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Abstract

This paper systematically reviews bridge structural dynamics and pier damage mecha-
nisms under seismic excitation over recent decades, addressing four key aspects: (1) the
structural response of simply supported bridges subjected to horizontal seismic forces
and corresponding damage in shear keys and piers; (2) the impact of near-fault verti-
cal ground motion on vertical constraint degradation and its contribution to pier dam-
age; (3) the failure mechanisms of piers under bidirectional coupled seismic excitations;
(4) recent advances in innovative design concepts, structural configurations, and material
applications for seismic-resistant piers. Eventually, the limitations of current research are
identified, and potential future research directions and methodologies are proposed.

Keywords: girder bridges; near fault vertical earthquake; bidirectional coupled seismic
excitations; pier damage

1. Introduction
Bridge piers, as primary load-bearing components in bridge systems, not only directly

disrupt transportation networks but also severely impede post-earthquake emergency response
operations. Historical evidence from major seismic events consistently demonstrates that reha-
bilitating severely damaged bridges involves complicated and time-consuming reconstruction
processes, thereby resulting in substantial economic losses and increased social management
burdens. The earliest documented case of bridge seismic damage occurred during the 1906
San Francisco earthquake, when the Pajaro Railway Bridge became inoperable due to signif-
icant horizontal displacement and torsional failure of its piers. Similarly, five other bridges
lost functionality as piers slid toward the river centers, combined with either horizontal dis-
placement or torsional failure [1]. The 1948 Fukui earthquake damaged 247 bridges, including
four complete collapses. Post-earthquake analysis identified substructure failure, particu-
larly pier overturning, as the primary damage mechanism. Although the girders under-
went substantial displacements, adequate support lengths prevented more severe failures,
such as unseating [2]. During the 1964 Niigata earthquake in Japan, extensive soil liquefaction
triggered significant damage to the Showa Highway Bridge. Liquefaction-induced sliding of
the left bank caused significant pier displacement, leading to bending failure of two central
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piers, with one exhibiting 93 cm residual displacement and the collapse of five of the bridge’s
twelve spans. Subsequently, the 1995 Great Hanshin Earthquake witnessed the bending
failure of reinforced concrete piers on the Fukae section of the Hanshin Expressway, which
triggered the progressive collapse of 18 consecutive bridge spans [3]. Similar failure patterns
emerged during the 2008 Wenchuan earthquake, particularly near the fault zone. A survey of
1657 bridges revealed that girder bridges accounted for 1370 cases (82.7%), with over 16% sus-
tained moderate-to-severe damage characterized mainly by girder falling and pier failure [4,5].
These cases underscore two fundamental imperatives in bridge seismic design: structural
safety preservation through ductile detailing and capacity-protected components during seis-
mic events and enabling rapid functional recovery through repairable damage control and
modular construction. This approach is essential for enhancing regional disaster resilience and
optimizing post-disaster reconstruction, thereby mitigating socioeconomic disruptions.

Existing research establishes a relatively comprehensive theoretical framework and de-
sign specifications for the seismic performance of bridge structures under horizontal ground
motions. However, significant deficiencies remain in addressing vertical seismic actions pri-
marily due to two cognitive limitations: (1) The conventional assumption that the peak vertical
ground acceleration (PGA) typically constitutes only 30–60% of the horizontal component
(V/H = 0.3–0.6), implying its effects are adequately covered within the safety margin of struc-
tural vertical bearing capacity [6,7]. (2) Current seismic design codes (e.g., Turkish Earthquake
Code TEC-1998 and GB50011-2010) are predominantly based on far-field earthquake statistics,
with only limited provisions for near-fault ground motion effects and corresponding design
methodologies available in a few national standards, such as the United States, Europe, and
Japan [8–11]. These specifications also fail to adequately account for the potential for vertical
ground motions to exceed horizontal components in near-fault regions.

However, post-earthquake investigations and computational simulations conducted
over the past three decades have revealed that vertical seismic actions can significantly
exacerbate horizontal pounding forces and increase pier damage risks through three mech-
anisms: (1) inducing girder–bearing separation [12–14]; (2) amplifying axial force fluctua-
tions in piers [15–18]; (3) altering structural dynamic characteristics [14,19]. These critical
dynamic coupling effects remain overlooked in contemporary seismic design frameworks.

This study systematically reviews research progress in the seismic design for bridge
piers, examining structural responses and failure mechanisms under horizontal, vertical, and
bidirectional coupled seismic excitations. It comprehensively summarizes the development
trends in seismic mitigation and isolation techniques for bridge piers from the perspectives
of materials, structural, and technological applications. Meanwhile, current seismic analysis
methods tend to underestimate the risk of bearing–girder separation induced by vertical
seismic components, leading to insufficient prediction of amplified transverse pounding
forces. To address this limitation, this paper proposes an integrated analytical framework
and validation methodology designed to accurately quantify these interaction effects. The
findings contribute to enhancing the seismic performance assessment system for bridge piers
by incorporating essential critical vertical excitation-induced interactions. The organizational
framework of this review is shown in Figure 1.

Figure 1. Framework of this review.
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2. Impact of Horizontal Seismic Excitation on Bridge Substructure
Under horizontal seismic excitation, the seismic resistance of highway and railway

bridges predominantly hinges on the synergistic interaction among pier-bearing-shear
key assemblies (Figure 2). This collaborative mechanism serves to constrain girder dis-
placement and prevent unseating failure. Specifically, bearings generally exhibit failure
prior to primary structural members. Following damage, significant relative displacement
ensues between the superstructure and substructure. To mitigate transverse unseating
or misalignment, shear keys are conventionally installed on both sides of bridge abut-
ments and bent caps. Nevertheless, owing to the limited structural dimensions of shear
keys, they are typically regarded as “secondary components” within the bridge systems.
Consequently, seismic analyses of bridge structures overlook the ramifications of damage
occurring proximity to shear keys [20,21]. Field observations from actual seismic damage
reveal that when horizontal seismic excitation intensity exceeds the design threshold, the
pounding force between shear keys and girders intensifies precipitously. This excessive
impact force not only fails to effectively restrain girder displacement but also propagates
amplified horizontal forces to piers through shear key collisions or bearings. This, in turn,
precipitates severe cumulative damage in substructures [22,23].

Figure 2. Arrangement of shear keys for highway and railway bridge (a) highway bridge; (b) railway bridge.

2.1. The Impact of Horizontal Seismic to Shear Keys

Under horizontal seismic excitation, the collision-induced damage in bridge structures
primarily manifests through interactions between adjacent spans and the dynamic response
of the girder–shear key system, with the collision mechanism between the girder and
shear keys being particularly critical. As the core component for restraining transverse
displacement, the design performance of shear keys directly influences the mitigation of
girder unseating risks [24,25]. Historical seismic damage investigations have demonstrated
the prevalent failure of conventional shear keys under strong earthquakes: During the
1994 Northridge earthquake, exterior transverse shear keys suffered extensive shear failures
due to impact [26,27] (Figure 3a). The seismic damage analysis of over 5000 bridges
during the 2008 Wenchuan earthquake revealed that brittle shear failure of shear keys
was one of the typical failure modes [28] (Figure 3b). Some earthquake cases in Chile
and Iceland further validated the severity of such failure [29,30] (Figure 3c). Currently,
with the widespread application of elastomeric bearings in small-to-medium span girder
bridges, this weak constraint significantly increases the risk of transverse unseating of the
superstructure [31,32].
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Figure 3. Various shear key seismic failures (a) Northridge Earthquake [33]; (b) Wenchuan Earth-
quake [28]; (c) Chile Earthquake [34].

2.1.1. Failure Models of Shear Key

In response to various seismic failure observed in shear keys, researchers have con-
ducted extensive investigations. Megally et al. [24] pioneered experimental tests on
7 internal and 6 external shear keys designed as sacrificial components, identifying three
distinct failure modes, diagonal tension failure (Figure 4a), flexural failure (Figure 4b),
and sliding shear-friction failure (Figure 4c), along with corresponding bearing capacity
calculation formulas. The influence of the depth-to-height ratio (α) and the reinforcement
ratio on the bearing capacity of the shear key was investigated. The results indicate that
the bearing capacity increases as α decreases.

Figure 4. Three failure modes of the shear keys (a) diagonal tension failure; (b) flexural failure;
(c) sliding shear-friction failure (redrawn based on [24]).

Building on above findings, Bozorgzadeh et al. conducted an in-depth investigation
into the failure mechanisms of concrete exterior shear keys. Through experimental data from
12 reinforced concrete exterior shear key impact tests, they validated Megally’s conclusions
while performing a comparative analysis of failure mechanisms relative to reinforcement
configurations, ultimately proposing specific optimization pathways [35]. Increasingly, re-
searchers have conducted parametric tests on shear keys, yielding significant findings. Among
these, Xu Lueqing et al. discovered through experiments on 6 groups of exterior shear keys
that the longitudinal reinforcement ratio substantially influences bearing capacity, whereas
reinforcement placement exhibits negligible effects [36]. Zheng et al. investigated the rela-
tionship between shear key bearing capacity and both thickness and stirrup configurations
through quasi-static tests, revealing that bearing capacity increases proportionally with thick-
ness; however, shear keys with open stirrups exhibit comparable ultimate strength yet are
prone to brittle failure, consequently undermining seismic performance [37]. In contrast,
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Xu Liangjin’s test on 8 concrete shear keys revealed that height and bent cap horizon-
tal reinforcement quantity exhibited negligible effects on ultimate bearing capacity [38].
Wang et al. experimentally demonstrated that for prefabricated reinforced concrete shear keys
subjected to high-intensity seismic actions the probability of diagonal shear failure exceeds
80% [39]. Table 1 below summarizes relevant experimental research progress on shear key
bearing capacity over the past three decades.

Table 1. Experimental study on shear key bearing capacity and influencing factors.

Author(s) Number of Specimens Research Parameter(s) References

1 Bozorgzadeh et al. 12 Reinforcement ratio and location [35]

2 Zheng et al. 4 Thickness, stirrup and reinforcement ratio [40]

3 Xu et al. 12 Longitudinal reinforcement ratio, loading height,
and other factors [36,41,42]

4 Xu Jinliang 8 Concrete strength, stirrup configuration [38]

5 Kottari et al. 12 Location and smoothness of the sliding surface [43]

6 Han et al. 12 Concrete strength, and horizontal tie
reinforcement ratio and location [44,45]

7 Meng et al. 4 Initial gap [46]

Based on the experimental studies on shear keys, the following conclusions can be
drawn: (1) The longitudinal reinforcement ratio exerts a significant influence on the shear
key’s bearing capacity. An increase in the longitudinal reinforcement ratio markedly
enhances its load-carrying capability. (2) A strong correlation exists between the shear key’s
bearing capacity and the shear reinforcement ratio, with the capacity showing improvement
as the reinforcement ratio increases. (3) Increases in both concrete strength and shear key
thickness contribute to an enhanced bearing capacity; however, their impact on structural
ductility remains limited. (4) The force transferred from the shear key to the cap beam or
pile cap is primarily resisted by the horizontal tie reinforcement at the top of the cap beam.
Sufficient horizontal tie reinforcement can effectively inhibit the propagation of diagonal
cracks and prevent shear failure, although its strength has an insignificant effect on the
ultimate bearing capacity of the shear key. (5) The prevailing view suggests that the bearing
capacity of shear keys tends to decrease with an increasing loading height, although this
perspective remains contentious. (6) No clear correlation has been established between the
collision force exerted on shear keys and the initial spacing.

Ongoing investigation into the mechanical behavior of shear keys has led to the contin-
uous development and emergence of diverse seismic damping and isolation technologies
for these components. In 2001, Megally et al. pioneered the concept of sliding-type seis-
mic shear keys, demonstrating superior energy dissipation capacity and post-earthquake
repairability compared to monolithic shear keys, which has been widely adopted in en-
gineering practice [24]. Concurrently, Fan et al. proposed a rubber-buffered shear key
(Figure 5a) applied in Sichuan highway bridges, which validated its seismic resistance
during the Wenchuan earthquake, China [47]. Adhering to the “multi-defense lines and
staged energy dissipation” concept, Wang et al. designed dual-layer shear keys (inner and
outer) (Figure 5b) and validated their efficacy via finite element analysis, demonstrating
superior seismic performance [48]. Concurrently, based on shear key damage patterns
observed in the Wenchuan earthquake, Xiang et al. proposed optimized friction-based
energy-dissipating shear keys, which significantly reduced sensitivity to bearing friction
coefficient variations while effectively restraining girder displacement compared to con-
ventional reinforced concrete counterparts (Figure 5c) [49]. Bhuiyan et al. recommended an
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energy-dissipating shear key directly utilizing Shape Memory Alloys (SMA) to leverage
their superior energy dissipation capacity [50]. Simultaneously, Wu et al. developed prefab-
ricated Ultra-High Performance Concrete (UHPC) shear keys, with full-scale experiments
demonstrating that post-tensioned UHPC achieved 2.47 times the ultimate shear capac-
ity of conventional RC counterparts while exhibiting minimal crack width and superior
self-centering capacity (Figure 5d) [51].

Figure 5. Forms of new shear keys (a) rubber-buffered shear key [47]; (b) dual-layer shear key [48];
(c) friction-based energy-dissipating shear key [49]; (d) UHPC shear key [51].

Beyond concrete shear keys, steel counterparts have gained increasing research attention
owing to their plastic energy dissipation and ease of repair. The concept of utilizing steel
damping devices for structural reinforcement and seismic isolation was initially proposed in
the early 1970s [52]. Subsequent studies have proliferated, with emerging steel shear key types
primarily categorized into three configurations: X-shaped steel shear keys, H-shaped shear
keys, and steel plate shear keys (Figure 6). In 1991, Ciampi pioneered the use of steel structures
as damping energy dissipation devices to protect bridges during earthquakes, prompting
extensive testing of various dampers by subsequent researchers [53]. By 2011, Vasseghi proposed
replacing traditional concrete shear keys with X-shaped steel shear keys for bridge reinforcement,
experimentally demonstrating their superior seismic performance [54]. For H-shaped steel
shear keys, Tang et al. conducted slotted connection tests on multiple configurations, revealing
that double-row perforated stiffened shear keys exhibit significantly higher shear resistance
than single-row perforated variants [55]. Zhu et al. leveraged the mechanical advantages
of H-shaped to develop a novel H-shaped steel shear key, establishing theoretical bending-
curvature-displacement relationships and validating them via finite element fitting, thereby
advancing theoretical framework for shear key bearing capacity [56]. Wei et al. introduced
an Equal Strength Mild Steel Tenons (ESMST) elastoplastic shear key, providing exceptional
seismic resilience for railway bridges [57].

Figure 6. Structural drawing of X-shaped (a) and H-shaped (b) steel shear keys (redrawn based
on [53–55]).



Buildings 2025, 15, 4393 7 of 31

2.1.2. Seismic Shear Key Design Methodology in Earthquake-Prone Countries

As a “fusing” component in bridge seismic systems, restrainers effectively dissipate
seismic energy through sacrificial failure mechanisms. Based on typical seismic damage
characteristics and historical earthquake experiences, countries have proposed differen-
tiated design requirements for shear keys. The United States has pioneered research on
lateral impact behavior of shear keys, establishing a systematic and well-developed design
framework. According to the South Carolina Department of Transportation (SCDOT) High-
way Bridge Specifications, shear keys are categorized into concrete shear keys and steel
shear keys, with distinct shear capacity requirements specified for each. Notably, the recom-
mended dimensions of shear keys in the SCDOT specifications are significantly smaller than
those in the California Department of Transportation (Caltrans) standards, making them
unsuitable as standalone sacrificial components and necessitating supplementary seismic
restraint measures [58]. The American Association of State Highway Officials (AASHO)
Bridge Design Specifications further clarify the “fuse” function of seismic shear keys, classi-
fying them into internal and external shear keys and recommending external shear keys as
the preferred choice for new constructions. Additionally, the specifications provide detailed
load-bearing capacity requirements for shear keys at different structural locations [59]. The
California Department of Transportation (Caltrans) specifications, based on experimental
research by Megally et al. from the University of California [24,35], proposed a series
of shear key parameter indicators and classified shear keys into two categories: seismic
isolation type (sliding type) and non-seismic isolation type (integral type).

In light of the installation location of the shear key at the abutment/beam cap, the
shear resistance capacity of integral type shear key must satisfy the following formula [60].

VC =
[
0.75∑ Vpile, αPsup

dl

]
min

(1)

where 0.75∑ Vpile is the sum of shear resistance of piles, Psup
dl represents the axial permanent

load effect of the abutment, satisfying VC = 0.3Psup
dl when the spread footing is adopted.

For seismic isolation-type shear keys, the cross-sectional area of shear reinforcement
(As) penetrating the contact surface and the quantity of horizontal stirrups on the bent cap
surface shall satisfy:

Ask = Vc/(1.8 fye)

Ash = 2Aiso
sk(provided)

(2)

where fye denotes as the shear capacity of shear reinforcements, and Aiso
sk(provided) is the area

of shear reinforcements.
Additionally, the design provisions for shear keys are covered in the U.S. standards

ASCE-7, ACI 318, and FHWA specifications [61–63].
In the 1972 Japanese “Specifications for Highway Bridges—Seismic Design with Com-

mentary”, anti-unseating devices were mandated by requiring limiters at beam ends to
prevent girder collapse. Following the 1995 Great Hanshin Earthquake, the updated Spec-
ifications for Highway Bridges—Part V: Seismic Design with Commentary emphasized
holistic structural seismic performance, classifying continuous beam connections and bear-
ings as primary structural components. This revision specifically addressed connection
integrity between girders, girders and abutments, and girders and piers [64].

Connection methods between beams and abutments or bearings, as specified in the
New Zealand Bridge Manual (1994), include connection bolts, shear keys, and specially
designed bearings, which shall be selected based on design requirements [65]. Elastomeric
bearings with shear bolts are not recommended. When loose connections are adopted
between girders and bearings, lateral restraint devices must be provided.
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As a seismically active country, China has accumulated extensive experience in seismic
engineering; however, the design of bridge shear keys has long been underemphasized.
The current Specifications for Seismic Design of Highway Bridges (JTG/T B02-01-2008) only
mandates transverse displacement control measures for simply supported and continuous
girder bridges in regions with seismic fortification intensity of VII degrees or higher, without
specifying detailed design methodologies [66]. Similarly, while the Code for Seismic Design
of Railway Engineering (GB 50111-2006) mandates the installation of shear keys in seismic
zones to prevent girder unseating, it fails to provide specific design parameters or detailed
construction specifications [67].

A comparative analysis of seismic design standards across multiple seismic-prone nations
reveals that, apart from systematic provisions for shear key bearing capacity calculations and
failure mechanisms in codes such as the AASHTO (Washington, DC, USA), most countries
still exhibit systematic deficiencies in shear key design specifications, urgently requiring
refinement of their technical guidance systems (refer to Table 2).

Table 2. Comparative analysis of shear key (retraining block) design provisions in seismic codes of
earthquake-prone countries and regions.

Country
/Region

Design and Structural Requirements of Shear Key (Retaining Block)

Constructional
Measure

Design of
Classification

Bearing
Capacity

Layout of
Reinforcement

Other
Requirements

American
√ √ √ √ √

Japan
√ √

— — —

China
√

— — — —

New Zealand
√

— — — —

European Union
√

— — —
√

Note: “
√

” indicates “present”; “—” indicates “absent”.

2.2. The Impact of Horizontal Seismic to Bridge Piers

Although shear keys effectively restrain girder displacement, excessive horizontal
collision forces can significantly amplify shear forces and bending moments at pier bases,
thereby increasing the risk of pier damage [22]. Early research has confirmed that this
collision issue primarily stems from the relative sliding effect caused by insufficient con-
straint between rubber bearings and pier caps in highway girder bridges during earth-
quakes [10,13,31,47,68].

In 2007, Nielson et al. conducted numerical analyses on various types of girder bridges
(steel and RC girder bridges), revealing that transverse seismic excitation significantly in-
fluences bridge responses. Specifically, the stiffness of fixed bearings critically affects pier
ductility, and they proposed critical stiffness thresholds for these bearings [69]. Concur-
rently, Fan Lichu et al. experimentally analyzed the mechanism of lateral sliding between
girders and piers, preliminarily establishing dynamic response patterns and structural
impacts of laminated rubber bearings during sliding [10,47]. Wang et al. investigated
extensive bridge seismic damage cases, demonstrating that excessive transverse restraint
by shear keys not only fails to mitigate girder displacement but also adversely affects
piers. Researchers identified the strong constraint from shear keys as the primary cause of
diagonal cracks in piers of the Baihuahu bridge during the Wenchuan earthquake [70,71].
Xu et al. noted that the stiffness of shear keys significantly exceeds that of laminated rubber
bearings. Consequently, researchers recommended modeling the transverse connection as
a fixed constraint in analytical frameworks [72]. Meng et al. conducted shake-table tests on
a 1:6-scale model of 32 m standard-span high-speed railway simply supported bridge. The
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results demonstrated that transverse pounding effectively restricts relative displacement
between the girder and shear keys, yet amplifies the bending moment response at pier
bases and the acceleration response of the girder by over 50% [46]. Li et al. investigated
the interaction between shear keys and bearings in a multi-span continuous bridge, re-
vealing that shear key strength markedly amplifies internal forces in short piers, with
shorter piers exhibiting greater sensitivity to variations in shear key strength [73]. Similarly,
Pi et al. analyzed coupling relationships through a bearing-shear key-pier interaction
model, concluding that shear key design strength should not be excessively increased for
short piers [74]. Subsequently, Ma et al. conducted finite element simulations to investigate
the effects of restraint shear keys on highway continuous bridge piers, with results indicat-
ing that such restraints amplify seismic forces in piers, thereby increasing their vulnerability
to earthquake-induced damage [75]. Table 3 summarized the current research progress on
the influence of shear keys on pier damage.

Table 3. Factors influencing the failure of shear keys.

Author(s) Research Model(s) Factors References

Wang et al. Baihuahu Bridge Excessively high strength of shear
keys can adversely affect the piers [70,71]

Meng et al. A 1:6-scale model of high-speed
railway simply supported bridge

Transverse shear keys effectively
restrain girder displacement; but

significantly increases the bending
moment at the pier bottom.

[46]

Li et al. Typical highway simply supported
box girder bridges in China

Short piers are more sensitive to
variations in shear key strength [73]

Pi et al. Shoujiang Bridge For short piers, the design strength of
shear keys should not be excessive. [74]

Ma et al.
High-intensity seismic zone typical

highway 5 span continuous
girder bridge

The strength of shear keys should be
maintained within a reasonable

range; otherwise, it may increase the
probability of pier damage

[75]

With the advancement of artificial intelligence Nettis et al. systematically investigated the
seismic performance of seismically isolated bridges subjected to pre-existing differential ground
displacements, such as those induced by landslides. The research quantitatively assessed the
impact of various displacement scenarios on the residual deformation capacity of elastomeric
bearings. Notably, it provided the first systematic validation of the significant increase in bridge
fragility and risk under multi-hazard coupling effects [76]. Di Mucci et al. proposed an integrated
computer vision and probabilistic analysis framework for assessing corrosion in reinforced
concrete (RC) bridge piers and introduced BriCANet, a neural network capable of automatically
identifying corrosion levels from images. A fiber model incorporating non-uniform corrosion
was developed to quantify the degradation in seismic performance. Furthermore, an incremental
seismic risk indicator (∆λc) was proposed to evaluate corrosion-induced risk elevation. Case
results demonstrated that severe corrosion could increase the seismic risk of piers by up to 598%,
highlighting the framework’s potential for advancing fragility analysis of corroded RC piers
under seismic conditions [77]. Zheng et al. proposed a near-fault pulse-type bridge response and
fragility analysis method based on a Long Short-Term Memory (LSTM) network. This approach
captures the nonlinear mapping between pier bending moments, pier bottom curvatures, and
pier top displacements, enabling rapid prediction of structural response indicators under long-
duration and multi-output conditions. Their method significantly reduces prediction time
(1 s versus 66 h), providing robust theoretical support for post-disaster bridge assessment [78].
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2.3. Seismic Resistance and Strengthening of Girder Bridges

In response to potential seismic damage to the substructure of bridges, the mainstream
methods are installing rubber cushioning layers or steel restrainers can reduce impact loads
transmitted to shear keys and piers [54,79,80]. Alternatively, structural reinforcement—such as
strengthening connections between girders and bearings, enlarging pier cross-sections, or increas-
ing reinforcement—may enhance resilience [81]. However, robust girder–bearing connections
(i.e., strong connections) may induce plastic deformation in piers during strong earthquakes.
Without sufficient reverse acceleration, piers cannot revert to equilibrium [82]. Furthermore, pier
reinforcement compromises aesthetics, elevates costs, and alters dynamic characteristics [83].

Therefore, for distinct bridge systems, seismic fortification measures should be tailored
by considering both the seismic capacity and inherent vulnerabilities of each bridge type.
For example, in girder bridges, particularly continuous girder bridges, the arrangement of
fixed piers and variations in pier heights lead to significant disparities in the horizontal lat-
eral resistance stiffness among individual piers. During seismic events, this stiff imbalance
can result in a severely uneven distribution of seismic forces, thereby exacerbating stress
concentrations. To mitigate this risk, the installation of a Voltage Limiting Device (VLD) is
often recommended to harmonize the horizontal force distribution among piers, thereby
enhancing uniformity in internal force allocation. In 2009, Li et al. proposed a damping
tenon specifically tailored for girder bridges. Based on the concept of functional separation
of supports, this device transfers the horizontal forces from the girder to the damping tenon,
which absorbs energy and mitigates impact through plastic deformation, thus protecting
the pier structures effectively [21,84,85]. Subsequent research has further advanced the
development and application of damping tenons, leading to variants such as tenon-shaped
anti-falling devices, which have been widely implemented in simply supported railway
bridges located in high-seismic-intensity zones [86–89]. In addition to damping tenons,
other structural and material-based seismic measures have garnered significant attention.
These include: (1) structural measures such as adding concrete cap beams [90], increasing
the span between bearings, installing compression-tension bearings [91], and implementing
pier–girder rigid connections to improve overall stability [92]; seismic isolation and en-
ergy dissipation techniques, for instance, using friction pendulum bearings or lead-rubber
bearings to prolong the structural period or dissipate seismic energy [93–96]; (2) advanced
material reinforcements like Ultra-High Performance Concrete (UHPC) and Carbon Fiber-
Reinforced Polymer (CFRP), which are employed to strengthen girders or piers, enhancing
their seismic performance and damage tolerance.

Recently, seismic resilience assessment of girder bridges in high-intensity zones has
become a focal point of research. By integrating systematic vulnerability analysis, func-
tional loss quantification, and recovery modeling, scholars have established resilience
evaluation frameworks that account for multi-component damage and repair processes.
These frameworks provide a theoretical basis for optimizing the seismic performance of
bridges throughout their life cycle [97–99].

2.4. Summary

Research on the horizontal seismic response of bridges has established a mature
system—with theoretical, experimental, and numerical advancements yielding substan-
tial achievements. Building on these, many countries have formulated specific design
requirements for lateral restraint blocks, and the academic community has proposed corre-
sponding mitigation strategies for secondary pier damage induced by transverse collisions.
However, observations from near-field earthquakes over the past two decades reveal that
the impact of vertical seismic components on piers can no longer be overlooked, presenting
new challenges to seismic resilience research for bridge piers.
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3. Impact of Vertical Seismic Excitation on Bridge Piers
Based on historical far-field seismic records, the peak acceleration of vertical ground

motions is significantly lower than that of horizontal ground motions [100,101]. In structural
design, vertical issues are predominantly attributed to static loads (e.g., self-weight and vehicle
load), while the impact of vertical seismic forces is often overlooked. Consequently, bridge
dynamics research has primarily focused on the transverse direction, with limited studies
addressing vertical responses. However, over the past three decades, near-field earthquakes
such as the 1987 Imperial Valley, 1989 Loma Prieta, 1995 Kobe, and 2008 Wenchuan earth-
quakes have recorded intense vertical ground motions, with amplitudes even exceeding
horizontal counterparts by multiples [102–105]. These anomalous amplification of vertical
ground motions has garnered widespread attention among researchers.

3.1. Vertical Responses of Bridge Structures

High-amplitude seismic excitations may induce vertical separation in girder bridge
structures, characterized by disengagement between girders and cap beams or between
girders and piers. The phenomenon of structural uplift attributed to vertical ground
motions was initially documented during the 1899 Assam earthquake in India, where
stones were observed being ejected into the air. Survivors of the Tangshan earthquake
similarly reported witnessing debris propelled over distances exceeding 4 m [106]. During
the Loma Prieta earthquake, recorded vertical ground accelerations attained 1.0 g, while
observed damage pattern (the bridge piers penetrated the deck) in Struve Slough highway
bridge piers indicated violent impact forces arising between superstructures and bearings
under vertical seismic actions (Figure 7). A similar instance occurred during the 1995
Great Hanshin Earthquake in Japan, where the bridge bearings of the Nishinomiya bridge
suffered severe damage due to immense vertical impact forces [107].

 
Figure 7. Vertical earthquake-induced phenomena at Struve Slough bridge in the Loma Prieta
earthquake: (a) Collapse of bridge at Struve Slough [108]; (b) Detail of punching failure [109].

Based on analysis of structural dynamic responses recorded during three earthquakes,
Papazoglou et al. demonstrated that vertical seismic forces may alter shear and bending
behaviors in piers, potentially causing structural damage [110]. Bozorgnia et al. further
indicated that high-amplitude vertical ground motions may induce uplift of ground ob-
jects [102,111]. Tanimura et al. identified the separation and subsequent pounding of bridge
superstructures as the primary cause of damage to the Nielsen Bridge during the Kobe earth-
quake [112]. Xu et al. quantitatively verified the potential for multiple separation-collapse
cycles between piers and girders through theoretical calculations neglecting bearing ef-
fects, providing critical theoretical validation for vertical separation phenomena [113].
Additionally, An et al. demonstrated that under coupled vertical-longitudinal ground
motions, the loss of bearing constraints and altered natural frequencies after girder-pier sep-
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aration significantly amplify longitudinal displacements in piers, exacerbating structural
deterioration [14,114].

3.2. Vertical Responses on Bridge Piers

Vertical seismic excitations also adversely affect bridge piers [6,115], with primary
damage mechanisms including: Vertical pounding-induced eccentric collisions [110,116]
(Figure 8a; axial crushing of piers [31,112] (Figure 8b); unseating failures resulting from
degraded girder–bearing contact [111,117] (Figure 8c); and upper pier and girder damage
triggered by vertical seismic pounding [31,112] (Figure 8d). These damage patterns were
extensively documented during the Northridge, Christchurch, Chi-Chi, and Loma Prieta
earthquake. Such failures are attributed to amplified displacements and intensified pound-
ing caused by the degradation of structural constraints between girders and piers under
vertical excitations.

 

Figure 8. Seismic damage of bridge piers due to vertical seismic excitation (a) Vertical pounding-
induced eccentric collisions [118]; (b) axial crushing of piers [119]; (c) unseating failures resulting
from degraded girder–bearing contact [120]; (d) upper pier and girder damage triggered by vertical
seismic pounding [118].

Despite mounting evidence indicating that proximity vertical excitations impose detri-
mental effects on structures, research on this phenomenon remains notably insufficient com-
pared to horizontal seismic actions. Papazoglou and Elnashai pioneered systematic evidence
on the significant destructive effects of strong vertical ground motions on building and
bridge structures. Their core conclusion demonstrates that resonance phenomena occur when
structural vertical vibration periods approach the predominant periods of ground motions,
substantially amplifying dynamic responses (e.g., axial force fluctuations), thereby degrading
component load-bearing capacity and ultimately triggering shear failure [110]. Subsequently,
Warn et al. investigated the effects of vertical ground motions on bridge isolation systems
through shake-table testing, likewise concluding that vertical deformations of isolation sys-
tems should not be neglected in seismic design [121]. In 2011, Kim and Holub tested two
bridge pier specimens under horizontal (ICT) and horizontal–vertical seismic actions (ICC),
demonstrating that vertical ground motions amplify axial force variations in the specimens.
Accounting for vertical seismic contributions, substantial axial force fluctuations increased
lateral stiffness and triggered up to 200% helical strain in the specimens. Consequently, these
findings indicate that neglecting vertical seismic excitations leads to unconservative seismic
safety assessments of structures [116]. Lee and Mosalam (2014) investigated the seismic
response of bridge structures under bidirectional coupled excitations through shake-table
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testing; the experimental results demonstrated that vertical excitation increases tensile stress
in bridge piers, thereby reducing their shear capacity [122].

Theoretically, Xu et al. investigated vertical pounding phenomena between the deck and
piers of a two-span continuous girder bridge under harmonic seismic excitation, employing
transient wave eigenfunction theory without considering bearing effects (Figure 9a). This
approach effectively elucidated the underlying mechanisms of such interactions [113,123].
Building upon this foundation, Yang et al. analyzed vertical separation-collision phenomena
in two-spam continuous bridges considering bearing participation effects (Figure 9b). The
results demonstrated that when seismic amplitudes fall within a specific range and excita-
tion frequencies approach any of the bridge’s first three natural frequencies, the structure
undergoes repeated vertical separation and collision events. Furthermore, under strong
near-field vertical seismic excitation, axial compressive stress in piers exhibits high-amplitude
fluctuations and may even transition to axial tensile stress. This phenomenon aligns with
the abnormal damage characteristics of piers described earlier, necessitating consideration in
seismic bridge design [12,13].

Figure 9. Vertical seismic response models of bridge structures: (a) without Bearings; (b) with Bearings.

3.3. Summary

This section reviews the dynamic responses of bridge structures under vertical seismic
excitation, with a focus on summarizing existing research findings on pier damage induced
by vertical collisions, stress redistribution, and changes in displacement responses—all
triggered by vertical seismic components (Figure 10). Currently, the role of vertical seismic
excitation has garnered widespread attention from the academic community. Building on
the conclusions from the previous section regarding lateral seismic excitation, the coupled
effects of vertical and lateral seismic actions have emerged as a prominent research focus.

Figure 10. Framework of Section 3.
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4. Impact of Horizontal and Vertical Seismic Excitations on Bridge Piers
As mentioned above, the connection state between the girder and bearings, along with

the internal stress distribution within piers, undergoes significant changes under vertical
seismic excitation. Consequently, the dynamic response and internal force distribution of
bridge structures under lateral excitation may exhibit notable variations. Given the current
limited research on bridge dynamic responses under bidirectional seismic excitation, this
section systematically reviews existing findings from two aspects: the characteristics of
near field ground motion and the impact of bidirectional seismic actions on piers.

4.1. The Characteristics of near Field Ground Motions

The most critical parameter characterizing near-field ground motions is the vertical-to-
horizontal acceleration ratio (V/H). Based on previous far-field ground motion records, the
peak vertical acceleration is significantly lower than its horizontal counterpart [7]. Simulta-
neously, in structural design, the substantial safety margin in the vertical direction justifies
the common assumption that the vertical seismic component is taken as two-thirds of the
horizontal component. Consequently, many seismic codes in earthquake-prone countries
stipulate the vertical ground motion acceleration at 2/3 or 65% of its horizontal counter-
part [111,124–126]. Nevertheless, Analysis of near-field ground acceleration data collected
over the past three decades has revealed potential limitations in its rigor [102,125,127–130].
Bozorgnia et al. analyzed 41 alluvial site records from the 1994 Northridge earthquake, 4,
131 free-field ground motion records from 1999, and 443 near-field acceleration records.
The results revealed that their primary characteristics align with those observed in the
1989 Loma Prieta and California earthquakes. The V/H primarily depends on source
depth and vibration period, with minimal correlation to magnitude or source mechanism.
For short periods, particularly on soft soil sites, the V/H ratio significantly exceeds the
conventionally assumed value of 2/3, whereas it falls below 2/3 for long periods. These
features are universally consistent across the datasets. Consequently, a simplified model
for vertical seismic response spectra was developed [102,111,128]. Watabe and Silva’s team
yielded resemble conclusions by analyzing seismic data [131,132].

Furthermore, the FEMA P-750 (2011) specifications, based on Bozorgnia et al.’s re-
search, explicitly propose a vertical design response spectrum scheme as follows:

V/H =


0.3CvSps 0 < T < 0.025s

0.8CvSps 0.05 < T < 0.15s

0.8CvSps(0.15/T)0.75 0.15 ≤ T < 2s

(3)

where Cv is the site coefficient for velocity; and Sps can be donated as mapped spectral
acceleration parameter [133].

Eurocode (EC8) specifies the vertical seismic response spectrum based on site classifi-
cation and source magnitude. The calculation formula is as follows:

Sv(T) =


αvg · [1 + T/TB · (3 · η − 1)] 0 ≤ T ≤ TB

αvg · 3 · η TB ≤ T ≤ TC

αvg · 3 · η[TC/T] TC ≤ T ≤ TD

αvg · 3 · η
[
TCTD/T2] TC ≤ T ≤ 4

(4)

where αvg represents the reference value of the vertical seismic influence coefficient, which
is associated with factors such as site category and design earthquake grouping; η is the
damping adjustment factor. TB, TC and TD are the characteristic periods of the response
spectrum [101].
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Based on 228 vertical seismic records from 254 borehole data stations in the western
United States, sites were classified according to Chinese seismic codes by Geng et al. The
influences of focal depth, site conditions, and structural natural periods were systematically
investigated, culminating in an improved model for vertical seismic response spectra, The
calculation model is shown in Equation (5) [134]:

V/H =


1 T < 0.1s
1 − 2.5(T − 0.1) 0.1s ≤ T < 0.3s (Soil)
0.5 0.3s ≤ T

(5)

The increasing availability of near-field seismic data has significantly advanced re-
search on the characteristics of vertical ground motion. Researchers have collected localized
site conditions and seismic records to determine regional vertical-to-horizontal spectral
ratio (V/H) features, thereby facilitating the development of localized models for seismic
evaluation and hazard analysis [103,129,130,135–137].

4.2. Impact of Bidirectional Seismic Excitations on Piers

Compared to the extensive research on horizontal seismic effects, studies on the dynamic
response of bridges under multi-directional seismic excitation have long received insufficient
attention, resulting in a relatively weak foundational knowledge in this area. Historically, over
the past several decades, limited findings were predominantly derived from costly shake table
tests or field observations. Recent advances in computational power and the maturation of
finite element simulation technologies have led to a gradual increase in numerical simulation
studies incorporating bidirectional and even tri-directional seismic inputs. This progress
has enabled deeper exploration of the complex response characteristics of bridges subjected
to multi-directional excitation. In 1998, Jankowski et al. modeled the girders and piers as
three-dimensional elastic beam elements, simulating bearing contacts through spring-damper
elements to investigate the influence of bearing vertical stiffness on lateral shear key collisions.
The results indicate that vertical stiffness predominantly governs variations in collision forces,
with the spatial effects of seismic excitation being non-negligible [138]; Shrestha et al. further
emphasized that bridge collisions under tri-directional seismic excitation may manifest in
vertical, longitudinal, and horizontal modes, while multi-mode coupling significantly am-
plifies impact forces [139]. However, Bi et al. simulated the tri-directional seismic collision
responses between bridge decks and abutments (piers) using a three-dimensional finite el-
ement model, revealing that the collision effect in the vertical direction is negligible due to
the high stiffness of abutments, while collisions between adjacent girders in the lateral direc-
tion remain significant. This conclusion contrasts with Jankowski’s findings regarding the
influence of vertical stiffness on collision forces [140]. Jiao et al. conducted shaking table tests
on a two-span multi-span curved bridge with a small radius, revealing that vertical pulses
(with PGAv/PGAh > 1.2) further amplified the lateral collision forces by an additional 25%.
This phenomenon primarily stems from vertical acceleration pulses exacerbating girder uplift
and subsequent pounding impacts during deck dropping [141]. Chen et al. systematically
simulated the dynamic responses of deck-abutment collisions in both vertical and longitudinal
directions using two-dimensional and three-dimensional models incorporating soil-structure
interaction (SSI). The results demonstrated that under bidirectional seismic inputs, the cou-
pling of fluid–structure interaction (FSI) with SSI induced torsional responses in the bridge
deck, causing the fluctuation amplitude of vertical collision forces to reach twice that ob-
served under unidirectional excitation [142]. Sun et al. investigated the seismic response of
reinforced concrete double-layer bridge bent piers under near-fault vertical ground motion
through numerical modeling. The results demonstrated that, compared to the response under
unidirectional horizontal excitation alone, the combined action of horizontal and vertical
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ground motions led to a significant increase in multiple key response indicators, such as the
maximum inter-story drift ratio and residual drift ratio at both the top and bottom of the piers,
accompanied by more severe damage patterns [143]. Wu et al. demonstrated that bidirectional
horizontal cyclic loading exacerbates damage accumulation, reduces ductility, and triggers
reinforcement buckling in reinforced concrete circular bridge piers, highlighting significant
seismic performance degradation under multidirectional demands [144]. As research pro-
gresses, accumulating evidence indicates that bidirectional seismic excitation in near-fault
regions inflicts significantly greater damage on bridge piers—and indeed on the entire bridge
structure—compared to unidirectional excitation. Consequently, seismic assessments that
consider only lateral impact or unidirectional seismic action may substantially underestimate
the actual extent of pier damage during real earthquake events [145–148].

Compared to finite element and experimental studies, theoretical research remains
relatively scarce. Yang and Yin pioneered the analysis of vertical separation and pounding
behavior in two-span continuous bridges based on the continuous dynamic method, revealing
potential pier failure mechanisms induced by such interactions [117]. An et al. established a
multi-span simply supported bridge model to theoretically analyze the influence of girder–
bearing separation and pounding on piers under an integrated cap-free system, considering
varying V/H seismic force ratios. The results indicate that piers initially undergo flexural
failure when axial force is low; as the axial force at the pier base increases, the failure mode
gradually shifts to shear failure. When vertical pounding forces between the girder and
pier are significant, even minor longitudinal deformation can trigger compressive failure
in the pier. For non-superhigh piers, the nonlinear dynamic deformation and increased
contact forces induced by vertical girder-pier separation have a negligible impact on instability
failure [14,114,149]. Chen et al. derived the seismic dynamic response equations for multi-span
girder bridges incorporating cap beams and shear keys based on continuum dynamics theory
and analyzed the amplification effect of vertical excitation-induced girder–bearing separation
on the horizontal collision response of bridge shear keys under near-field earthquakes through
theoretical modeling and numerical simulations (Figure 11). The research reveals that vertical
separation significantly intensifies horizontal collision forces via two mechanisms: altering
structural natural characteristics (e.g., increasing frequency differences between girders and
piers) and resonance coupling. When vertical seismic action is considered, the maximum
collision force of shear keys is 37.5% higher than traditional design estimates that neglect
vertical excitation. It provided a more precise theoretical framework for the seismic design of
shear keys; however, the resultant impact on pier mechanical behavior and failure mechanisms
remains insufficiently investigated [19,107,150].

Figure 11. Vertical separation calculation model of two-span girder bridge.
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4.3. Summary

This section summarizes the dynamic response characteristics of girder bridges under
horizontal and vertical seismic excitations. Starting from the intrinsic characteristics of
vertical seismic excitations, it consolidates the current research consensus on the V/H
ratio, and building on this foundation, explores the research methodologies and analytical
models for bridge structures subjected to bidirectional seismic ground motions. The specific
framework is illustrated in Figure 12. An increasing number of research findings have
revealed that the potential risk that conventional unidirectional seismic analysis may
severely underestimate the actual seismic response of bridge structures. However, current
research on this topic remains insufficiently in-depth, and many detailed scenarios have
not been fully considered.

Figure 12. Framework of Section 4.

5. Seismic Performance of Bridge Piers
As critical substructure components bearing the load of bridges, the selection and

application of pier types have long received significant attention. Based on structural
configuration, mainstream bridge piers are primarily categorized into the following four
types: gravity piers, which rely on their self-weight for stability and are commonly used in
large- and medium-span bridges under heavy load conditions; hollow piers, where the solid
cross-section is partially excavated to substantially reduce self-weight and save materials,
making them suitable for sites with limited foundation bearing capacity; flexible piers,
characterized by slender forms and relatively low stiffness, often employed as intermediate
supports in multi-span bridges to optimize the overall structural mechanical behavior; thin
walled piers, characterized by their relatively thin wall thickness, are extensively employed
in long-span and high-pier bridges; and column piers, which have become the most widely
adopted type in highway bridges due to their lightweight structure, ease of construction,
and economic efficiency [151].

This section focused on two core topics of all types of piers to systematically review
relevant research advances: the failure modes of piers under seismic action and targeted
seismic mitigation strategies and design philosophies.

5.1. Failure Modes of Bridge Piers

Existing research has identified several primary failure modes in bridge piers under
seismic excitations: compressive failure, shear failure, flexural failure, and instability
failure [152], and extensive research has been conducted by scholars on these failure
mechanisms. In 2008, Ghannoum established a relational model between flexural and
shear failure at pier ends through stepwise linear regression analysis of a column test
database, revealing that axial load, hoop spacing, and shear stress are critical factors
influencing flexural capacity at the onset of shear failure in columns [153]. Based on the
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investigation of 1, 337 simply supported bridges damaged in the Wenchuan earthquake,
Zhuang et al. (2009) [5] summarized that column piers exhibiting crushing and shear
failure were critically influenced by the hoop reinforcement ratio. Their field analysis
emphasized that adequate transverse hoops are essential for ensuring pier load-bearing
capacity and must be prioritized in high-intensity seismic zones. Kunnath et al. investigated
the seismic response of highway interchanges single and multi-column piers and found
that vertical seismic action significantly increased axial forces in columns and bending
moments in beams. Consequently, the flexural performance of these structural components
requires particular attention in actual earthquake scenarios [154]. Kim et al. conducted
experiments on reinforced concrete (RC) frames with varying geometric parameters under
vertical excitation, observing that axial forces could surge by approximately 240% when
vertical seismic actions were considered [116,155]. This finding indirectly corroborates
Kunnath’s perspective on the amplification effects of vertical ground motions. Based
on these experimental results, the Korean “Standard for Seismic Design of Buildings
(KDS 41 17 00:2019)” introduced a new provision requiring that the axial compression ratio
of columns in near-fault regions (PGA ≥ 0.3 g) be verified against a vertical acceleration
peak of 0.7 × SDS [156]. Sun et al. investigated the mechanical behavior of thin-walled
rectangular hollow reinforced concrete (RC) tall piers through quasi-static tests. The
experiments revealed that due to the shear lag effect, concrete spalling and longitudinal
reinforcement buckling predominantly occurred at the flange corners, leading to a flexural–
shear failure mode [157]. Subsequently, researchers conducted an in-depth computational
analysis of the bending and shear deformations of RC piers from initial loading to failure
by employing the Modified Compression Field Theory (MCFT) and fiber beam–column
element models. Novel on the relationship between these deformations, a novel criterion for
distinguishing shear, flexural–shear, and flexural failure modes in piers was proposed [158].
Lu et al. analyzed the effect of longitudinal reinforcement on the capacity of gravity piers
that fail in flexure, with damage concentrated in the plastic hinge zone at the base. They
found that increasing the reinforcement ratio significantly improves the pier’s load-bearing
capacity and displacement ductility [159]. Liu et al. systematically characterized the failure-
mode transition of thin-walled tall piers from flexural–shear response to brittle shear by
conducted hybrid tests and proposed a criterion for predicting this shift [160].

5.2. Seismic Mitigation Measures for Bridge Piers and Their Design Philosophies

Current research on bridge pier seismic resistance has shifted from the traditional
“disaster resistance” approach to a “resilient seismic design” philosophy. Within this
framework, the flexibility indicator has become a critical factor. Contemporary academic
investigations are primarily concentrated in three key areas: energy dissipation design
strategies, structural systems, and material innovations.

Historically, most seismic design codes, such as the early American AASHTO 1983
specification [161] and China’s Highway Engineering Seismic Design Code (JTJ 004-89) [162],
were primarily based on strength-based design principles, utilizing structural response spectra
or equivalent static methods. However, observations from the 1971 San Fernando earthquake
revealed that structural collapse was predominantly caused by cyclic deformation under
repeated seismic loading rather than insufficient strength. This paradigm shift triggered a
fundamental reassessment of design philosophies. Consequently, Park and Paulay proposed
the ductility-based seismic design theory and methodology, which has since gained widespread
adoption [163]. Currently, modern seismic codes—including American’s AASHTO [59], Japan’s
JRA Specification [64], Europe’s EC8 [101], and China’s JTG/T 2231-01-2020 [164]—have
comprehensively incorporated these principles.
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Driven by advancements in seismic response simulation and materials science, bridge
pier design philosophy has witnessed transformative breakthroughs. Brando et al. (New
Zealand), analyzing bridge damage patterns from the 2011 Canterbury and Kaikōura
earthquakes, underscored the imperative shift toward recoverable seismic design in bridge
structures [165]. Mahin further posited that future research on pier seismicity should
prioritize self-centering capabilities, repairability, and minimize public/environmental
impacts [166]. Concurrently, Li et al. advocated integrating three critical metric detectability,
replaceability, and maintainability—into performance-based seismic design frameworks
for bridges [167].

The evolution of innovative seismic design philosophies has positioned novel pier struc-
tural systems as a key area of investigation within bridge engineering research. Among
these, precast segmental piers represent a prominent research direction in seismic engineering,
offering significant advantages over conventional cast-in-place piers: they substantially re-
duce construction time, minimize disruptions to traffic and the environment, and enable the
implementation of rocking piers to meet recoverability design objectives. In a seminal study,
M.J. Ameli et al. conducted scaled experiments comparing Accelerated Bridge Construction
(ABC) piers—fabricated using two distinct grouted sleeve splice configurations—with tradi-
tional monolithic reinforced concrete piers. The results demonstrated that ABC piers exhibit
superior ductility performance at the base connections while maintaining adequate strength
across both splice types [168]. Guerrini et al. conducted shake table tests and finite element
(FE) simulations on dual-column self-centering concrete-filled steel tube (CFST) bridge piers,
demonstrating their superior seismic performance compared to conventional reinforced con-
crete (RC) piers. The results revealed that the self-centering CFST piers exhibit significant
self-recentering characteristics and low-damage behavior under seismic loading, offering
enhanced resilience and reduced residual displacements [169]. Guo et al. proposed two types
of base rocking isolation bridge pier models incorporating high-damping rubber pad blocks
and linear springs, respectively. Through vibration experiments and numerical simulations,
these models demonstrated favorable seismic performance in terms of structural stability
and energy dissipation capabilities [170,171]. Yang et al. further categorized accelerated
bridge construction (ABC) piers into three distinct types based on connection configurations:
non-emulative piers (Figure 13a), emulative piers (Figure 13b), and hybrid-connected piers
(Figure 13c). Through finite element simulations, they conducted a parametric investigation
to compare the influence of joint interface locations between precast segments on the seismic
performance of these piers [172]. Building upon Liang et al.’s analysis of non-emulative
piers [173,174]. Additionally, steel tube piers and hollow reinforced concrete (RC) piers have
also been extensively investigated, with preliminary frameworks established for their seismic
performance [175–177].

Figure 13. Schematic diagram of joint locations in precast concrete bridge piers (a) non-emulative
piers; (b) emulative pier; (c) hybrid-connected pier (redrawn based on [172]).
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The continuous advancement of novel materials has motivated researchers to explore
their application in bridge piers for enhanced seismic performance. Ultra-High-Performance
Concrete (UHPC), a cementitious composite material engineered based on the principle of
maximum packing density, effectively enhances structural stiffness, ductility, and durability.
Its exceptional properties make it a material of significant research value in bridge engineering,
particularly for improving structural resilience under seismic loads. Zhang et al. conducted
flexural tests on RC bridge piers strengthened with UHPC under high-temperature steam
curing. The results demonstrated a substantial improvement in the mechanical properties
of the retrofitted structures, particularly in terms of structural stiffness and load-bearing
capacity [178]. Xu et al. conducted quasi-static tests to investigate the effects of two connec-
tion methods—grouted sleeve connections and UHPC connections—between bridge piers
and bearing platforms on seismic performance. Experimental results demonstrated that
both connection methods met seismic requirements, though they exhibited distinct failure
modes. Precast piers with grouted sleeve connections failed via rebar fracture, while those
with UHPC connections failed through crushing of the ordinary core concrete above the
connection zone. Notably, excessive UHPC usage may pose environmental implications
due to its high cement content and resource intensity [179]. Pu et al. conducted static load
and failure tests on bridge pier structures reinforced with High Toughness Resin Concrete
Steel Mesh (HTRCS). The experimental results demonstrated that the HTRCS strengthening
method achieves comparable reinforcement effectiveness at lower construction costs, reduced
project duration, and minimal traffic disruption compared to conventional techniques [180].
Xu et al. conducted a comprehensive Life Cycle Assessment (LCA) of reinforced concrete
bridge piers to investigate the environmental impact of integrating traditional concrete (CC)
and UHPC in seismic design. The study demonstrated that utilizing higher-grade UHPC does
not enhance seismic resistance but instead increases the global warming potential (GWP). In
contrast, employing resin concrete as the base material significantly reduces hardening time
while delivering higher tensile strength [181]. Additionally, carbon fiber-reinforced polymer
(CFRP) [182–185] composites, shape memory alloys (SMAs) [186,187] and Engineered cemen-
titious composite(ECC) materials [188,189] have been extensively studied for enhancing the
seismic performance of bridge piers due to their superior self-centering capabilities, corrosion
resistance, and fatigue durability. In parallel with the deepening of material research, signifi-
cant theoretical advances have been made in understanding the creep behavior of internal
granular phases within structural components [190,191] and in exploring innovative domains
such as seismic metamaterials [192]. These theoretical developments provide critical support
for performance optimization and design of earthquake-resistant structural elements.

5.3. Summary

This section systematically reviews research on the seismic failure modes of the main
structural forms of girder bridge piers and summarizes the research progress of mainstream
pier seismic isolation and energy dissipation methods from three aspects: materials, struc-
ture, and conceptual design. However, despite the rapid advancement of bridge seismic
resistance research in experimental and simulation domains, its fundamental theoretical
research still exhibits notable deficiencies.

6. Research Prospects
6.1. Shortcomings of Existing Research

Existing research has established a relatively comprehensive understanding of the
lateral dynamic response and impact mechanisms (including adjacent girders, and girders
versus abutments/shear keys) in highway bridges. It is widely recognized that horizontal
collisions with shear keys significantly amplify the inertial forces on bridge piers and
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exacerbate their damage. In the domain of vertical excitation, studies confirm that girder
bridges are susceptible to girder “uplift phenomena” under near-field vertical earthquakes
due to the vulnerability of their bearings, thereby altering the horizontal dynamic response
and internal force distribution of piers. The application of advanced materials (e.g., UHPC,
FRP) and innovative design concepts (e.g., ductility, recoverability) has markedly elevated
the seismic safety thresholds of bridge piers. However, current research exhibits the
following limitations:

• Current research on seismic performance of bridge piers primarily focuses on horizon-
tal ground motion response analyses, which inadequately represent actual earthquake
scenarios. A representative case is the brittle shear failure of piers induced by high-
frequency cyclic axial forces during the 1994 Northridge earthquake. This failure
mechanism likely results from the combined dynamic effects of high-amplitude ver-
tical and horizontal seismic excitations. The influence of vertical excitation on the
horizontal internal forces and dynamic response of bridge piers urgently requires
systematic investigation.

• Current research endeavors concerning vertical seismic effects predominantly focus
on validating separation phenomena and conducting preliminary exploration into
failure mechanisms, while giving scant consideration to the secondary hazards stem-
ming from vertical separation. As previously discussed, the girder–bearing separation
phenomenon in girder bridges significantly intensifies the impact forces and exacer-
bates both horizontal and vertical load requirements on piers, thereby substantially
elevating collapse risks (Figure 14). This critical issue has, thus far, failed to garner
adequate attention. Notably, girder bridges have emerged as the dominant selection
for small-to-medium span highway bridges, attributable to their structural simplicity,
rapid construction process, and high degree of standardization. Nevertheless, these in-
herent structural attributes also render them particularly vulnerable to seismic-related
challenges, necessitating urgent and focused research efforts.

• Current bridge design paradigm has undergone a significant transformation, embrac-
ing the principles of “ductility” and “recoverability”, which substantially improves
seismic performance. However, a considerable proportion of these performance in-
dicators remain established based on unidirectional seismic and pounding response
analyses. Consequently, such design standards run the risk of potentially underesti-
mating the magnitude of structural damage under actual earthquake scenarios.

Figure 14. Extreme pounding effects on bridge pier subject to bi-directional earthquakes (a) Vertical
collision; (b) Horizontal collision.
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6.2. Advances and Future Directions in Bridge Piers

Seismic response analysis of bridge structures has emerged as a prominent research
focus in recent years. Extensive studies employing finite element simulation methods have
investigated earthquake impacts on bridges.

Nevertheless, theoretical research outcomes remain comparatively scarce relative to
numerical simulations. Given the critical role of theoretical approaches in seismic bridge
design, this field demands heightened attention and deeper investigation. This paper
proposes an innovative risk assessment perspective for pier damage based on the ‘vertical
separation-collision—horizontal pounding—pier response’ mechanism (Figure 15), aiming
to advance the study of pier failure under near-field seismic excitations.

Figure 15. Research process and procedures.

7. Conclusions
This paper presents a comprehensive review of the research achievements pertain-

ing to pier seismic performance over the past three decades, with the principal findings
summarized as follows:

• Under horizontal seismic excitation, bridge structures demonstrate intricate collision
phenomena, encompassing girder-to-girder impacts and girder-to-shear-key pound-
ing. Notable advancements in the characterization of shear key failure modes when
subjected to impact loads, thereby confirming their pivotal function in mitigating
unseating failures through effective girder restraint. However, excessively rigid shear
keys may inadvertently exacerbate damage to pier and cap beam, while simulta-
neously failing to prevent the unseating design conundrum starkly illustrated by
catastrophic shear key failures observed during the 2008 Wenchuan earthquake. Con-
sequently, the optimization of shear key constraint forces to achieve an equilibrium
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between unseating prevention and substructure protection remains a pivotal challenge
in seismic design.

• Existing research endeavors have unveiled a spectrum of impacts induced by vertical
earthquakes, which primarily encompass the following aspects: (1) eccentric collisions
and shear failures; (2) upper pier damage triggered by pounding; (3) pier crushing;
(4) unseating failures due to weakened girder–bearing contact; (5) bridge collapse
scenarios. These seismic damages primarily originate from the displacement amplifi-
cation and intensified collisions exacerbated by diminished contact between girders
and piers under vertical excitation. Studies provide mechanistic elucidation for these
phenomena, thereby deepening the comprehension of bridge responses under vertical
earthquakes and furnishing scientific foundations for seismic design and assessment.

• In investigating the effects of coupled horizontal–vertical seismic actions on struc-
tures, the V/H serves as a critical parameter. Current research consensus confirms
that the V/H ratio exhibits strong correlations with multiple factors, including site
conditions, excitation periods, and focal depths. Consequently, adopting a fixed V/H
ratio (e.g., 2/3 or 65%) may inadequately represent actual seismic scenarios, revealing
methodological limitations in current approaches. Advances in seismic monitoring
technologies and expanded datasets have enabled the development of dynamic V/H
ratio prediction models, which significantly improve the accuracy of structural re-
sponse simulations under multi-directional seismic actions. Both theoretical and
experimental analyses demonstrate that bridge piers subjected to coupled horizontal–
vertical excitations may experience significantly more severe damage compared to
unidirectional seismic inputs. This coupling effect manifests through increased dis-
placement demands and amplified curvature ductility requirements, exacerbating
structural damage during actual earthquakes. To improve the safety and reliability
of bridge structures under seismic events, it is imperative to deepen investigations
into coupled horizontal–vertical seismic influences and systematically incorporate
dynamic V/H ratio variations and coupling effects into design frameworks.

• The seismic performance of bridge piers has advanced substantially in recent decades,
with significant progress achieved through innovations in design concepts, materials,
and structural systems. From a philosophical perspective, the field has transitioned
from traditional strength-based failure criteria toward designs that prioritize ductile
failure performance, establishing a more robust foundation for pier engineering. Fu-
ture development trends will emphasize recoverability and self-centering capabilities.
Precast segmental piers represent an emerging paradigm in this context, while in-
novative configurations such as rocking piers constitute a critical focus for seismic
research. Concurrently, the application of advanced materials offers transformative
potential for enhancing bridge seismic resilience. Notably, UHPC and FRP compos-
ites contribute not only to improved seismic resistance but also enhanced durability,
safety, and cost-effectiveness. These materials endow piers with superior toughness
and reliability under extreme seismic events, fundamentally redefining structural
response mechanisms.

• Current theoretical frameworks for seismic response analysis remain limited, with
particularly inadequate research on dynamic collision forces and contact evolution
mechanisms. Crucially, bidirectional coupled seismic excitation significantly induces
girder uplift phenomena, amplifying transverse pounding forces at shear keys and
generating more severe damage effects on piers compared to uniaxial static colli-
sions. Notably, a critical research gap persists regarding the seismic damage mech-
anisms of bridge piers under this specific phenomenon, with no systematic investi-
gations reported in existing literature. While continuum dynamics contact method-
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ologies show promise for simulating these evolutionary processes, both the underly-
ing theoretical foundations and subsequent seismic-resistant design systems require
substantial refinement.
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