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In this study, hybrid simulation techniques are used to test earthquake excitation on a
supported bridge with High-damping rubber (HDR) bearings, which are widely used in
girder bridges. It is impractical to make a full-scale or large-scale test of a whole bridge in
the laboratory and substructure hybrid simulation techniques can overcome these scale
issues to some extent. Using the software framework OpenFresco, the study involved
a continuous exchange of data between a numerical model and a physical specimen.
An experimental bearing element is introduced to the HDR bearings, and the remainder
of the structure is modeled with beam-column elements for numerical analysis. These
hybrid simulation results match the analytical results under the designated earthquake
excitation. Therefore, this technique reproduces the seismic performance of a simply
supported bridge with HDR bearings. This series of dynamic hybrid simulations of a
simply supported bridge provides useful insights into the selection of HDR bearings.
The study analyses and discusses the mechanical properties of these HDR bearings
when subject to earthquake excitations.

Keywords: hybrid simulation, seismic performance, simply supported bridge, high-damping rubber bearing,
OpenFresco

INTRODUCTION

Earthquakes are among the most catastrophic natural hazards. They have caused tremendous
loss of life and damage to infrastructure throughout history. Bridges are essential components
of transportation infrastructure, and the damage to or collapse of these structures caused by
earthquakes can not only cause casualties, it can also influence important public transportation
systems, potentially hindering the life-saving services needed to respond to these disasters.
Therefore, measures that reduce the seismic responses of bridge structures are of considerable
importance. Seismic isolation achieves high seismic performance for the seismic safety of bridge
structures (Yamamoto et al., 2009). Rubber bearings are standard components of these bridge
isolation systems. Compared with conventional rubber bearings, high-damping rubber (HDR)
bearings have advantages such as a high energy-dissipating capacity, low maintenance costs, and
little residual deformation. Moreover, HDR bearings are not prone to shear and displacement
failure, which may occur on other types of rubber bearings (Li et al., 2013), meaning they are

Frontiers in Built Environment | www.frontiersin.org 1

September 2020 | Volume 6 | Article 141


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/journals/built-environment#editorial-board
https://www.frontiersin.org/journals/built-environment#editorial-board
https://doi.org/10.3389/fbuil.2020.00141
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbuil.2020.00141
http://crossmark.crossref.org/dialog/?doi=10.3389/fbuil.2020.00141&domain=pdf&date_stamp=2020-09-25
https://www.frontiersin.org/articles/10.3389/fbuil.2020.00141/full
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/
https://www.frontiersin.org/journals/built-environment#articles

Yang et al.

Hybrid Test of HDR Bearings

widely used in girder bridges. With the application of HDR-
bearing isolators, there is a considerable decrease in the seismic
responses of bridge structures. Thus, the characteristics of these
HDR bearing isolators have a substantial influence on the
vibration behavior of bridge structures.

With respect to the numerical modeling of bearings, Abe et al.
(2004) have proposed a displacement-dependent elastoplastic
model. The proposed bearing model could predict the bearing
response in both one-dimensional and two-dimensional cases.
Amin et al. (2006a) propose an HDR bearing constitutive model
based on the multiplicative decomposition of the deformation
gradient tensor. This type of model could describe the viscosity-
induced rate-dependent effect. Yamamoto et al. (2012) have
conducted multiaxial cyclic tests on three types of rubber bearings
to study the equivalent stiffness and damping ratio. These
results indicate that the effects of triaxial loading significant.
Abe et al. (2004) conducted bidirectional loading tests on seven
full-scale HDR bearing isolators. Based on the test results,
an analytical model that simulates the restoring force under
bidirectional loading was proposed in the OpenSEES platform.
Chaudhary and Masato Abe Fujino (2001) utilized a method
to identify the modal and structural parameters of a bridge
with HDR bearings.

In cyclic tests on HDR bearings, test results do not capture an
adequate description of the dynamic behavior of HDR bearings,
especially under an earthquake loading pattern. Although
shaking table tests can simulate the overall seismic behavior of
a girder bridge in a more realistic way, they are limited by the
scale ratio and the cost of the test. As a result, few full-scale girder
bridge shaking table tests have been published.

In a girder bridge, the mechanical properties of the
superstructure (generally referred to as the girder) and the
substructure (generally referred to as pier) are relatively easy
to model with the finite element (FE) method in terms of its
structural nature as well as dynamic performance under common
earthquake loading. However, HDR bearings are not easily
studied using a proper numerical model, due to their nonlinear
behavior and complex constitutive model. It is therefore
important to develop hybrid simulations to study the mechanical
properties of HDR bearings when subject to earthquakes, which
could be of great value when applied to engineering.

Compared with traditional test methods and model
identification methods, hybrid simulation techniques can
to an extent reproduce the seismic process of structures. Hybrid
simulation techniques take advantage of numerical modeling
and test techniques. With hybrid simulation techniques, scale
ratio issues existed in shake table test would be tackled. Given
the lack of dynamic test results, this work studies HDR bearings
using hybrid simulation techniques. HDR bearings are tested
as the physical substructure, while the other components of
the girder bridge are modeled as the numerical substructure.
First, a hybrid simulation process of a simply supported bridge
with HDR bearings is presented. Then, this article analyses a
standard case study to verify the effectiveness and accuracy
of substructure techniques. Finally, it presents the hybrid
simulation test results for HDR bearings under three situations
of earthquake excitation.

STRUCTURE AND MODELING
APPROACH

As shown in Figure 1, the prototype structure analyzed in this
study is a simply supported bridge with four steel piers. In
order to meet the requirements of test loading equipment, the
FE model is designed as a scaled model with a ratio of 1:3.
Based on the dynamic equation and the Buckingham-7 theorem,
similitude ratios for the length and acceleration are chosen
as the fundamental terms, and other scale factors include the
parameters of the length, mass, time, stress, velocity, force, and
stiffness, as shown in Table 1.

The scaled simply supported bridge model has a span
length of 5.00 m. The bridge weighs 54.0 tons in total. The
structural components of the simply supported bridge include
the girder, the bridge deck, the counterweight, the HDR
bearings, and the piers.

Structure Details

The details of the HDR bearings are shown in Figure 2. The
sectional dimensions of the HDR bearing specimens used in the
tests are 400 mm x 400 mm. The total thickness of the HDR
bearing is 140 mm.

According to the requirements of the Standard for Design of
Steel Structures, the cover beams, the girders, and the piers are
made of Q235 steel with a yield stress of 235.0 MPa (Ministry
of Construction of the People’s Republic of China, 2003). The
sectional dimensions of the piers are 200 mm x 200 mm, and the
thickness of the bridge piers is 5 mm. The sectional dimensions
of the cover beams are 700 mm x 400 mm. The cover beams are
used to connect the girders and the piers with bolts. The HDR
bearings are located on top of the cover beams. The I-shaped
section girder has a width of 650 mm and a height of 400 mm
and is made of Q235 steel.

Ground Motions

The Imperial Valley record, North Ridge record, and Loma
Prieta record are adopted as the input earthquake motions
for the hybrid simulation process. Figure 3 shows the seismic
acceleration time histories and spectra. The time step of the
aforementioned records is set to 0.01 s. The frequency content
of the input motions are mainly below 10 Hz, and the dominant
frequency ranges from 0.91 to 2.13 Hz based on the Fourier
transformation results. The peak base accelerations (PBA) of
the input motions, as mentioned earlier, are scaled to 1.2 g for
the test. Both the physical and numerical components of the
hybrid models are scaled in size by a length scale factor of
0.333 due to the cost and space limitations of the testing facility.
Thus, the equations of motion are solved for the scaled models
with the earthquake record time compressed by a time scale
factor of 0.577.

Numerical Modeling

Due to the fact that a calculation efficiency was needed in the
hybrid simulation process, the FE model of the simply supported
bridge was simplified, as shown in Figure 4. The steel bridge
deck had dimensions of 6100 mm x 4100 mm x 70 mm. The
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FIGURE 1 | Evaluation of the specimen.

3 400 mm
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TABLE 1 | Scale Factors between the prototype and scale models.

Dimension Definition/in terms of S Scale factor
Length S 0.333
Mass s? 0.109
Time S0 0.577
Stress 1.0 1.0
Velocity S05 0.577
Acceleration 1.0 1.0

Force s? 0.109
Stiffness S 0.333

bridge deck was modeled as a rigid body due to its mechanical
properties. The sectional dimensions of the HDR bearings were
set to 400 mm x 400 mm x 140 mm. The sectional dimensions of
the piers were set to 200 mm x 200 mm x 2070 mm. The simply
supported bridge piers were modeled with distributed plasticity
Euler-Bernoulli beam elements, which had four Gauss-Legendre
integration points (Feng et al,, 2019). The Steel 02 model was
utilized for the components of the simply supported bridge.
The steel structural components had a density of 7800 kN/m?,
Poisson’s ratio of 0.3, Young’s modulus of 200.0 GPa, and yield
stress of 235.0 MPa. The hardening ratio was set to 0.01. The
elastic rubber bearing elements were set between the pier top and
the bridge deck. The shear stiffness was considered in the bearing
element, while the bending stiffness was neglected. The bottom of
the pier elements was fixed for all three degrees of freedom. The
rotation degree was assumed to be restricted at the top point of
the pier elements. The stiffnesses of the girders and the bridge
deck were much larger than those of the piers. Therefore, the
HDR bearings would present shear deformations in the hybrid
simulation process.

HYBRID SIMULATION FRAMEWORK

With the help of substructuring hybrid simulation techniques,
large-scale, or full-scale tests can be realized to study the
seismic performance of the designated specimens (Mccrum and
Williams, 2016). In this work, substructuring hybrid simulation
techniques are utilized. HDR bearings are physically tested, while
the other structural components are numerically modeled. In

FIGURE 2 | Details of the specimen.

the numerical model, four bearings are assembled and modeled
with one bearing element. To simply the physical test and
make it more feasible, two HDR bearings are arranged vertically
as one specimen.

Substructure Division

The details of the physical and numerical substructure are
illustrated in Figure 5. The HDR bearings are selected as the
experimental elements. In the numerical model, it is assumed that
the bridge deck is a rigid body, and the mechanical properties
of the four bearings are the same. Therefore, the HDR bearings
share the same deformation in the analysis.

As mentioned previously, two HDR bearings are vertically set
as one in the physical specimen. The physical substructure
and numerical substructure are combined and interact
through the OpenFresco platform. The purpose of OpenFresco
middleware is to build a bridge between the loading hardware
and the computation hardware. In the substructuring
process, interface nodes are used to connect the physical
and numerical substructures, ensuring equilibrium, and
compatibility (McKenna and Fenves, 2001; Maikol et al., 2015).
At each data communication step, two times the value of the
horizontal actuator feedback forces are transmitted back to
the numerical substructure. The experimental bearing element
is applied, which uses host FE analysis software to represent
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FIGURE 3 | Selected input motion.
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a physical portion of a model (instead of a numerical one;
Schellenberg et al., 2009).

The prototype structure has a total of four HDR bearings.
As the stiffness of the bridge deck is much greater than that
of the bearings, it is assumed that the upper structure will not
undergo in-plane deformation. The FE model is simplified, and
the four HDR bearings are modeled with one experimental
bearing element in the OpenFresco platform.

The HDR bearing is then subjected to a direct shear test, and
horizontal friction is introduced on the sliding surface. With the
help of rollers and lubricants, friction is reduced to an extent.
Because friction exists in the direct shear test with only one HDR
bearing specimen, a double shear test is adopted to eliminate
friction. In the double shear test pattern, two bearings are stacked
together and fixed on a steel plate in the middle. The steel
plate is driven by a horizontal actuator (shown in Figure 6).

Frontiers in Built Environment | www.frontiersin.org

September 2020 | Volume 6 | Article 141


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/
https://www.frontiersin.org/journals/built-environment#articles

Yang et al.

Hybrid Test of HDR Bearings

FIGURE 4 | FE model.

The restoring force measured by the actuator is the sum of the
horizontal shear forces of the two HDR bearing specimens. No
friction is introduced with such experimental settings.

To eliminate the influence of friction, the physical test uses two
HDR bearings, stacked together with the horizontal actuator. The
actuator is set in the middle part of the specimen to achieve the
effect of a double shear test. In this way, the restoring force of
the specimen comes from the two HDR bearings. To realize the
boundary compatibility and equilibrium, two times the restoring
force is transmitted back to the numerical substructure.

Experimental Test Setup
The physical hybrid simulation process was carried out in the
multifunctional shaking tables laboratory of Tongji University.

The MTS hybrid simulation system consists of a 500.0 kN
capacity high speed linear hydraulic actuator, the simulation
Host PC, and a two-channel MTS 793 controller. As shown in
Figure 6, the linear hydraulic actuator provides the horizontal
force at the middle point of the specimen. The horizontal
loading is carried out in displacement controlled mode, and
the displacement command for the horizontal actuators is
sent directly from the numerical substructure to the physical
substructure. For the vertical load, the loading scheme is
determined in open-loop control, and no axial forces or
displacements are returned to the numerical simulation. The
constant load provided by the vertical actuator is determined
by the gravity of the structure, namely, 135.0 kN. The vertical
force is measured by the load cell in the test process. The
upper part of the HDR specimen is connected to the reaction
frame. During the test, vertical loading is carried out in force-
controlled mode. To keep the pressure constant, the vertical
load is measured by the load cell. In the aforementioned loading
pattern, the vertical actuator provides constant pressure during
the test process.

Sano and Di proposed a rate-independent model of HDR
bearings, which could present changes of stiffness and equivalent
damping (Sano and Di Pasquale, 1995). Amin et al. (2006b)
developed a hyperelasticity model that can reproduce the rate-
independent response of HDR bearings under compression
and shear force. According to previous research, the loading
rate influences the performance of HDR bearings, but the
mechanical properties of the high-damping bearing are more

Frm——————— - v
1 '] |
e ] -
. ! i ‘
' ‘ Experimental ‘
o element ' 4
B
=——=  Toice =
FE software Controller DY
(M, Cp RP HDR-bearing
(iyys thys Uy
FIGURE 5 | Detailed representation of substructuring techniques.
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Actuator

FIGURE 6 | Hybrid simulation test setup for HDR bearings.
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. Experimental

0 5 10 15 20 25
Time (s)

FIGURE 7 | Time histories of the shear force and deformation (standard case).

dependent on deformation. The hysteresis loop of HDR bearing
is displacement-relevant, instead of velocity-relevant. Therefore,
in this research paper, the hybrid simulation process of HDR
bearings is conducted in a fast continuous loading pattern. The

ramp time is set to 0.1 s in the OpenFresco platform. The test
duration is approximately five times the input record duration.
The time span of a 40-s excitation hybrid simulation case is
approximately 200 s.

The operator-splitting integration method was adopted to
solve the numerical substructure. The “experimental bearing”
element was introduced for the HDR bearings. The “MTSCsi”
pattern, involving horizontal force and displacement, was
applied as the control method for the test. As the boundary
conditions of the physical substructure were simplified to one
horizontal DOFE, the “NoTransformation” experimental setup
pattern was introduced.

HYBRID SIMULATION PROCESS
Standard Case

Before the series of hybrid simulations, the accuracy of the hybrid
simulation process of HDR bearings could be verified by the
results of a standard case. The PBA of the Loma Prieta record
is scaled to 0.2 g as the input motion for the standard case.
In the standard case, the HDR bearings are mainly within the
elastic stage. As the HDR bearings are displacement-dependent,
the displacement index is selected to evaluate the accuracy of the
hybrid simulation framework. Figure 7 shows that the hybrid

[\ B
(=] S
T
|
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(e

FIGURE 8 | Time histories of the shear force and deformation (IM case).
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simulation results agree with the analytical results in terms of
peak value and waveform. The correspondence between the
results of the hybrid simulation and analytical model is shown
in the elastic stage. In this study, the aforementioned hybrid
simulation framework and numerical model can reproduce the
seismic responses of HDR bearings.

Test Results
The IM case, NO case, and LO case were analyzed to evaluate the
seismic responses of HDR bearings under different excitations.

Note that IM stands for the Imperial Valley record input motion
(PBA = 1.2 g), NO stands for the North Ridge record input
motion (PBA = 1.2 g), and LO stands for the Loma Prieta record
input motion (PBA =1.2 g).

Figure 8 shows the force histories and displacement histories
of the HDR bearings under the Imperial Valley excitation.
Figure 9 shows the force histories and displacement histories
of the HDR bearings under the North Ridge excitation.
Figure 10 shows the force histories and displacement histories
of the HDR bearings under the Loma Prieta excitation.

40 T T 300 T T
.
=
g, 20| ] 150
5 2
= g
iy . e
2220+ — Ctrl disp -150+ ]
e Dagq disp — NO force
-40 . ; -300 . .
0 10 . 20 30 0 10 20 30
Time (s) Time (s)
FIGURE 9 | Time histories of the shear force and deformation (NO case).
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-40 ' : -300 ' '
10 20 30 0 10 20 30
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FIGURE 10 | Time histories of the shear force and deformation (LO case).
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FIGURE 11 | Force-displacement hysteretic responses.
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In these three figures, target displacement matches the
measured horizontal actuator displacement, which proves
that the actuator has good loading ability during the hybrid
simulation process.

Discussion

Unlike the results of the standard case, the specimens enter the
plastic stage in the IM case, NO case, and LO case. Figure 11
shows the force-displacement hysteretic responses of the HDR
bearings. The stiffness property under earthquake excitation is
analyzed by introducing the parameter of the secant stiffness
trend. The peak-to-peak secant stiffness of the load-displacement
hysteretic response is applied to define the secant stiffness trend.
This parameter is calculated as:

+ —
F" —F;

K =
+ —
D — D;

(1)

where K; is the secant stiffness, F;", and F; are peak loads in
the positive and negative loading directions, respectively. D;"
and D; are the corresponding displacements in the positive
and negative loading directions, respectively. K; decreases
substantially during the hybrid simulation process. In the
standard case, K; is 14.6 kN/mm in the elastic stage. Compared
to the standard case, the K; of specimens IM, NO, and LO
are lower than those of the standard case by 41.5, 39.7, and
30.8%, respectively. It should be noted that compared with other
experimental studies on HDR bearings (Dall’Asta and Ragni,
2006; Xiudi et al., 2018; Khan et al., 2019), these cases showed
a strong linearity.

Usually, the HDR bearings are modeled with a linear elastic
constitutive model in the numerical FE model and it is hard
to obtain a precise solution from such a numerical model. It is
therefore necessary to conduct hybrid simulations to study the
seismic behavior of simply supported bridges with HDR bearings.

The test results show that the deformation of the bearing
is relatively small, and nonlinear behavior is not prominent.
However, it can be seen from the hysteresis curve that the
stiffness of the bearing decreases in both the IM and NO
cases, as an obvious energy-consumption phenomenon appears
at approximately 20.0 mm. The HDR bearings are not entirely in
a linear elastic state.

This work introduces novel hybrid simulation techniques to
study the seismic behavior of simply supported bridges with
HDR bearings. This paper aims to verify the feasibility and
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