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Abstract: Viscoelastic dampers are a kind of classical passive energy dissipation and vibration control
devices which are widely utilized in engineering fields. The mechanical properties and energy
dissipation capacity of the viscoelastic damper are significantly affected by ambient temperature. In
this work, dynamic properties tests of the sandwich type viscoelastic damper at different environ-
mental temperatures are carried out. The equivalent fractional Kelvin model which can characterize
the mechanical behavior of the viscoelastic damper with varying frequencies and temperatures is
introduced to describe the dynamic properties and energy dissipation capability of the sandwich
viscoelastic damper. The self-heating phenomenon of the sandwich viscoelastic damper is studied
with a numerical simulation, and the dynamic properties and energy dissipation variation of the
viscoelastic damper with self-heating processes are also analyzed. The results show that the dynamic
properties of the viscoelastic damper are significantly affected by temperature, excitation frequency
and the internal self-generated heating.

Keywords: sandwich viscoelastic damper; dynamic properties tests; equivalent fractional kelvin
model; self-heating phenomenon; temperature influence

1. Introduction

Viscoelastic dampers are a kind of representative passive energy dissipation and
vibration control devices, which are widely used in aerospace, mechanical engineering,
civil engineering, high precision instruments, etc. [1–6].

In seismic structural design and retrofit engineering, viscoelastic dampers are often
added to structures, working together to protect the building and reduce the damage
caused by earthquakes. So far, a large number of investigations on dynamic properties of
viscoelastic dampers and their applications in civil engineering have been conducted [7–11].
Asano et al. [12] studied the dynamic properties of the viscoelastic damper with different
materials and investigated the influence of external loading circles, displacement ampli-
tudes and excitation frequencies on the mechanical properties of the viscoelastic damper.
Shen et al. [13] conducted a dynamic experimental investigation of the viscoelastic damper
considering the frequency, strain amplitude and temperature effect and used the fractional
derivative for modeling the dynamic behavior of the viscoelastic damper. Mazza et al. [14]
used diagonal steel braces and viscoelastic dampers to retrofit a ten-story steel frame
building with and without fire damages. A combination of two Maxwell models and
one Kelvin model in parallel is employed to characterize the viscoelastic behavior of
the damper. The dynamic response analysis of the structure shows that the viscoelastic
dampers can effectively control the vibration of the fire-damaged steel structure after
retrofitting. Christopoulos et al. [15] developed a viscoelastic coupling damper for applica-
tion in vibration controls for tall buildings. It has been proved that the viscoelastic coupling
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damper can reliably reduce both dynamic responses caused by wind and earthquake for
all loading amplitudes and frequencies. Xu et al. [16,17] utilized the viscoelastic damper to
improve the seismic performance of the concrete frame structures. The design parameters
and installation positions of the viscoelastic dampers are optimized, and shaking table
tests of the structure models with and without dampers are carried out to validate the
effectiveness of the dampers.

It can be seen that the mechanical properties and energy dissipation of the viscoelastic
damper are greatly influenced by the excitation frequency, displacement amplitude and am-
bient temperature. It is important to select the appropriate mathematical model to describe
the dynamic behavior of the viscoelastic damper in design and application procedures.
Generally, the traditional viscoelastic mathematical models including the Kelvin model,
Maxwell model, the generalized viscoelastic models, etc. are used to capture the properties
of the viscoelastic materials [18–20]. Bagley et al. [21] and Meral et al. [22] employed
the fractional calculus to model the constitutive relations of the viscoelastic materials.
Gandhi et al. [23] used the standard linear solid model to simulate the nonlinear viscoelas-
tic behaviors of the viscoelastic damper with dual-frequency excitations. Tsai et al. [7]
proposed the finite element model which can consider the strain/displacement amplitude,
frequency and ambient temperature influence on the mechanical properties of the viscoelas-
tic dampers. Lewandowski et al. [24] utilized the generalized Kelvin and Maxwell model
together with the W-L-F equation to characterize the properties of the viscoelastic damper
considering the frequency and temperature influence. Xu et al. [25] theoretically and exper-
imentally studied the temperature and displacement affection of viscoelastic dampers.

It also can be found that many scholars have paid attention to the influence of ambi-
ent temperature on the properties of viscoelastic dampers. However, the self-generated
heating and temperature increment influence have received little attention [26–30]. Droz-
dov et al. [31] discussed the molecular chain fracture and deformation phenomenon of
viscoelastic materials and studied the self-heating effects on dynamic properties of the
viscoelastic material. Inaudi et al. [32] experimentally studied the mechanic properties
change of the viscoelastic damper caused by heat generation during cyclic external loading,
and the seismic responses of the structure with supplemental viscoelastic dampers con-
sidering self-generated heating are investigated by numerical simulation. Rodas et al. [33]
formulated a thermo-visco-hyperelastic constitutive model to describe the self-heating
process of viscoelastic materials with cyclic loadings. The finite-element-based simulations
are conducted and compared with the experimental results.

In the present paper, dynamic properties tests of the sandwich viscoelastic damper
at different environmental temperatures are carried out. The equivalent fractional Kelvin
model is introduced to describe the dynamic properties and energy dissipation capability
of the viscoelastic damper. The proposed model can characterize the mechanical behavior
of the viscoelastic damper with varying frequencies and temperatures. The self-heating
phenomenon of viscoelastic dampers is studied with numerical simulations. The dynamic
properties and energy dissipation variations of the viscoelastic damper with different sizes
and self-heating processes are analyzed. This demonstrates that the dynamic properties of
the viscoelastic damper are significantly affected by temperature, excitation frequency and
the internal self-generated heating.

2. Performance Tests

In order to better study the mechanical properties and energy dissipation of the
sandwich viscoelastic damper with different temperatures, the dynamic properties tests
of the sandwich viscoelastic damper at different temperatures (from 5 ◦C to 20 ◦C) are
conducted. The results show that the viscoelastic damper has better performance of
dynamic properties and energy dissipation capacities at low temperature. The dynamic
parameters, including the storage modulus, loss factor, equivalent stiffness and equivalent
damping, decrease with increasing ambient temperature.
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2.1. Test Process

The sandwich viscoelastic damper consists of two viscoelastic material layers and three
steel plates. The shear area of the viscoelastic damper is 60 mm× 50 mm, and the thickness
of shear layer is 10 mm. The viscoelastic material is developed independently based on
the nitrile rubber [11], and the steel type for the steel plates is Q235. The steel plates and
viscoelastic layers of the damper are closely fixed with each other by chemical bonding in
the vulcanization process and deform in different directions under cyclic external loading.
The mechanical energy generated from external loading can be dissipated by the shear
deformation of viscoelastic layers, and some parts of the mechanical energy are dissipated
into the air in heat form. The schematic picture and photo of the viscoelastic damper are
given in Figure 1a,b.
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Figure 1. Photo of the viscoelastic damper.

To study the influence of ambient temperature on the dynamic properties and energy
dissipation capability of the sandwich viscoelastic damper, the dynamic properties tests
are conducted with a multipurpose universal servohydraulic LFV 100kN test series manu-
factured by w + b company, Switzerland, as seen in Figure 2a. Each test of the viscoelastic
damper is carried out under 5 cycles of sinusoidal displacement loading ud = u0 sin(2π f t),
where u0 represents the amplitude of the displacement loading, and f denotes the loading
frequency. The displacement and frequency in each test can be recorded directly in the
control and data acquisition system with the DION 7 software. All the test conditions are
given in Table 1. A temperature controlling device, as shown in Figure 2a,b, is used to
adjust the environmental temperature of the damper.

Table 1. Test conditions of the sandwich viscoelastic damper.

Temperature
T (◦C)

Displacement Amplitude
d (mm)

Frequency
f (Hz) Cyclic Number

−5, 0, 10, 15, 20 1.0, 2.0 0.1, 0.2, 0.5, 1.0 5
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Figure 2. Properties test of the viscoelastic damper: (a) tests of the viscoelastic damper; (b) tempera-
ture controlling device.

2.2. Test Esults

In order to obtain the dynamic performance and energy dissipation indices of the
sandwich viscoelastic damper, the fourth loop of the force–displacement curves at each test
condition is selected and analyzed. The representative hysteresis curves of the sandwich
viscoelastic damper are shown in Figure 3.
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f = 0.1 Hz; (c) T = −5 ◦C, d = 1.0 mm; (d) T = 15 ◦C, d = 2.0 mm.
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Figure 3a,b presents the variations of the force–displacement hysteresis curves of the
damper with changing ambient temperature (from −5 ◦C to 20 ◦C) at the test conditions of
displacement 1 mm and frequency 0.2 Hz and displacement 2 mm and frequency 0.1 Hz,
respectively. The sandwich viscoelastic damper has fuller hysteresis curves and larger
elliptical slopes at low temperatures. As the temperature increases from −5 ◦C to 20 ◦C,
the fullness and slope of the hysteresis curves gradually decrease.

Figure 3c,d gives the variations of the force–displacement curves of the damper
with different loading frequencies (from 0.1 Hz to 1.0 Hz) with the test conditions of
temperature −5 ◦C and displacement 1.0 mm, and temperature 15 ◦C and displacement
2.0 mm, respectively. The fullness and slope of the hysteresis curves gradually increase
with increasing frequencies. As the fullness and slope of the hysteretic curves are greatly
related to the stiffness and energy dissipation capacity of the viscoelastic damper, it can be
concluded that the stiffness and energy dissipation capacity of the sandwich viscoelastic
damper decrease with increasing temperature and increase with increasing frequency. The
sandwich viscoelastic damper has better dynamic properties and energy dissipation ability
at low temperature than that at high temperature.

Under the sinusoidal displacement loading ud = u0 sin(2π f t), the force–displacement
hysteretic curve of the viscoelastic damper at each test condition can be treated as a full
ellipse [8], as seen in Figure 4.
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The full ellipse can be expressed as(
Fd − Keud

ηKeuo

)2
+

(
ud
uo

)2
= 1 (1)

In Equation (1), Fd and ud denotes the damping force and corresponded displacement
of the damper, respectively; Ke = F1

uo
, which represents the equivalent stiffness, uo, and

F1 denotes the maximum displacement and the damping force at uo; F2 is the damping
force of the damper when the displacement is zero, and F represents the biggest damping
force of the viscoelastic damper on one hysteretic curve. Based on the hysteretic curve
simplification of the viscoelastic damper, the dynamic properties and energy dissipation
indices, such as the storage modulus G1, the loss factor η, the equivalent stiffness Ke and
equivalent damping Ce of the viscoelastic damper can be expressed as [34]

G1 =
F1hv

nv Avuo
(2)

η =
F2

F1
(3)

Ke =
nvG1 Av

hv
(4)
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Ce =
ηnvG1 Av

ωhv
(5)

where nv denotes the number of viscoelastic layers, Av and hv represent the shear area and
thickness of each viscoelastic layer, and ω = 2πf.

For the sandwich type viscoelastic damper utilized in this test, nv = 2, Av = 50× 60 =
3000 mm2 and hv = 10 mm. Then, together with Equations (2)–(5), the storage modulus
G1, the loss factor η, the equivalent stiffness Ke and equivalent damping Ce at each test
condition can be calculated. To briefly show the dynamic properties and energy dissipation
performance of the viscoelastic damper, only the dynamic parameters with displacement
1.0 mm are given and clearly pictured in Figure 5. The details of the dynamic parameters
are shown in Table 2.

Buildings 2021, 11, x FOR PEER REVIEW 7 of 18 
 

-5 0 5 10 15 20
500

1000

1500

2000

 

 

  0.1  Hz

  0.2  Hz

  0.5  Hz

  1.0  Hz

E
q

u
iv

al
en

t 
st

if
fn

es
s 

K
e (

k
N

/m
)

Temperature (
o
C)

(a) (b) 

-5 0 5 10 15 20
0.8

1.6

2.4

3.2

 

 

  0.1  Hz

  0.2  Hz

  0.5  Hz

  1.0  Hz

S
to

ra
g
e 

m
o
d

u
lu

s 
G

1
 (

M
P

a)

Temperature (
o
C)

-5 0 5 10 15 20
0.2

0.4

0.6

0.8

1.0

 

 

  0.1  Hz

  0.2  Hz

  0.5  Hz

  1.0  Hz
L

o
ss

 f
ac

to
r 

η

Temperature  (
o
C)

-5 0 5 10 15 20
0

300

600

900

 

 

  0.1  Hz

  0.2  Hz

  0.5  Hz

  1.0  Hz

E
q

u
iv

al
en

t 
d
am

p
in

g
 C

e 
(k

N
·s

/m
)

Temperature (
o
C)

(c) (d)  

Figure 5. Parameters of the viscoelastic damper with displacement 1.0 mm: (a) storage modulus; (b) loss factor; (c) equiv-

alent stiffness; (d) equivalent damping. 

This phenomenon indicates that the dynamic performance of the sandwich viscoe-

lastic damper greatly decreases with increasing temperature, and the damper has better 

energy dissipation capacity at lower temperature. It can also be found that the storage 

modulus, loss factor, and equivalent stiffness increase when the excitation frequency in-

creases, and equivalent damping decreases with the increasing frequency. 

Table 2. Dynamic parameters of the viscoelastic damper with displacement 1.0mm. 

Temperature 

T (℃) 

Frequency 

f (𝐇𝐳) 

Storage 

Modulus 

𝑮𝟏 (𝐌𝐏𝐚) 

Loss  

Factor 
𝛈 

Equivalent 

Stiffness 𝑲𝒆 

(KN/m) 

Equivalent 

Damping 𝑪𝒆 

(KN·s/m) 

−5 0.1 1.69 0.49 1016.57 794.49 

 0.2 1.94 0.61 1164.49 566.99 

 0.5 2.56 0.76 1537.5 373.22 

 1.0 3.06 0.92 1837.54 268.65 

0 0.1 1.56 0.4 934.58 598.56 

 0.2 1.75 0.51 1048.61 427.84 

 0.5 2.13 0.69 1278.11 281.38 

 1.0 2.64 0.82 1584.48 206.41 

10 0.1 1.15 0.31 692.89 343.78 

 0.2 1.22 0.36 734.79 207.68 

 0.5 1.34 0.44 804.67 112.59 

 1.0 1.46 0.55 876.86 76.31 

Figure 5. Parameters of the viscoelastic damper with displacement 1.0 mm: (a) storage modulus; (b) loss factor; (c)
equivalent stiffness; (d) equivalent damping.

Figure 5 presents the characteristic parameters of the sandwich viscoelastic damper
with changing temperature from −5 ◦C to 20 ◦C when the displacement amplitude is
1.0 mm. It is easy to see that the storage modulus, loss factor, equivalent stiffness and
equivalent damping decrease significantly by increasing the temperature, especially at low
temperatures (from −5 ◦C to 10 ◦C). Taking 1.0 Hz as an example, the storage modulus
decreases by 15.91% in the range of −5 ◦C to 0 ◦C, decreases by 43.25% in the range of 0 ◦C
to 10 ◦C, decreases by 12.14% in the range of 10 ◦C to 15 ◦C and decreases by 6.8% in the
range of 15 ◦C to 20 ◦C. The loss factor decreases by 8.63% in the range of −5 ◦C to 0 ◦C,
decreases by 34.86% in the range of 0 ◦C to 10 ◦C, decreases by 29.62% in the range of 10 ◦C
to 15 ◦C, and decreases by 14.91% in the range of 15 ◦C to 20 ◦C. The equivalent stiffness
decreases by 13.77% in the range of −5 ◦C to 0 ◦C, decreases by 44.66% in the range of
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0 ◦C to 10 ◦C, decreases by 12.14% in the range of 10 ◦C to 15 ◦C, and decreases by 6.8% in
the range of 15 ◦C to 20 ◦C. The equivalent damping decreases by 23.17% in the range of
−5 ◦C to 0 ◦C, decreases by 63.03% in the range of 0 ◦C to 10 ◦C, decreases by 38.17% in
the range of 10 ◦C to 15 ◦C, and decreases by 20.7% in the range of 15 ◦C to 20 ◦C.

Table 2. Dynamic parameters of the viscoelastic damper with displacement 1.0 mm.

Temperature
T (◦C)

Frequency
f (Hz)

Storage
Modulus
G1 (MPa)

Loss
Factor

η

Equivalent
Stiffness Ke

(KN/m)

Equivalent
Damping Ce

(KN·s/m)

−5 0.1 1.69 0.49 1016.57 794.49
0.2 1.94 0.61 1164.49 566.99
0.5 2.56 0.76 1537.5 373.22
1.0 3.06 0.92 1837.54 268.65

0 0.1 1.56 0.4 934.58 598.56
0.2 1.75 0.51 1048.61 427.84
0.5 2.13 0.69 1278.11 281.38
1.0 2.64 0.82 1584.48 206.41

10 0.1 1.15 0.31 692.89 343.78
0.2 1.22 0.36 734.79 207.68
0.5 1.34 0.44 804.67 112.59
1.0 1.46 0.55 876.86 76.31

15 0.1 1.04 0.27 626.66 266.7
0.2 1.11 0.29 664.27 154.16
0.5 1.2 0.33 718.45 76.54
1.0 1.28 0.38 770.4 47.19

20 0.1 1.0 0.24 602.2 231.29
0.2 1.05 0.26 628.87 130.71
0.5 1.13 0.29 675.75 63.24
1.0 1.2 0.33 718.02 37.42

This phenomenon indicates that the dynamic performance of the sandwich viscoelastic
damper greatly decreases with increasing temperature, and the damper has better energy
dissipation capacity at lower temperature. It can also be found that the storage modulus,
loss factor, and equivalent stiffness increase when the excitation frequency increases, and
equivalent damping decreases with the increasing frequency.

3. Mathematical Modeling

As seen in dynamic properties tests, the mechanical properties and energy dissipation
capability of the sandwich viscoelastic damper are significantly affected by the ambient
temperature and loading frequency. The equivalent fractional Kelvin model is employed in
this section to describe the mechanical and damping properties variation of the sandwich
viscoelastic damper with different ambient temperatures and loading frequencies. The frac-
tional Kelvin model consists of one spring element and a fractional dashpot in parallel [25],
as seen in Figure 6.
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The constitutive relation of the fractional Kelvin model can be written as

q0γ + q1Dαγ = τ (6)
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where q0 denotes the modulus of the spring element, and q1 denotes the damping of
fractional dashpot; γ is the shear strain, and τ is the shear stress; α is the fractional order
derivative, and 0 < α < 1.0. Applying the Fourier transform to Equation (6), we can
obtain that

G∗ = q0 + q1(jω)α (7)

where G∗ is the shear modulus of fractional Kelvin model in complex form, and j represents
the unit complex number. By decomposing the complex modulus into two parts, the real
part and the imaginary part, the storage modulus, shear modulus and loss factor of the
viscoelastic material can be obtained as

G1 = Re(G∗) = q0 + q1ωα cos(απ/2) (8)

G2 = Im(G∗) = q1ωα sin(απ/2) (9)

η = q1ωα sin(απ/2)/[q0 + q1ωα cos(απ/2)] (10)

In the above equations, G1, G2 and η represent the storage modulus, loss modulus
and loss factor of viscoelastic materials, respectively.

When the ambient temperature is around Tg to Tg + 100 ◦C, the temperature and fre-
quency influences on the dynamic properties of the viscoelastic damper have an equivalent
relationship, and the dynamic properties of viscoelastic damper at high temperature are
equivalent to those at low frequency, which can be described by the temperature–frequency
equivalent theory [11,20,25], as shown in Equation (11)

G1(ω, T) = G1(αTω, T0); η(ω, T) = η(αTω, T0) (11)

where Tg is the glass transaction temperature, T0 is the reference temperature, and αT can
be written as

αT = 10−12(T−T0)/[525+(T−T0)] (12)

From Equation (12), it can be seen that the temperature–frequency equivalent theory
is an application of the W-L-F equation [24,35] in viscoelastic damping device studies. By
considering the temperature–frequency equivalent theory together with Equations (8)–(10),
the equivalent fractional kelvin model can be obtained as

G1 = q0 + q1(αTω)α cos(απ/2) (13)

G2 = q1(αTω)α sin(απ/2) (14)

η = q1(αTω)α sin(απ/2)/
[
q0 + q1(αTω)α cos(απ/2)

]
(15)

Equations (13) to (15) are expressions of the equivalent fractional Kelvin model. It can
effectively characterize the affection of ambient temperatures and loading frequencies on
dynamic properties and energy dissipation ability of viscoelastic materials and dampers.

To further reveal the temperature influence on dynamic properties and energy dis-
sipation of the damper with equivalent fractional Kelvin model, the experimental re-
sults of the dynamic properties tests are used to determine the model parameters. As
Equations (12)–(15) could not reflect the displacement amplitude influence and the fact
that only the tests with displacement 1.0 mm and 2.0 mm are conducted, the test results
with displacement 1.0 mm and 2.0 mm are treated separately. Only parts of the test data are
selected for parameters determination. When the displacement is 1.0 mm, the parameters
of the equivalent fractional Kelvin model can be obtained as, q0 = 6.69× 105, q1 = 98.97,
α = 0.4781, and T0 = 490.52 K. When the displacement is 2.0 mm, q0 = 6.2 × 105,
q1 = 420.52, α = 0.4355, and T0 = 479.02 K. The experimental and numerical results
comparisons of the equivalent fractional Kelvin model of the sandwich viscoelastic damper
with displacement 1.0 mm and 2.0 mm are plotted in Figure 7.
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for the sandwich viscoelastic damper: (a) storage modulus, d = 1.0 mm; (b) loss factor, d = 1.0 mm;
(c) storage modulus, d = 2.0 mm; (d) loss factor, d = 2.0 mm.

The equivalent fractional Kelvin model can well characterize the mechanical prop-
erties and energy dissipation capacity of the sandwich viscoelastic damper with varying
environmental temperatures. Taking a displacement of 2.0 mm as an example, the exper-
imental and numerical data are given in Table 3. The numerical results agree well with
the experimental results at different temperatures, and the errors do not exceed 21%. For
storage modulus, the maximum error is 20.87% with an ambient temperature of −5 ◦C and
a frequency 1.0 Hz; the experimental and numerical results are 2.45 MPa and 2.96 MPa,
respectively. For loss factor, the maximum error is 19.75% with an ambient temperature
of 20 ◦C and a frequency of 1.0 Hz; the experimental and numerical results are 0.314 and
0.376, respectively.

Table 3. Comparison of experimental and numerical results of the equivalent fractional Kelvin model
when d = 2.0 mm.

Temperature
T (◦C)

Frequency
f (Hz)

Experimental Results Numerical Results

Storage
Modulus
G1 (MPa)

Loss
Factor

η

Storage
Modulus
G1 (MPa)

Loss
Factor

η

−5 0.1 1.55 0.43 1.48 0.47
0.2 1.77 0.54 1.78 0.53
0.5 2.13 0.68 2.35 0.60
1.0 2.45 0.77 2.96 0.64

0 0.1 1.43 0.37 1.25 0.41
0.2 1.58 0.47 1.47 0.47
0.5 1.88 0.63 1.88 0.54
1.0 2.2 0.75 2.33 0.60
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Table 3. Cont.

Temperature
T (◦C)

Frequency
f (Hz)

Experimental Results Numerical Results

Storage
Modulus
G1 (MPa)

Loss
Factor

η

Storage
Modulus
G1 (MPa)

Loss
Factor

η

10 0.1 1.09 0.30 0.96 0.29
0.2 1.15 0.35 1.08 0.35
0.5 1.27 0.42 1.31 0.43
1.0 1.36 0.53 1.56 0.49

15 0.1 1.0 0.26 0.88 0.24
0.2 1.05 0.29 0.97 0.29
0.5 1.14 0.34 1.14 0.37
1.0 1.22 0.39 1.32 0.43

20 0.1 0.94 0.23 0.82 0.19
0.2 0.98 0.26 0.88 0.24
0.5 1.05 0.29 1.01 0.32
1.0 1.11 0.31 1.15 0.38

4. Self-Generated Heating of the Sandwich Viscoelastic Damper

The dynamic properties and energy dissipation capability of viscoelastic materials are
significantly affected by ambient temperature. In the design and seismic analysis of build-
ing structures installed with viscoelastic dampers, the influence of ambient temperature is
always ignored. During the service life of the viscoelastic damper, the ambient temperature
is not stable. At the same time, the external mechanical energy could be converted into
heat through the shear deformation of the viscoelastic layers, which causes the internal
temperature to rise and affects the dynamic performance of the damper. In this section, the
self-heating phenomenon of the sandwich viscoelastic damper is investigated. The initial
temperature of the whole damper and ambient temperature is taken as 10 ◦C.

Considering that the heat generation rate of the viscoelastic material is affected by
ambient temperature and ignoring the thermoelastic coupling effect (thermal expansion),
the heat transfer equation of the viscoelastic layer in the damper can be written as [31]

qg + k∇2T(t, x, y, z) = ρcp
.
T(t, x, y, z) (16)

with the boundary conditions 
T = T0 in ∂ΩD

q = q0 in ∂ΩN

q = h(T − T∞) in ∂ΩC

(17)

where, k, ρ, and cp represent the thermal conductivity, density and specific heat capacity
of the materials, respectively. The value of k∇2T(t, x, y, z) can be obtained by applying
Fourier’s law to a certain volume; ρcp

.
T(t, x, y, z) represents the heat restored inside the

material. T0 denotes the temperature loading on the boundary of the domain ΩD, q0
denotes the heat flow on the boundary domain ΩN , h represents the heat convection
coefficient between the boundary domain ΩC and the surroundings, T∞ is the ambient
temperature, qg is the heat generation rate of the viscoelastic material and has the form

qg = βt
.

wm (18)

where βt is the thermal conversion ratio, which means the fraction of heat energy converted
from the dissipated mechanical energy through shear deformation of the viscoelastic
materials,

.
wm is the dissipated external mechanical power, and (1− βt)

.
wm represents
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the storage rate of the energy stored inside the viscoelastic material by micro-structural
changes.

.
wm has the form [31]

.
wm(t, ω, T) = −ωG2(ω, T)CεT

0 (t, ω, T)sin2(ωt + δ) (19)

where C(t, ω, T) = G(t, ω, T)C, G(t, ω, T) = G1(t, ω, T) + G2(t, ω, T)j; ε0 denotes the
strain of the viscoelastic materials, and δ presents the phrase angle of the stress and strain.

Based on the abovementioned heat generate and transfer theories, the finite-element
simulation with a two-dimensional (2-D) model is conducted to study the self-heating
phenomenon. The 2-D model of the viscoelastic damper is shown in Figure 8.
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In the finite element simulation, the displacement amplitude of the viscoelastic damper
is 1.0 mm, and the ‘Coupled-Temperature-Displacement’ time step is employed to simulate
the thermo-viscoelastic behaviors of the material. The ‘CPE4T’planar element type is used
for meshing of viscoelastic damper. In order to avoid the element distortion with a large
number of loading cycles, the element size of the viscoelastic layer is selected as 0.1 mm,
while the element size of the steel plate is getting larger and larger when it is gradually
getting away from the viscoelastic materials. The total number of finite elements of the
2-D model is 255428. In order to better understand the temperature rising at different
positions of the viscoelastic layer, four reference points ‘A’, ‘B’, ‘C’ and ‘D’ are selected
in the viscoelastic layer, as seen in Figure 8b. A local coordinate system is defined in the
upper viscoelastic layer, and the coordinates of the reference points ‘A’, ‘B’, ‘C’ and ‘D’ are
(30,7.5), (30,5.0), (30,2.5) and (55,5.0), respectively.

In this section, the temperature influence on the material properties should be consid-
ered to simulate the thermo-viscoelastic behavior of the viscoelastic damper. In ABAQUS,
the Prony series by default defines the viscoelastic properties of the viscoelastic material.
The W-L-F equation log αT = −C1(T − T0)(C2 + T − T0) [24,35] can be utilized to describe
the temperature influence. C1 and C2 are material constants. With the Prony series and
W-L-F equation, the viscoelastic properties of the viscoelastic material can be obtained
and shown in Table 4 [35]. The Poisson’s ratio of the viscoelastic material is 0.49, and the
modulus and Poisson’s ratio of the steel plate is 210 GPa and 0.3. The thermal properties of
the viscoelastic layer and steel plate are shown in Table 5 [36,37].
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Table 4. Viscoelastic parameters determined with Prony series and W-L-F equation in ABAQUS
(n = 4). when d = 1.0 mm.

G0 (MPa) T0 (K) g1 g2 g3 g4

13.104 486.9721 0.3485 0.0357 0.0546 0.502

τ1 τ2 τ3 τ4 C1 C2

1.9055× 10−11 7.0947× 10−8 4.3061× 10−9 2.5573× 10−10 12 525

Table 5. Thermal properties parameters of the viscoelastic layers and steel plates.

Material
Thermal

Conductivity
κ (w·m/K)

Density ρ
(kg/m3)

Specific Heat
Capacity

CE (J/(kg·K))

Thermal Expansion
Coefficient αt (K−1)

Viscoelastic
material 0.16 990 2000 1.15× 10−4

Steel plate 19.5 7970 561 1.77× 10−5

The heat convection coefficient h between the surfaces of the viscoelastic damper
and surrounding environment is taken as 6

(
w·m2/K

)
[38]. The model of the viscoelastic

damper is subjected to 200 cycles of displacement loading ud = u0 sin(2π f t). When the
displacement amplitude is 1.0 mm and the loading frequency is 5.0 Hz, the temperature
contours of the viscoelastic damper at different loading circles are shown in Figure 9.
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and f = 5.0 Hz).

The temperature of the viscoelastic materials increases gradually as the number of
loading circles increases. The temperature of the upper and lower layers of the viscoelastic
material is symmetrically distributed with respect to the intermediate steel plate. A higher
temperature area is formed within a certain region inside the viscoelastic layers. After
200 cycles of sinusoidal displacement loading, the local temperature at the center of the
viscoelastic layer reaches to 14.52 ◦C, and the maximum increment is 4.52 ◦C.

Figure 10 shows the temperature increment at the reference points with increasing
loading circle numbers. The temperature rising processes at reference points ‘A’, ‘B’, ‘C’
and ‘D’ are different, which is caused by the difference in heat generation and transfer
due to the change of position and boundary conditions. With the same loading circle, the
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temperature increment increases when the loading frequency goes up. The temperature
with larger frequency is obviously higher than that with lower frequency. The reason is that
the mechanical properties such as the modulus of the viscoelastic material increases with
increasing frequency. The mechanical energy dissipation and heat generation rates in each
single loading cycle of the viscoelastic material increase with increasing frequency. Take
reference point ‘B’ as an example, at the 140th loading circle, the temperature is 11.06, 13.27,
14.88 and 16.08 ◦C with frequency 1.0, 5.0, 10.0 and 20.0 Hz. The temperature increment
compared to initial temperature is 1.06, 3.27, 4.88 and 6.08 ◦C, respectively.

Buildings 2021, 11, x FOR PEER REVIEW 14 of 18 
 

(a) (b) 

(d) (c) 

0 50 100 150 200
10.0

10.3

10.6

10.9

11.2

11.5

  Reference point  ‘A’

  Reference point  ‘B’

  Reference point  ‘C’

  Reference point  ‘D’

 

 

T
em

p
er

at
u

re
  
T

 (
o
C

)

Loading circle number

0 50 100 150 200
10.0

11.5

13.0

14.5

 

 

T
em

p
er

at
u

re
  
T

 (
o
C

)

Loading circle number

  Reference point  ‘A’

  Reference point  ‘B’

  Reference point  ‘C’

  Reference point  ‘D’

0 50 100 150 200
10

12

14

16

18
    1.0  Hz

    5.0  Hz

  10.0  Hz

  20.0  Hz

 

 

T
em

p
er

at
u
re

  
T

 (
o
C

)

Loading circle number

0 50 100 150 200
10

12

14

16

18
    1.0  Hz

    5.0  Hz

  10.0  Hz

  20.0  Hz

 

 

T
em

p
er

at
u

re
 T

 (
o
C

)

Loading circle number

 

Figure 10. The temperature increment at the reference points with increasing loading circle numbers: (a) f = 1.0 Hz; (b) f = 

5.0 Hz; (c) Reference point ‘B’; (d) Reference point ‘D’. 

As the mechanical properties and energy dissipation capacity of the viscoelastic 

damper are greatly affected by ambient temperature, it is necessary to study the self-heat-

ing influence on the dynamic behaviors of the viscoelastic damper. Figure 11 gives the 

force-displacement hysteretic curve, damping force, storage modulus and loss factor var-

iations of the sandwich viscoelastic damper at frequencies 1.0 , 5.0 , 10.0  and 20.0 Hz with 

loading circle numbers within 100. Figure 11a,b reveals that the fullness and slope of the 

force–displacement hysteretic curves change apparently when the loading circles increase. 

The damping force with circles from 95 to 100 is much less than that with circles from 1 to 

5, which can be attributed to the modulus and stiffness decrease caused by the self-heating 

inside the viscoelastic layer. Taking the 5th and 95th loading circles at 5.0 Hz as an exam-

ple, the peak force at unit width of the viscoelastic damper is 38.8438N and 34.7891N, 

respectively. The peak force at the 95th circle is 10.44% lower than that at the 5th circle. 

Figure 10. The temperature increment at the reference points with increasing loading circle numbers: (a) f = 1.0 Hz;
(b) f = 5.0 Hz; (c) Reference point ‘B’; (d) Reference point ‘D’.

As the mechanical properties and energy dissipation capacity of the viscoelastic
damper are greatly affected by ambient temperature, it is necessary to study the self-
heating influence on the dynamic behaviors of the viscoelastic damper. Figure 11 gives
the force-displacement hysteretic curve, damping force, storage modulus and loss factor
variations of the sandwich viscoelastic damper at frequencies 1.0, 5.0, 10.0 and 20.0 Hz
with loading circle numbers within 100. Figure 11a,b reveals that the fullness and slope
of the force–displacement hysteretic curves change apparently when the loading circles
increase. The damping force with circles from 95 to 100 is much less than that with circles
from 1 to 5, which can be attributed to the modulus and stiffness decrease caused by the
self-heating inside the viscoelastic layer. Taking the 5th and 95th loading circles at 5.0 Hz
as an example, the peak force at unit width of the viscoelastic damper is 38.8438 N and
34.7891 N, respectively. The peak force at the 95th circle is 10.44% lower than that at the
5th circle.
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The FEA results of the storage modulus and loss factor of the viscoelastic damper are
shown in Figure 11c,d, and the storage modulus decreases when the loading cycles increase.
The loss factor decreases as the number of loading circle increases at low frequencies (1.0 Hz
and 5.0 Hz); and increases with the increasing loading cycles at high frequencies (10.0 Hz
and 20.0 Hz). Taking the 10th, 30th, 50th and 80th circles with 10 Hz as examples, the
FEA results of storage modulus are 3.6793, 3.4528, 3.2663 and 3.0417 MPa, respectively. It
decreases by 6.16% in the range of the 10th to the 30th loading circles, decreases by 5.4% in
the range of the 30th to the 50th loading circles and decreases by 6.88% in the range of the
50th to the 80th loading circles.

5. Conclusions

In the present work, dynamic properties tests of the sandwich viscoelastic damper at
different ambient temperatures were conducted. The equivalent fractional Kelvin model
was introduced to describe the thermo-viscoelastic behaviors of the viscoelastic damper.
The self-heating phenomenon of the viscoelastic damper was investigated, and the finite
element simulation was utilized to verify the self-heating influence on dynamic properties
and energy dissipation capacity of the sandwich type viscoelastic damper.

Based on these studies some notable conclusions can be obtained as follows: 1© The
sandwich viscoelastic damper has perfect energy dissipation capacity, and the performance
of the viscoelastic damper at low temperature is better than that at high temperature.
Almost all the hysteretic curves of the sandwich viscoelastic damper are full ellipses, and
the key energy dissipation parameter, loss factor η, reaches its maximum value near 1.0
with a temperature of−5 ◦C and a frequency of 1.0 Hz. 2© The storage modulus, loss factor,
equivalent stiffness and equivalent damping decrease when the temperature increases,
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and the storage modulus, loss factor, and equivalent stiffness increase with an increase
in frequency, while the equivalent damping decreases with an increase in frequency. 3©
The temperature inside the viscoelastic layers could be obviously increased during the
cyclic displacement loading due to the self-generated heating. The parameters decrease
importantly because of the internal temperature increment. When the displacement ampli-
tude is 1.0 mm and the loading frequency is 5.0 Hz, the maximum temperature increment
is 4.52 ◦C after 200 cyclic loadings with initial temperature 10 ◦C. When displacement is
1mm, and frequency is 10 Hz, the storage modulus changes from 3.6793 to 3.0417 MPa at
the 10th and the 80th loading circles, decreasing by 17.33%.

In this paper, dynamic properties tests of the sandwich viscoelastic damper with
different temperatures were carried out. The equivalent fractional order kelvin model
was formulated to capture the temperature influence on dynamic properties. The Finite
Element Analysis method is used to investigate the self-heating phenomena. The results
reveal that the dynamic properties of the damper are significantly affected by temperature,
excitation frequency and the internal self-generated heating.
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