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Conventional viscoelastic devices often use high-damping elastomeric pads, typically made of patented formulations, that are
bonded to steel plates. Te response properties of these pads under cyclic shear deformations directly infuence the load-
deformation hysteretic response of the device. Chlorobutyl (CIIR) is a high-damping rubber commonly used in industrial
applications. However, this study found that the damping properties of a typical CIIR rubber compound are insufcient for
efective structural seismicmitigation at ambient temperatures above 0°C.Te goal of this study was to develop a new composite of
CIIR, referred to as modifed CIIR, with improved damping properties and to compare its performance with that of the reference
CIIR rubber. In the frst phase of the experimental studies, the viscoelastic characteristics of the reference and modifed CIIR
rubber materials were evaluated using dynamic mechanical thermal analysis (DMTA) in tension mode. Prototype viscoelastic
damper devices were then fabricated from both the reference and modifed CIIR rubber materials and subjected to cyclic shear
tests at room temperature and various loading frequencies. Te results showed that the modifed CIIR rubber exhibited sig-
nifcantly improved efective damping compared to the reference CIIR. Te fnal component of this study involved investigating
the seismic response of a 2D frame structure equipped with prototype dampers made from both reference and modifed CIIR
materials, using nonlinear time-history analyses. Te analysis results indicated that the modifed CIIR rubber can be efectively
utilized in the seismic response mitigation of structures.

1. Introduction

Viscoelastic dampers serve as supplemental devices in
structural engineering to reduce the seismic response of
structures [1], diminish wind-induced vibrations [2], miti-
gate the seismic pounding of structures [3], or minimize
foor diaphragm vibrations caused by live loads [4]. Tese
dampers typically use one or more elastomeric pads com-
posed of high-damping rubber with specially formulated
properties [5]. When the structure experiences vibrations,
the elastomeric pads undergo cyclic shear deformation and,
owing to their inherently high damping characteristics,

dissipate a signifcant amount of structural vibration energy.
By incorporating viscoelastic supplemental dampers, the
efective stifness of the structure increases in addition to its
efective damping. Te performance of dampers, concerning
efective damping and stifness, is generally infuenced by
factors such as strain amplitude, excitation frequency, and
ambient temperature [6–9].

Te high inherent damping of the elastomers utilized in
viscoelastic dampers is attributed to the molecular structure
of the base rubber and the combination of components
within the rubber compound. In [10], the inherent damping
of rubber compounds with various base rubbers including
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polyethylene, polymethyl methacrylate, polypropylene,
styrene-butadiene rubber (SBR), isobutylene-isoprene rub-
ber (IIR), and urethane was investigated. Te fndings
revealed that polyethylene and IIR (commonly known as
butyl) rubbers exhibited higher efective damping than other
rubbers. In the case of IIR, the damping property can be
enhanced by incorporating miscible polymer oligomers such
as polyisobutylene as an additional relaxation component
[11]. Physical methods can also be employed to increase the
efective damping of rubber. For instance, Ghotb and
Toopchi-Nezhad [12] developed innovative precompressed
viscoelastic dampers using chlorobutyl rubber (CIIR). Te
frictional resistance between the chain molecules of the
rubber was elevated by precompressing the elastomeric pads.
Consequently, the efective damping increases when the
damper pads undergo shear strain, and the rubber molecules
slide against one another. Te infuence of compressive load
on rate-dependent high-damping rubber bearings has also
been studied [13].

Te inherent damping of rubber materials used in vis-
coelastic dampers can be enhanced by modifying their
compound formulations [14]. As a suitable option, a com-
pound comprising EPDM and butyl (IIR) rubbers, along
with the addition of 20 parts of carbon black and 20 parts of
parafnic oil to achieve rubber with high inherent damping,
has been proposed [15]. In a diferent approach, modifed
silica fume was utilized as an alternative reinforcing fller to
enhance the damping properties of natural rubber [16]. To
improve the energy dissipation capability of neat nitrile-
butadiene rubber (NBR), various organic small-molecule
modifers (AO1035, AO60, and AO80) in diferent
amounts were employed [17]. Te incorporation of CIIR
into a compound with EPDM as the base rubber efectively
improved the thermal and mechanical properties of the
resulting blend, resulting in increased inherent damping at
room temperature. However, the inherent damping of the
resultant composition did not surpass that of chlorobutyl
alone [15, 18]. By adding aliphatic C5 and aromatic C9 resins
to the components of the CIIR rubber, an increase in ef-
fective damping was observed [19]. Similarly, terpene resin
has demonstrated efectiveness in regulating the glass
transition and expanding the efective damping temperature
range of CIIR [20]. Te combination of CIIR and PVC in
a multilayer confguration within the rubber compound
enhances its efective damping over a wider temperature
range [21]. Te viscoelastic properties of a composition
consisting of NBR and CIIR were investigated in the fre-
quency range 10 to 105Hz to evaluate the infuence of the
carbon black ratio on these properties [22]. A high-damping
rubber combining CIIR, NBR, and neoprene, which
exhibited excellent performance at ambient temperatures,
was developed [23]. In a composite material composed of
CIIR and piezoelectric ceramic (PZT), the damping prop-
erties were improved by converting mechanical energy from
vibration into electrical energy using PZT [24].

Rubber materials generally exhibit high damping
properties at temperatures corresponding to their glass
transition, which typically fall within the range of −20°C to
−100°C, depending on their molecular structure. However,

these damping properties decrease signifcantly at temper-
atures above 0°C. Terefore, an important objective for
improving the viscoelastic properties of rubber is to enhance
its inherent damping at ambient temperatures above 0°C. As
previously mentioned, CIIR rubber is known to possess
relatively high damping properties compared with other
rubber types. Nevertheless, similar to many other rubbers,
the inherent damping of CIIR diminishes signifcantly at
temperatures above 0°C. Te objectives of this study were to
boost the inherent damping of CIIR over a wider temper-
ature range by refning its compound composition and
examining the seismic response mitigation performance of
the modifed rubber. Tis paper comprises the following
sections: (i) a novel high-damping composite of CIIR rubber
was developed, and its damping properties over a wide range
of temperatures were evaluated using dynamic mechanical
thermal analysis (DMTA) in tension mode; (ii) prototype
viscoelastic dampers were fabricated and tested under cyclic
shear loads at various shear deformations and loading fre-
quencies to evaluate their mechanical and damping prop-
erties at room temperature; (iii) the seismic response of
a frame structure equipped with a viscoelastic damper was
evaluated using a set of nonlinear time-history analyses to
examine the seismic response mitigation capability of the
modifed rubber; and (iv) discussion and conclusions. In all
cases, the research results were compared with those of the
reference CIIR rubber (i.e., the base rubber blend on which
the modifcations were made).

2. Modified Blend of Chlorobutyl Rubber

Te elastomer formulations investigated in this study used
chlorobutyl (CIIR) as the base rubber. Chlorobutyl rubber,
which is known for its relatively high damping character-
istics, has a wide range of applications in various industries.
It is derived through the halogenation of butyl rubber. Butyl
rubber possesses excellent resistance to weathering agents
and demonstrates high resistance to the infltration of air
and water [25]. Te introduction of halogens enhances the
polymer chain fexibility of butyl rubber, thereby improving
its compatibility with polar rubbers. Compared to butyl
rubber, chlorobutyl rubber exhibits enhanced damping
properties and shows superior bonding and compatibility
with polar rubbers in the production of multirubber
compounds [26].

Te dynamic mechanical properties of elastomeric
materials are infuenced by various factors, including the
excitation frequency, temperature, molecular structure of
the base polymer, and chemical cross-linking systems uti-
lized. Additionally, the presence of reinforcing fllers, such as
diferent types of carbon black, signifcantly afects the
physical properties and viscoelastic behavior of these ma-
terials. During cyclic deformation, the stress and strain
exhibit a phase shift, represented by an angle δ ranging from
0 to π/2 rad. Material behavior is described by a complex
elastic modulus consisting of real and imaginary compo-
nents. Te ratio between the imaginary and real compo-
nents, often known as the loss factor or loss tangent (tan δ),
represents the tangent of the phase angle δ [22].
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Table 1 lists the components of the reference CIIR rubber
compound used in this study. Te compound was prepared
by mixing all components, except for the curing agents, in
a 60 cc internal mixer with Banbury-type rotors fromMisagh
Afzar (Tehran, Iran) at 60 rpm and 130°C for 10min. After
resting for one day at room temperature, the compounds
were mixed with curing agents (sulfur and accelerators) in
a lab-scale two-roll mill from Berstorf (Hannover, Ger-
many) at room temperature for 10min. Te compounds
were then molded into 2mm thick sheets using a hot press at
100 bar and 160°C for 8min for DMTA testing.

Compression set, tensile properties, and change in
properties after ageing of the cured compounds are given in
Table 2. As expected, compression set and tensile properties
of modifed CIIR are not as good as those of the reference
CIIR due to the immiscibility of NBR, CIIR, and CPE in the
blend of modifed CIIR. To evaluate the stability of the
compounds, the cured compounds were aged at 70°C for
168 h and the properties after ageing was measured. As seen,
the mass of the compounds was nearly constant with less
than 1% reduction showing the stability of the compounds
via ageing. Te tensile strength of the compounds was
slightly increased while a small decrease was observed for the
elongation at break. Overall, the properties of modifed CIIR
did not severely deteriorate with oven ageing. However,
further improvement in the compatibility of CIIR/NBR is
required.

Te mechanical properties of rubber under dynamic
loading were determined using DMTA tests with a Netzsch-
DMA 242C instrument. Tis instrument can measure the
mechanical properties of rubber under dynamic loading at
various temperatures and frequencies. Te test was con-
ducted according to the ASTM D5026 standard [27], in
which laboratory rubber samples were subjected to cyclic
tensile stresses at two individual frequencies of 0.1 and 1Hz.
Te temperature was varied from −100 to +100°C at
a heating rate of 3°C/min.

Figure 1(a) shows the variation in the loss factor (tan δ)
of the reference CIIR with ambient temperature under cyclic
tension at loading frequencies of 0.1 and 1.0Hz. As seen in
this fgure, the loss factor (tan δ) of the reference rubber
material increased with increasing loading frequency. At
a loading frequency of 1Hz, the rubber loss factor reached an
absolute peak value of 1.35 at a temperature of −45°C. As
shown in Figure 1(a), the magnitude of tan δ in the reference
CIIR rubber reached 0.4 at 0°C and decreased signifcantly at
temperatures above 0°C.

One way to enhance the damping properties of a rubber
compound within a specifc temperature range is to blend it
with another rubber that exhibits its highest loss factor at
a temperature higher than that of the base rubber. Nitrile
butadiene rubber (NBR), detailed in Table 1, exemplifes
such a rubber material. According to Figure 1(b), the rubber
reaches an absolute peak value of (tan δ)� 1.38 at ap-
proximately −13°C, which is notably higher than the cor-
responding temperature for the reference CIIR. A
comparison of Figures 1(a) and 1(b) reveals that damping
properties of the NBR are more rate sensitive than those of
the reference CIIR.

Several rubber blends were created by combining dif-
ferent proportions of CIIR and NBR. Figure 1(c) displays the
change in loss factor with temperature for these blends, with
relative part ratios of CIIR/NBR at 90/10, 80/20, and 70/30.
Te tests were performed using two diferent excitation
frequencies: 1.0Hz (represented by the solid curve) and
0.1Hz (represented by the dashed curve). Comparing
Figures 1(a)–1(c), it can be observed that, in general, the loss
factor of the CIIR/NBR blends increases when the tem-
perature rises above 0°C. Based on Figure 1(c), it can be
observed that in the CIIR/NBR blend with a part ratio of 90/
10, the properties were predominantly governed by CIIR, as
indicated by the occurrence of the highest peak loss factor at
a signifcantly low negative temperature. Conversely, in the
blend with a part ratio of 70/30, only a single peak loss factor
was observed, and it occurred at approximately +7°C. In the
case of the 80/20 part ratio, two peak values were evident at
around −55 and +8°C when tested under an excitation
frequency of 1.0Hz. Additionally, the rate of change in the
loss factor with temperature was relatively lower for the 80/
20 part ratio compared to the other ratios. Based on these
fndings, the 80/20 part ratio was chosen as the focus of
further research. Figure 1(c) reveals that this particular
rubber blend exhibits a considerable 50% variation in the
loss factor between its two peak values, indicating a signif-
icant efect. Tis phenomenon can be attributed to the
diferences in polar compatibility between the blended
rubbers. Specifcally, CIIR rubber possesses low polarity,
whereas NBR displays high polarity [23].

Due to the signifcant polarity diference between CIIR
(1.6mol% chlorine) and NBR (33mol% nitrile), this study
incorporated chlorinated polyethylene (CPE) as an in-
termediate material to enhance their compatibility. Diferent
amounts of CPE were added to the CIIR/NBR 80/20 rubber
blend to assess the optimal formulation that achieves im-
proved polar compatibility between the CIIR and NBR
rubber components. Figure 1(d) shows the variation in the
loss factor with temperature for various added parts of CPE,
namely, 10, 20, and 30. An examination of this fgure in-
dicates that the CIIR/NBR/CPE part ratio of 80/20/10
resulted in a higher and more uniform loss factor between
the two peak values. Moreover, an electron microscopy SEM
image-assisted microscale examination of the rubber com-
positions revealed that the fracture surfaces between the

Table 1: Components of rubber formulations.

Ingredient (PHR)
Compound

Reference CIIR NBR Modifed CIIR
CIIR 100 0 80
NBR 0 100 20
CPE 0 0 10
Carbon black 30 30 30
Sulfur 2 2 2
Parafnic oil 20 20 20
Coumarone resin 3.5 3.5 3.5
ZnO 5 5 5
Stearic acid 1 1 1
Accelerators 3 3 3
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Table 2: Properties of the cured compounds.

Property Method Reference CIIR Modifed CIIR
Compression set at 25%, 23°C, 72 h (%) ISO 815-1 15 26
Elongation at break (%) ISO 37 762± 91 468± 28
Tensile strength at break (MPa) 7.0± 0.9 4.9± 0.7
Properties after ageing: 168 h, 70°C ISO 188
Elongation at break (%) ISO 37 720± 51 397± 11
Tensile strength at break (MPa) 8.1± 0.7 5.3± 0.4
Change in hardness (shore A) ISO 48-2 +3 +5
Mass change (wt %) ISO 188 −0.6 −0.5
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Figure 1: Variations of the loss factor (tanδ) with temperature under cyclic tension loads of various frequencies: (a) reference CIIR; (b) NBR;
(c) CIIR/NBR; (d) CIIR/NBR/CPE; (e) modifed CIIR.
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rubber phases became smoother and more continuous
without cracks upon adding 10 parts of CPE [28]. Conse-
quently, the CIIR/NBR/CPE part ratios of 80/20/10 were
chosen as the optimal formula for the high damping rubber
in this study. Te formula for this novel compound, named
modifed CIIR, is presented in Table 1. Tis nomenclature
indicates that the base rubber of the modifed compound
was CIIR.

Figure 1(e) illustrates the variation in the loss factor of
the modifed CIIR with the ambient temperature. As seen in
Figure 1(e), the tan δ curves for the modifed CIIR had two
peaks at both loading frequencies of 1.0 and 0.1Hz. At
a loading frequency of 1.0Hz, the magnitudes of the two
peaks were 0.52 (at −50°C) and 0.44 (at +27°C), respectively.
Te peak value of the loss factor at a loading frequency of
0.1Hz was 0.4, which occurred at 18°C. Te minimum value
of the loss factor within the positive temperature range
occurs at a temperature close to zero. At 0°C, the loss factor
decreased by an average of approximately 17% compared
with its positive temperature peak value, indicating a rela-
tively small variation in damping properties with temper-
ature compared with the reference CIIR.

Tis section included the DMTA testing, in which rubber
specimens were subjected to dynamic tension. In supple-
mental viscoelastic dampers, the rubber pads within the
damper typically undergo cyclic shear deformations. To
evaluate the mechanical behavior of rubber materials under
cyclic shear loads, several prototype viscoelastic dampers were
constructed using both reference and modifed CIIR rubber
materials. Details are presented in the following section.

3. Cyclic Shear Tests

3.1. Prototype Viscoelastic Dampers. In order to assess the
shear load-deformation hysteresis curves of the rubber ma-
terials, two diferent types of prototype viscoelastic dampers
with identical dimensions but varying rubber materials
(reference CIIR and modifed CIIR) were produced and la-
beled as the “reference damper” and “modifed damper,”
respectively. Figure 2 shows pictures of the prototypes created
for this study, with two samples made for each damper type.
Te dimensions of the dampers were identical for both types,
with the only diference being the type of rubber material
used. As seen in Figure 2, each damper unit had two layers of
rubber pads of 8mm thickness that were vulcanized sepa-
rately before being bonded to three metal sheets using a cold
bonding agent. Te thickness of all metal sheets was 14mm.
Treaded holes of 8mm in diameter were drilled on opposite
sides of the metal sheets to provide support for the external
and internal plates of the dampers.

Figure 3(a) shows the assembly of the damper and the
connection of the damper unit to the universal fatigue
testing machine. An inner extending plate, A, was attached
to the inner plate of the damper unit, whereas two outer
extending plates (B) were connected to the outer plates of the
damper unit via four bolts, D. To ensure that the damper unit
was exposed to pure shear, plate C was introduced as an
interface plate between outer plate B using two E bolts,
perfectly aligned with plate A. Te wedge grips (F) of the

testing machine were clamped to the roughened ends of
plates A and C, and the tensile and compressive forces
applied to the specimen via grip F were transformed into
fully reversal cyclic shear forces on the rubber pads of the
damper unit.

Figure 3(b) illustrates the image of one of the viscoelastic
damper units connected to extending plates A and B, along
with interface plate C. To simplify the assembly and disas-
sembly process, a single set of plates, namely A, B, and C, was
fabricated for all tests conducted in this study, as shown in
Figure 3(b). Each prototype damper could be easily assembled
in this setup and subjected to cyclic shear loading tests on the
fatigue-testing machine. Owing to payload limitations of the
test machine, the viscoelastic dampers used in this study were
manufactured at a reduced scale of 1 : 5. It was assumed that
by installing supplemental dampers, the structural perfor-
mance would improve, limiting the story drift ratio to
a maximum of 1% for the design basis earthquake (DBE)
hazard level. Furthermore, it was assumed that the damper
was mounted on rigid chevron bracing, ensuring that its
deformation matched the story drift of the structure. For
a typical full-scale story height of 3m, the damper would
experience a displacement amplitude of 30mm at the DBE
hazard level. Tis translates to a damper displacement of
6mm at a scale of 1 : 5. Considering a limit of 75% shear strain
for the rubber pads of the damper at this displacement level,
the required thickness of the rubber pads was calculated as
8mm. Terefore, the rubber pads within the damper were
designed to have a thickness of 8mm, as shown in Figure 2.

3.2. Test Protocol and Response Evaluation. Cyclic shear tests
were conducted at room temperature to evaluate the shear
force-deformation hysteresis loops of the damper specimens
and to determine the efective stifness and damping
properties corresponding to various shear strain levels.
Given a target displacement of 6mm at the DBE hazard level,
the test protocol included the following stages [29]:

(i) 10 fully reversed load cycles with a displacement
amplitude of 4mm equivalent to 0.67 times the
target displacement at the DBE hazard level

(ii) 5 fully reversed load cycles with a displacement
amplitude of 8mm equivalent to 1.33 times the
target displacement at the DBE hazard level

(iii) 3 fully reversed load cycles with a displacement
amplitude of 12mm equivalent to 2 times the target
displacement at the DBE hazard level

Te time history of the sinusoidal input displacements,
depicted in Figure 4, aligns with the loading protocol de-
scribed earlier. Tese input displacements were imposed on
the prototype dampers at varying frequencies during sep-
arate test runs. Following the completion of the cyclic tests,
the shear force-displacement curves of the dampers were
analyzed.

By employing the Kelvin-Solid model [7], the reaction
force in a viscoelastic damper, denoted as F(t), is determined
by equation (1), considering the displacement u(t) and
velocity _u(t).
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F(t) � Ku(t) + C _u(t), (1)

where K and C represent the efective (secant) stifness and
damping coefcient of the damper specimen, respectively.
Tese parameters can be evaluated at each cycle of the tests
as follows:

K �
F

−
| | + F

+
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌
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, (2)
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Figure 2: Damper units of various rubber pads: (a) Ref. CIIR pads; (b) Mod. CIIR pads.
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where F− and F+ represent the peak negative and positive
forces resisted by the damper during the test cycle of neg-
ative and positive peak displacement amplitudes ∆− and ∆+,
respectively. Parameter WD denotes the area enclosed by the
force-displacement hysteresis curve obtained for the load
cycle of interest. �ω represents the excitation frequency, and
∆ave in each load cycle is calculated as follows:

∆ave �
∆−

| | + ∆+
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌

2
. (4)

Te equivalent viscous damping ratio of the viscoelastic
prototype dampers, β, at each cycle of the test can be
evaluated as follows:

β �
1
2π

WD

K∆2ave
. (5)

3.3. Test Results and Discussion. Figure 5 shows the fatigue
testing machine used for conducting cyclic loading tests on
the prototype viscoelastic dampers employed in this study.
Tis machine has a load capacity of 50 kN and can apply
a maximum loading frequency of 100Hz depending on the
displacement amplitude of the load cycles. To adhere to the
payload capacity of the test machine, the sinusoidal dis-
placements outlined in Figure 6 were applied at frequencies
of 0.5, 0.7, 1, and 3Hz with target displacement amplitudes
of 4, 8, and 12mm. Owing to the limitations of the test
machine, it was necessary to apply displacement cycles of the
same amplitude individually to the test specimens as it was
not feasible to execute load cycles of varying displacement
amplitudes within a single test run. Te test machine was
capable of real-time measurement of the axial force and
relative displacements between its two jaws. Te outputs of
the load cell and displacement transducers were recorded
using a dynamic data logger at a frequency rate of 50Hz. All
tests were conducted at room temperature (24°C).

Te graphs in Figure 6 show the shear force-deformation
hysteresis loops of the prototype dampers. Tese dampers
were tested under shear loading cycles at diferent excitation
frequencies ranging from 0.5Hz to 3Hz. However, for the
3Hz frequency, the testing machine had a limitation on the
maximum displacement amplitude of 12mm.Terefore, the
damper specimens were loaded only within the range of
4–8mm at this frequency.

Te second specimen of each damper type yielded similar
results to those of the frst specimen when tested under cyclic
shear conditions. Dynamic response parameters, such as the
efective stifness, damping coefcient, and equivalent viscous
damping ratio, were evaluated for both specimens of each
damper type. Te variations in these parameters were less
than 10%, indicating the repeatability of the dynamic re-
sponse characteristics for each damper type. After each test
run, the damper specimens were visually inspected to check
for any physical damage. No signifcant physical damage was
detected in the damper specimens during testing.

As shown in Figure 6, the damper utilizing the modifed
CIIR rubber material exhibited a signifcantly higher re-
action force and a larger area enclosed by the force-

deformation hysteresis loops than the reference damper at
all excitation frequencies. Tis increase in the reaction force
indicated an improvement in the efective stifness of the
damper during each test cycle. Additionally, the larger
enclosed area of the hysteresis loops suggests that the
modifed damper has superior energy dissipation capability.

Table 3 includes the average stifness, k, damping co-
efcient, c, and equivalent viscous damping ration, β,
evaluated for the 1/5 scale prototype dampers at various
excitation frequencies, f.

Examining the data presented in Table 3, it is evident that
the prototype damper incorporating the modifed CIIR rubber
material exhibits a signifcant increase (at least 100%) in efective
stifness compared to the prototype damper made with the
reference CIIR. In both types of rubber, the efective stifness
decreased as the shear deformation increased at a constant
excitation frequency. Tis behavior aligns with the fndings of
previous studies, such as [30]. Te rate of decrease in the ef-
fective stifness with increasing shear deformation was similar
for both the reference and modifed CIIR materials. When the
shear deformation tripled (from 4 to 12mm), the efective
stifness of the dampers decreased by approximately 30%.

Based on the data presented in Table 3, the efective
stifness generally increases as the excitation frequency in-
creases. Te efect of the excitation frequency on the efective
stifness of the rubber materials was not signifcant at de-
formations of 4 and 8mm, up to a frequency of 1Hz.However,
at a shear deformation of 12mm, the infuence of the exci-
tation frequency became more noticeable. In this deformation
range, the damper stifness increased by 32% for the reference
CIIR and by 37% for the modifed CIIR when the excitation
frequency was increased from 0.5Hz to 1Hz. Te stifness of
the modifed CIIR increases signifcantly at a loading fre-
quency of 3Hz. Specifcally, at a shear deformation of 4mm,
the stifness of the modifed CIIR increases by approximately
16%. However, there was no signifcant variation in the
stifness of the reference CIIR at an excitation frequency of
3Hz compared with the previous lower frequencies.

By comparing the damping coefcients, c, of the rubber
materials listed in Table 3, it is evident that the modifed
CIIR exhibits a signifcant increase (at least 160%) in its
damping coefcient compared to the reference CIIR. On
average, the modifed CIIR exhibited an equivalent viscous
damping ratio approximately 50% higher than that of the
reference CIIR. Furthermore, when compared to the ref-
erence CIIR, the damping ratio of the modifed CIIR was
found to be relatively more responsive to changes in exci-
tation frequency. Te damping ratio exhibited minimal
variations with respect to the shear deformations. In general,
the damping ratio of the examined rubber materials varied
within ±15% when compared to an excitation frequency of
0.5Hz. Notably, the modifed CIIR material exhibited the
highest damping ratio at an excitation frequency of 3Hz.

Te hysteresis loops of the cyclic shear load deformation
ofer valuable insights into the dynamic response charac-
teristics of damper devices. In the following section, the
seismic mitigation efciency of the corresponding full-scale
model of the dampers is examined using nonlinear time-
history analyses.
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4. Seismic Response Assessment

Te primary aim of this section is to comprehensively
evaluate, compare, and assess the seismic response of a case
study frame structure equipped with both reference and
modifed viscoelastic dampers. Te response was evaluated
using a series of nonlinear time-history analyses.

4.1. Case Study Structure. Te case study structure used in this
research was a 2D single-story steel moment-resisting frame
with four bays, each having an equal span of 5m and a story
height of 3m.Tis case study structure is hereafter referred to as
the original frame (OF). Refer to Figure 7(a) for the frame
geometry and designatedW-sections for each beam and column
in the stick model developed in SAP2000 [31].Te total mass of
the structure was 75 t, and its fundamental natural frequency
was determined to be 0.84Hz. Te frame exhibits an inherent
damping ratio of 5%.Te A36 steel material was assumed for all
structural elements, considering the default stress-strain plot and
property data of SAP2000 [31], which were employed in the
nonlinear time-history analysis of the frame structure.

Figure 7(b) illustrates the retroftted frame, which in-
cludes a viscoelastic supplemental damper installed on rigid
chevron bracing. To compare the seismic response mitiga-
tion achieved by the diferent dampers in this study, the
frame structure was equipped with each of the reference and
modifed viscoelastic dampers separately. Te original frame
(OF) retroftted with the reference damper (RD) is referred
to as OF+RD, whereas the frame retroftted with the
modifed damper (MD) is denoted as OF+MD.

In a simplifed approach, the viscoelastic damper in
SAP2000 was modeled using a link element. Tis element
consists of a linear spring (k) and linear dashpot (c) con-
nected in parallel (Figure 7(b)). Te parameters k and c for
both the reference and modifed viscoelastic dampers were
determined based on cyclic shear tests performed on their
1/5 scale prototype dampers. Te results of these tests are
presented in Table 4.

According to the dynamic similitude law, in a true replica
model, the full-scale values of f, k, and c are evaluated by
multiplying their model-scale quantities by 1/√s, s, and√(s3),
respectively [32]. In this study, the scale factor s was set to 5. It
should be noted that because the fundamental frequency of
the original frame and its retroftted versions exceeds 0.84Hz,
Table 3 provides the corresponding full-scale response values
of the dampers at excitation frequencies of 0.45Hz and
1.34Hz only. Tese frequencies bracket the frequency of the
original frame, which was 0.84Hz.

Te fnal values for k and c of the damper in the time-
history analysis are determined through an iterative process
based on the peak story drift and fundamental frequency of
the retroftted frame, as they are dependent on the rate and
amplitude.Te fundamental frequencies of the OF+RD and
OF+MD systems based on the initial stifness of the
dampers were calculated to be 1.08Hz and 1.34Hz, re-
spectively. Tese frequency values fell within the range of
0.45 to 1.34Hz as shown in Table 4. As a result, the damper
response properties can be evaluated by linear interpolation
between the f values of 0.45 and 1.34Hz. For the OF+MD
system, the response properties at the frequency of 1.34Hz
were used (see Table 4).

(a) (b)

Figure 5: Cyclic shear test setup: (a) installation of damper specimen in test machine; (b) front view of damper under cyclic loading.
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As mentioned previously, the properties of the damper
are infuenced by the amplitude of the deformations im-
posed on it. According to Figure 7(b), which shows the
damper confguration, the damper deformation is equal to
the lateral displacement x imposed on the frame structure.
Figure 8 illustrates how damper parameters k and c vary with

displacement x. Te data points of this curve were calculated
from Table 4 by using linear interpolation based on the
frequency f of the retroftted frame. As shown in Table 4, at
an excitation frequency of 1.34Hz, only two data points exist
at displacements of 20 and 40mm. Tis was due to the
payload limitation of the test machine, which could not
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Figure 6: Cyclic load-displacement hysteresis loops of the damper specimens at various excitation frequencies: (a) reference damper (Ref.
CIIR); (b) modifed damper (Mod. CIIR).
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handle cyclic shear tests on 1/5 scale prototype dampers with
a displacement amplitude of 12mm at a loading frequency of
3Hz. Because the variation of k and c with x is nonlinear by
nature (see Figure 8(a)), the third data point in each diagram
in Figure 8(b) was generated to maintain the same response
reduction achieved between the third and second data points
in Figure 8(a)’s k and c parameters. Te equation of a curve
ftted to each case’s data points is used to establish
a mathematical relationship between the damper parameters
k and c and displacements x. During each iteration of the
time-history analysis, the k and c values were updated based
on the peak displacement, x, imposed on the damper. Te
iterations continued until the damper’s peak displacement
converged to its unique value with an error of 1%.

4.2. Earthquake Events. Table 5 presents the earthquake
events selected for the time-history analyses of this study.
Tese earthquakes were far-feld events, all recorded on site
class D, which represents stif soil [33]. Te peak ground
accelerations of these earthquakes were scaled to 0.5 g. In
practical design applications, it is crucial to adjust the
ground acceleration records to align them with the design
response spectrum, particularly around the fundamental
period of the structure. Tis spectrum is derived from
earthquake hazards and soil conditions. Despite this, the
current study did not factor in a specifc site location or
corresponding design response spectrum. As a result, the
earthquakes’ peak ground acceleration (PGA) was adjusted
to 0.5 g. Tis adjustment enabled a standardized comparison
of the seismic response of the frame structure under
a uniform intensity measure. Te input earthquakes in this

study represent severe events that are comparable to the
maximum credible earthquake (MCE) hazard level. Despite
the presence of the damper and response mitigation
achieved, the structure may undergo signifcant drift ratios,
suggesting that its structural elements are subject to non-
linear deformations. Consequently, in the time-history an-
alyses, the inherent damping of the frame structure was
assumed to be 5%.

To gain a better understanding of the frequency content
of earthquakes, their power spectral density (PSD) plots are
illustrated in Figure 9. As shown in this fgure, the power
spectrum of the Scaled Bam earthquake has a peak at
a frequency of 0.83Hz, which closely matches the funda-
mental frequency of the original frame. Consequently, this
earthquake is expected to be a challenging event for the
original frame, causing resonance excitation. Te power
spectrum of the Scaled Northridge earthquake has two initial
peaks at frequencies of 0.58 and 1.66Hz, which encom-
passed the fundamental frequencies of all three frame
structures. Te power spectrum of the Scaled Tabas had
a peak at the natural frequency of the OF+MD system,
which was 1.34Hz. Consequently, this earthquake is ex-
pected to be a challenging event for this structural system.

4.3. SeismicAnalysis Results andDiscussion. Nonlinear time-
history analysis was performed on the frame structures using
each of the input earthquakes listed in Table 5. To assess the
dampers’ impact on the frame’s dynamic response, the
energy components (shown in Figure 10) and the roof
displacement history (shown in Figure 11) were evaluated
and examined.
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Figure 7: Moment-resisting frame structure: (a) original frame; (b) retroftted frame.

Table 3: Experimentally evaluated response properties of the 1/5 scale prototype viscoelastic dampers.

f (Hz) Shear deformation
(mm)

Reference CIIR Modifed CIIR
k0 (kN/mm) c0 (kN.s/mm) β0 k (kN/mm) c (kN.s/mm) β

0.5
4 0.239 0.0108 0.07 0.574 0.0641 0.18
8 0.172 0.0124 0.11 0.461 0.0525 0.18
12 0.144 0.0115 0.12 0.369 0.0372 0.16

0.7
4 0.255 0.0128 0.11 0.537 0.0461 0.19
8 0.196 0.0111 0.12 0.396 0.0325 0.18
12 0.189 0.0094 0.11 0.312 0.0247 0.17

1.0
4 0.259 0.0097 0.12 0.576 0.0275 0.15
8 0.190 0.0064 0.11 0.428 0.0217 0.16
12 0.173 0.0054 0.10 0.433 0.0187 0.14

3.0 4 0.261 0.0031 0.11 0.659 0.0155 0.22
8 0.206 0.0027 0.12 0.518 0.0105 0.19
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Figure 10 displays the cumulative plot of the earthquake
input energy, the structure’s modal energy, and the energy
dissipated by the supplemental viscoelastic damper in the
diferent frame structures. Te cumulative modal energy

represents the total energy accumulated in the vibration modes
of the structure during an earthquake. By reducing this energy,
the response of the structure to seismic forces can beminimized,
resulting in improved performance and reduced damage.

Table 4: Response properties of full-scale prototype viscoelastic dampers.

f (Hz) Displacement (mm)
Reference damper Modifed damper

k0 (kN/mm) c0 (kN.s/mm) k (kN/mm) c (kN.s/mm)

0.45
20 1.294 0.1084 2.880 0.3075
40 0.947 0.0712 2.140 0.2426
60 0.865 0.0599 2.165 0.2091

1.34 20 1.304 0.0347 3.294 0.1733
40 1.032 0.0301 2.588 0.1174
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Figure 8: Variation of k and c of the viscoelastic dampers with lateral displacements: (a) reference damper, f� 1.08Hz; (b) modifed damper,
f� 1.34Hz.

Table 5: Earthquake events used for time-history analysis.

Earthquake name Year Station name Magnitude Scaled accelerogram

Tabas 1978 Ferdows 6.40
52 sec.

Northridge 1994 LA-Century City CC North 6.69
40 sec.

Bam 2003 Golbaf 1 6.50
64 sec.
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Figure 9: Power spectrum of the scaled earthquakes.
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Figure 10: Cumulative energy plots under diferent earthquakes for the OF, OF+RD, and OF+MD systems.
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4.3.1. Response to the Scaled Bam Earthquake

(i) Energy fow to structures: As mentioned in the
previous section, the frequency content of the Scaled
Bam earthquake causes resonance in the OF struc-
ture. According to Figure 10, this earthquake had the
highest energy input to the OF structure among the
other three earthquakes, with a signifcant portion of
the input energy being transferred into modal en-
ergy. When comparing the plots of modal energies
during the other earthquakes, it is clear that the
Scaled Bam earthquake is the most devastating for
the OF structure. However, by adding a supple-
mental viscoelastic damper, the stifness and efec-
tive damping of the OF structure increased, shifting
its fundamental frequency beyond the resonance
region and reducing its seismic response. As shown
in Figure 10, both the reference and modifed
dampers reduced the input energy to the structure
and its modal energy during the Scaled Bam
earthquake. Owing to its relatively low inherent
damping, the reference damper absorbed less energy

than the modal energy. Nonetheless, the reference
damper resulted in a reduction of approximately
35% in the cumulative modal energy compared to
the OF structure. In contrast, in the OF+MD sys-
tem, a signifcant portion of the energy input to the
structure was dissipated by the supplemental
damper, reducing its modal energy by approximately
70% compared to the OF structure, indicating
a signifcant response mitigation.

(ii) Roof displacements: Figure 11 illustrates that the OF
structure experienced its maximum lateral dis-
placement during the Scaled Bam earthquake, with
a drift ratio of 4.7%, signifcantly exceeding the
maximum tolerated value of 2.5% specifed by
current design codes such as ASCE/SEI 7 [33]. Te
reference damper reduced the peak lateral dis-
placement by 22%; however, this response mitiga-
tion was insufcient as the drift ratio remained
beyond the permissible limit. Additionally, the
maximum displacement experienced by the refer-
ence damper is 109mm, signifcantly larger than its
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Figure 11: Time history of roof displacement in ordinary frame (OF), frame equipped with reference damper (OF+RD), and frame
equipped with modifed damper (OF+MD) under various earthquakes.
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displacement capacity of 60mm as specifed in Ta-
ble 4. In contrast, the application of the modifed
damper in the OF+MD system resulted in an ap-
proximately 64% decrease in the peak lateral dis-
placement compared with the OF structure, which is
signifcant.Te peak drift ratio of the frame structure
was limited to a tolerable amount of 1.7% for risk
categories I, II, and III [33], and the damper dis-
placements remained within the permissible range of
0–60mm. Te defnition of risk categories of
buildings and other structures for extraordinary
loads and events including earthquakes according to
ASCE 7 [33] is given in Table 6.

4.3.2. Response to the Scaled Northridge Earthquake

(i) Energy fow to structures: During the Scaled
Northridge earthquake, the OF+MD system expe-
rienced the highest input energy and lowest modal
energy (see Figure 10). In this system, the modal
energy decreased by approximately 32% compared
with the OF structure, indicating the signifcant
contribution of the modifed damper in dissipating
the input energy of the earthquake. In contrast, in
the OF+RD system, the input energy to the struc-
ture increased by approximately 13% compared with
the OF structure, and both systems had almost the
same modal energy. Te reference damper did not
noticeably reduce the structural response.

(ii) Roof displacements: During the Scaled Northridge
earthquake, the peak drift ratio of the OF structure
reached 3.4%, exceeding the maximum permissible
limit mandated by the ASCE 7 code. Te reference
damper in the OF+RD system mitigated the drift
ratio by 2.4%, which was acceptable for risk cate-
gories I and II [33]. In contrast, in the OF+MD
system, the drift ratio was limited to 1.5%, which is
the permissible limit for all risk categories, including
risk category IV [33]. Tis indicates the adequate
performance of the modifed damper in mitigating
the frame structure response to the Scaled North-
ridge earthquake.

4.3.3. Response to the Scaled Tabas Earthquake

(i) Energy fow to structures: As mentioned earlier, one
of the dominant frequencies of the Scaled Tabas
earthquake was in harmony with the fundamental
frequency of the OF+MD system. Tis resulted in
the highest input energy to the system during an
earthquake. Compared with the OF structure, the
energy input to the OF+MD system increased by
approximately 86%. However, the modifed damper
dissipated a signifcant amount of this input energy
(see Figure 10, Scaled Tabas, OF +MD). Te cu-
mulative amount of modal energy in this system

reached approximately 67% of the modal energy of
the OF structure, which had a signifcantly lower
input energy. Tis demonstrates the efectiveness of
the modifed damper in mitigating the seismic re-
sponse of the frame structure even when its response
is at resonance. In this earthquake, as with the other
two earthquakes, the reference damper was unable to
overtake the modal energy of the structure, in-
dicating unsatisfactory performance.

(ii) Roof displacements: Similar to previous earthquakes,
the drift ratio of the OF structure exceeds the per-
missible limit specifed by the code. Te reference
damper was subjected to lateral displacements be-
yond its displacement capacity and was at risk of
damage. In contrast, the performance of the mod-
ifed damper is satisfactory because it limits the drift
ratio to 1.8%, a value tolerated for risk categories I to
III [33].

Figures 12 and 13 show the maximum internal forces
experienced by beam B and column C, respectively, which
serve as representative structural elements of the frame
structure, under various input earthquakes. Te specifc beam
B and column C can be seen in Figure 12. Upon examining
Figures 12 and 13, it becomes apparent that the introduction of
the reference damper in the OF+RD system does not have
a signifcant impact on overall response mitigation. In Fig-
ure 12, the modifed damper reduces the shear and bending
moments in beam B by at least 5% and 12%, respectively.
Figure 13 shows that the axial load in the column is reduced by
6% in the OF+MD system compared with the uncontrolled
OF system. It should be noted that a signifcant portion of the
axial force in the column was caused by gravity loads. Te
modifed damper led to a substantial decrease in the shear and
bending moments in column C, with the internal shear load
demand decreasing by at least 31%. While plastic hinges were
formed in both the OF structure and the OF+RD system
during all earthquakes, the bending moment in the OF+MD
system was reduced by at least 30% when compared to the OF
structure. Consequently, the application of the modifed
damper prevented the formation of plastic hinges in column C.

As only three earthquake records were selected to assess
the response history of the structures, the performance of
each damper was evaluated based on the minimum seismic
mitigation achieved. Based on this evaluation, the reference
damper in the OF+RD system was considered un-
satisfactory. Te reference damper failed to prevent the
formation of plastic hinges in the columns and limited the
frame structure drift ratio. Furthermore, it is prone to
signifcant damage, as it experiences displacement beyond its
capacity. On the other hand, the modifed damper in the
OF+MD system performed satisfactorily. Te modifed
damper signifcantly reduced the modal energy, mitigated
the internal forces, and prevented the formation of plastic
hinges on the columns. Additionally, it limits the drift ratio
to 1.8%, which is deemed acceptable for risk categories I–III,
as defned in [33].
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5. Summary and Conclusions

Te primary objective of this study was to enhance the
damping properties of a chlorobutyl (CIIR) rubber
compound under low excitation frequencies at room
temperature. To achieve this, the original CIIR com-
pound (called reference rubber) was modifed by
blending it with neat nitrile-butadiene rubber (NBR) and
chlorinated polyethylene (CPE) in a new formula,
resulting in a novel compound known as the modifed
CIIR rubber. Te study yielded several signifcant fnd-
ings, as outlined below.

(1) Dynamic mechanical thermal analysis (DMTA)
tests:

(a) Te reference rubber demonstrated its highest
loss factor, tan δ, within a relatively limited
temperature range of −45°C to −50°C. However,
the loss factor decreases signifcantly outside this
temperature range.

(b) Te modifed rubber exhibited an enhanced loss
factor over a wide temperature range. Te graph
depicting the relationship between the loss factor
and ambient temperature revealed two peaks of
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Figure 12: Peak demand internal forces in beam B.
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Figure 13: Peak demand internal forces in column C.

Table 6: Risk category of buildings and structures for earthquake loads [33].

Use or occupancy Risk category
Buildings and other structures that represent low risk to human life in the event of
failure I

All buildings and other structures except those listed in risk categories I, III, and IV II
Buildings and other structures (excluding essential facilities), the failure of which
could pose a substantial risk to human life III

Buildings and other structures designated as essential facilities, the failure of which
could pose a substantial hazard to the community IV
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nearly equal magnitude, occurring at −50°C and
+27°C. Troughout this temperature range, the
rubber material demonstrated a more consistent
tan δ, with a maximum variation of −20%
compared to its highest value of 0.5.

(2) Cyclic shear tests:

(a) Te efective stifness of the modifed rubber
increased on average between 100% and 130%
compared to that of the reference rubber.

(b) Te equivalent viscous damping ratio, β, of the
modifed rubber on average ranged between 0.15
and 0.2, that is, an increase of approximately 30%
to 90% compared with the values obtained for
the reference rubber.

(c) Overall, the viscoelastic parameters of both
rubber types exhibited a similar trend of varia-
tion with excitation frequency and shear strain
amplitude. However, the modifed rubber was
found to be more sensitive than the reference
rubber to the excitation frequency.

(3) Seismic response evaluation:

(a) Te seismic mitigation performance of the ref-
erence rubber was inefective. Tis indicates that
the inherent damping properties of CIIR rubber
at room temperature are insufcient for efective
performance as an elastomeric material in vis-
coelastic damper devices.

(b) Te modifed rubber provided efective seismic
mitigation by attenuating the cumulative modal
energy of the structure, story drift, and internal
forces of the structural members.

Te results of this study suggest that the modifed CIIR
rubber with improved stifness and damping properties is
efective in seismic mitigation of structures.
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