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1. Introduction 
 

Recently various energy dissipation devices have been 

successfully applied to existing and new structures to 

dissipate earthquake-induced vibration energy and alleviate 

structural damage. Seismic energy dissipation devices are 

generally divided into displacement-dependent and 

velocity-dependent devices (Pekelnicky et al. 2012). 

Displacement-dependent devices utilize hysteretic behavior 

of metal such as steel plates (Whittaker et al. 1991), slit 

dampers (Kim et al. 2017, Naeem and Kim 2019, Eskandari 

Nasab and Kim 2020, Javidan et al. 2021, Noureldin et al. 

2021), friction dampers (Mualla and Belev 2002, Eldin et 
al. 2018), shape memory alloy (NourEldin et al. 2019), and 

buckling restrained braces (Park et al. 2012). Velocity-

dependent devices dissipate seismic energy by the viscosity 

of fluid or gel-type viscous materials (Naeem and Kim 

2018), or solid viscoelastic polymer composite materials 

(Kim and Bang 2002, Xu et al. 2009, Nasab et al. 2021) 

when they are subjected to repeated shear deformation due 

to earthquakes. 

The viscoelastic composite polymer is known to have a 

sensitivity to the amplitude and frequency of dynamic 

excitation and temperature (Nakamura 2017, Eskandari 
Nasab and Kim 2022). Accordingly, an extensive 

experimental study is generally required to implement a 

new viscoelastic material-based energy dissipation device 

for seismic protection of structures (Pekelnicky et al. 2012). 

For instance, in the case of a device called the 

multidimensional earthquake isolation and mitigation 

device (MEIMD), which isolates and mitigates earthquakes  

 

Corresponding author, Professor  

E-mail: jkim12@skku.edu 

 

 

at the same time, several shaking table tests were conducted 

on steel frame constructions with and without the MEIMD 
to verify its performance (Xu 2009, Xu et al. 2012). In 

addition, there is a need for developing an accurate model 

to represent the complex behavior of viscoelastic material. 

For example, Xu (2007) created a mathematical model for 

VED that describes how temperature affects the energy 

absorption characteristics of VEDs. Xu et al. (2016) 

constructed a higher-order fractional derivative equivalent 

model, which accounts for the impacts of temperature and 

frequency at the same time for the viscoelastic materials 

based on various matrix rubbers. 

In this study, a series of cyclic loading tests were 
performed on a viscoelastic damper in various loading 

conditions including one set of experiments in the ambient 

temperature and two sets in the extreme temperature 

conditions of -25° C and 45° C. A mathematical model was 

developed to formulate the nonlinear force-displacement 

relationship of the viscoelastic damper, and the accuracy of 

the proposed mathematical model was verified using the 

data obtained from tests of full-scale viscoelastic dampers. 

Then, the mathematical model was applied to analyze a 

reinforced concrete framed structure retrofitted with the 

developed viscoelastic dampers. 
 

 

2. Configuration of the viscoelastic damper 
 

Viscoelastic materials generally show temperature, 

amplitude, and frequency dependency, which is a 

disadvantage and limitation for its application to seismic 

retrofit of structures. In this study, a high damping rubber-

based viscoelastic composite material was utilized in 

manufacturing viscoelastic dampers for seismic retrofit of 

building structures. The newly developed viscoelastic 

composite polymer is made of high damping thermoplastic  
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elastomer, which has the following chemical composition: 

natural rubber (34.0%), damping agents, synthetic rubber, 

liquid rubber, and carbon black (58.0%), antioxidant and 

vulcanizing agent (8.0%). The viscoelastic damper consists 
of two circular viscoelastic pads located between three steel 

plates (Fig. 1(a)). In this study, the viscoelastic damper is 

developed to be installed vertically between upper and 

lower floors using double-layered thin steel connection 

plates (Fig. 1(b)). The vertical configuration of the damper 

has merits in comparison with the conventional diagonal 

bracing configuration. In the case of diagonal installation, 

the shear deformation in the VED is less than the inter-story 

drift. However, in the vertical installation scheme, the 

deformation in VED is equal to the inter-story drift 

resulting in larger energy dissipation. In addition, the 

damper can be installed in any location of the span such as 
middle of the bay or near the columns. Therefore, in terms 

of architectural space usage, the vertical damper 

configuration occupies less space compared to the 

conventional bracing type configuration.  Similar 

configuration was previously used by Nakamura (2017). 

The damper consists of two layers of 450 mm diameter 

viscoelastic (VE) pads with thicknesses of 22 mm attached 

to both sides of the inner steel plate, as shown in Fig. 2. The 

other side of the VE pad is bonded to the outer steel plate. 

The thickness of the inner and outer steel plates is 25 mm 

and 15mm, respectively. The damper is installed vertically 
between the floors using the double-layered 20mm-thick 

steel connection plates as depicted in Fig. 1(b). Fig. 3  

 

 

Table 1 Amplitude and frequency of the cyclic loading tests 

Amplitude (mm) Frequency (Hz) 

5 

10 
15 
20 
25 
35 
45 
60 

0.1, 0.5, 1, 1.5, 3 

0.1, 0.5, 1, 1.5 
0.1, 0.5, 1 

0.1, 0.5 
0.1, 0.5 
0.1, 0.5 
0.1, 0.5 

0.1 

 

 
depicts the manufacturing process of the viscoelastic 

dampers, which involves the bonding of VE pads and steel 

plates under high temperature and pressure.  

 

 
3. Dynamic loading test of the viscoelastic dampers 

 
A set of dynamic loading tests were conducted on three 

VE damper test specimens; each specimen was tested in a 

different temperature condition. Since the mechanical 

characteristics of viscoelastic material play a significant 
role in its effectiveness as an energy dissipation device, the 

test program was developed to investigate the effect of 

various frequencies, amplitudes, temperatures, and 

durations. The tests were carried out in a temperature 

chamber, as shown in Fig. 4, to evaluate the physical 

performance of the dampers in high or low-temperature  

 

Fig. 1 Configuration of the viscoelastic damper developed in this study: (a) Components of the damper (b) Installation 

scheme 

 

Fig. 2 Dimensions of the viscoelastic damper: (a) Exterior steel plate (b) Center plates with VE pad 
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Fig. 4 Viscoelastic damper placed inside of the temperature 

chamber 
 

 

conditions as well as at room temperature. The test chamber 

is 12 m × 5 m × 3 m (L × W × H) in size, which is sufficient 

for conducting dynamic loading tests of full-scale VE 

damper specimens. The testing machine is a dynamic 

actuator with a load capacity of 5,000 kN, a stroke of 300 

mm, and a frequency of 5 Hz. The temperature can be 

controlled in the range of -60 °C to 60 °C with the control 

speed for temperature rising and falling of 1°C / min and 

0.5°C / min, respectively. Fig. 5 depicts the test setup for 

the VED inside of the extreme temperature chamber. Table 
1 shows the amplitude and frequency of the cyclic loading 

applied on the VED. The amplitude ranges from 5 mm to 60 

mm; at 5 mm amplitude, the loading frequency up to 3 Hz 

was possible; however, at 60 mm amplitude, cyclic loading 

test could be conducted only at 0.1 Hz frequency due to the 

limitation of the dynamic actuator. A total of 63 tests (21 

loading conditions at each temperature) were conducted at 

three temperature conditions; -25° C, 20° C, and 45° C to 

observe the mechanical properties of the damper under 

different conditions. 

 

 

Fig. 5 Test setup inside of the extreme temperature 

chamber 

 

 

4. Test results of the viscoelastic damper 
 
Total of 63 cyclic loading tests were conducted on the 

full-scale VE dampers in different amplitudes, loading 

frequencies, and temperatures. Fig. 6 depicts the test results 
obtained at two different frequencies at 5 mm and 20 mm 

amplitudes conducted at room temperature. The amplitude 

was gradually increased to the target value, and then at least 

ten loading cycles were applied at the target amplitude to 

observe the degradation of the force. 

Fig. 7 shows hysteresis curves of the viscoelastic 

damper at the frequency of 0.1 Hz in different temperatures. 

As the amplitude increases, the elliptical shape of the curve 

changes, and the slope of the curve decreases. Accordingly, 

the conventional Kelvin-Voigt model, which utilizes a linear 

spring, is not suitable for modeling this type of VE material. 

From the test results, the equivalent storage modulus 

𝐺𝑒𝑞
′ , the loss modulus 𝐺𝑒𝑞

′′  and the loss factor 𝜂 can be 

obtained using the following equations: 

𝐺𝑒𝑞
′ =

𝐹1

𝐴𝑏𝛿𝑚𝑎𝑥

 (1) 

 

Fig. 3 Manufacture of the viscoelastic damper: (a) VE pads (b) Assembly of VE pads and steel plates within a mold (c) 

Molding under pressure and high temperature (d) Bonded VE pad and steel plates 
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𝐺𝑒𝑞
′ =

𝐹1

𝐴𝑏𝛿𝑚𝑎𝑥
 (2) 

𝜂 =
𝐺𝑒𝑞

"

𝐺𝑒𝑞
′

 (3) 

where 𝐹1  is the force corresponding to the maximum 

displacement 𝛿𝑚𝑎𝑥 ,  ∆𝑊 is the area of a hysteresis loop, 

and 𝐴𝑏 and 𝜔 are the bonded area of viscoelastic material  

 

 

 

and circular frequency of the cyclic load, respectively. The 

two parameters are used to obtain the stiffness and damping 

of the VED. Fig. 8 and Fig. 9 depict the storage and loss 

moduli of the VED, respectively, obtained for different 

amplitudes, loading frequencies, and temperatures. The 

figures show that the storage and loss moduli decrease as 

the amplitude of excitation increases. The storage moduli 

are generally higher when obtained at a higher loading 

frequency. The loss moduli increase as the loading 

frequency decreases when obtained at amplitudes higher  

 

Fig. 6 Cyclic loading test results of the VE damper at ambient temperature 

 

Fig. 7 Hysteresis curves of the viscoelastic damper obtained at loading frequency of 0.1 Hz in different temperatures: (a) 

20°C (b) 45°C (c) -25°C 
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than 15 mm at temperatures 20 °C and 45 °C. However, the 

dependency on loading frequency is not evident in other 

conditions. 

Fig. 10 depicts the dissipated energy per loading cycle, 

obtained for different amplitudes, loading frequencies, and 

temperatures. The figure shows that the dissipated energy 

decreases as the number of loading cycles increases and 

increases as the amplitude increases. At the amplitude of 
5mm, the dissipated energy is largest at the temperature of 

45 °C, while at the amplitude of 35 mm, the dissipated 

energy is largest at the temperature of -25 °C.  

Fig. 11 shows the loss factor of the VED, obtained at 

different amplitudes, loading frequencies, and temperatures. 

The figure depicts that the loss factor decreases as the 

amplitude and loading frequency increase. The largest loss 

factors are obtained at the frequency of 0.5 Hz and 

amplitude of 5mm. No distinct trend could be found for the 

temperature effect. 

 

 

 

5. Analytical model of the viscoelastic damper 

 
Mathematical models like Maxwell and Kelvin-Voigt 

models are generally used to represent the behavior of 

viscoelastic materials. They implement an elastic spring to 
represent the ideal elastic solid and an elastic dashpot 

representing Newtonian liquid characteristics. Specifically, 

the Kelvin-Voigt model is defined by elastic stiffness 𝐾𝑣𝑒  

and viscous damping 𝐶𝑣𝑒, which are connected in parallel. 

In this case, the total force generated by the viscoelastic 

material is the sum of spring force and dashpot force.  

𝐹𝑉𝐸 = 𝐹𝐷 + 𝐹𝑅 = 𝐶𝑣𝑒 �̇� + 𝐾𝑣𝑒𝑢 (4) 

where 𝑢 is the relative shear deformation of the material. 

As there is no hysteretic element in the Kelvin-Voigt model, 

it is applicable for viscoelastic material, which behaves 

linearly. Xue (2013) showed that the Kelvin-Voigt model  

 

Fig. 8 Storage modulus of the VED obtained at different loading conditions: (a) 20°C (b) 45°C (c) -25°C 

 

Fig. 9 Loss modulus of the VED obtained at different loading conditions: (a) 20°C; (b) 45°C; (c) -25°C 
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shows a considerable deviation in the simulation of 

viscoelastic material during large deformations. If a VED is 

to be applied as an energy dissipation device for building 

structures, the VED needs to behave stably at shear 

deformation of the VE pad as large as 300 %. In such a 

large deformation, however, the VE material is expected to 

behave nonlinearly, and therefore the Kelvin-Voigt model 

may not be applicable to represent the seismic performance 

of the damper. 
In this study, the modified Bouc–Wen–Baber–Noori 

(BWBN) model is applied to represent the nonlinear 

restoring force of the VED, in which the plastic wen 

element is used instead of an elastic spring. More details 

about the plastic wen element can be found in other 

references (Foliente 1995, Xue 2013, Hossain and Ashraf 

2012). The equation of motion of a single degree of 

freedom oscillator is 

 

 

 

𝐹𝐼 + 𝐹𝐷 + 𝐹𝑅 = 𝑓(𝑡) (5) 

where 𝐹𝐼  is the inertia force, 𝐹𝐷  is the damping force, 

and𝐹𝑅 is the nonlinear restoring force expressed as: 

𝐹𝑅 =  𝐹𝑒 + 𝐹ℎ = 𝛼𝑘0𝛾 + (1 − 𝛼)𝑘0𝑧 (6) 

where 𝐹𝑒  and 𝐹ℎ  represent the elastic and hysteretic 

components, respectively. The parameter of 𝛼 is the ratio of 

the final tangent stiffness 𝑘𝑡 to the initial stiffness 𝑘0, and 

𝑧 is the hysteretic displacement which is calculated by the 

first-order nonlinear differential equation: 

𝑧=𝐴𝑢−𝛾𝑢𝑧𝑛+𝛽𝑢𝑧𝑛−1𝑧 (7) 

where  𝐴, 𝛽, 𝛾 and 𝑛 are parameters controlling the shape 

of the hysteretic curve. Fig. 12 compares the force 

displacement behavior of the VED simulated with the  

 

Fig. 10 Dissipated energy of the VED at different loading conditions 

 

Fig. 11 Loss factor of the VED obtained at different loading conditions: (a) 20°C (b) 45°C (c) -25°C 
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modified Bouc-Wen model and Kelvin-Voigt model, where it 

can be observed that the modified Bouc-Wen model shows 

better agreement with the experimental results, especially at 
large displacement. 

As observed in Fig. 8 and Fig. 9, the test results are 

scattered depending on the amplitude, loading frequency, 

and temperature. ASCE 7 (2017) states that if the properties 

of the damping devices are expected to change during the 

duration of the time history analysis, the dynamic response 

is permitted to be enveloped by the upper and lower limits 

of device properties. Fig. 13 depicts the maximum damper 

forces and the forces at zero displacement of the damper 

obtained from the test. To consider the variation of the 

mechanical properties of the VED depending on the  

 

 

 

frequency, amplitude, and temperature in design, the 

mathematical models were formulated for upper, mean, and 

lower bound of the test data. For conservatism, the VED 
was designed for the largest forces generated by using the 

lower or upper bound damper model parameters. 

The parameter values for the modified Bouc-Wen model 

for each case are presented in Table 2. Fig. 14 depicts the 

analytical model of the viscoelastic damper with the steel 

plates which connect the damper to the upper and lower 

story beams or slabs. The plastic Wen and dashpot elements 

in the SAP 2000 software were used to model the 

viscoelasticity of the dampers. These two elements can 

account for the stiffness and viscosity and are connected in 

parallel. To consider the elastic deformation of the steel  

 

Fig. 12 Simulation comparison of modified Bouc-Wen model with Kelvin-Voigt model 

 

Fig. 13 Maximum force and force at zero displacement obtained from the test and their model predictions 
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Fig. 14 Analytical model of the viscoelastic damper with 

the connection steel plates 

 
 

plates above and below the viscoelastic pads, two elastic 

links were used in series with the VED. Furthermore, the 

shear distance was applied considering the bending moment 

on the beams caused by the damper force. 

 

 

6. Seismic retrofit of a case study structure using the 
VED 

 

6.1 Case study structure 
 
In order to assess the efficiency of the VED as a seismic 

retrofit device, a 4-story moment frame with masonry walls 

is selected as a case study structure. The structure was 

assumed to have been constructed before the seismic design 

code was enforced. Fig. 15 shows the plan layout of the 

structural elements. The story height is 3.3 m, and the bay 

width in the long direction is 4.5 m. The story-high cement 

block masonry infill walls are located along the short 

direction and the 80 cm high masonry walls are placed 

below the windows at the exterior frames along the long 

direction. The yield strength of the steel rebar is 240 MPa, 
and the nominal compressive strength and the elastic 

modulus of concrete are 18 MPa and19 GPa, respectively. 

The expected yield strength of the rebars and the 

compressive strength of concrete are determined to be 1.25 

and 1.2 times the nominal values, respectively. The 

equivalent compressive struts were used to model the 

masonry infill walls, which were assumed to be in poor 

condition, and the shear and compressive strength are 0.09 

MPa and 2.1 MPa, respectively.  

 

6.2 Seismic performance of the structure before 
retrofit 

 
The case study structure was modeled in the commercial  

 

Table 3 even ground motions used in the analysis 

Earthquake Station Magnitude 
Rupture 

distance (km) 
PGMD 
rec. no. 

Kern County Pasadena 7.36 125.59 13 

Kern County 
Santa Barbara 
Courthouse 

7.36 82.19 14 

Tabas - Iran Kashmar 7.35 194.55 141 

Tabas - Iran Tabas 7.35 2.05 143 

Imperial Valley 
Coachella 
Canal #4 

6.53 50.1 166 

Superstition 
Hills 

Brawley 
Airport 

6.54 17.03 719 

Kocaeli-
Turkey 

Botas 7.51 127.05 1153 

 

 

software SAP 2000 (2007). The modal analysis of the 

structure showed that the predominant response is in the 

long direction, and the fundamental period T is 0.83 second. 

To assess the seismic performance of the structure, seven 

ground motions presented in Table 3 were used for 

nonlinear time history analysis of the structure. The seven 

ground motions were selected from the PEER NGA 
database and were scaled in such a way that the average 

square root of the sum of the squares (SRSS) of the seven 

ground motions does not fall below 1.3 times the target 

spectrum in the range of 0.2 T to 1.5 T as required by ASCE 

7 (2017). Fig. 16 depicts the design spectrum and the 

response spectra of the seven scaled ground motion records 

for both the DBE (design base earthquake) and MCE 

(maximum considered earthquake) levels. 

The maximum inter-story drift ratios of the structure for 

the seven DBE and MCE level earthquake records are 

depicted in Fig. 17. For the DBE level earthquakes, the 

maximum inter-story drift ratios are between 0.6% and 
1.3%. For the MCE level earthquakes, they are between 

0.8% and 1.6%. The required limit state for the maximum 

inter-story drift ratios of the structure, which is assumed to 

be a school building, are given to be 0.7% and 1.0% for the 

DBE and MCE level ground motions, respectively.  In this 

case, the seismic response of the case study structure 

exceeds the given limit states, and therefore seismic retrofit 

is needed. 
 

6.3 Seismic performance of the structure after retrofit 
 

The nonlinear time history analysis results presented 

above show that the long direction of the case study 

structure needs a seismic retrofit. To this end, six and four 
dampers were installed in the first and the second story, 

respectively, in the interior frame along the long direction, 

as shown in Fig. 18. The seismic performance of the 

retrofitted structure is evaluated by nonlinear time history 

analysis using the seven ground motions, and the maximum  

Table 2 Parameters for the modified Bouc-Wen model 

 Plastic-Wen parameters Dashpot parameters 

 𝑘0(kN/mm) α n γ β A C θ 

Upper bound 12.38 0.494 2.38 -0.53 0.53 1.0 59.7 0.02 

Mean value 9.91 0.494 2.38 -0.53 0.53 1.0 49.6 0.02 

Lower bound 7.92 0.494 2.38 -0.53 0.53 1.0 39.8 0.02 
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inter-story drift ratios of the retrofitted structure are 

depicted in Fig. 19. To derive conservative results, the 

lower bound parameters of the modified Bouc-Wen model 

presented in Table 2 were used to model the VED. It can be 

observed that the average maximum inter-story drift ratios 

meet the target limit states after installing the VED. The 
average maximum inter-story drift ratios decreased from 

0.9% to 0.7% for the DBE level and 1.2% to 0.9% for the 

MCE level ground motions. 

Fig. 20 shows the roof displacement time histories of the  

 

 

 

 

 

Fig. 18 Location of the VED along the interior frame 

 

Fig. 15 Plan and elevation view of the case study building 

 

Fig. 16 Design spectrum and response spectra of the seven scaled ground motion records: (a) DBE level (b) MCE level 

 

Fig. 17 Maximum inter-story drift ratios of the case study structure: (a) DBE level (b) MCE level 
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Fig. 19 Maximum inter-story drift ratio of the retrofitted structure: (a) DBE; (b) MCE 

 

Fig. 20 Roof displacement time history of the model structure in the long direction before and after retrofit: (a) RSN 14 DBE 

level (b) RSN 14 MCE level 

 

Fig. 21 Plastic hinge formation before and after retrofit for MCE level RSN 1153 earthquake 

162



 
Seismic retrofit system made of viscoelastic polymer composite material and thin steel plates 

bare and the retrofitted structure subjected to the DBE and 

MCE level RSN 14 earthquake. It is observed that both the 

maximum and residual displacements are reduced after the 

installation of the VED. Fig. 21 depicts the formation of 

plastic hinges in the case study structure subjected to the 
RSN 1153 MCE level earthquake. The plastic hinges 

formed in the columns disappeared, and the plastic rotations 

of the second-story beams were reduced in the retrofitted 

frame. 

 

 

7. Conclusions 

  

In this study, a series of cyclic loading tests were 

performed on viscoelastic dampers under different loading 

conditions. Based on the test results, a mathematical model 
was developed to formulate the nonlinear force-

displacement relationship and damping of the viscoelastic 

damper, which was applied to analyze a reinforced concrete 

framed structure retrofitted with the viscoelastic dampers. 

The test and analysis results can be summarized as follows: 

The storage and loss moduli decreased as the amplitude 

of excitation increased. The storage moduli were generally 

higher when obtained at a higher loading frequency. The 

loss moduli increased as the loading frequency decreased 

when they were obtained at amplitudes higher than 15 mm 

at temperatures 20 °C and 45 °C. The dissipated energy 

decreased as the number of loading cycles increased and 
increased as the amplitude increased. The loss factor 

decreased as the amplitude and loading frequency 

increased, and no distinct trend could be found for the 

temperature effect.  

The Kelvin-Voigt model, which employs a linear spring 

and a dashpot, was ineffective for describing the complex 

behavior of the developed VE material. The modified Bouc-

Wen model turned out to be an effective tool for 

representing the nonlinear restoring force of the VED 

developed in this study. Based on the test results, the 

modified Bouc-Wen model was developed for the VED, and 
its upper and lower bound parameters were presented to 

consider the scatteredness of the test data. 

The nonlinear dynamic analysis of the retrofitted 

structure subjected to the seven earthquakes scaled to the 

MCE spectrum showed that the average maximum inter-

story drift ratios of the analysis model structure met the 

target limit state after installation of the VED. More 

specifically, the average maximum inter-story drift ratios 

dropped from 0.9 percent to 0.7 percent for DBE level 

ground motions, and from 1.2 percent to 0.9 percent for 

MCE level ground motions. In addition, both the maximum 

and the residual displacements were significantly reduced 
after the installation of the VED. Based on the test and the 

analysis results, it was concluded that the developed VED 

could be applied as an effective seismic retrofit device for 

building structures. 
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