T, = 5.5 s, V, = 120 cm/s)
and a bearing friction coefficient of u = 0.05. Compared with
the uniform excitation case (i.e., without wave-passage effect),
the wave-passage effect generally increases the pounding force,
frequency, duration, and the number of participating girders. This
is because the wave-passage effect causes phase differences (or
phase delays) in the movement of girders and abutments, which
could be clearly observed in their displacement histories.

Figure 11 illustrates the bearing displacement distributions across
all spans under different pulse periods of ground motion. The
results show that the wave-passage effect has a remarkable
influence on the bearing displacement distribution. Specifically,
the southern bearing displacements are generally larger than
those of the northern bearings when the wave-passage effect
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FIGURE 9 | Effect of pulse parameters (i.e., T, and V) of ground motion on the chain pounding behavior of Yematan Bridge (Wave 5 with varied

T, and V),); the chain pounding is significant when T, > 4.0 s.
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Effect of wave passage on the chain pounding: displacement histories of girders/abutments in absolute coordinate system and

pounding Gantt plot for Yematan Bridge under pulse-like ground motion (Wave 5 with PGA = 0.31 g, PGV =124 cm/s, T, = 5.5 s, V), = 120 cm/s).

is not considered. However, this distribution pattern changes
when the wave-passage effect is considered: the northern bearing
displacements gradually become larger than the southern ones
as the pulse period (T),) of ground motion increases, particularly
when T, > 4.0 s, at which point chain pounding also becomes
significant. Such a bearing displacement distribution pattern
is consistent with the field-observed girder-falling pattern of
Yematan Bridge, implying that the wave-passage effect is an
additional crucial factor to trigger the field-observed damage.
Moreover, considering the wave-passage effect always results in
smaller average bearing displacements.

To further interpret the underlying mechanism governing the
bearing displacement distributions, taking T, = 5.5 s as a
representative example, Figure 12 shows shifted displacement

time-history plots of girders/abutments, where each row adopts a
different reference frame. Specifically, the relative displacements
of girders/abutments are with respect to the top nodes of south-
ernmost substructures supporting the girders in each frame, that
is, seen from Figure 5A, the top of Bent 20 (row 1), Bent 15
(row 2), Bent 10 (row 3), Bent 5 (row 4), and the seat node of
south abutment (row 5). One advantage of using these different
reference frames is that, for example, the relative displacement of
Girder 5 with respect to the top node of Bent 20 is equivalent to
the displacement of the bearing between Girder 5 and Bent 20.
In other words, the displacement responses of the girder and the
bearing supported at this bent share the same line in one plot.

From the first row of Figure 12, where the top node of Bent
20 is taken as the reference point, chain pounding plays a
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tributions at Bent 20, 15, 10, 5, and south abutment (from north to south),

illustrated by shifted displacement histories of girders and abutments for Yematan Bridge under synthetic pulse-like ground motion (Wave 5, T, =5.5s,

Vp =120 cm/s).

decisive role in bearing displacement at Bent 20. The northward
displacement of Girder 5 (i.e., the bearing displacement at Bent
20) is suppressed by front poundings with the north abutment,
while enhanced by rear poundings with southern girders. The
enhancement effects from the south are considerably stronger
than the suppression effects from the north. Furthermore, the
wave-passage effect results in out-of-phase motions of girders and
abutments, further leading to more pronounced chain pounding.
This is evidenced by the larger velocity differences (i.e., steeper
slope differences of displacement curves) between adjacent gird-
ers and abutments prior to impact. Therefore, the displacement of
bearing at Bent 20 will gradually become larger than that in the

case where the wave-passage effect is not considered, especially
for longer T, where chain pounding becomes more intense as
shown in Figure 11.

From the last row of Figure 12, where the seat node of the
south abutment is used as the reference point, the wave-passage
effect has a pronounced influence on the relative displacement
of Girder 1 (i.e., the bearing displacement at the south abut-
ment). Without the wave-passage effect, the in-phase motions
of girders and abutments compress the expansion joints across
frames, allowing Girder 1 greater space to move northward
without pounding against Girder 2, thereby resulting in a bearing
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FIGURE 13 | Effectofwave passage on the (A) average bearing displacement and (B) north abutment displacement for Yematan Bridge under pulse-

like ground motions with various pulse parameters (i.e., T, and V},); the north abutment displacements significantly increase due to more intensive chain

pounding for T, > 4.0 s.

displacement pattern where southern bearing displacements
exceed those on the northern side. When the wave-passage effect
is considered, however, the out-of-phase motions trigger signifi-
cant chain pounding, in which the northern girders and the north
abutment suppress the movement of Girder 1, leading to smaller
southern bearing displacements compared to those in the north.

Overall, when the wave-passage effect is not considered, the
in-phase motions of girders and abutments, together with the
compression of expansion joints, account for the displacement
pattern where the southern bearing displacements exceed those
of the northern side, as well as for the larger average bearing
displacements. In contrast, when the wave-passage effect is
considered, the changes in bearing displacements—namely, a
completely opposite distribution of bearing displacements from
south to north—are primarily driven by chain pounding. It is
worth noting, however, that the wave-passage effect has little
influence on the maximum absolute displacements of girders
(recall Figure 10).

Contour displacement responses of bearing and north abutment
in Yematan Bridge, with and without wave-passage effects, are
shown in Figure 13. As discussed earlier, the average displace-
ment responses of bearings are generally smaller when the
wave-passage effect is considered. However, the north abutment
displacements significantly increase, especially for longer pulse
periods (i.e., T, > 4.0 s, see the right side of blue dashed line in
Figure 13B), because the enhanced displacement of the northern
girder caused by chain pounding becomes more pronounced as
T, increases.

6.3 | Effect of Number of Spans

To investigate the effect of the number of spans, single-frame
bridges with various span configurations (1x 3,1x5,1x10,1x 15,
and 1 X 25), as well as a counterpart bridge without abutments,
are analyzed under synthetic pulse-like ground motions. Note
that the results for bridge without abutments are independent
of the number of spans, since all girders undergo identical in-
phase motions (without considering the wave-passage effect).
Also, chain pounding is excluded since all cases consist of a single
frame.

Figure 14 shows contour charts of average bearing displacements
and north abutment displacements. Compared to the bridge
without abutments, the differences in the results of Bridges 1 x 3,
1 x5 1x10,1x 18, and 1 x 25 are primarily attributed to
the influence of their abutments. The effect of the abutments is
reflected in the shift of the girder-falling and abutment-failure
regions towards shorter T, and larger V,, which becomes more
remarkable as the number of spans decreases. This shift occurs
because the abutments increase the overall stiffness of the bridge.
To further elucidate this, an energy-weighted mean period (7T,,)
[78] is employed to characterize the dominant frequency (period)
components in the girder vibrations, as given by

_ 2LA/f) - Sk (f)] )
" Y Sk (f0)

where Sy (f;) denotes the Fourier power spectrum of girder
acceleration at frequencies f; within a sufficiently wide range of
0.01-25 Hz.

Figure 15 presents contour plots of dominant periods of girder
vibration under earthquakes. The dominant period at a T,-V,
pair in this figure is the average dominant period derived from
the girder acceleration responses against seven motions for that
T,-V, pair. Across the subplots of Figure 15 (from right to the
left), the bridge dominant periods are notably reduced, especially
for short bridges, due to the effective constraint of abutments.
Under the pulse-like motions, structural displacement responses
reach peaks when T, approaches the bridge vibration period, as
reported in previous studies [79]. Therefore, a reduction in the
bridge vibration period leads to a decrease in the unfavorable
pulse period, that is, the period at which maximum displacement
responses occur. From a general comparison between Figures 14A
and 15, variations of bridge dominant periods with respect to V,,
T,, and—most importantly—the number of spans, align with the
trend in the bearing displacement responses.

Figure 16 presents the displacement and velocity time histories
of girders under pulse-like ground motions with different pulse
periods (T,). The instances when girder pounds against the south
and north abutments are marked by blue and red dashed lines,
respectively. The results can be interpreted from two perspec-
tives. First, regarding the effects of abutments, the presence of
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FIGURE 14 | Effect of number of spans on the (A) average bearing displacement and (B) north abutment displacement for one-frame bridges under
pulse-like ground motions with various pulse parameters (i.e., T, and V).
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FIGURE 15 | Effect of number of spans on the girder dominant vibration period (unit: s) for one-frame bridges under pulse-like ground motions

with various pulse parameters (i.e., T, and V},).

abutments stiffens the bridge system and reduces its dominant
vibration period. Consequently, compared with the case without
abutments, girder displacements increase under short-period
motions (Figure 16A) but decrease under long-period motions
(Figure 16B). Second, in terms of the bridge length, a smaller num-
ber of spans means a more evident effect of abutment constraint,
and more pronounced reduction of bridge vibration period. Thus,
under short-period motions, displacements of shorter bridges are
slightly larger than those of longer bridges (Figure 16A), whereas
under long-period motions, they become significantly smaller
(Figure 16B).

6.4 | Effect of Number of Frames

To investigate the impact of frame numbers, bridges with various
frame X span configurations, 1 X 5, 2 X 5,3 X 5, 4 X 5, and
5 X 5 are analyzed under pulse-like ground motions. Figure 17
presents contour charts of average bearing displacements and
north abutment displacements. A shift of the girder-falling region

and abutment-failure region is also observed, similar to Figure 14,
because the total number of spans increases with the increased
number of frames. In addition, multi-frame bridges (M x N
spans in Figure 17) exhibit bearing responses comparable to
those of single-frame bridges with the same total number of
spans [i.e.,, 1 X (M x N) spans in Figure 14]. However, their
abutment displacements are noticeably smaller, especially for
longer bridges, such as Bridge 5 X 5 compared with Bridge 1 X
25. The reason for this is explained below.

Figure 18 indicatively illustrates the effect of chain pounding
on the abutment response under Wave 5 with T, = 5.5 s and
V, = 120 cm/s. The north abutment displacement equals the
adjacent girder displacement minus the expansion joint gap, so
the displacement of the northernmost girder is used to interpret
the abutment displacement. For Bridge 5 X 5, the velocity of
the northernmost girder drops when pounding against the north
abutment, but soon recovers due to the subsequent rear pound-
ings from southern girders. This exemplifies the energy transfer
from south to north during chain pounding, along the pounding
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FIGURE 17 | Effect of number of frames on the (A) average bearing displacement and (B) north abutment displacement for multi-frame bridges
under pulse-like ground motions with various pulse parameters (i.e., T, and V},).
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paths shown in Figure 18. The transferred energy is mainly
dissipated through plastic deformation of the north abutment.
Besides, the first velocity increase of Girder 5 caused by the rear
pounding from Girder 4 is most evident, while later increases
from Girders 3 and 2 gradually diminish, which results from
energy dissipation along the chain path and reduced pounding
intensity. In addition, more distant girders may not participate in
chain pounding, such as Girder 1 in this case. Nevertheless, the
energy transferred from Girder 3-5 is sufficient to cause of north
abutment failure.

In Figure 18A, the velocity increments induced by the rear pound-
ings from the southern girders lead to a larger displacement of the
northernmost girder in Bridge 5 X 5 compared to the Bridge 1 X
5. However, in Figure 18B, more pronounced velocity reduction
of the girder when pounding against the north abutment results
in a smaller girder displacement in Bridge 5 X 5 even subjected to
the rear poundings from southern girders compared to Bridge 1
X 25. This finding demonstrates that when a multi-frame bridge
(M x N spans) experiences significant chain pounding, its abut-
ment displacement response falls between that of a 1 x N-span
single-frame bridge and a 1 X (M x N)-span single-frame bridge.

7 | Conclusions

This study investigates the seismic damage mechanisms of two
near-fault, multi-frame highway bridges: Heihe Middle Bridge
(1 x 3 spans) and Yematan Bridge (5 X 5 spans) via field
damage observations and parametric analyses. The key findings
are summarized below:

1. The directivity pulse of near-fault seismic motion is the
primary cause of the significant seismic damage differences
between Heihe Middle Bridge and Yematan Bridge. The
possible pulse period in the bridge site region is T, > 4.0 s,
and the pulse velocity amplitude is V,, > 110 cm/s.

2. Heihe Middle Bridge exhibited only slight seismic damage
during the Maduo earthquake due to its smaller span num-
ber (and thus lower total mass). The abutments effectively
constrained the girders, significantly increasing the overall
stiffness of the bridge structure. The structural period, being
far from the pulse period, resulted in minimal response.

3. Despite having only five spans in each frame, Yematan
Bridge experienced significant chain pounding, transferring
kinetic energy from adjacent several girders to the north
abutment. This caused severe damage to the north abutment,
leading to uncontrolled girder displacement and widespread
girder collapse. Compared to uniform excitation, the wave-
passage effect significantly increased the pounding force,
frequency, duration, the number of participating girders
due to out-of-phase motions of girders and abutments. This
led to the formation of a bearing displacement distribution
pattern where the northern bearing displacements are larger
than those of the southern bearings, consistent with the
field-observed girder-falling pattern where widespread girder
falling concentrated on the northern side.

4. The primary reason for the differing responses between long
and short bridges is the varying influence of abutments.

Abutments increase the overall stiffness of the bridge, thereby
shortening its dominant vibration period. This constraint
effect becomes stronger in bridges with fewer spans. As a
result, under short-period pulse-like motions, the displace-
ment responses of girder in shorter bridges are generally
larger than that in longer bridges, whereas under long-
period motions, the opposite holds true, with longer bridges
exhibiting larger responses.

5. Chain pounding exhibits a characteristic inverted-triangle
time-space distribution of pounding events in the proposed
pounding Gantt plot. The formation of chain pounding is
influenced by ground motion pulse parameters and phase
differences in girder movement caused by limited apparent
wave velocity. In chain pounding, energy is transferred
between girders in the same direction through successive
pounding events, increasing the displacement demand of the
girders and abutments in the direction of energy transfer.
This effect is particularly pronounced when considering the
wave-passage effect.

6. When a multi-frame bridge (M X N spans) experiences
significant chain pounding under pulse-like ground motion,
its abutment displacement response in the direction of chain
pounding falls between that of a 1 X N-span single-frame
bridge and a 1 X (M X N)-span single-frame bridge.

For bridges in near-fault regions, seismic design of multi-
frame/multi-span highway girder bridges should carefully con-
sider the relationships between bridge length and the pulse
period of ground motions. On the other hand, it is advisable to
place displacement-restraining piers at some intervals, which, in
effect, divide the bridge into shorter segments, mitigating chain
pounding and improving control of girder displacements; the
associated design approach merits further study. In addition,
damage from the Maduo earthquake highlights the essential role
of abutments in preventing longitudinal collapse, indicating the
need for further work on how chain-pounding effects should
be incorporated into abutment design, particularly for near-fault
pulse-like motions.
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Appendix A: Configurations of Yematan Bridge and Heihe Middle bridge

Yematan Bridge has two separate lanes for uphill and downhill traffic. Each lane consists of five frames, each being a 5-span girder bridge, totaling 25
spans. The superstructure of each frame consists of simply-supported prestressed concrete hollow slab girders with a continuous concrete deck (see
Figure A1A). The bent consists of a cap beam and two reinforced concrete (RC) columns with circular cross-sections supported on individual drilled
shafts (see Figure A1C). Dimensions and some material parameters of girders, bent columns, and cap beams are listed in Table Al. Each end of a girder
is supported by 14 bearings. Unbonded laminated rubber bearings with stainless steel-PTFE sliding interface are adopted. The expansion joint sizes at
abutments and middle bents are 8 cm and 16 cm, respectively. Heihe Middle Bridge features the same structure as Yematan Bridge, but with a different
span configuration (see Figure A1B). Specifically, Heihe Middle Bridge consists of a 3-span girder bridge for each lane. The expansion joint size at
abutments is 2 cm. Both bridges have identical seat-type abutments with two piles as foundation. Detailed abutment configurations are provided in a

recent study by the authors [39].

(A) First frame: 520 m simply-supported bridge with continuous deck Other four frames |
20 | 20 | 20 L 20 L 20 ‘
| | | I
Q.08 Expansion joint 016 L 0‘05."__
= — = = o = =
TR &or 2l BT BT ﬁ @
| | Abutment M M I I ] Abutment | |
Il I I Il Il I [
[l I I Il Il I Il
I [l I Il 'l Il Il
3x20 m simply-supported bridge with continuous deck | 10 |
20 Jl_ 20 Jl_ 20
*”9_402 0.0_2_“__
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FIGURE Al | Bridge configuration (unit: m): (A) Yematan Bridge (5 x 5 spans), (B) Heihe Middle Bridge (1 x 3 spans) and (C) girders and bents.
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TABLE Al | Dimensions and material parameters of bridge components.

Component Dimension Concrete Reinforcements
Girders L=20m,; E.=32.6 GPa /
A=56m’

I,=08m" I, =40 m";
m = 408 ton per span

Bent columns D=12m f. =25.5MPa Longitudinal: n = 30, d; = 25 mm, f, = 335 MPa
H, e =25m E.=252GPa Stirrups: two hoops at 7 cm intervals, d, = 12 mm, f, = 335
MPa
Cap beams L=9.58m E.=252GPa /
H=14m
W=17m

Note: L: length; H: height; W: width; A: area; D: diameter; I and I,: moment of inertia; m: mass; H, 4 average height of column; E,: concrete elastic modulus; fc':
concrete compressive strength; n, d; and f,: number, diameter, and yield strength of reinforcements, respectively.

Appendix B: Quantitative Assessment of Site Liquefaction

B.1 Chinese Code Method

In the current Chinese code [42], the severity of surficial liquefaction can be assessed using the liquefaction index (Ijg) of soil within a depth of 20 m:

n Ni
hg=Y (1 o )Hiwi (BD)
with
10 ifz < 5m
Wi= {—0.6672 +13.33 if5Sm <z < 20m (B2)

where n is the total number of soil layers, divided based on the locations of SPT test points. The ratio N;/N,,; represents the liquefaction potential of the
i-th soil layer. N is the uncorrected SPT blow count, and N,, is the critical SPT blow count. W; is the depth weight function value of the i-th soil layer.
The critical SPT blow count N, can be determined by:

43a,,¢ ) 3
N = [ —2 ) [In(0.62, + 1.5) — 0.12,] 1/ = (0.25M — 0.89) (B3)
cr (amax +05 [ s w] oe
where a,,,, represents the horizontal peak ground acceleration (g), z, and z,, are the depths of the soil being assessed and the groundwater table (m),
respectively. p. denotes the clay content (%) (particle size smaller than 0.005 mm) and should be set to 3 when it is less than 3 or when the soil type
is sandy. M signifies the earthquake magnitude without specifying the type of magnitude scale, although moment magnitude (My,) is preferred [80].
According to the Chinese code method, the liquefaction level is minor when the liquefaction index Iz < 6, severe when Ij > 18, and moderate when I}
falls in between.

B.2 Ishihara-Inspired Liquefaction Potential Index (LPI;gy)

Based on the traditional Liquefaction Potential Index (LPI) proposed by Iwasaki et al. [81]., Maurer et al. [43]. developed a novel Ishihara-inspired
Liquefaction Potential Index (LPIgy), which incorporates the effects of a non-liquefied surface layer and a power-law depth weighting function. As
a result, it shows improvement over LPI in mitigating false-positive predictions. Therefore, the liquefaction index LPI;gy proposed by Maurer et al. is
utilized to evaluate the severity of liquefaction at bridge sites, and the formula is [43]

20m
LPIisyy =/ F(FS)-w'(z)dz (B4)
Hy
with

_ [1-FSifFS <1nH; -m(FS) <3
F(FS) = {0 otherwise (BS)
mFS) = exp | ——— ) -1 (B6)

= &P 25.56(1 — FS)

where FS is the factor of safety against liquefaction, m(FS) is the slope of the Ishihara boundary curve, Hj is the thickness of the surface non-liquefiable
layer, z is the depth to the ground surface, and w’(z) = 25.56/z is the modified depth weight function in a power-law form [43]. The factor of safety
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FIGURE B1 | Assessment of liquefaction severity at bridge sites according to Chinese code method and LPI;gy-based method.

against liquefaction, FS, can be estimated following the semi-empirical liquefaction evaluation procedure proposed by Idriss and Boulanger [82]:

exp { s . (O )2 (O )3 o (M )“ _ 2,8}
14.1 126 23.6 254
0.65 (—“’”“““X ) Ja 1
oo ) MSF K,
where CRR;5 ;-1 and CSR;5 - are the cyclic resistance ratio (i.e., capacity) and the cyclic stress ratio (i.e., demand), respectively, for My, = 7.5
earthquakes and effective vertical stress o’, = 1 atm. The CRR; 5 , —; can be estimated in terms of the soil penetration resistance, specifically (N} )go.s for
clean sand, where the fine content (particle size smaller than 0.075 mm) is less than 5%. If the fine content of the test soil is greater than 5%, an equivalent
clean sand (NN} )go¢s can be estimated using the method of Idriss and Boulanger [82]. The CSR; 5 is related to the maximum horizontal acceleration at the
ground surface ap,,x (g), the stress reduction coefficient r4, the magnitude scaling factor MSF, the overburden correction factor K, total vertical stress
o, and effective vertical stress ¢’y at depth z. The parameters ry, MSF, and K, can be estimated according to Idriss and Boulanger [82].

_ CRRy55q
CSR750=1

FS (B7)

In the original LPI;gy framework, liquefaction manifestation is anticipated when LPI;gy; > 5. However, the liquefaction severity grade is not specified.
In this regard, the liquefaction severity grade proposed by Wang et al. [83]. is applied, indicating minor liquefaction when 5 < LPI;gy < 10, moderate
liquefaction when 10 < LPIigy < 20, and severe liquefaction when LPIig > 20.

B.3 Liquefaction Severity Assessment Results

A total of 28 data points were collected from Yematan Bridge and 13 from Heihe Middle Bridge. Based on these data, the results of the liquefaction
severity assessment at the bridge sites are presented in Figure B1, utilizing a maximum horizontal acceleration at the ground surface of a;;,,x = 0.4 g. The
average N/N, ratio for each soil stratum is also listed next to the stratum histogram. The results indicate that the liquefaction index for most boreholes
is significantly greater than the severe liquefaction threshold, indicating that both bridge sites fall into the severe liquefaction category. Notably, these
results are consistent with the assessment by Yuan et al. [37]., although the I ;g values in this paper are higher due to the inclusion of more data points,
based on the assumption that liquefaction did not occur if data are missing for a particular stratum.

Appendix C: Fault Characteristics and Bridge Location

Ground-motion prediction commonly incorporates multiple key factors, including source mechanisms, wave-propagation effects, and site response [84,
85]. In this context, the fault characteristics and the spatial relationship between fault plane and the bridge site are summarized to aid in the generation of
near-fault directivity pulse-like ground motions. The moment magnitude, epicenter location, focal depth, fault type, strike, and dip are listed in Table C1.
According to Wells and Coppersmith [86], the primary approach for estimating subsurface rupture dimensions is the spatial pattern of early aftershocks.
The aftershock sequence relocated by Wang et al. [40]. within eight days after the mainshock indicates the total rupture length as approximately 170 km,
with focal depths mainly between 4 and 16 km. Thus, we estimate the rupture plane to be 170 km long and 12 km wide, with a Zpogr of 4 km (Z1oz is
the depth to top of rupture). Field surveys [59, 87] showed the surface rupture zone was about 100 m wide with three to four parallel cracks, passing
just north of Yematan Bridge, approximately 0.5 km from the center of the bridge. Figure C1A shows a cross-section perpendicular to the fault plane,
depicting the relative locations of the bridge and fault. The surface rupture zone is assumed to align with the fault plane extension, yielding a Joyner—
Boore distance (R;g) of 1.3 km and a rupture distance (Ry,;) of 4.2 km. The shear wave velocity at the bridge site (Vo) is 260 m/s, as estimated from
geotechnical reports detailed in a recent study by the authors [39]. Additionally, Figure C1B shows a 3D view depicting the relative spatial relationship
between the bridge and the focus. Angle between the bridge longitudinal axis and the direction from the epicenter to the bridge site («) is 50.5°.
Seismic wave incidence angle () at the bridge site is 76.2°, assuming homogeneous soil conditions and neglecting seismic wave refraction between soil
layers.
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TABLE C1 | Information of rupture fault and studied bridge sites in the Maduo earthquake.

Items Values Reference Items Values Reference
Moment magnitude M, 7.4 [40, 59] Distance from bridge ~0.5km [59, 85]
site to surface rupture:
R
Epicenter 34.652°N, 98.398°F [40] Ry R+ Zyop tan(Dip)=1.3 —
km

Focal depth 7.6km Ryup \/Rig + Z2 = 4.2km —
Fault type Strike slip [40, 58, 59] V50 at bridge site 260 km/s [39]
Strike 286° [88] a 50.5° —
Dip 79° B arctan(31/7.6) = 76.2° —
Rupture length 170km [40] — — —
Rupture Width 12km — — —
Zror 4km — — —

*Homogeneous soil is assumed, excluding the refraction of seismic waves between soil layers.

R
/5 [ Yematan Bridge a: angle between bridge axis and line of epicenter to bridge
R >+ , Surface rupture zone Focus B: incidence angle of seismic wave
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FIGURE C1 | Spatial relationship between Yematan Bridge and the rupture fault: (A) cross-section view perpendicular to the fault plane and (B)

three-dimensional view.
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