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Abstract

The seismic safety margins of seismically isolated bridges have not been thoroughly studied or comprehended due to a
lack of actual on-site data observations. This study introduces a newly validated method for the efficient seismic protection
of bridges that may be exposed to extremely strong, multidirectional near-source and critical far-source earthquakes. The
isolated system was improved by incorporating innovative adaptive horizontal C-multigapped (HC-MG) energy dissipation
devices to overcome the safety limitations associated with solely using isolated bridges under seismic loads. The newly
developed adaptive C-gapped (ACG) bridge system was systematically validated through extensive experimental seismic
tests on bridge models and additional analytical studies. The new ACG bridge system represents an advanced technical
solution that integrates the benefits of seismic isolation and energy dissipation. The seismic isolation system for the large-
scale ACG bridge prototype was designed using double spherical rolling seismic bearings (DSRSB). The seismic
performance of the system was enhanced with adaptive HC-MG energy dissipation devices. The improved seismic
performance of the system was demonstrated through extensive seismic shaking-table tests on the ACG bridge prototype,
simulating selected seismic inputs characteristic of typical near- and far-source earthquakes.
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1. Introduction

Seismic isolation technology has rapidly developed in recent years, improving the seismic protection of bridges and
other engineering structures worldwide. This development has primarily focused on introducing different types of
isolation devices, including rubber isolation bearings, various types of sliding isolation bearings, and specific rolling
bearings. Several authors have conducted extended reviews of significant developments [1, 2].

For practical applications, seismic isolation devices were initially constructed as specific natural rubber bearings
with different geometries, followed by lead-rubber bearings characterized by a significantly improved damping capacity
[3, 4]. Subsequently, novel sliding seismic bearings were introduced [5-7]. Innovative studies have led to the
development of simple pendulum isolation bearings [8—10]. Additional seismic energy dissipation devices have been
suggested to enhance the seismic protection capabilities of isolation systems under strong earthquakes [11]. The practical
applicability of different energy dissipation systems and displacement-limiting devices has been widely studied [12-14].
Specifically, U-shaped metallic dampers have been extensively researched and proposed for application [15-19].
Flexural beam dampers and tapered steel dampers have been proposed as viable alternatives [20, 21]. Some studies have
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explored using new materials [14, 22-24]. Moreover, investigations on pounding effects [25], the behavior of rubber
bearings under axial loads [26], and the applicability of semi-active dampers [27, 28] have significantly contributed to
the development of seismically isolated structures. Following these advancements, practical design provisions for
isolated bridges were introduced [29-31]. Extensive seismic tests on shaking-table for large-scale models of isolated
bridges [32—-39] provided new qualitative research results, significantly contributing to the development of more safe
and advanced seismic isolation technology for bridges. However, past earthquakes have revealed intolerable damage to
bridge structures [40—42], including newly constructed modern bridges [43-45]. Isolated bridges exhibit safe responses
during low-intensity earthquakes. However, observations regarding their behavior under extremely strong earthquakes
are limited [44, 46-48]. A notable example is the Bolu viaduct affected by the strong Duzce (Turkey) earthquake in
1999. Severe damage, but not collapse, was observed under the recorded near-source earthquake, which exceeded design
earthquake intensities [49, 50]. The modern Higashi-Kobe Bridge suffered significant damage during the 1995 Kobe
earthquake [51]. Moreover, several bridges were damaged during the Great East Japan Earthquake in 2011. In Iceland,
small-scale damage was observed on the Thjorsa and Oseyrar bridges during near-fault ground shaking.

The anticipated high seismic safety and reliable seismic response of isolated bridges cannot be guaranteed owing to
specific earthquake effects and critical vulnerability-related indicators, including the following:

e Specific impacts under near-source earthquakes: Isolated bridges often exhibit critical seismic responses when
exposed to extremely high-intensity earthquakes owing to their proximity to the seismic source.

e Specific impacts under far-source earthquakes: Isolated bridges can also exhibit critical seismic responses when
exposed to strong far-source long-period ground motions owing to induced resonant effects.

e Observed abrupt critical earthquakes: The random nature of seismic inputs, characterized by high-intensity and
specific frequency contents, can abruptly induce critical responses in isolated bridges.

e Intolerable damage under critical earthquakes: The seismic safety margins of seismically isolated bridges have
not been sufficiently studied and understood. However, severe damage to isolated bridges has been recorded
during high-intensity near-source earthquakes [49, 50].

To establish the necessary conditions for this specific, extensive, and complex experimental and analytical study,
important outcomes obtained from previously conducted complementary studies are crucial, including:

e Prototype models of double spherical rolling seismic bearing (DSRSB) devices: Physical prototype models of
DSRBs used for assembling the large-scale bridge testing model were developed during previous research [38].
The development phase included the original design of the scaled models, precise and high-quality production,
and original experimental testing under cyclic loads, confirming their capability to realistically simulate expected
seismic performances.

e Prototype models of rubber buffer (RB) devices: Similarly, prototype models of specific RB devices used for
assembling the bridge testing model were previously developed [38]. The development phase included the
original design, precise casting of rubber models, implementation of specific rubber production technologies,
and original laboratory testing, confirming their actual hysteretic response characteristics under simulated
reversed cyclic loads.

e Seismic tests of isolated bridge prototype model: The isolated bridge prototype model for seismic testing was
assembled and tested on a seismic shaking table, representing segments of bridge substructures and
superstructures. The model was completed by incorporating the tested DSRSB and RB devices. Initial
comparative seismic tests of the assembled IB prototype model revealed that the seismic response of isolated
bridges can be sensitive, critical, and generally unsafe under simulated strong near-source or long-period far-
source earthquakes [14].

Importance and novelty of the conducted research: Owing to the evident lack of real on-site data observations,
the seismic safety margins of seismically isolated bridges have not been sufficiently studied or understood. This study
addresses this gap through extensive interactive experimental and analytical tasks.

e Filling the existing research gap: This study highlights the need for a novel, qualitatively advanced upgrading
concept of isolated bridges owing to the critical effects of recorded ground motions during extremely strong far-
and near-source earthquakes, severe damage patterns of modern isolated bridges, and unsafe seismic response of
isolated-only bridges confirmed through comparative seismic tests and accumulated experience in the field.

e Multitask research flow: To address the existing research gap, a targeted multitask research was conducted,
including: (1) identification and consideration of the distinctive effects induced by near- and far-source
earthquakes; (2) creation of original uniformly upgraded adaptive C-gapped (ACG) bridge system with adaptive
horizontal C-multigapped (HC-MG) energy dissipation devices; (3) creation, construction, testing,
micromodeling and application of these adaptive HC-MG energy dissipation devices; (4) quantification and
implementation of the previously developed seismic isolation and displacement-limiting devices; (5) assembling,
instrumentation, and seismic testing of the assembled isolated-only bridge model; (6) assembling,
instrumentation, and seismic testing of the created upgraded ACG bridge system under simulated near- and fare-
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source earthquakes; (7) adopting the modeling concept capable of realistically simulating the seismic response of
the upgraded bridge; and (8) highlighting the key parameters confirming the seismic protection advances of the
developed ACG bridge system.

e Concept of the novel upgrading method: The authors primarily aimed to conduct an innovative integrated study
focused on developing an adaptive upgrading system to eliminate intolerable damage to isolated bridges. This
included creating, constructing, assembling, instrumenting, and testing of the constructed large-scale model of the
ACG bridge system on the seismic shaking-table under simulated real earthquake effects.

e Step toward upgrading design provisions: The ACG bridge system that has been developed provides effective
seismic protection for bridges subjected to extremely strong earthquakes. However, considering the technical
innovations introduced, upgrades to the existing design provisions are also suggested.

2. Motivation and Research Objectives
2.1. Research Obijectives

With the adopted isolation system, the fundamental period of seismically isolated bridges is intentionally extended
to avoid the dominant part of the design earthquake response spectra. This effectively increases the bridge safety level
owing to significant reductions in the induced seismic forces acting on the structure. However, under extremely strong
near-source and/or semi-resonant far-source earthquakes, various critical seismic response modes are commonly
produced owing to the insufficient damping of the implemented bridge isolation system. A specific and extensive
experimental and analytical innovative study was conducted to efficiently bridge the existing research and technological
gap and qualitatively upgrade the seismic safety level of commonly isolated bridges. This study focused on developing
and seismically testing the developed large-scale model of the ACG bridge system, representing an advanced and
innovative technical solution for the efficient seismic upgrading of commonly isolated bridges. The study was conducted
at the Institute of Earthquake Engineering and Engineering Seismology (1ZI1S), Ss. Cyril and Methodius University in
Skopje, North Macedonia. This was part of the innovative NATO Science for Peace and Security Project “Seismic
Upgrading of Bridges in South-East Europe by Innovative Technologies”, involving five different countries and led by
the second author as the Partner Country Project Director (PPD).

2.2. Near- and Far-Source Earthquakes

Bridge structures are generally exposed to earthquake ground motions originating from seismic sources at varying
distances from their actual locations. Therefore, to provide uniform seismic safety for bridges, considering the expected
earthquake input parameters and creating an upgraded structural system that provides experimentally confirmed
advanced seismic performance are crucial.

Generally, considering the distances between potential earthquake sources and the location of the respective bridges,
earthquake records can be classified into three basic categories, as shown in Figure 1. The first category includes strong
near-source earthquakes, potentially having high PGA values. These records were obtained from seismic sources located
at small distances (SD), typically 10-15 km. The dominant spectral components of these records were primarily in the
lower-period range. The third category comprised critical far-source resonant earthquakes. Owing to significant
attenuation effects, these records were primarily characterized by smaller PGA values because they originated from
sources located at longer distances (LD), that is, over 40 km. Their dominant spectral components were primarily
observed in the longer-period range. Medium-distance (MD) earthquakes were recorded from seismic sources located
at distances ranging from 15 km to 40 km. They were primarily characterized by variable PGA levels and predominant
periods.

CONCEPT OF ACG SYSTEM FOR SEISMIC PROTECTION OF BRIDGES: ACG BRIDGE
EARTHQUAKES GENERATED FROM DIFFERENT SOURCES SYSTEM

MD

R T —y
UPGRADING

HC-MG DEVICE

EQ SOURCE: MD

SOURCES:

SD - SHORT DISTANCE
MD — MEDIUM DISTANCE
LD — LONG DISTANCE

EQ SOURCE: LD

3

Figure 1. Concept for seismic testing of ACG bridge system under simulated strong near- and far-source earthquakes

EQ SOURCE: SD

| UPGRADED ISOLATED BRIDGE WITH HC-MG DEVICES
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To evaluate the real seismic performance of the upgraded bridge system under representative seismic conditions
from various categories, comprehensive shaking-table tests were conducted on the constructed large-scale ACG bridge
model. These tests simulated extremely strong near-source and semi-resonant far-source earthquakes.

Figure 2, shows the flowchart of the research methodology through which the objectives of this study were achieved.
Selection of ACG Bridge System
HC-MG Components

Near-Source Earthquakes Far-Source Earthquakes
|
| |
Original and Repeated Quasi-Static Micro-modeling
Tests of HC-MG Components of HC-MG Components

Shaking Table Tests of Assembled ACG Bridge System
1. HC-MG Components
2. DSRSB (Double-Spherical Roller Seismic Bearings)
3. Displacement Limiting Devices

Results and Observed Seismic Protection Advances of the ACG Bridge System

- Hysteretic Response of HC-MG Components;

- Superstructure relative displacements, velocities and acceleration responses;

- Confirmed reduction in maximum relative displacement by the installed HC-MG
devices: Shaking-table tests of ACG bridge model under simulated far-source
earthquakes;

- Confirmed reduction in maximum relative displacement by the installed HC-MG
devices: Shaking-table tests of the ACG bridge model under simulated strong near-
source earthquakes.

Figure 2. Flowchart describing methodology used in investigation

2.3. ACG Bridge System

The uniform ACG bridge system represents a new technical structural option that incorporates the following three
basic complementary segments:

e Segment representing the seismic isolation system: The implemented seismic isolation system was designed to
provide uniform and low lateral stiffness while safely carrying the total vertical load of the superstructure.

e Segment representing the energy dissipation system: The designed adaptive HC-MG energy dissipation devices
represent a novel mechanical option. These compact multigap units provide stable hysteretic responses and
enhanced energy dissipation performances. The HC-MG devices were designed to ensure compatibility with the
actual response performance of the seismic isolation system, ensuring optimal interactive responses.

e Segment representing the displacement-limiting system: The designed displacement-limiting (DL) system was
assembled by installing the developed RB buffers to eliminate critical peak earthquake displacements and reduce
strong impact effects. The DL system serves as the last mode of protection for the superstructure against
unexpectedly large displacement responses.

3. HC-MG Energy Dissipation Devices

3.1. Structural Segments

The original upgraded ACG bridge system was assembled by installing an innovative compact, integrated, and
ductile upgrading unit. Structurally, it was conceptualized as an adaptive HC-MG energy dissipation device, providing
a stable and specific gap-based nonlinear response under repeated cyclic loads and ensuring significant energy

dissipation capability. The HC-MG energy dissipation device comprised four main structural segments, as shown in
Figure 3.
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e Segment representing the base structure with a side supporting system: The base ring plate (1) was connected to
the bottom fixing plate (2) using connecting bolts (3), as shown in Figure 3. The stiff metal base ring plate was
designed with a diameter of 780 mm, ring width of 155 mm and thickness of 25 mm [1]. Eight metal hexagonal
vertical side supports were fixed to the stiff metal base rings (4). The vertical side supports were designed with
heights of 220 mm and hexagonal cross-sections with a distance of 65.0 mm between parallel sides. The octagonal
supports were stiffened on the top with an upper ring plate (6) with a 780 mm diameter, 10.0 mm thickness and
width of 85 mm. The side vertical metallic supports were provided with openings (holes) at two levels. Eight
specific outer supporting gap hinge devices (8) were provided at levels 1 and 2. These gap hinge devices provided
three optional support modes for the HC-MG components: simulating support without a gap, support with gap
notated as G1, and support with gap notated as G2. The side supporting system was securely anchored to the bridge
substructure using the bottom fixing plate.

e Segment representing the central activating system: The activating steel central support (6) of the HC-MG device
was designed with a circular cross-section like a shaft with a diameter of 90 mm and height of 200 mm. The central
support was fixed to a square upper fixing plate (7) with dimensions of 400 mm x 400 mm and a thickness of 20
mm. The upper fixing plate secured the activating central support to the isolated bridge superstructure, forming a
rigid cantilever segment. Similarly, eight specific inner supporting hinge devices (9) were provided at levels 1 and
2 by welding of the two hollow metal rings with a side diameter of 182 mm and thickness of 12 mm. With eight
openings provided in the parallel twin metal rings, eight corresponding hinged supports were formed at each level.

e Segment representing the horizontal HC energy dissipation components: Between the outer supporting gap hinge
devices (8) and inner supporting hinge devices (9), eight HC-MG energy dissipation components (A) were installed
at levels 1 and 2, as shown in Figure 3 (left and right). The connections of all components toward the central
supports (6) were formed mechanically to represent ideal hinges without gaps. However, the designed outer
supporting devices (8) enabled selecting three different supporting alternatives: gap G1 = 5.5 mm at level 1, gap
G2 =18.5mmat level 2, or an ideal hinge without a gap. The flexibility of the designed supports and the possibility
of selecting different types of components (Table 1) enable various configurations of the novel HC-MG energy
dissipation devices.

| CONSTRUCTED NEW ADAPTIVE HC-MG PROTOTYPE DEVICE
< w‘ MANUFACTURING OF HC-MG COMPONENTS:

J—~ 1. DESIGN COMPLETED USING SOLID WORKS SOFTVARE
2.PRODUCTION OF PRECISE AND FINE SURFACES WAS

COMPLETED USING CNC WATER JET DEVICE

Figure 3. Designed and constructed prototype model of HC-MG device consisting of: 1. Bottom fixing plate; 2. Base ring plate;
3. Connecting bolts; 4. Vertical side supports; 5. Upper ring plate; 6. Central support; 7. Upper fixing plate; 8. Gap hinge
device; 9. Central hinge device; A. HC-MG components at level L1. Figure right shows the prototype device with assembled
HC-MG components of type HC-1.2 (at level L1 with gap G1 and at level L2 with gap G2).

3.2. Types of Structural Components

Six prototype HC-MG component models were designed and constructed by assembling different HC-MG devices.
The basic device structural segments were first produced in a specialized mechanical manufacturing workshop.
Accordingly, geometrically different types of prototype HC-MG components were designed, produced, and used as
original prototype specimens for experimental testing. In both cases, the specific components were produced by
implementing a novel mechanical process based on advanced computer numerical control (CNC) technology. This
ensured the precise shaping of the constituent structural parts. All prototype models of the HC-MG components were
produced using identical ductile steel sheets with a thickness of 15 mm. Their geometries were varied, enabling the
recording of representative and relevant experimental data (Table 1). Figure 4 (left) shows the details of the produced
prototype models of the HC-MG components (a and b) and three types of outer supporting devices (c, d, and €). Figure
4 (right) shows the test setup used for testing the selected pair of HC-MG prototype models. The HC-MG components
were precisely cut using advanced “water-jet” technology and an extremely low cutting speed, ensuring the high quality
of the cut surfaces.
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Table 1. Types of prototype models of HC-MG components

No. Type L1 (mm) d0 (mm) dl (mm) n
1 HC-1.1 L1 =180 mm d0 =18.0 mm dl=25.0 mm 25
2 HC-1.2 L1 =180 mm d0 =12.0 mm dl=185mm 25
3 HC-1.3 L1 =180 mm d0 =12.0 mm dl=15.0 mm 25
4 HC-2.1 L2 =150 mm d0 =18.0 mm dl=25.0 mm 25
5 HC-2.2 L2 =150 mm d0 =12.0 mm dl=185mm 25
6 HC-2.3 L2 =150 mm d0 =12.0 mm dl=15.0 mm 25

TESTING OF TWO HC-MG PROTOTYPE MODELS

i

Figure 4. Constructed and tested gapped HC-MG energy dissipation components: prototypes of HC-MG components and
supporting devices (left) and test setup for testing of two HC-MG prototype models (right)

3.3. Experimental Testing of HC-MG Components

Nonlinear behavior testing of the constructed HC-MG energy dissipation components was performed on the
manufactured adequate laboratory testing frame with variable connection devices (Figure 4, right). According to the test
plan, original and repeated quasistatic tests of the prototype HC-MG energy dissipation components were successfully
performed. Using the simulated predefined time histories of cyclic displacements with increasing amplitudes and directly
measured restoring forces, the original force—displacement hysteretic responses were recorded and plotted for all tested
HC-MG components. The experimental study revealed excellent stability in the hysteretic relations during the original
and repeated tests. Figure 5 shows the recorded gap-based hysteretic responses from the original and repeated
experimental tests of the HC-MG components with different gaps. Specifically, Figure 5 (up and down) shows the
recorded hysteretic responses of the tested component HC-1.1 with gaps G1 and G2 and component HC-1.2 with gaps
G1 and G2. The experimental test results confirmed that the hysteretic response of the HC-MG components could be
accurately represented by the formulated bilinear analytical model.

3.4. Micromodeling of HC-MG Components

Similar studies confirmed that applying the microanalytical modeling concept represents an advanced analytical
modeling approach [52]. This study applied this approach to formulate an advanced analytical model and simulate the
gap-based complex hysteretic responses of the HC-MG component prototypes under simulated predefined reversed
cyclic loads. Figure 6 (upper left) shows the refined three-dimensional mathematical model formulated in ANSYS
Mechanical FEA Software [53] for the two selected HC-MG energy dissipation components of type HC-1.1 with gaps
G1 and G2. Figure 6 (upper right) shows eight typically assembled energy dissipation components at level 2 of the HC-
MG device. The class S355 steel material used was modeled with tridimensional solid elements and a material modeled
as bilinear kinematic hardening. The elasticity modulus E1 = 200 GPa and Poisson’s coefficient v = 0.3 were adopted
for the linear-elastic behavior domain. In Figure 6, the bottom panel presents a selected example of the analytically
predicted hysteretic gap-based response of the two HC-MG components. The mobilized unique gap-based nonlinear
response characteristics of the respective HC-ED components were efficiently integrated into a compact device with a
radially spaced set of eight HC-MG components, representing the main energy dissipation segment of the created
uniform HC-MG devices, as shown in Figure 3. The significant differences between the experimental and analytical
results confirmed the high simulation accuracy of the hysteretic response of the refined analytical model.
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NONLINEAR CYCLIC TEST OF HC-MG COMPONENT

NONLINEAR CYCLIC TEST OF HC-MG COMPONENT
TYPE HC-1.1, L=180 mm, N=2, GAP-G1, ORIGINAL TEST-1

TYPE HC-1.1, L=180 mm, N=2, GAP-G2, REPEATED TEST-3
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Figure 5. Extracted hysteretic responses from original and repeated tests of HC-MG components with different gaps: tested
component HC-1.1 with gap G1 and G2 (up) and HC-1.2 with gap G1 and G2 (down)

LEVEL-2 OF PROTOTYPE MODEL OF HC-MG DEVICE

Deformation under tension
after gap-G2

Figure 6. Formulated refined 3D model of two HC-MG energy dissipation components type HC-1.1 with gap-G1 & G2 (up
left) with typical installation of ED components with gap-G1 at level-2 (up right) and computed hysteretic response of two
HC-MG energy dissipation component type HC-1.1 simulating cyclic loads and gaps G1 & G2.
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From the obtained original experimental results, the following important conclusions were derived: (1) The created
HC-ED devices represent new technical innovations for efficient seismic energy dissipation under repeated displacement
cycles; (2) The actual hysteretic response of the HC-ED components demonstrated high shape stability under numerous
repeated nonlinear cycles; and (3) The assembled prototype models of HC-ED devices with optimal nonlinear response
characteristics can be implemented for assembling a new large-scale ACG bridge model, suitable for seismic testing
under simulated real earthquakes.

4. Installed Seismic Isolation and Displacement-Limiting System

The innovative ACG bridge model created for the planned experimental seismic testing program was finalized with
the assembly of the newly developed upgraded HC-ED devices. However, it is important to emphasize that the completed
ACG bridge test model integrated reused scaled prototype models of seismic isolation and displacement-limiting devices
from previous studies [34, 38].

4.1. Seismic Isolation System

In the assembled large-scale ACG bridge test model, the seismic isolation system is represented by DSRSB devices.
These devices were designed, constructed, and tested to provide the optimal mechanical characteristics for the seismic
isolation system in the scaled ACG bridge model. Four DSRSB devices were used and installed symmetrically at the
two abutments of the bridge model. Considering that the supported reinforced concrete (RC) superstructure slab weighed
85 kN, i.e., a vertical force of 21.25 kN acted on each isolation device. The actual hysteretic response of the DSRSB
devices was experimentally confirmed under simulated real vertical compressive axial forces. The recorded hysteretic
responses proved that each device could accommodate horizontal deformations of up to 40 mm. The recorded hysteretic
response generally exhibited a skewed rectangular form, indicating that it could be accurately modeled with a bilinear
analytical model. The experimental tests proved that the DSRSB devices met the target seismic performance criteria.
Extremely small friction forces were recorded, amounting to only 4.2% of the applied vertical forces, and stable
hysteretic relations were demonstrated throughout the entire cyclic displacement range.

4.2. Displacement-Limiting System

Similarly, in the assembled large-scale ACG bridge test model, the displacement-limiting system comprised four
constructed prototype models of DL devices. The DL devices were originally designed, constructed, and tested.
Structurally, DL devices are independent, identical units comprising a short ductile steel cantilever supported by an
experimentally tested rubber block. With the properly defined stiffness of the activated steel cantilevers, the rubber
blocks efficiently act as an adaptive buffer, effectively reducing potentially large superstructure displacements. Various
innovative rubber buffers can be introduced, constructed, and implemented.

5. Seismic Performance of ACG Bridge System
5.1. Testing Program and Test Setup

The actual seismic performance of the new ACG bridge system was intensively studied by conducting extensive and
complex shaking-table experimental tests and relevant analytical studies. A targeted study program was adopted to
obtain original, reliable, relevant, and representative data.

a) Shaking-table testing program: The shaking-table tests included four different types of specifically targeted
shaking-table tests for the ACG bridge model:

(1) Initial sine-sweep tests on the basic bridge prototype model with only the isolation system. Initial sine-sweep
shape tests were performed in order to define the real values of the fundamental vibration period and damping of the
tested isolated and non-upgraded bridge models; (2) Comparative seismic tests of the basic bridge model with applying
only the isolation system. The first comparative seismic test was conducted to obtain clear evidence of the actual seismic
response characteristics of the assembled bridge system without HC-MG upgrading devices; (3) Specific seismic tests
on the assembled new ACG bridge model simulating strong near-source earthquakes. Related seismic tests were
performed to investigate the seismic response characteristics of the upgraded bridge system subjected to strong near-
source earthquakes characterized by different frequency contents; (4) Seismic tests on the assembled new ACG bridge
model simulating semi-resonant earthquakes. These tests were conducted to analyze the seismic response of the
upgraded ACG bridge model under simulated semi-resonant or far-source earthquakes with different frequency contents.

b) Bridge model setup on seismic shaking table: The constructed bridge model was installed diagonally on an
existing 1Z11S seismic shaking table. The diagonal model position was intentionally selected to provide two-axis bridge
excitation and allow simultaneous recording of the bridge seismic response in both longitudinal and transverse
directions. Using the specific testing conditions, the input seismic excitation was simulated at 45°.
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The assembled ACG bridge prototype model, shown in Figure 7, comprised a basic stiff RC substructure (SUB-S),
an upper RC superstructure (SUP-S) formed as a thick RC slab, adequately shaped left abutment (LS) and right abutment
(RS), shorter middle piers (SMP) and longer middle piers (LMP), two DSRSB devices (1,2) at the left support and two
DSRSB devices (3,4) at the right support, defined locations at the left and right supports for the new HC-MG devices
(A and B), and a designed steel stiff frame for installing pairs of DL devices above the left and right supports.

The total length of the designed three-span RC bridge superstructure was 58.50 m (15.75+27.00+15.75), while the
middle piers had different heights of 9.50 m and 11.70 m. Between the RC bridge superstructure and planned
substructure support points, an adequate seismic gap was formed to properly accommodate the adopted seismic isolation
devices and created HC-MG energy dissipation devices. The constructed large-scale bridge model was geometrically
reduced by a scale factor of 1:9 to match the available dimensions and maximum load capacity of the seismic shaking
table used [34]. Considering the primary testing modeling factors, a realistic combined true replica-artificial mass
simulation testing model was selected as the most adequate. Considering the implemented modeling approach, the total
in-plane length and width of the bridge model substructure were 8.30 and 1.50 m, respectively.

SHED - Shaking table excitation direction
SUB-S - Model sub-structure

SUP-S - Model super-structure

LS - Left abutment

RS - Right abutment

SMP - Shorter middle piers (not active)
LMP - Longer middle piers (not active)
1,2 - DSRSB Devices at left support
3, 4 - DSRSB Devices at right suppurt
A-HC-MGEDD at left support

B - HC-MG EDD at right support

Figure 7. Concept of the assembled ACG bridge prototype model tested on the 1Z11S seismic shaking table

The thickness of the designed RC model superstructure was adequately increased to directly compensate for the
additional existing superstructure load and ensure a realistic simulation of the induced large seismic forces. The middle
piers were not activated in the experimental tests. Consequently, the tested model was transformed into a suitable one-
span bridge structure. The designed steel components were manufactured from S355 class steel, while C25/30 concrete
was used for the RC concrete components.

5.2. Instrumentation of ACG Bridge Testing Model

The instrumentation system for the constructed ACG bridge testing model, shown in Figure 8, was designed and
successfully used previously [54]. It comprised devices for measuring key response quantities during dynamic tests: (1)
Four linear variable differential transformer (LVDT) transducers were implemented to record the time histories of the
actual relative displacements between the superstructure and substructure segments; (2) Four LP transducers or linear
potentiometers were used to record the absolute (total) displacement responses at specific reference points. These points
were fixed beyond the moving shaking table to ensure accurate measurements, and (3) twelve acceleration sensors
(ACC) were selected to ensure simultaneous recording of the acceleration time-history responses of the six representative
model points in the longitudinal and transverse directions.

5.3. Sine-Sweep Shaking-Table Tests of Isolated Bridge Model

Six repeated sine-sweep shaking-table dynamic tests were initially performed under simulated low-intensity dynamic
sine-sweep inputs, ranging from 0.02 g to 0.05 g. The simulated sine-sweep input motions covered a wide frequency
range from 1 Hz to 35 Hz, resulting in a large volume of response data. Based on the recorded time-history responses of
the tested bridge model assembled with isolation devices only, the initial fundamental period of the isolated bridge was
determined to be T, = 0.522 s, with damping levels of 3.0% and 3.5%.
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5.4. Seismic Shaking-Table Tests of Isolated Bridge Model

Seismic shaking-table tests on the isolated bridge models were performed as an initial comparative experimental
study to assess the necessity and effectiveness of the HC-MG energy dissipation devices for the seismic upgrading of
bridges exposed to strong earthquakes. This study presents the selected results from a seismic test under a simulated El
Centro earthquake scaled to PGA = 0.81 g. The test revealed an unacceptably large maximum relative displacement of
the superstructure, measuring 42.34 mm, exceeding the allowable displacement of the DSRSB devices (40.0 mm). The
following sections present representative results from the tests on the upgraded ACG bridge system. In all cases, the
maximum relative displacements were optimally reduced to acceptable and fully controlled values.
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Figure 8. Instrumentation of ACG bridge model: Acquisition points and sensors of recording channels

5.5. Seismic Shaking-Table Tests of ACG Bridge Model under Near-Source Earthquakes

Representative seismic shaking-table tests of the ACG bridge model under simulated near-source earthquakes were
performed to investigate the interactive effects of the induced nonlinear responses of the assembled DSRSB seismic
isolation and HC-MG energy dissipation devices.

The key test results and observations from the original seismic shaking-table tests on the ACG bridge model are
briefly presented and discussed. The experimentally obtained seismic responses of the ACG bridge model were
successfully implemented to propose an experimentally confirmed and generally applicable analytical predictive model
(Section 5.6). The analytical study provided detailed insights into the relevant response characteristics of the integral
bridge model and installed seismic isolation and HC-MG energy dissipation devices.

a) Simulated input earthquakes: Seismic shaking-table tests on the constructed ACG bridge model were performed
under four simulated strong near-field real earthquake records with different and representative frequency contents [34].
According to the model similitude law, the time histories of the original earthquake records were time-compressed by a
time factor of 1/3, computed by dividing 1 by the square root of the considered model geometrical scale Ir = 9. To
generate representative seismic test results, the maximum earthquake input intensities were selected and simulated.
Using respective scaling factors, the four input records were scaled to high levels of PGAs: PGA = 0.80g for the El
Centro (1940) earthquake record, PGA = 0.78g for the Petrovac (Montenegro, 1979) earthquake record, PGA = 0.76g
for the Landers earthquake record, and PGA = 0.94g for the Northridge earthquake record.

b) Test data acquisition system: The planning, selection, and application of a reliable and optimal data acquisition
system were critical research phases. Owing to the high complexity of the seismic tests, extensive experimental datasets
were recorded for each instrumented acquisition channel. The instrumentation system used for each seismic test included
a set of 20 instrumented channels to record various model response quantities and additional channels equipped with
sensors to control the laboratory seismic shaking table. Given the refined data sampling rate, each seismic test yielded
over 5 million numerical values. The integral testing program, involving twenty seismic shaking-table tests, was
completed. All sensors provided complete and accurate experimental data. After extensive and systematic data
processing, involving up to 100 million numerical values, the most representative results of the system response were
selected, processed, and presented.
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c) Records of relative displacements: Table 2 summarizes the obtained peak relative displacements, including
positive and negative peaks, recorded during the seismic tests on the ACG bridge model exposed to four simulated strong
near-field earthquakes. The high accuracy of the recorded relative displacement, total displacement, and acceleration
time-history responses during the seismic tests under simulated strong near-source earthquakes was confirmed by
respective graphic plots for all measured points. Figure 9 shows a graphical illustration of the time-history responses of
the relative displacements (up) and acceleration responses (down) of the superstructure, comparing the longitudinal (L)
and transverse (T) directions, recorded during the seismic test on the ACG bridge model under a simulated strong
compressed Petrovac earthquake.

Table 2. Peak relative sub-super structure displacements recorded by LVDT sensors during the original shaking-table tests
on the ACG bridge model under simulated strong (compressed) near-source earthquakes

B1. Seismic Tests Simulating Compressed El-Centro & Petrovac Earthquake

O-T1: C-El-Centro, PGA=0.80G O-T2: C-Petrovac, PGA=0.78G
No- Channel  MaxD (-) (mm)  MaxD (+) (mm) Channel MaxD (-) (mm)  MaxD (+) (mm)
1 LVDT-01 -23.85 18.73 LVDT-01 -20.32 21.35
2 LVDT-02 -3.57 3.86 LVDT-02 -5.44 2.35

B2. Seismic Tests Simulating Compressed Landers & Northridge Earthquake

No. O-T1: C-Landers, PGA=0.76G O-T2: C-Nortrige, PGA=0.94G
Channel  MaxD (-) (mm)  MaxD (+) (mm) Channel MaxD (-) (mm)  MaxD (+) (mm)
1 LVDT-01 -16.71 15.77 LVDT-01 -17.72 26.11
2 LVDT-02 -7.24 4.66 LVDT-02 -5.66 2.44
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Figure 9. Superstructure relative displacements (up) and acceleration responses (down) recorded during the seismic tests on
the ACG bridge model under a simulated strong compressed Petrovac earthquake

Based on the experimental results for relative displacements, the following observations can be summarized: (1) The
displacements recorded in the L direction (LVDT-03), representing the direction of the earthquake excitation, were
dominant; (2) The displacements in the T direction, normal to the earthquake excitation (LVDT-04), were small and
insignificant; (3) The recorded peak relative displacement, Dmax = 21.35 mm, was smaller than the allowable
displacement of the seismic isolators, Da = 40.0 mm; and (4) Generally, the new ACG bridge system has been confirmed
as a novel applicable option for enhancing the seismic performance and safety of bridge structures (see Table 2).
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d) Records of accelerations: Based on the acceleration time-history responses of the superstructure recording point
1, shown for the L direction (ACC-03) and T direction (ACC-04) in Figure 9 (down), the recorded maximum acceleration
responses were significantly smaller than the input acceleration. These response characteristics demonstrate the
advanced capabilities achieved by the ACG bridge system.

e) Records of absolute displacements: Time histories of the absolute displacements in the L direction were recorded
in all test cases using the installed LP sensors at the selected characteristic points on the substructure and superstructure
segments of the ACG bridge model. Systematic analysis of the recorded data confirmed the accurate control of the
shaking table and the correct functioning of the data acquisition system.

5.6. Modeling of the Tested ACG Bridge Model under Near-Source Earthquakes

The tested large-scale ACG bridge model integrated the assembled stiff RC substructure and superstructure segments
and three specific devices in the provided seismic gap, including four DSRSB prototype devices, two HC-MG prototype
devices, and four DLD prototypes. Two analytical study goals were defined as follows: (1) record the original
experimental results to validate the capability of the formulated analytical model; and (2) based on overall modeling
evidence, evaluate the potential applicability of the experimentally verified analytical model for practical design
purposes. This section presents and discusses the analytical results obtained from the seismic test of the ACG bridge
system under a simulated near-source Petrovac earthquake.

al) Formulated analytical model: A nonlinear tridimensional analytical seismic response simulation model of the
tested ACG bridge system was formulated using the finite element modeling concept in SAP2000. The stiff RC
substructure and superstructure were modeled using their respective three-dimensional beam elements. The nonlinear
behavior of the DSRSB and HC-MG prototype devices was modeled using the proposed bilinear analytical models with
experimentally defined parameters. For the formulated analytical model, the x and y axes represent the longitudinal and
transverse model directions, respectively. The full test seismic input was specified using two input components in the x
and y directions. Both acceleration time histories (components) were scaled by a factor of 0.707 to represent the
projection of the full test input vector at 45 °. The four DSRSB isolation devices were modeled in the x and y directions
using identical bilinear models with experimentally defined parameters for yield point, Dy = 0.0015 m, Fy = 0.40 kN,
and second point Dp = 0.0500 m, Fp = 0.72 kN. Similarly, each HC-MG energy dissipation component was modeled
with nonlinear link elements represented by respective bilinear models. The modeling parameters of the nonlinear links
acting in their local longitudinal direction were defined based on the obtained original test results.

a2) Validation of fundamental period: The fundamental vibration period of T,=0.522 s obtained from the dynamic
sine-sweep tests was used for the basic validation of the formulated analytical model. The analytically computed periods
of the first three modes (T1 =0.587 s, T2 = 0.586 s, and T3 = 0.378 s) exhibited forms identical to those experimentally
defined, appearing predominantly in the transverse, longitudinal, and torsion directions, respectively. The small
difference of 12.4 % between the experimental and analytical results confirmed an excellent correlation.
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Figure 10. Predicted maximum superstructure relative displacements (up) and velocity response (down) for the tested ACG
bridge model under simulated compressed strong Petrovac earthquake
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a3) Validation of predicted seismic response: The effectiveness of the formulated nonlinear analytical models in
realistically predicting the seismic response of the UCR bridge system under simulated near-source earthquakes was
demonstrated through comprehensive analytical studies. Figure 10 shows plots of the computed time-history response
of the relative displacement (up) and velocity response (down) of the superstructure under a simulated near-source
(compressed) Petrovac earthquake scaled to PGA = 0.78 g, identical to the experimental seismic test. Considering the
analytically computed maximum displacement components in the x and y directions, maxDX = maxDY = 16.0 mm, the
resulting maximum relative displacement in the shaking-table direction was maxDL = 22.56 mm (Figure 10, up). The
recorded relative displacement of 21.35 mm from the experimental seismic test was consistent with the analytically
predicted value of 22.56 mm, demonstrating a low and insignificant difference of only 5.67 %.

a4) Validated responses of the installed devices: Figure 11 (up) shows the analytically predicted hysteretic response
of the installed DSRSB isolation device in the y direction. Similarly, Figure 11 (down) shows the hysteretic response of
characteristic energy dissipation component C1. The actual hysteretic response of the HC-ED components was
successfully simulated using parallel “gap” and “hook” nonlinear link elements. To demonstrate the specific gap-based
uniform nonlinear response of the HC-MG energy dissipation devices, the induced response characteristics of the
selected components C1, C2, and C3 at levels 1 and 2 are shown in Figure 12. Figure 12 shows the computed force time-
history responses of the energy dissipation components C1, C2, and C3 at level-1 and components C1, C2, and C3 at
level-2. The large energy dissipation capacity of the device is ensured through the induced effective tension—compression
nonlinear response of the energy dissipation components, as indicated by the different colors in Figure 12.
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Figure 11. Predicted hysteretic response of the DSRSB isolation device (up) and hysteretic response of the energy dissipation
component C1 (down) under simulated compressed strong Petrovac earthquake

a5) Summary of main observations: Based on the results obtained from the analytical studies, the following

conclusions were derived: (1) The nonlinear analytical bridge model could realistically simulate the complex seismic
response of the UCR bridge system; (2) The nonlinear response details of the assembled devices and induced global
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nonlinear structural behavior were successfully identified; and (3) The novel UCR bridge system presents advanced
response modification capabilities, providing largely improved seismic response and seismic protection of bridges.
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Figure 12. Predicted force time-history responses of energy dissipation components C1, C2 and C3, respectively at level=1
(up) and at level-2 (down), under simulated compressed strong Petrovac earthquake

5.7. Seismic Shaking-Table Tests of ACG Bridge Model Under Far-Source Earthquakes

a) Objectives of seismic testing: The results obtained from the seismic tests with simulated strong near-source
earthquakes confirmed the advanced seismic performance of the ACG bridge model (Section 5.5). With the implemented
DSRSB isolation system, critical spectral amplitudes of the simulated earthquakes were avoided owing to the enlarged
first vibration period. However, with an enlarged vibration period of the first mode, the system can become more
sensitive to long-period (far-source) earthquakes. Therefore, to reduce the induced response, the novel HC-MG energy
dissipation devices significantly increase damping in the ACG bridge system. To fill this research gap, the actual seismic
response of an ACG bridge model under simulated far-source earthquakes was experimentally studied. Specifically,
well-targeted seismic shaking-table tests with simulated far-source earthquakes were successfully performed.

b) Seismic testing conditions: A relevant testing scenario was defined and used by comparing the computed response
spectra of the compressed and uncompressed earthquake records. According to the test model similitude law, the
compressed earthquake records were relevant for simulating near-source earthquakes. However, for the original
(uncompressed) earthquake records, the dominant part of their response spectra was primarily distributed near the
fundamental period of the assembled ACG bridge system. Considering this significant property, the uncompressed
earthquake records were used as relevant earthquake inputs during the specific seismic testing of the ACG bridge system
under simulated far-source earthquakes.

c) Seismic testing results: Similarly, extensive numerical data files were obtained from a series of seismic tests.
However, a highly intensified bridge seismic response was observed during the first seismic test. Therefore, the seismic
testing program was modified accordingly. Specifically, the possible PGA value for any earthquake record was carefully
adjusted to meet the maximum dynamic shaking-table payload and ensure model safety in each seismic test.

Table 3 presents the peak relative sub-super structure displacements recorded during the shaking-table tests of the
ACG bridge prototype model with simulated real (hnoncompressed) long-period earthquake records. The test results
revealed significantly larger maximum relative displacements, even though the long-period inputs were simulated
with lower PGA values. The earthquake records were scaled as follows: EI-Centro to PGA = 0.52¢, Petrovac to PGA
= 0.56g, Landers to PGA = 0.70g, and Northridge to PGA = 0.39¢. Figure 13 shows the time-history response of the
superstructure relative displacements recorded by LVDT-3 and LVDT-4 (up) and the time histories of the acceleration
responses recorded by ACC-03 and ACC-04 (down) during the ACG model test performed with a simulated real
uncompressed strong Petrovac earthquake. The experimental tests with simulated far-source earthquakes confirmed
the safety of the ACG system, evidenced by significantly lower PGA values owing to significant attenuation with
distance [55].
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Table 3. Peak relative sub-super structure displacements recorded by LVDT sensors during the original shaking-table
tests on the ACG bridge model conducted under simulated real (not compressed) earthquakes

B1. Seismic Tests Simulating Real El-Centro & Petrovac Earthquake

O-T1: R-El-Centro, PGA=0.52G O-T2: R-Petrovac, PGA=0.56G
No- Channel MaxD (-) (mm) MaxD (+) (mm) Channel MaxD (-) (mm)  MaxD (+) (mm)
1 LVDT-01 -16.81 23.90 LVDT-01 -27.61 18.68
2 LVDT-02 -2.32 1.53 LVDT-02 -6.79 2.37
B2. Seismic Tests Simulating Real Landers & Nortrige Earthquake
No. O-T1: R-Landers, PGA=0.70G O-T2: R-Nortrige, PGA=0.39G
Channel MaxD (-) (mm) MaxD (+) (mm) Channel MaxD (-) (mm)  MaxD (+) (mm)
1 LVDT-01 -19.28 27.08 LVDT-01 -25.78 18.68
2 LVDT-02 -11.33 3.59 LVDT-02 -5.84 0.49

ACG MODEL TEST (EQ-R-EL-CENTRO 0.52G): LVDT-03 & LVDT-04
30

20 LVDT-03:
maxD=-29.86 mm

10

Relative Displacement D(mm)
o

'm‘r i H\uw‘uu"l I Wit e,
e w e o

ACG MODEL TEST (EQ-R-EL-CENTRO 0.52G): ACC03 & ACC04

15
;(\T ACC-03:
0 maxA=-1.27 G
£
S -
S v L
o
9
§ ACC-04:
< maxA=1.46 G

0 10 20 30 40 50 60

Time (s)

Figure 13. Superstructure relative displacements (up) and acceleration responses (down) recorded respectively by LVDT
and ACC sensors during seismic test of ACG bridge model simulating real strong Petrovac earthquake

6. Observed Seismic Protection Advances of the ACG Bridge System

Figure 14 illustrates the experimentally confirmed capability of the ACG bridge system to efficiently protect
bridge structures exposed to extremely strong near-source earthquakes, including the results of all seismic tests
performed.

By incorporating the novel HC-MG devices, the isolated bridge system effectively modified the induced seismic
response, enhancing seismic safety. In all test cases, the recorded maximum relative superstructure displacements were
significantly reduced. With the reduction in the maximum relative displacements below the predefined allowable value
of 40.0 mm for isolation devices in all test cases, a stable, safe, and reliable bridge seismic response was confirmed. By
contrast, for a bridge system with only an isolation system, the seismic test revealed an unsafe bridge response.
Specifically, the recorded maximum relative displacement was larger than the allowable value of the implemented
seismic isolation devices, as shown in Figure 14.

Figure 15 illustrates the capability of the tested ACG bridge system to successfully protect bridge structures
exposed to far-source earthquakes. The experimental test results revealed maximum relative displacements smaller
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than the allowable displacements in all test cases. The capability of the ACG bridge system for advanced seismic
protection of bridges under near- and far-source earthquakes was demonstrated through the extensive testing
program.

I. Reduction of maxD by HCMG Devices: Test of ACG Bridge Model
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Figure 14. Confirmed reduction in maximum relative displacement by the installed HC-MG devices: Shaking-table tests of
the ACG bridge model under simulated strong near-source earthquakes
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Figure 15. Confirmed reduction in maximum relative displacement by the installed HC-MG devices: Shaking-table tests of
ACG bridge model under simulated far-source earthquakes

7. Conclusions

From the original research results obtained through extensive experimental shaking-table seismic tests on the ACG
bridge prototype model, along with findings from supplementary analytical studies, the following conclusions were
made:

e The viability of the compact HC-MG energy dissipation device as an advanced option for increasing structural
damping was experimentally and analytically confirmed. The uniform gap-based complex nonlinear response of
all assembled single C-gapped components provided advanced energy dissipation capabilities, effectively
upgrading isolated bridges exposed to near- and far-source earthquakes.

e A comparative evaluation of the initial dynamic characteristics confirmed the zero-state validity of the formulated
experimental and analytical models. Specifically, this was confirmed by the excellent correlation between the
fundamental period of the ACG bridge system, defined experimentally based on sine-sweep dynamic tests, and
that calculated using the formulated phenomenological analytical model.
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e The potentially unsafe seismic response of the constructed bridge model with the DSRSB isolation devices was
experimentally confirmed through a seismic proof test. The unsafe response of the bridge with only an isolation
system resulted from the induced maximum relative superstructure displacements larger than the predefined
allowable displacements of the seismic isolation devices.

e The ACG bridge system exposed to strong near-source earthquakes exhibited an efficient seismic protection
capability. A stable and adaptable seismic response was demonstrated through targeted seismic shaking-table tests.
In all test cases, the induced maximum relative superstructure displacements were significantly lower than the
allowable values owing to the advanced upgrading effects provided by the HC-MG energy dissipation devices.

o Similarly, for seismic inputs characterizing far-source earthquakes, the ACG bridge system exhibited advanced
seismic protection capabilities. Specifically, in all related seismic tests performed under high seismic intensity
levels, the maximum relative superstructure displacements remained below the allowable value. The expected
upgrading effect of the HC-MG energy dissipation devices was efficiently achieved and experimentally confirmed.

e The applicability of the formulated nonlinear phenomenological analytical model to realistically predict the
complex seismic response of the ACG bridge system under simulated near- and far-source earthquakes was
confirmed by the results obtained from an extensive analytical study. Specifically, an excellent correlation between
the analytically predicted seismic responses and those recorded from the seismic shaking-table tests was observed.

e The ACG bridge system, which has been developed and experimentally validated with a uniform, versatile gap-
based seismic response modification, represents an advanced approach for upgrading bridges. It is effectively
applicable in practice for the seismic protection of bridges exposed to both strong near-source and critical far-
source earthquakes.
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