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When the actual displacement of viscous damper exceeds the stroke limit, excessive pounding force may be generated, resulting in
damage to the damper. To address this issue, a novel viscous damper with variable stifness, simple processing, and good economy
is proposed. First, the load-displacement relation of the novel viscous damper is established through theoretical analysis and
experimental studies. Second, numerical simulations and a series of parametric analyses are conducted to analyze the pounding
mitigation efect of the proposed damper. Tird, real-time hybrid simulation (RTHS) for considering the pounding efect of the
novel viscous damper is presented. Finally, design recommendations for the pounding mitigation design of the novel viscous
damper are given. Te results show that the novel viscous damper efectively reduces the amplitudes of the pounding force and
acceleration by 25% and 24%, respectively. Te Fourier power of acceleration decreases in the region from 0.6Hz to 3.3Hz. Te
results of RTHS demonstrate that the real-time hybrid testing system can efectively simulate the pounding efect of the proposed
damper. However, the normalized error peak value of velocity between RTHS and the reference result exceeds 10%, indicating that
the proposed damper considering the pounding efect imposes new requirements to the real-time hybrid testing method.

1. Introduction

1.1. Background andMotivation. In recent years, there have
been frequent instances of pounding and unseating of bridge
superstructures during earthquakes. For example, a 7.4
magnitude earthquake occurred in Maduo County, Qinghai,
China, on May 22, 2021, resulting in the unseating of 70% of
the total spans of the Yematan Bridge, located to the south of
the fault [1]. In order to efectively control structural vi-
bration, researchers have proposed a variety of passive
energy dissipation devices and design strategies [2–11].
Among them, viscous dampers have been increasingly
employed in bridge engineering over the past few decades,
mainly due to the following: (1) the capability of enhancing
seismic performance through signifcant energy dissipation,
(2) no change in the stifness characteristics of the main

structure, and (3) better suited to suppress structural re-
sponse under near-fault ground motions.

However, when the actual displacement exceeds the
stroke of the viscous damper, the pounding within the
damper will generate pounding force that may lead to the
failure of the viscous damper. For example, in the 2011 Great
East Japan earthquake, the viscous dampers installed on the
frst foor of the administration building located on the
campus of the Tohoku Institute of Technology in Japan were
completely destroyed. Tis is the frst report of viscous
dampers failing in service due to the earthquakes [12, 13], as
shown in Figure 1. Te researchers concluded that earth-
quakes exceeding the considered level resulted in excessive
pounding force generated by the insufcient stroke limit,
leading to the damage of the dampers. Miyamoto et al. [14]
conducted an experimental investigation to analyze the limit
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states of the viscous dampers. When the actual displacement
exceeds the limit stroke, the metal parts at the upper or lower
half of the damper would lead to excessive pounding force
on the cylinder wall and cause damage to the viscous
damper.

In order to reduce the pounding force, the researchers
flled the second chamber of the viscous damper with me-
tallic springs or inert gases; [15] however, bothmethods have
obvious drawbacks. For metallic springs, the stifness co-
efcient is constant. Too high or too low stifness cannot
solve the problem and may afect the energy dissipation
capacity of the viscous dampers. Tus, materials with var-
iable stifness are more suitable for use as bumpers than
those with constant stifness. For inert gases, despite their
variable stifness properties, this method necessitates very
strict sealing, and once the sealing fails, it cannot achieve the
desired efect. Rubber has been widely used in bridge en-
gineering as a variable stifness bumper, which does not
necessitate strict sealing conditions [16, 17]. However,
rubber has poor durability and its performance will de-
teriorate due to aging efects during its service life, and the
heat generated by the viscous damper during working will
further accelerate the aging of rubber [18]. Metal rubber
[18–21] is a porous material composed of stainless-steel
metal wire, possessing excellent elasticity and energy ab-
sorption capability. Compared to rubber, metal rubber is
capable of adapting to corrosive, extreme high and low
temperatures, and other hostile environments. Because of its
outstanding performance, metal rubber has been widely
utilized in military and aerospace felds. Recently, the vi-
bration control devices in bridge engineering based onmetal
rubber have gained attention from scholars [18, 19].
Nonetheless, the efectiveness of metal rubber as a bumper to
reduce the pounding force in dampers has not been ex-
tensively investigated.

Seismic performances of bridge engineering were
usually evaluated by conventional seismic testing
methods, i.e., quasistatic testing [22], pseudodynamic
testing [23], and shaking table testing [24, 25]. Due to the
slow loading rate, quasistatic testing and pseudodynamic
testing cannot be performed on velocity-related dampers.
Due to the limitations of the testing equipment, shaking
table testing usually requires the specimen to be designed
in small scale. Real-time hybrid testing (RTHT) separates
a structural system into at least one numerical sub-
structure (NS) and one experimental substructure (ES)
[26, 27]. Te part of the structure that can be precisely
simulated is taken as NS, while the rest part of the
structure is taken as ES. Tus, RTHTcan be performed on
a large-scale or even full-scale structural model. Te re-
sponse of the structure is obtained by real-time loading of
the actuators and solving the equations of motion in the
computation device. Te pounding efect has a high-
frequency characteristic, necessitating a relatively large
sampling frequency for an accurate capture. However, the
maximum sampling frequency of the loading equipment is
usually only 2048Hz. Te resampling may cause stability
issues in RTHT, such as the stability of integration al-
gorithms, the accumulation of errors, and time delay

compensation. As far as the authors know, no RTHT that
take the pounding efect into account has been carried out
thus far.

1.2. Scope. From the previous background introduction, it is
evident that although inert gases and metallic springs have
been employed to mitigate the pounding force, both
methods have obvious drawbacks, thus necessitating the
proposal of a novel viscous damper to address the afore-
mentioned problems. Moreover, before conducting RTHT
that take the pounding efect into consideration, it is nec-
essary to perform real-time hybrid simulation (RTHS) that
can more realistically refect the test process to check the
feasibility of the test and make predictions about the results.

In this paper, a novel viscous damper will be introduced
in Section 2 and the working mechanism and load-
displacement relationship of the novel damper will be
explained in detail. Second, numerical simulations will be
presented in Section 3 to investigate the seismic response of
a bridge equipped with a novel viscous damper and compare
with two diferent viscous dampers. Tird, RTHS for con-
sidering the pounding efect of the novel viscous damper will
be presented in Section 4. Finally, design recommendations
will be proposed to provide references for pounding miti-
gation in Section 5.

2. Introduction of the Novel Viscous Damper
Applied in Bridges

2.1. Construction of the Pounding Mitigation Mechanism in
Dampers. As shown in Figure 2(a), a typical traditional
viscous damper mainly consists of piston rod, piston head,
cylinder, fuid, clevis, spherical bearings, and sealing rings.
Te functions of each part have been described in detail in
the previous research [14]. Generally, it is advised that L1
should be shorter than L2 to prevent the piston rod from
being pulled out of the second chamber. When the external
displacement exceeds L1, an additional axial pounding force
is generated as a result of the pounding between the piston
head and the cylinder.

Te novel viscous damper mainly consists of two parts,
i.e., the traditional viscous damper and the metal rubber
bumpers, as shown in Figure 2(b). At the end of the piston
rod, another piston head (marked as piston head 2) is
provided to compress the metal rubber bumpers. Te piston
head 2 can be made of steel and its diameter should be
slightly smaller than the inner diameter of the cylinder to
ensure that the piston head can move fexibly in the axial
direction. Te strokes in the frst and the second chamber
are equal.

Multiple identical small metal rubber bumpers are
arranged at both ends of the second chamber. Since the
metal rubber bumpers are only subjected to compression,
they can be bonded to the cylinder wall using a strong
adhesive. Te stifness of metal rubber should not be too
high or too low and should be easily adjusted. Te consti-
tutive model of the small metal rubber specimen can be
obtained through compression testing; so, the expected
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stifness can be easily obtained by adjusting the number of
small metal rubber bumpers. Its advantage is that it allows
for greater fexibility in design. It is also feasible to replace
multiple small metal rubber bumpers with a larger one, and
the stifness can be obtained by considering their geometric
dimensions and the constitutive model. Furthermore, the
metal rubber bumpers should be symmetrically arranged at

both ends of the second chamber in order to make the force-
displacement relationship of the novel viscous damper
symmetrical in both tension and compression.

Te frst advantage of the novel viscous damper is that
the load-displacement relationship of metal rubber has
a distinct strain hardening characteristic, which does not
afect the energy consumption of the viscous damper when

Spherical bearing

Clevis
Cylinder

Piston rod

Sealing ring
Piston head

Second chamber

First chamber

L1

L1

L2

L2

(a)

Spherical bearing

Clevis

Cylinder

Piston rod

Sealing ring

Piston head 1

Piston head 2

Metal rubber
bumpers

Stroke
Stroke

Stroke
Stroke

(b)

Figure 2: Traditional and novel viscous dampers: (a) traditional viscous damper and (b) novel viscous damper.
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Figure 1: Viscous damper destroyed in the 2011 Great East Japan earthquake (fgure source: [12, 13]): (a) intact damper; (b) damaged
damper.
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small deformation occurs but provides a large load for the
viscous damper when large deformation occurs. Second, no
strict sealing and complex manufacturing process is re-
quired, providing better performance at an acceptable cost.
Tird, the metal rubber can adapt to harsh environments
such as corrosion, high and low temperatures, and has
excellent durability. Metal rubber canmeet the requirements
of viscous dampers for long-term service and high tem-
perature generation during working. Finally, metal rubber
has excellent elasticity and energy dissipation ability, which
can further dissipate energy in the pounding process.

2.2. Force-Displacement Relationships of Each Component

2.2.1. Viscous Damper Component. Te typical relationship
between damping force and velocity can be expressed as
follows:

Fve � Cve · ( _u)
α

· sgn( _u), (1)

where Fve is the force of the viscous element, Cve is the
damping coefcient, u is the axial displacement, and α is the
damping exponent, which refects the nonlinear degree of
the damper. In most cases, the viscous damper with α in the
range of 0.1–0.5 can be applied in bridge engineering to resist
earthquakes [28, 29].

2.2.2. Metal Rubber. Te mechanical properties of metal
rubber are infuenced by many factors, such as its
manufacturing process and material properties. Several axial
compression tests were conducted on a designed metal
rubbers commercially supplied by Hebei Jinbo Electrome-
chanical Technology Co., Ltd in China. Compression tests
were conducted on an electronic universal testing machine
with ±250 kN axial load capacity at the Analysis, Testing, and
Computing Center of the Harbin Institute of Technology, as
shown in Figure 3(a). Te dimensions of the specimens are
17.2mm× 17.2mm× 17.2mm, made of
06Cr19Ni10 stainless-steel wire with a wire diameter of
0.15mm and a relative density (the ratio of the density of the
metal rubber to the stainless-steel wire) of 0.45. Figures 3(b)
and 3(c) show the photographs of the metal rubber specimen
in this study.

As shown in Figure 4(a), the load-displacement curve of
the metal rubber pads obtained from the tests exhibits an
obvious strain hardening behavior. A simplifed constitutive
model based on the compression tests is shown in
Figure 4(b), which has been employed in some previous
studies [16, 17]. Te cubic polynomial [30] was used to
describe the loading curve. According to the geometric
dimension of the specimens, the simplifed model can be
expressed as follows:

σloading � 171.4ε3mr + 357.2ε2mr + 392.8εmr,

σunloading �
9678.43εmr, σ ≠ 0,

0, σ � 0,


⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(2)

where σmr and εmr represent the stress and strain of the metal
rubber, respectively.

A comparison of the stress-strain relationship between
metal rubber and traditional rubber (from the reference
[31]) is shown in Figure 5. Metal rubber has a higher elastic
modulus, thereby preventing the premature failure of the
bumper under rare earthquakes. It is noteworthy that the
stress-strain relationship of the metal rubber is dependent
on its density and can be adjusted to achieve the desired
result.

2.2.3. Cylinder Wall. Tis component is used to model the
limit state when the applied external displacement exceeds
the specifed damper stroke [14]. Generally, the cylinder wall
can be considered as an elastic member with high stifness,
without considering the axial capacity and the lateral (hoop)
stress. Te mechanical properties of the cylinder wall can be
expressed as follows:

Fcw �
Kcw |u| − us( sgn(u), |u|≥ us,

0, |u|< us,
 (3)

where Fcw is the axial force of the cylinder wall, Kcw is the
stifness of the cylinder wall, u is the axial displacement, and
us is the available stroke.

2.3. Force-Displacement Relationships of the Novel Viscous
Damper. Since the novel viscous damper proposed in this
study only focuses on reducing pounding force, it is assumed
that the pounding force can be expressed as the output of the
metal rubber, which can be obtained by multiplying the
stress and cross-sectional area based on the constitutive
model of the metal rubber bumper provided in equation (2).
In other words, the piston rod is considered as a rigid body.
Similar methods for calculating the pounding force have
been used in previous references [15, 17, 19].

Te mechanical model of the novel viscous damper is
shown in Figure 6.Cve represents the pure viscous element of
the viscous damper. Gapmr and Hookmr represent the
openings equal to the displacement from the neutral damper
position to metal rubber. If the metal rubber dimensions of
both ends are equal, then the initial values of Gapmr and
Hookmr are opposite numbers. When the metal rubber
undergoes plastic deformation, Gapmr and Hookmr will
change. Hysteresismr is the hysteretic element of the metal
rubber and Kcw is the stifness of the cylinder wall.

Series force Fs and series displacement us of the metal
rubber and the cylinder wall can be expressed as follows:

Fs � Fmr � Fcw,

Fmr � σmrAmr,

Fcw � Kcwucw,

us � umr + ucw �
u − gapmr, u> gapmr,

u − hookmr, u< hookmr,


(4)
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where Fmr is the force of the metal rubber, σmr is the stress of
the metal rubber which can be calculated by equation (2),
Amr is the cross-sectional area of the metal rubber, ucw is the
displacement of the cylinder wall, and umr is the displace-
ment of the metal rubber.

According to the discussion above, the force provided by
the novel viscous damper can be expressed as follows:

F �
Cve · sgn( _u) · ( _u)

α hookmr ≤ u≤ gapmr( ,

Cve · sgn( _u) · ( _u)
α

+ Fs, else.
 (5)

3. Numerical Simulations

To illustrate the seismic performance of the novel viscous
damper for bridges, this section investigates the response of
a simply-supported girder bridge [32] with a span of 25m

equipped with the novel viscous damper subjected to
earthquake. Te superstructure is a prestressed reinforced
concrete T-shape girder. Rectangular piers are used for the
substructure. Te length and width of the piers are
1m× 0.75m. Laminated rubber bearings connect the su-
perstructure and the substructure. Without considering the
deformation of the piers, the superstructure and bearings
can be simplifed to a single-degree-of-freedom system
approximately. Te fundamental frequency of the model is
0.876Hz, which is consistent with the reference [32].

As shown in Figure 7, three models are established,
respectively, with specifc instructions as follows. Model I is
equipped with the idealized viscous damper (the piston
moves without stroke limit). Model II is equipped with the
traditional viscous damper with the piston movement limit.
Model III is equipped with the novel viscous damper pro-
posed in this study. It is assumed that all viscous dampers are
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Figure 4: Experiment curve and simplifed constitutive model: (a) experiment with metal rubber and (b) simplifed constitutive model.
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Figure 3: Metal rubber and test machine: (a) testing machine; (b) metal rubber specimen before testing; (c) metal rubber specimen after
testing.
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not force limited and would not fail in an earthquake. Te
Kobe rarthquake wave is adopted as the input for ground
motion and the peak ground acceleration has been adjusted
to 620 gal. Te comparison between the results from models
I and II is made to investigate the efect of pounding on
seismic responses, and the pounding mitigation efect of
novel viscous damper is analyzed by comparing the results
obtained frommodels II and III. Te values and descriptions
of the parameters are shown in Table 1.

3.1. Efect of Pounding on Seismic Responses.
Figures 8(a)–8(c) show the displacement, velocity, and ac-
celeration responses of model I and model II, respectively.
Te amplitudes of displacement, velocity, and acceleration
responses of model I are 0.15m, 0.86m/s, and 8.01m/s2,
respectively. Te amplitudes of displacement, velocity, and
acceleration responses of model II are 0.13m, 0.81m/s, and
10.60m/s2, respectively. Te amplitude ratios of model I to
model II are 1.15 :1, 1.06 :1, and 0.76 :1, respectively. It is
shown that the pounding efect did not signifcantly change
the displacement and velocity response but signifcantly
increased the acceleration response.

Figure 8(d) shows the fast Fourier transform (FFT) of the
acceleration response. It is observed that the amplitude of
Fourier power obviously increases in the frequency region
from 0.6Hz to 3.3Hz when considering the pounding efect,
indicating that the acceleration response between 0.6Hz and
3.3Hz is caused by the pounding of the traditional viscous
damper.When the pounding occurs, the poundingmembers
provide additional stifness to the structure, which may
contribute to the increased frequency response.

Figures 8(e) and 8(f) show the hysteresis curves of the
viscous damper. Te hysteresis curve of the idealized viscous
damper is full, indicating its good energy dissipation ca-
pability. Te maximum damping force is 327 kN however,
the maximum distance of movement of the piston is 0.28m,
which is not economical. When the displacement of the
traditional viscous damper reaches its stroke limit, pounding
force is generated, which can reach a maximum of 2913 kN.
Such excessive force can easily damage the viscous damper.

3.2. Pounding Mitigation Efect of Metal Rubber. Te
pounding amplifes the acceleration response of the struc-
ture and generates the pounding force, which may result in
damage to the viscous dampers and even cause damage to
the connectors. Metal rubber is selected as the bumper to
mitigate the adverse efects of the pounding. It has strain
hardening behavior and is more suitable for long-term use in
viscous dampers due to its superior durability and stability
when compared to rubber. Figure 9 shows a comparison of
the responses of model II and model III. As shown in
Figures 9(a) and 9(b), the displacement and velocity of the
structure are decreased. Tis is mainly due to the decreased
distance between the pounding members. Additionally,
metal rubber bumpers also dissipate some energy during the
pounding process.
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Figure 6: Mechanical model of the novel viscous damper.
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As illustrated in Figure 9(c), after designing the metal
rubber, the amplitude of acceleration is decreased from
10.6m/s2 to 7.98m/s2, a decrease of 25%. Figure 9(d) shows
the FFT of the acceleration response. Te Fourier power of
acceleration in themajority of region from 0.6Hz to 3.3Hz is
decreased after the installation of the metal rubber bumpers.
Due to the stifness of metal rubber bumpers typically being
lower than that of the cylinder wall, when a pounding occurs,
the metal rubber bumpers can signifcantly reduce the
stifness and natural frequency of the overall structure, as
well as its frequency response. Figure 9(e) presents the time
histories of the pounding force, indicating that the metal
rubber bumpers signifcantly reduce the force from 2841 kN
to 2159 kN, a decrease of 24%. However, the number of
poundings increases because the distance between pounding
members decreases. Figure 9(f) shows the hysteresis curve of

the novel viscous damper. Before the pounding, the hys-
teresis curve is full, indicating the good energy dissipation
capability of the novel viscous damper. Te hysteresis curve
has distinct bufer stages, and due to the residual de-
formation left by the metal rubber bumpers after elasto-
plastic deformation, the initial positions of the bufer stages
will change.

3.3. Parameter Analysis. Te objective of bumpers is to
mitigate undesirable efects caused by pounding force. Too
high or too low stifness of the bumper may fail to reduce the
pounding force and may even result in an increase. To
achieve this objective, it is essential to ensure that the
stifness of the metal rubber bumpers is within
a reasonable range.
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viscous damper
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viscous damper

Figure 7: Schematic of the models.

Table 1: Main parameters of the model.

Parameters Descriptions Values
Kn Stifness of laminated rubber bearings 1.91× 104 kN/m
Cn Damping coefcient, calculated by the damping ratio of 5% 346 kN/(m/s)
Mn Mass of superstructure 630 t
f Fundamental frequency 0.876Hz
Cve Pure viscous element of the viscous damper 354 kN/(m/s)0.5

Kcw Stifness of the cylinder wall 1× 105 kN/m
Gapcw/Hookcw Te available stroke ±0.1m

Hysteresismr

Hysteretic element of metal rubber, which can be calculated according to equation
(2) and the dimensions of metal rubber. Te initial dimensions of the metal rubber

are 12 cm× 12 cm× 6 cm
—

Gapmr/Hookmr Equal to 0.6 times the available stroke ±0.06m
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3.3.1. Infuence of the Area of the Metal Rubber Bumpers.
Tis subsection discusses the infuence of the area of the
metal rubber bumpers installed in the viscous damper. Six
diferent cases are considered, with areas of 100, 125, 150,
175, 200, and 300 cm2. Parametric studies are conducted on
model III with a metal rubber thickness of 6 cm. Te stress-
strain model of metal rubber bumpers provided in equation
(2) is used to derive the force-displacement relationship of
bumpers with diferent areas.

Te amplitudes of the pounding force with diferent
metal rubber areas are shown in Figure 10(a). As the area
decreases, the amplitude of the pounding force decreases
gradually, which are directly caused by the lower stifness of
the metal rubber bumpers. However, the stifness of the
metal rubber bumpers should not be too low; otherwise, the
metal rubber may fail under rare earthquake and cannot play
the role in continuously mitigating the pounding. It should
be noted that in all cases, the maximum strain of the metal
rubber bumpers does not exceed 80%, as this strain is close
to the failure of metal rubber in the experiments.

3.3.2. Infuence of theTickness of the Metal Rubber Bumpers.
It is expected that increasing the thickness of metal rubber
bumpers may help to reduce the pounding force but may
result in more poundings and longer pounding duration. To
identify the infuence of the thickness of metal rubber
bumpers on the pounding, fve diferent metal rubber
thicknesses are considered, which are 0.2, 0.35, 0.5, 0.65, and
0.8 times of the stroke. In these cases, the stroke is 10 cm and
the area is 100 cm2. Te stress-strain model of metal rubber
bumpers provided in equation (2) is used to derive the force-
displacement relationship of bumpers with diferent
thickness.

Te amplitudes of the pounding force with diferent
metal rubber thickness are given in Figure 10(b). As the
thickness of the metal rubber increases, the pounding force
decreases signifcantly. Tis is because increasing the
thickness will decrease the stifness of the metal rubber,
which helps to reduce pounding force and high-frequency
response of the structure. When the thickness of metal
rubber bumpers is within 0.2–0.5 times of the stroke, the
pounding force signifcantly decreases with the increase in
thickness. However, when the metal rubber thickness ex-
ceeds 0.5 times of the stroke, the mitigation efciency
gradually decreases. Obviously, a greater thickness is not
economical, which also refects the need for the efective
design of metal rubber bumpers to provide a reasonable
pounding mitigation efect.

4. Real-Time Hybrid Simulation

In order tomore precisely reveal the performance of the novel
viscous damper, RTHTmay be the best choice.Te pounding
efect has a high-frequency characteristic, necessitating
a relatively large sampling frequency for accurate capture.
However, the maximum sampling frequency of the loading
equipment is usually only 2048Hz. Te resampling of the
loading equipment may cause stability issues in RTHT, such

as the stability of integration algorithms, the accumulation of
errors, and time delay compensation. Hence, it is essential to
conduct RTHS which can accurately refect the testing pro-
cess. Tis helps to minimize the adverse efects or even
damage to the experimental system from unknown failure
modes of the components or structures in the test.

4.1. Electrohydraulic Servo Loading System. Te electrohy-
draulic servo loading system is a widely utilized loading
equipment for seismic tests, which is a complex system
containing nonlinear factors, such as electrohydraulic
conversion, throttling characteristics of control elements,
and amplitude limitation. Te nonlinear characteristics
performance of the electrohydraulic servo loading system
will greatly afect the results of RTHT. Terefore, a model
that can more realistically refect the characteristics of the
electrohydraulic servo loading system is established.

4.1.1. PID Controller. Te loading of the ES is controlled by
displacement, and the controller in the electrohydraulic
servo loading system is the PID control. Te displacement
command is converted into an electrical signal by the
controller, and the electrical signal from the controller is sent
to the servo valve. Te mathematical expression as the
Laplace transform is as follows:

iPID(s) � P + I
1
s

+ Ds e(s), (6)

where iPID(s) is the output control signal and e(s) is the
feedback error. Te parameters P, I, and D are the pro-
portional, derivative, and integral gains, respectively. In this
paper, the parameters are set to 40, 0.025, and 0.1.

4.1.2. Servo-Valve and Hydraulic Actuator. Te simplifed
layout of a servo-valve and hydraulic actuator is shown in
Figure 11. Te controller signal iPID(s) provided by the
controller caused the displacement of the spool. Te orifce
opening is determined by the spool displacement xs, and it
controls the direction and rate of the hydraulic fuid qA and
qB. Te oil pressures in both chambers, PA and PB, can be
determined by solving equations related to the volume of the
oil fow to the chamber pressure and the position of the
piston rod. Te piston force rp is being applied to the ES.

Te maximum force, displacement, and velocity of the
actuator in this paper are 500 kN, 0.127m, and 0.528m/s,
respectively. Te system parameters shown in Table 2 are
cited from reference [33].

4.2. Real-Time Hybrid Testing System. Structural division
and the RTHT system of a single-degree-of-freedom bridge
structure with a novel viscous damper are illustrated in
Figure 12. Structural parameters are consistent with Table 1,
and the model of novel viscous damper is consistent with
model III of Figure 7. Since the pounding force is excessive
and the maximum force capacity of the actuator is only
±500 kN, the original model must be scaled.Te scale factors
are presented in Table 3.
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Temodifed central diference method [34] is employed
as the integration algorithm, which is an explicit method that
can avoid iterative solution.Te time step is a set of 1/1024 s.
Gaussian white noise with a mean square error of 0.5% of the
standard deviation of the measured signal is added to the
force transducer on the actuator to simulate the real test
environment.

4.3.Results. Figures 13(a) and 13(b) show the comparison of
displacement and velocity of the damper between RTHS and
reference results. Te reference results are obtained by
adjusting the results of pure numerical simulation based on

To return line

Servo-Valve
Orifce

Spool

Piston Displ. dp

Piston Force. rp

Pressure PB 
Volume VB

Side BSide A

ActuatorPressure PA

Volume VA

Spool Displ. xs

From supply

PS

PR

qA qB

Figure 11: Simplifed layout of a servo-valve and hydraulic actuator (fgure source [33]).

Table 2: System parameters in simulations.

Parameters Values
Servo-valve
Damping ratio, ζS 70%
Natural frequency, ωs (rad/s) 130 × 2π
Discharge coefcient, kv (in.4/s·lb0.5) 21.915
Supply pressure, PS (psi) 3000
Return pressure, PR (psi) 50

Actuator
Piston area, AP (in.2) 38.48
Length, l (in.) 10
Efect bulk modulus, β (psi) 100000
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Figure 10: Comparison of the maximum pounding force: (a) area of the metal rubber bumpers and (b) thickness of the metal rubber
bumpers.
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the scale factors. Figure 13(c) compares the acceleration of
the structure between RTHS and reference results. To
evaluate the accuracy of RTHS, AMP, RMSD, and Kxy are
used to analyze the simulation results. Te relevant equa-
tions are expressed as follows:

AMP �
max|x(i) − y(i)|

max|y(i)|
× 100%,

RMSD �

���������������


N
i�1[x(i) − y(i)]

2


����������


N
i�1[y(i)]

2
 × 100%,

Kxy �


N
i�1x(i) × y(i)

������������������


N
i�1x

2
(i) × 

N
i�1y

2
(i)

 × 100%,

(7)

where x is the comparison object, y is the reference object, i is
the number of integration step, N is the total number of
integration steps, AMP is the normalized error peak value
which refects the local error; RMSD is the normalized root-
mean-square deviation which refects the global error, and
Kxy represents the correlation coefcient which refects the

degree of coincidence between the two curves. Te calcu-
lation results are shown in Table 4.

It can be seen from Table 4 that the Kxy of displacement
and acceleration are both greater than 99%, and the AMP
and RMSD are less than 6%. Although the pounding gen-
erated acceleration peaks, the RTHT system is able to track
the acceleration and frequency response well, as shown in
Figures 13(c) and 13(d). Good agreement can be seen in the
hysteretic curve of the metal rubber shown in Figure 13(f ),
indicating that the RTHTsystem developed in this paper can

Structural Parameters

Command displacement

Actuator

Servo-value

Electrical signal

PID controller

Physical testing system

Specimen

Specimen Controller and actuator dynamics

Reaction force
(RE) 

Prototype structure

Experimental structure Numerical structure

Integration method

MN
CN

KN

MN

RE
RE

RE

CN

KN

Xg

Figure 12: Real-time hybrid testing system of the novel viscous damper.

Table 3: Scale factors.

Physical quantities Scale factors
Modulus of elasticity 1
Length 0.1428
Density 4
Concentrated force 0.0204
Acceleration 1.75
Time 0.2857
Mass 0.0117
Stifness 0.1429
Velocity 0.5

12 Structural Control and Health Monitoring



-0.02

-0.01

0.00

0.01

0.02
D

isp
la

ce
m

en
t (

m
)

2 4 6 8 100
Time (s)

Reference result
RTHS

(a)

-0.4

-0.2

0.0

0.2

0.4

Ve
lo

ci
ty

 (m
/s

)

Reference result
RTHS

2 4 6 8 100
Time (s)

(b)

-20

-10

0

10

20

Ac
ce

le
ra

tio
n 

(m
/s

2 )

2 4 6 8 100
Time (s)

Reference result
RTHS

(c)

0.0

0.5

1.0

Fo
ur

ie
r p

ow
er

 o
f a

cc
el

er
at

io
n 

(m
2 /s

3 )

Reference result
RTHS

10 20 30 40 500
Frequency (Hz)

(d)

-8000

-4000

0

4000

8000

Vi
sc

ou
s e

le
m

en
t f

or
ce

 (N
)

-10 0 10 20-20
Displacement (mm)

Reference result
RTHS

(e)

-60000

-40000

-20000

0

20000

40000

60000

M
et

al
 ru

bb
er

 fo
rc

e (
N

)

-10 0 10 20-20
Displacement (mm)

Reference result
RTHS

(f )

Figure 13: Comparison between RTHS and reference results: (a) displacement; (b) velocity; (c) acceleration; (d) FFT of the acceleration;
(e) hysteresis curve of the pure viscous element; (f ) hysteresis curve of the metal rubber.
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efectively simulate the metal rubber bumpers with strong
nonlinearity.

It should be noted that the velocity between RTHS and
reference results matches well globally, as shown in
Figure 13(b); however, the local error is relatively large. Te
AMP of velocity between RTHS and reference results is as
high as 10.18%. Te same issue is evident in the hysteresis
curve of the pure viscous element in Figure 13(e). Reducing
the time step can efectively decrease the global and local
errors in velocity. However, the time step cannot be too
small; otherwise, it will not meet the maximum sampling
frequency of the hardware in actual testing. RTHS cannot
match the response of the velocity very well, indicating that
the proposed damper considering the pounding efect im-
poses new requirements to the RTHT method.

5. Design Recommendations for
Pounding Mitigation

Based on the abovementioned analysis, metal rubber
bumpers can efectively reduce the pounding force and high-
frequency response of the structure. Two design recom-
mendations are suggested to provide reference for pounding
mitigation.

(1) Under the rare earthquakes not exceeding the design
level, metal rubber should remain in the elastic stage
as far as possible. Te goal of the pounding miti-
gation design is to deal with rare earthquakes ex-
ceeding the design level. Te mitigation efect will be
decreased if the bumpers enter the plastic too early.
According to the previous research, the maximum
elastic strain of the metal rubber is approximately
within 30%–40%, so 30% can be used a reasonable
critical value for design.

(2) Metal rubber bumpers should not fail under rare
earthquakes that exceed the design level. According
to the experiment results, when the strain reaches
80%, the metal rubber is close to the failing. It is
suggested that the ultimate strain of metal rubber
should not exceed 80%.

6. Conclusion

In this paper, a novel viscous damper is proposed to address
the issue of excessive pounding force generated when dis-
placement exceeds the stroke limit. Based on a simplifed
bridge model, the advantages of the novel damper during an
earthquake are demonstrated. Te infuence of geometric
parameters of metal rubber on the pounding mitigation is
discussed. RTHS is conducted to provide a basis for sub-
sequent actual tests. Finally, the design recommendations

for metal rubber bumpers are given. Te main conclusions
are as follows:

(1) Te novel viscous damper proposed in this paper can
efectively mitigate the pounding and protect the
viscous damper from being damaged due to exces-
sive pounding force. Trough theoretical analysis
and experimental studies, the force-displacement
relationship of the novel damper is derived.

(2) In the numerical simulation of a simply-supported
girder bridge, the pounding generates large force,
which may cause damage to the traditional viscous
damper. Te novel viscous damper efectively re-
duced the amplitudes of pounding force and ac-
celeration by 25% and 24%, respectively. Te Fourier
power of acceleration decreases in the region from
0.6Hz to 3.3Hz. Te area and thickness of metal
rubber bumpers need to be efectively designed to
provide reasonable stifness, which is benefcial in
mitigating pounding.

(3) Te results of RTHS show that the RTHT system
developed in this paper can well simulate the
pounding efect, and the RMSD of displacement,
velocity, and acceleration between RTHS and ref-
erence results are all less than 7%. However, the AMP
of the velocity between RTHS and reference results
exceeds 10%, indicating that the proposed damper
considering the pounding efect imposes new re-
quirements to the RTHT method.

(4) Two design recommendations are proposed as ref-
erences for the pounding mitigation design of the
novel viscous damper.
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