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Ying Zhou*, Peng Chen and Shunming Gong

State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, Shanghai, China

This paper proposes a new viscoelastic (VE) material damping device with hybrid
non-linear properties. Compared with traditional linear material dampers, the new
non-linear VE material damping device is characterized by its better energy dissipation
and deformation capability. The series performance tests of the VE device are conducted,
based on which the sources and variation law of material non-linearities are analyzed.
Five aspects of material non-linearities are summarized, including the shape change
of hysteresis loop caused by phase difference, the initial stiffness caused by large
loading rate, the softening effect caused by high temperature and fatigue, and the
softening and stiffening effect under large strain deformation. A mechanic model for this
device is proposed which considers multiple non-linear effects of the material. For the
verifications of the proposed mechanic model, a shaking table test on a steel frame
equipped with the new VE devices is designed and performed. Based on the proposed
mathematic mechanic model, the numerical mechanic model is implemented in the
OpenSees software. The accuracy of the mechanic model is firstly verified by comparing
the performance tests data with the simulation results. Then the numerical model is also
used to calculate the time history response of the shake table tested steel frame under
earthquake loading. It is concluded that the mechanic model can well-depict several
non-linear material behaviors of the new VE device, and the corresponding numerical
model created in the open source calculation platform is reliable to be used to calculate
non-linear time history response of a structure equipped with the new VE material
damping devices.

Keywords: viscoelastic material, hybrid non-linearity, mechanic model, non-linear analysis, shake table test

INTRODUCTION

The viscoelastic (VE) damper is one of the most popular passive energy dissipation devices for
building structures under earthquake and wind disasters. In 1969, the VE damper was firstly used
in the New York World Trade Center for wind-induced vibration control (Mahmoodi et al., 1987).
After that, the VE dampers began to be used in the seismic design for buildings. In 1993, the
VE dampers were used in seismic design for a 13-story steel frame retrofit project (Crosby et al,,
1994). Since then, increasing research attentions have been paid on this topic, the VE damping
devices have been investigated for vibration control of different types of structures including
concrete building, steel building, prefab building, wood structure, bridge, base isolated structures,
etc. (Samali and Kwok, 1995; Soong and Spencer, 2002; Xu et al., 2003a, 2011, 2013; Molinera et al.,
2012; Wu et al,, 2015; Gong et al., 2017).
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With the fast development of viscoelastic damping material,
VE damping devices with better energy dissipation and
deformation capacity have been proposed. The better
performance devices are always characterized by complex
non-linear properties. By the stress-strain relation, the VE
dampers can be categorized into four types: the linear, softening,
hardening, and hybrid non-linear type (Gong and Zhou, 2017).
For the linear type device, the mechanic properties are strain
independent if the temperature influence is not included (Lai
et al., 1996). The stiffness of the softening and hardening type
devices will decrease and increase, respectively, with larger
strain. In addition to these, this paper reveals a new type of VE
damping device containing both softening and hardening effects
which are defined as hybrid non-linearity.

Many previous studies have been investigating the working
performance of the VE damping devices. Chang et al. (1992,
1995) and Lai et al. (1995) conducted extensive performance tests
and a small scaled shake table test on a five-story steel frame with
the linear VE dampers. The results prove that the VE damping
devices can have a significant earthquake control effect and the
mechanic behavior of the device can be well-represented using
effective linear stiffness and effective damping. Xu et al. (2003b,
2004) and Xu (2009) experimentally investigated the effect of the
VE dampers on a reinforced concrete building. It is concluded
that the earthquake mitigation effect is significant, especially

for the floor acceleration and displacement reduction. Another
conclusion is that the control effect for higher frequency input is
superior to lower frequency.

For non-linear VE damping devices, the investigations are
fundamentally based on tests and also focus on the mechanic
models which can depict the complex mechanic behavior of non-
linear VE dampers. Aiken et al. (1993) studied on softening
VE dampers, and the frequency dependent property of the VE
dampers is summarized based on the tests. Yokota et al. (1992)
conducted a comparison study between models with and without
non-linear VE damping devices. It is concluded that the seismic
mitigation effect for floor displacement is significant but the
effect on floor shear force reduction is limited and the main
seismic reduction effect comes from the additional damping.
Xu et al. (2016) proposed an equivalent higher-order fractional
derivative model which takes into account the temperature effects
and frequency-dependent character of the non-linear VE devices
with different matrix rubbers. Ghaemmaghami and Kwon (2018)
proposed an extended recursive parameter model to simulate
the frequency-, strain- and temperature-dependent properties
of non-linear VE damper and the simulation results can
better depict the experiment behavior compared with traditional
Kelvin-Voigt model. The investigations on the hardening type
device are limited. (Dall’Asta and Ragni, 2006) conducted
performance tests on a type of high damping rubber material,
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FIGURE 1 | Diagram of the different type of test specimens of (A) type “VE40 x 40 x 8,” (B) type “VEB0 x 60 x 10" and (C) type “VE100 x 100 x 5".
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and the material shows a significant stiffen character. Pant
et al. (2018) performed a full-scale test of a viscoelastic damper,
and the accuracy of four different macroscopic numerical
models are discussed. Results reveal that different models are
suitable for modeling VE damping devices under different
loading conditions.

According to the above literature review, we still lack
enough knowledge of the non-linear sources and laws of
non-linearities. Many experiment phenomenon cannot have
convincible explanations, and few mechanic models can
accurately depict the mechanic behavior of VE damping device
with multiple non-linear mechanic behaviors or hybrid non-
linearities coexisting in VE damping devices.

This paper introduces a VE damping device using new
viscoelastic material. The main components of the material
are natural rubber, damping agent, and antioxygen. The new
damping device is characterized by its hybrid non-linearities
which can have a better energy dissipation and deformation
capacity, and it is supposed to have a better seismic reduction
effect compared with linear type devices. Based on the analysis
of the different sources of non-linearities, a new mathematic

FIGURE 2 | Testing facilities of (A) performance tests and (B) performance
tests under different temperatures.

mechanic model which considers multiple non-linear behaviors
is proposed. The results of performance tests are compared with
the theoretical curves to validate the model. Then, a shake table
test on a steel frame with new VE damping devices is conducted,
and a discrete numerical model is created in an open source
computing platform to calculate the time history response of the
tested model. By comparing the shake table test and numerical
simulation results, the remarkable seismic control effect of the
new VE damping device is proved, and also the accuracy of the
mechanic model is verified.

PERFORMANCE TESTS

Three different types of hybrid non-linear VE dampers are tested,
numbered as “VE40 x 40 x 8 “VE100 x 100 x 5,” and “VE60 x
60 x 10.” The size and configuration of the three different types
of specimens are shown in Figure 1. The performance tests were
performed at the State Key Laboratory of Disaster Reduction
in Civil Engineering of Tongji University. The testing facilities
are shown in Figure 2A. The “INSTRON” tension-compression
loading device is used to perform harmonic displacement-control
loading process. The range of loading frequency is 0.1-6.0 Hz,
and the strain deformation is 50-400%. The temperature related
performance tests were conducted at General Building Research
Corporation of Japan. The testing picture is shown in Figure 2B.
The variation of temperature is between —20 and 60°C. The
loading scheme is listed in Table 1. A single specimen of different
damper sizes are used for each test case.

Figure 3 presents typical hysteresis curves from the
performance tests. Based on the hysteresis results, significant
characters are concluded as (a) The stiffness and damping of the
VE damper decrease with the increase of deformation, but the
stiffness begins to increase under larger strain (>200%); (b) The
device presents a large initial stiffness for the loading process of
the first cycle; (c) The performance of the damper significantly
deteriorate with more loading cycles. After the hysteresis loading
of 30 cycles, the damper remains intact and effective; (d) The
mechanic behavior of the damper is nearly independent of the
loading frequency; (e) The maximum stress of the damper is

TABLE 1 | The loading scheme of the mechanic performance test.

Contents Frequency (Hz) Strain Cycles Damper size
amplitude (%)
Different strain amplitude 0.1 50, 100, 110, 5 VEBO x 60 x 10
120, 130, 140, VE100 x 100 x 5
150, 180, 200,
250, 300
Different loading 0.25, 0.50, 0.75, 100 5 VEB0 x 60 x 10
frequencies 0.85, 1.00, 1.50, VE100 x 100 x 5
2.00, 2.50, 3.00,
3.50, 4.00, 4.50,
5.00, 6.00
Ultimate test 0.1 400 5 VE100 x 100 x 5
Fatigue test 0.1 100 30 VEBO x 60 x 10
Temperature relevant test 0.1 100 5 VE40 x 40 x 8
(—20/0/20/30/40/60°C)
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dependent on the environment temperature, based on the fitting
of test results, the relation expression is given as

70(0) = 0.2823+0.8574¢ 003130 W

79 is the maximum stress in damper, 6 is the temperature
(°C). The variations of the damper behavior under different
temperatures are shown in Table 2.

SOURCES AND LAWS
OF NON-LINEARITIES

The non-linear behaviors of the new VE damping device are
obvious and comprehensive which is affected by many factors.
Based on the performance tests, five sources of material non-
linearity are summarized as phase different, initial stiffness,
softening under repeated loading, softening under great strain,
and stiffening under considerable strain.

Non-linearity Caused by the Variation of
Phase Difference

For viscoelastic damping devices, the phase difference exists
between the strain and the stress which essentially creates
the hysteresis loops of the stress-strain relation. Under
harmonic displacement control loading, the strain deformation
of the VE damper y(f) = y,sinwt, and the stress

responset (t) = 7o sin(wt + §). The stress-strain relation meets
the elliptic equation. However, for linear type VE damper, the
phase difference § is a constant value. In contrast, for this
new non-linear VE damping device, the phase difference §(t)
varies with time which can cause the shape change of the
hysteresis loop.

A more complicated stress response is observed for the
non-linear VE damper. The phase difference of the non-
linear damper in one period (the duration of one single
harmonic loading period) under different strain amplitude is
presented in Figure 4. It clearly shows that the phase difference
periodically changes with time. The basic reasons are the ultra-
harmonic response caused by the stiffness non-linearity. Another

TABLE 2 | Mechanic parameters of the VE damping device under different
temperatures.

Temperatures (°C) Maximum stress Effective viscous

10(MPa) damping ratio (%)
—-20 1.894 31.7
0 1.106 33.1
10 0.917 34.5
20 0.746 34.5
30 0.638 34.5
40 0.547 34.2
60 0.386 34.0
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FIGURE 3 | Performance test results of (A) typical hysteresis curve, (B) fatigue test, (C) ultimate strain test, and (D) different strain amplitude tests.
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interesting observation is that the phase variation amplitude is
strain related. The phase change is more drastic under high
strain situation (strain amplitude exceeds 200%). The reason is
that when the strain goes large, the stiffening effect becomes
significant, which would cause more strong ultra-harmonic
components in the response.

Initial Stiffness

Figure 3B shows that there is a large initial stiffness in the
first cycle due to the sudden increase of the loading frequency
(from static to dynamic excitation). If the additional VE devices
are not well-designed, the dampers will not generate hysteretic
deformation which means the dampers provide only stiffness but
no additional damping under this situation. The control effect
will be limited if the dampers are not activated. Nevertheless,
the problem of the initial stiffness only occurs in the first
loading cycle and can be easily overcome by appropriate design.
Generally, for the seismic design of buildings, the initial stiffness
of VE damper can be ignored if the dampers go through plastic

temperature effect in the viscoelastic material. Based on this,
for the design and analysis of the structures with VE dampers,
identical mechanic parameters with temperature correction
are used for a large variation range of temperature. The VE
material will inevitably subject to temperature rise and fatigue
simultaneously under the cyclic loading.

For the new VE damping device, the fatigue tests are
conducted using the “VE60 x 60 x 10” specimens. For each
testing specimen, 30 loading cycles are conducted. Figure5
presents the degradation law of different mechanic parameters.
Results present that with the increase of the loading cycles,
the storage shear modulus, and the loss shear modulus will
significantly drop at the first few cycles, but the decrease slows
down for the after cycles. Only a slight decrease is observed for
the loss factor. For the whole loading process, the effective viscous
damping ratio is about 30%. The damping ratio is almost half of
the loss factor which is in agreement with linear VE dampers. The
definition of the three mechanic parameters are given as,

deformation under seismic loading. G = Fih/nAug @)
Softening Caused by Temperature Rise
and Fatigue 12
The previous study (Lai et al, 1996) concluded that one
primary source of non-linearity of VE dampers comes from the = 10
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n=HR/Fk 3)
G// — nG/ (4)

where the G/, n , and G’ are the storage shear modulus,
loss factor and loss shear modulus. Fjand F, are the
damping force correlate to the maximum shear deformation
up and no shear deformation, respectively. h, n, and
A are the height, number of layers and area of the
damping material.

Softening and Stiffening Caused by

Large Strain

The softening and stiffening effect of the new VE damping device
is illustrated in Figure 6. The maximum damping force under
different strain deformation is plotted in this backbone curve. It is
shown that the stiffness will decrease first with the increase of the
strain, then the stiffness begins to increase as the strain goes up to
about 200%.

The softening phenomenon can be explained as the rubber-
like material’s Mullins effect (Mullins, 1969). Mullins effect can
be illustrated as an instantaneous and irreversible softening
that occurs whenever the strain increases beyond its maximum
historical value. After that, the equivalent stiffness of VE damper
will decrease under all strains. However, there is still no accurate
insight physical mechanism that can explain this effect (Diani
et al,, 2009). If the VE material is bolted tight with its end-plates,
the damping device will show an increase in stiffness at large
shear deformation. The intrinsic reason for the stiffening effect
lies on the strain-induced crystallization of the filled rubber-
like material at large shear strain (Kikuchi and Aiken, 1997),
(Imbimbo and Kelly, 1998).

The variation of the different mechanic parameters with strain
amplitude is presented in Figure?7. Results indicate that the
storage shear modulus shows a negative exponential decrease,
while the loss shear modulus undergoes linear decrease. The
two trends mean that the additional damping decreases faster
than the additional stiffness due to the stiffening phenomenon.
The loss factor increases initially and then drop down with
the increase of strain amplitude. The maximum loss factor
corresponds to a strain amplitude range between about 100-
150%, which also have a good agreement with the shaking table
tests (Zhou et al., 2014).

MECHANIC MODEL OF THE HYBRID
NON-LINEAR VE DAMPER

Many classical mechanic models have proposed to depict
the mechanic behavior of VE dampers, including the
Maxwell, Kelvin-Voigt, and fractional derivative models
(Lewandowski and Chorgzyczewski, 2010). These are the
most popular models for VE dampers for the past decades.
However, they are not suitable to represent the mechanic
properties for this hybrid non-linear type damper. Based on
the above performance test investigations, a more accurate
model which considers multiple sources of non-linearity
is proposed.

Three mechanic elements are set in parallel, including

two non-linear stiffness elements and one non-linear
viscous dashpot element. The Kj(#) is the Mullins
stiffness element which considers Mullins effect, the

stiffness of the element is related to the maximum strain
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FIGURE 9 | Test structure with VE damping device, (A) overall model on the table, (B) connection detail of the VE dampers, and (C) picture of an installed VE damper.
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amplitude # (in absolute value). The expression of K;(u) is
given as,

Ki(@1) = a1i* + axii + as (5)

Equation (5) is a quadratic function that can depict softening
effect with the increase of strain amplitude. The Kj(u)
non-linear stiffness element is introduced to include the
stiffening effect under large shear strain in the following
quadratic form,

Ky(u) = biu® + by (6)

The comprehensive expression for the mechanic model of the
hybrid non-linear model is given as,

F = Ay(F1 + F> + F3)

F = K\(@)u = a1 #*u + axiiu + azu
Fy = Ky(w)u = b1’ + bou

F5 = Cu® = c(u/f)*

™)

where F, u, and i are the force, displacement, and velocity of the
damping device; F;, F,, and Fj are the forces provided by Mullins
effect element, non-linear stiffness element, and the non-linear
dashpot element; K; and K, are the stiffness expression of the
two corresponding stiffness elements; C and « are the damping
coefficient and damping exponent; f is the basic frequency of
the structure; # is the strain amplitude; a1, a3, as, by, by, C, and
« are the mechanic parameters that to be identified based on
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the performance tests. A;is the correction factor considering the
influence by the ambient temperature; A,is the correction factor
considering the heating-fatigue softening.

The mathematic expression of the proposed mechanical
model is concise, and it can depict multiple non-linear
behaviors of the hybrid non-linear device, such as the heating-
fatigue softening, ambient temperature dependency, frequency-
independency, softening, and hardening under large strain.
Besides, the parameters are not case dependent, they can be
identified and decided by the performance tests described before.
The temperature related parameters are given as follow,

21=0.396+1.203¢~ 003130

3, — 4.044+4.190¢"0222-010% (8)
2 7 4.04414.190¢ 02220109

where 0 is the ambient temperature; wyis the initial accumulative
dissipative energy density; w;is the accumulative dissipated
density at a given time t. Other mechanic related parameters are
identified in kKN-mm unit as: a; = 2.60 x 107% a; = —2.45 x
107203 = 0.50;b; = 1.91 x 1074 b, =534 x 1073, C = 0.8
and o = 0.3.

VERIFICATIONS OF THE MECHANIC
MODEL OF THE VE DAMPING DEVICE

Verifications Via Performance Tests

The proposed model is verified via the performance tests.
Figure 8 presents the comparisons between test and modeling
curves under different strain amplitude. Results indicate that the
hysteresis loops derived by the mechanic model agree well with
the testing curves.

Design of the Shake Table Tests

A three-story steel frame with a height of 4.90m. In the first
and second stories, there are additional beams in the mid-
story level in y direction. The “VE60 x 60 x 10” type VE

dampers are installed and the ground motions are excited in
the x direction. The shake table test is briefly illustrated in
Figure 9. Three earthquakes are selected as the input excitations,
including two natural records (El Centro and Taft records) and
one artificial wave (AW) generated based on the design spectrum.
More information of the shaking table test can be found
in Zhou et al. (2014).

Implementation of the Numerical Model

The proposed mechanical model of VE damping device is created
in a discrete numerical form in an open source finite element
software—OpenSees (McKenna, 2011). The mechanical model is
implemented as a uniaxial material, and VE dampers are modeled
by two Node Link elements. It should be noted that the value of
A1 is 1.0 considering the ambient temperature is 22°C. For the
mechanic model, to degrade its non-linearity and achieve a better
convergence performance, the value of A, is taken as 0.9 and 0.7,
respectively, for dampers installed in the first floor and second
floor. The selection of A, value also considers the difference in
deformation and fatigue damage.

The tested three-story steel frame structure can be modeled
as a shear-type multi-degree of freedom (MDOF) system. The
concentrated mass for 1st—3rd floor are 2517, 2671, and 2606 kg.
The shear stiffness for 1st to 3rd floor are 0.682, 0.367, and
2.864 kN/mm. The modal results between the numerical and
physical models are also compared to verify the accuracy of the
establishment of the numerical model. The first 3 order natural
frequency error between the two models can be controlled
within 1.5%.

Verifications Via Shake Table Tests

The numerical simulation is performed in the OpenSees platform
according to the test cases, and the mechanical model is
fundamentally verified by comparing the simulation results with
the test data. The mechanic behaviors of the VE damping
devices are shown in Figure 10. Typical hysteresis behaviors are
compared under maximum input value of 0.3 g for the first floor
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FIGURE 11 | Comparison between OpenSees and test result under AW-0.6 g wave of (A) acceleration time history, and (B) displacement time history.
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and 0.4 g peak input for the second floor. It is concluded that
for most cases, the test curves and the numerical modeling result
can correlate well. Except for the second floor under Taft input-
0.4 g, the significant connection bolt slide is the main reason for
the difference.

The time history response of the relative acceleration and
displacement at the top of the test model under AW input
with 0.6g peak input acceleration are shown in Figure 11.

The time history response comparison confirms a good shape
agreement between the test and numerical modeling during
the integral input process. The time history comparison is not
presented in detail. Instead, the maximum response of the
floor acceleration and floor displacement under different input
level and different earthquake waves are shown in Figures 12,
13. Results indicate that, with the increase of the peak input
acceleration, the numerical modeling get closer to the real

A5 B 5 C5
4 4 4
E3 E3 E3
= = b —
2 2 [=)
T2 22 22
1 1 1
—=— Testing —=— Testing —=— Testing
—— OpenSees —— OpenSees —— OpenSees
0 8 10 0 10 0 b 10 15
Acceleration ( m/sz) Acceleration ( m/sz) Acceleration ( m/sz)
D5 E 5 Fs
4 4 4
€3 E3 E3
E = =
2 % %
T2 T2 T2
1 1 - 1
—=— Testing —=— Testing —=— Testing
——OpenSees —— OpenSees —— OpenSees
0 5 10 0 10 0 5 10
Acceleration ( m/s? ) Acceleration ( m/sz) Acceleration ( m/sz)
G H |
5 5 5
4 4 4
ES3 E3 €3
£ g £
g2 : £z
1 1 ; 1
—=— Testing —=—Testing —=—Testing
—— OpenSees —>—OpenSees —— OpenSees
0 5 10 0 10 0 5 10 15
i 2 Acceleration (m/s%) i B
Acceleration (m/s”) Acceleration (m/s®)
FIGURE 12 | Peak floor acceleration response comparison under input of (A) EI Centro-0.2 g, (B) El Centro-0.4 g, (C) EI Centro-0.6 g, (D) Taft-0.2 g, (E) Taft-0.4 g,
(F) Taft-0.6 g, (G) AW-0.2g, (H) AW-0.4g, and (I) AW-0.6g.
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physical tests. The reason is that the other disturbances become
less significant compared to the earthquake-induced response.

Another observation is that the displacement simulation result
is closer to the test data compared to the acceleration

simulation. In general, the simulation results closely match

the test data, regarding the time history response and peak

values. It is concluded that the proposed mechanic model
can be used to accurately represent the mechanic property

of the new VE damping device under both static and
dynamic loading.

CONCLUSIONS

This paper presents a new VE damping device with hybrid non-
linearity. The different sources of non-linearity are analyzed and
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an accurate mechanic model which can consider multi-non-
linear behavior is proposed and validated via performance tests
and shake table tests. The main conclusions from this study are
as follows:

Five sources of non-linearity of this new VE damping device
are summarized, including the non-linearity of phase difference,
initial stiffness, softening caused by temperature rise and low-
cycle fatigue, and the softening and hardening under large
strain amplitude.

A seven-parameter mechanic model which considers
the multi-non-linear behaviors is proposed based on the
performance tests. The mechanic model is first verified
by comparing the simulation hysteresis curves with the
performance tests.

The mathematic mechanic model is implemented in
a discrete numerical form in an open source calculation
platform to apply the mechanic model into practical
numerical calculation use. A series of shake table tests on
a steel frame with the new VE dampers are performed as
a comparison.
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