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A B S T R A C T   

The mechanical properties of viscoelastic dampers (VED) generally vary depending on the loading 
conditions such as input frequency, amplitude, and temperature, which makes the conventional 
modeling approach of using constant material properties highly inaccurate. This study develops 
the kriging model, which is a powerful tool when there is a limited number of experimental data 
available, for VED made of high energy dissipation acrylate and nitrile butadiene rubber-based 
viscoelastic materials. The coefficients of determination (R2) of the storage and loss moduli 
predicted by the kriging model turns out to be 0.9805 and 0.9868, respectively, which proves that 
the model predictions for the test data are quite accurate. Fuzzy random analysis of a soft first- 
story building is carried out to investigate the effectiveness of the damper in uncertain condi-
tions. The results show that when the informal uncertainty is minimum, the maximum inter-story 
drift ratio of the example structure is reduced from 1.6% to 1.0% after installation of the dampers; 
when the informal uncertainty is maximum, the maximum inter-story drift ratio of the building is 
reduced from 5.0% to 2.6% after the retrofit.   

1. Introduction 

Seismic retrofit of existing structures has been an important issue in rearthquake prone countries. Different seismic retrofit 
techniques, classed as displacement-dependent and velocity-dependent approaches, have been proposed to dissipate earthquake- 
induced energy and reduce structural responses [1]. Recently Khalili et al. [2] suggested a displacement-dependent technique for 
beam-column steel connections that uses a hysteretic damper to disperse seismic energy. The suggested system is a low-damage device 
with energy dissipation in the connection provided by bending deformations in hourglass-shaped steel pins within the hysteretic 
damper. Solaimani and Mahmoudi [3] proposed a Y-shaped brace with a yielding damper that was cyclically tested both analytically 
and experimentally. For improving the seismic performance of steel bolted connections, Movaghati and Abdelnaby [4] presented a 
new post-tensioning design. When compared to their non-post-tensioned counterparts, data from the tested post-tensioned connections 
indicated a considerable improvement in nonlinear behavior. This was accomplished by boosting overall stiffness and strength as well 
as offering self-centering capabilities. 

Viscoelastic dampers (VEDs) are one of the velocity-dependent energy dissipation devices, which have been investigated by many 
researchers and widely applied for seismic protection of structures. VEDs provide both stiffness and damping, which can be especially 
effective in seismic protection of building structures. Xu et al. [5,6] proposed a multidimensional earthquake isolation and mitigation 
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device consisting of viscoelastic (VE) bearing and viscoelastic dampers, and carried out a multi-directional shaking table test and 
pseudo dynamic test of the proposed device. Christopoulos and Montgomery [7] proposed a viscoelastic coupling dampers for 
enhanced wind and seismic performance of high-rise buildings. Gong and Zhou [8] developed a new type of VED with strong nonlinear 
characteristics, and validated its seismic performance through shaking table test. Eskandari Nasab and Kim [9] developed a steel 
slit-VE hybrid damper and tested its performance under cyclic loading. To retrofit seismically weak RC frame buildings, Zhang et al. 
[10] presented a retrofitting technique utilizing a sector lead viscoelastic damper, which can be implemented directly at the 
beam-column joint zone without the need for a redundant connecting bracing system or a wall-type supplement. 

One of the major obstacles in the application of VED is that the its performance is highly dependent on the loading and envi-
ronmental conditions [11]. However most studies on VED have investigated the effectiveness of the dampers in a deterministic 
framework [12–16]. In this case, the reliability or the confidence level of the deterministic study results is somewhat dubious. Hilton 
et al. [17] extended the elastic-viscoelastic analogies to the stochastic case, and found that deterministic bounds based on the material 
data spread are unrealistic in the presence of random VE properties since they do not bound all possible solutions. Recently, some 
studies have applied classical probabilistic analysis to evaluate the effectiveness of VE materials while all input variables have constant 
probability values [18,19]. 

Seismic retrofit of structures using velocity-dependent materials is often associated with significant uncertainty arising from a lack 
of knowledge on modeling and analysis. Some studies have been conducted to overcome this obstacle. For instance, Xu et al. [20] 
proposed a multi-molecular-chain model of VE materials with eight parameters, which can simply calculate the effect of temperature, 
frequency and displacement amplitude. The finite element model can reflect the influence of these three factors at the same time, but 
the finite element model is very complex, involving the determination of nearly twenty parameters. Moreover, mechanical properties 
of VE material are often modeled using a fixed frequency, and the inherent frequency-dependency is omitted [19,21–23]. Even in the 
probabilistic approach, the obtained probabilistic distribution parameters for the velocity-dependent materials are doubtful for various 
reasons, such as experimental limitations and the small number of the material samples. There is also no certainty of environmental 
conditions and input parameters of the damper during earthquakes. 

When there are insufficient samples and as a result the correctness of probabilistic parameters cannot be guaranteed, fuzzy analysis 
is preferable, which takes into account the lack of knowledge in modeling and analysis [24]. This analysis is capable of dealing with 
issues including ambiguous, subjective, and inaccurate assessments [25]. This approach provides a mean bound as an expected sce-
nario and upper and lower bounds as best and worst-case scenarios. Besides, this can be a powerful approach to solve issues arising 
from probability analysis based on limited data [26]. 

In this paper, an analytical model for a VED made of high performance viscoelastic material was developed based on test results 
using the kriging approach, which is powerful when there is a limited number of experimental data available. Besides, in reliability 
evaluation and collapse probability studies, the kriging method is commonly utilized [27], which can be considered as a spatially 

Fig. 1. Configuration of the specimen: (a) Overall configuration; (b) Exploded view; (c) Dimensions of the test specimens.  
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correlated version of linear regression models [28]. Series of cyclic loading tests were conducted to identify the storage and loss moduli 
of the VE material in different loading conditions. Then a case study structure was designed and retrofitted using the VED. Finally, a 
fuzzy probabilistic approach was employed to assess the effectiveness of the damper considering uncertainties associated with the VE 
material, structural materials, and soil. 

2. Viscoelastic dampers used 

The VED under consideration is made of high energy dissipation acrylate and nitrile butadiene rubber-based viscoelastic materials 
recently developed by Xu et al. [20] which are known to be effective in different ambient temperatures, excitation frequencies, and 
displacement amplitudes. The base matrix of the VE material was mechanically blended and vulcanized by reinforcing filler, plasti-
cizer, vulcanizing agent and modifier at high temperature. Fig. 1 depicts the components of the VED test specimens consisting of two 
VE material layers and three steel plates that are bonded together under high pressure and high temperature. Each VE material layer 
has thickness and area of 10 mm and 3000 mm2, respectively. Fig. 2 shows the photographs of the test specimens. The specimens were 
tested under cyclic load using a 100 kN servo-hydraulic machine under controlled temperature as shown in Fig. 3. 

The loading conditions are shown in Table 1. At temperature of 20◦C the loading frequency up to 2 Hz was possible; however, at 
other temperatures cyclic loading test could be conducted up to 1 Hz frequency due to the limitation of the test facilities. Total of 32 
tests were conducted at four temperature conditions; 15.2 ◦C, 20 ◦C, 24.6 ◦C, and 31.5 ◦C. Fig. 4 compares the force-displacement 
hysteresis loops of the VED obtained at different loading frequencies. It can be observed that the area of the envelope, i.e. the 
amount of energy dissipation, increases with the increasing frequency. It also can be noticed that the effective stiffness increases as the 
loading frequency increases. 

The force (F) of a VED can be determined in accordance with the following equation: 

F =KVEu + CVEu̇ (1)  

where KVE and CVE are the stiffness and damping of the VED, respectively. u denotes the relative displacement between each end of the 
specimen, and u̇ is the relative velocity. The stiffness and damping of a VED specimen are determined as follows using the storage 
modulus G′ and loss modulus G˝, 

KVE =
G′Ab

t
(2)  

CVE =
G˝Ab

ωt
(3)  

where Ab, ω, and t are the bonded area, input angular frequency, and thickness of the VE material, respectively. Fig. 5 represents the 
measured mechanical properties of the VE material at the temperatures of 15.2 ◦C, 24.6 ◦C, and 31.5 ◦C. It can be observed that when 
the temperature increases, the mechanical properties decrease due to the softening of the material. Besides, the frequency and 
amplitude also affect these parameters. The storage modulus G′ and loss modulus G˝ obtained at different excitation conditions are 
summarized in Tables 2 and 3. 

3. Statistical model for viscoelastic material 

The test results described above show that there are variations of the mechanical properties depending on the loading conditions 

Fig. 2. VED test specimens.  
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Fig. 3. Test setup for VED under controlled temperature.  

Table 1 
Amplitude and frequency of the cyclic loading tests.  

Temperature (◦C) Frequency (Hz) Amplitude (mm) 

15.2 0.1, 0.2, 0.5, 1.0 0.2, 1.5 
20 0.1, 0.2, 0.5, 1.0, 1.5, 2.0 2, 3, 4, 6 
24.6 0.1, 0.2, 0.5, 1.0 0.2, 1.5 
31.5 0.1, 0.2, 0.5, 1.0 0.2, 1.5  

Fig. 4. Experimental hysteresis curves at the same temperature and displacement amplitude with different excitation frequencies: (a) T = 15.2◦C, d = 0.2 mm; (b) T =
31.5◦C, d = 1.5 mm. 
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such as frequency, amplitude, and temperature. To perform fuzzy random analysis of a structure retrofitted with VED having uncertain 
parameters, stochastic models for the damper are needed. This work employs the kriging model to obtain the storage and loss moduli of 
the VED in different temperature, strain amplitude, and frequency by constructing a surrogate model given the set of test results as 
inputs and the storage and loss moduli as outputs. The kriging model is a statistical interpolation method that relies on Gaussian 

Fig. 5. Dynamic properties of the VED measured at different frequency: (a) Stiffness at amplitude of 0.2 mm; (b) Damping at amplitude of 0.2 mm; (c) Energy 
dissipation at amplitude of 0.2 mm; (d) Stiffness at amplitude of 1.5 mm; (e) Damping at amplitude of 1.5 mm; (f) Energy dissipation at amplitude of 1.5 mm. 

Table 2 
Storage modulus of the VE material obtained at different excitation conditions.  

Amplitude (mm) Temperature (◦C)  Frequency (Hz) 

0.1 0.2 0.5 1 1.5 2 

0.2 15.2 1.0194 1.3088 1.5659 2.2044 – – 
24.6 0.38726 0.47512 0.59437 0.67765 – – 
31.5 0.35611 0.48194 0.52725 0.48232 – – 

1.5 15.2 0.65107 0.79163 1.0798 1.4287 – – 
24.6 0.34886 0.37939 0.47521 0.57088 – – 
31.5 0.2822 0.30342 0.34434 0.40988 – – 

2 20 0.58497 0.59424 0.64804 0.68168 0.80283 0.79637 
3 20 – 0.59494 – – – – 
4 20 – 0.53597 – – – – 
6 20 – 0.54003 – – – –  
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processes to interpolate a wide range of complicated functions. The model can be defined as [29]. 

Y
K
(x)=

∑N

j=1
βj(θ̂)fj(x)+ σ2Z

(

x;R(θ̂)

)

(4)  

where Y K(x) is the model output, fj(x) denotes known regression functions, and βj(θ̂) is unknown regression coefficients. More 

specifically, 
∑N

j=1
βj(θ̂)fj(x) denotes the mean value of the Gaussian process, also called trend, consisted of N arbitrary functions 

{fj, j= 1, …, N} and corresponding coefficients {βj, j = 1, …, N}. σ2 is the variance of the Gaussian process, and Z(x;R(θ̂)) denotes a 
Gaussian process in which mean is zero and variance is a unit value. The current study assumes that the inputs x are strain amplitude, 
frequency, and temperature, and the corresponding model responses y are storage and loss moduli. The kriging model Y K(x) enables 
the prediction of outputs or responses y for a new point x based on the Gaussian process. Finally, the noise response can be defined as 

y= Y
K
(x) + ε (5)  

where ε is the noise following a zero mean Gaussian distribution. The readers are referred to other reference [30,31] for more in-
formation on the kriging model. 

The cross validation approach was used in this work, which divides the entire data set into a number of mutually exhaustive subsets 
and gets each cross-validated prediction subset by estimating the model using all subsets except the relevant subset. Furthermore, the 
linear trend is selected for both the storage and loss moduli [29]. To obtain optimum values for the parameters the covariance matrix 
adoption-evolution strategy (CMA-ES) is used. CMA-ES is a derandomized stochastic search technique that works by modifying the 
covariance matrix of a normal distribution so that directions that have improved the objective function recently are more likely to be 
sampled again in subsequent iterations [32]. Furthermore, the ellipsoidal correlation function [33] is used to check the similarity 
between observation and new points, which can be defined as follows: 

R(x, x′

; θ)=R(h) , h=
xj − x′

j

θj

)(
xj − x′

j

θj

)(xj − x′

j

θj

)2]0.5

(6) 

In this study the model is created using different replications of the experimental data set. In each replication, a training set, which 
is 80% of the input data, is randomly sampled from the whole experimental data set, and the remaining 20% of the input data is used 
for the validation. Table 4 shows the kriging parameter values of the models for the storage and loss moduli. Among the four values of 
the parameter β, the first value represents the mean of the storage or loss modulus, and the others represent the regression parameters 
related to the temperature, amplitude, and frequency dependency, respectively. The parameter θ represents the variability of the input 
parameters against the outputs. The first component is related to temperature, the 2nd one to amplitude, and the 3rd one is related to 
the frequency. The parameter σ is related to the standard deviation of the test results. Fig. 6 compares the predictions of the developed 
model at the validation set points against the true test values for the storage and loss moduli over the five replications. The coefficient 

Table 3 
Loss modulus values of the VE material at different excitation conditions.  

Amplitude (mm) Temperature (◦C)  Frequency (Hz) 

0.1 0.2 0.5 1 1.5 2 

0.2 15.2 0.64496 1.2136 2.5306 4.0028 – – 
24.6 0.13143 0.2386 0.45819 0.70492 – – 
31.5 0.10835 0.19365 0.35228 0.5254 – – 

1.5 15.2 0.46524 0.92094 1.9167 3.0308 – – 
24.6 0.11748 0.21951 0.43725 0.67793 – – 
31.5 0.08053 0.14086 0.26028 0.38877 – – 

2 20 0.15909 0.25186 0.33925 0.44404 0.52192 0.55002 
3 20 – 0.18474 – – – – 
4 20 – 0.14701 – – – – 
6 20 – 0.11877 – – – –  

Table 4 
Kriging model parameters for the storage and loss moduli.  

Storage modulus (G′ )  β  [0.5522, 0.1493, − 0.1502, − 0.3844] 
θ  [0.9462, 5.7822, 6.1992] 

σ2  0.9899 

Loss modulus (G˝)  β  [0.4977, 0.3718, − 0.0308, − 0.4387] 
θ  [0.6597, 8.6641, 6.1280] 

σ2  0.7176  
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of determination, R2, and root mean square error (RMSE) are calculated to check the accuracy of the projected values for the test data. 
The coefficient of determination, R2, turns out to be 0.9805 and 0.9868 for the storage and loss moduli, respectively. As those values 
are close to 1.0 for both models, it can be concluded that the predictions are in an acceptable range [34]. The RMSE is another measure 
of the differences between model prediction and the observed values indicating the dispersion or variability of the prediction accuracy. 
In this study those values are 0.0439 and 0.078 for the storage and loss moduli, respectively. As these values are close to zero, the 
kriging model predictions are considered to be very accurate. 

The approximated force-displacement response of the damper generated by the kriging models and the test results are depicted in 
Fig. 7, where it can be observed that the models can acceptably approximate the measured test results obtained at different loading 
conditions. 

4. Case study model structure 

The case study building chosen to assess the effectiveness of the VED for seismic retrofit is a five-story soft first-story building 
composed of columns in the first story and shear walls above. Fig. 8 depicts the elevation, structural plan, and rebar details of the model 
structure. The structure is symmetric in both directions, and the bay width in the long and short directions is 7.2 m and 5.0 m, 
respectively. The story height of the first story is 3.0 m, and the height of the other stories is 2.6 m. The upper stories are composed of 
RC shear walls, and the first story is composed of the beam and column moment frames. The gravity loads applied in the design of the 
building are 4.1 kN/m2 dead load and 4.1 kN/m2 live load. The nominal concrete compressive strength is 25 MPa and the yield 
strength of steel is 413  MPa. The exterior RC frame in the long direction is separated for performing nonlinear time history analysis 
considering the soil-structure interaction effect. In case the structure lacks enough seismic load-resisting capability, total of four VEDs, 
one near each column, are installed vertically to enhance seismic performance of the model structure as depicted in Fig. 8(a). 

The analytical model of the case study building was developed using OpenSees [35], and the fuzzy random model was programmed 
in MATLAB [36]. The beams and columns were modeled using the nonlinearBeamColumn elements with the fiber sections. The fiber 
section was chosen to consider PM (axial-moment) interaction instead of concentrated plasticity model with constant axial loading; in 
the model failure is allow to occur at any location along the element including soil-structure interaction effects [21]. The Concrete 02 
and the Steel 02 materials were used to model the concrete and the reinforcing bars, respectively. The dispBeamColumnInt element was 
used to model the structural walls, which incorporates RC panel behavior into a macroscopic fiber-based model. 

For soil-structure interaction effect, the modified beam on the nonlinear Winkler foundation (BNWF) approach was employed to 
model the footings and the sub-ground. Raychowdhury [37] showed that the BNWF approach predicts nonlinear soil-structure 
interaction in an acceptable accuracy and developed the ShallowFoudaionGen command in the OpenSees framework. The developed 
command in the OpenSees framework employs three material types to simulate soil-structure interaction, which are QzSimple1, 
PxSimple1, and TzSimple1. They are groups of springs in series representing the far-field and near-field behavior of the soil-structure 
systems. The plastic springs take into account permanent displacements associated with the near-field behavior, and the dashpots in 
the far-field elastic component consider the radiation damping. There is also a gap component composed of a drag and a closure spring 
in QzSimple1 and PxSimple1 to consider the soil-foundation separation. Further information about the BNWF approach can be found 
in other literature [37,38]. In the present study, the length, width, and thickness of the footings were considered to be 2m, 2m, and 
0.8m, respectively. The soil was assumed to be sand with radiation damping of 0.05, and void ratio of 0.56. 

Fig. 6. Comparison the predictions of the kriging model at the validation set points against the test results over the five replications: (a) Storage modulus; (b) 
Loss modulus. 
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Fig. 7. Comparison of the test results and the kriging model simulation.  
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Fig. 8. Configuration of the case study structure: (a) Elevation view; (b) Plan view; (c) Section details.  
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5. Seismic performance of the model structure 

5.1. Fuzzy analysis framework 

Seismic retrofit of structures using velocity-dependent devices such as VED is often associated with uncertainty arising from various 
sources. For practical convenience, the mechanical properties of VED are often modeled using a fixed frequency, and the inherent 
frequency-dependency is omitted [39–41]. Some studies have conducted classical probabilistic analysis to evaluate the effectiveness of 
VED [18,19]. However, even in the probabilistic approach, the obtained probability distribution parameters of VED have uncertainty 
due to limitations in experimental facility, environmental conditions, not enough number of test samples, etc. 

The fuzzy probabilistic method, which considers the lack of knowledge in modeling and analysis, is more desirable when there is a 
lack of sufficient samples and the accuracy of probabilistic parameters is not guaranteed [42]. In addition, there is a need for estimation 
of mechanical properties of viscoelastic dampers during a probabilistic analysis. For example, the regression model suggested by Kasai 
et al. [43] requires many experimental data of the VE material; however, due to limitations in available data, development of such a 
model is quite difficult. 

The fuzzy random analysis is a strong hybrid simulation technique for uncertainty evaluation, where the randomness, imprecision 
and lack of knowledge in the input values can be explicitly defined before the analysis. The fuzzy random analysis is an alternative 
approach to the traditional Monte Carlo simulation, and deals with uncertainty in the simulation by using the fuzzy set theory [44]. A 
fuzzy set Ã can be expressed as: 

Ã={(x, μA(x)|x∈X} (7)  

where X denotes a fundamental set, x are the elements of this set, and μA(x) is the membership function of the fuzzy set Ã. The 
membership function is normalized and continuous and maps each x ∈ X to a real number in the range [0, 1]. The membership function 
decreases monotonically on each side of the maximum value if the fuzzy set is convex. Therefore, a fuzzy number ̃az can be denoted as a 
convex normalized fuzzy set with a continuous membership function in which one of the elements has a functional value of 1. The 
element with the functional value of 1 is the mean value of the fuzzy number ãz. A fuzzy triangular number with linear membership 
function can be defined by the following notation: 

ãz = < x1, x2, x3 > (8)  

where x1 and x3 correspond to the smallest and the largest values of the support and x2 is a value in which membership function is 
equal to 1. 

For an uncertainty level αk, the intervals [xαk ,l, xαk ,r] can be specified for the considered parameter, where xαk ,l and xαk ,r are the lower 
and upper bounds of the α-level set, respectively. 

The fuzzy random analysis uses probability density functions (PDFs) to treat with the variability in the random variables and fuzzy 
numbers for the parameters of these random variables. To perform the fuzzy random analysis, finite number of α-levels are chosen 
between 0 and 1, and then α-level can be defined as: 

α=
[
α1, α2, …, αi,…, αN] (9) 

The minimum and maximum possible values of the output are obtained for each α-level of the parameter by running the model. The 
corresponding membership function (fuzziness) are constructed using the obtained information. 

5.2. Uncertainty parameters 

In this study the uncertainty parameters associated with the VE material and underground soil were considered in the fuzzy random 
analysis of the model structure. Tables 5 and 6 show the uncertainty parameters and their variation ranges for the VE material and the 
soil, respectively. The proper references for the variation of the parameters are also included in the table. The upper and lower bound 
shear wave velocity a and b were determined corresponding to the soil type SE and SC, respectively, and they are fuzzified in such way 
that the value at μ = 1 is equal to the mean shear wave velocity given in the design code [45,46]. The upper and lower bounds of the 
fuzzy variable were considered to be the mean plus minus one standard deviation of the shear wave velocity obtained from the same 
code. Similar approach was used to define the fuzzy lower and upper bounds of the weight density of the soil located below the 
structure [47]. 

The fuzzy standard deviation of the yield strength of the rebars was defined in such way that the covariance (CoV) of the yield 
strength is equal to 0.05 at μ = 1 , and varies between 0.035 and 0.065, at μ = 0 as recommended in the literature [48]. The fuzzy 
standard deviation of the nominal compressive strength of concrete was defined in such way that the CoV of the compressive strength is 
0.15 at μ = 1 , and the CoV of the fuzzy standard deviation varies between 0.15 and 0.18 at μ = 0 [49]. Based on the given experimental 
data [50], the friction angle and Poisson’s ratio were assumed to follow the normal distribution and only the mean value was fuzzified. 

Table 6 shows the VED uncertainty parameters used in the fuzzy analysis. In this way, the uncertainty associated with the damper 
and the model structure can be considered in the fuzzy analysis. The input frequency f1 was fuzzified in such a way that the value at μ =

1 is equal to the fundamental mode frequency of the structure. The upper and lower bounds of the fuzzy frequency were considered to 
be plus minus 10% of the fundamental mode frequency. The upper and lower bounds of the fuzzy strain amplitude γ0 are between 0 and 
200%. Besides, it was assumed that at μ = 1 the fuzzy strain amplitude is equal to 100%. It was also assumed that the temperature T 
varies between 0 ◦C to 32 ◦C at μ = 0 where the informal uncertainty is maximum with T = 16 ◦C at the minimum uncertainty. 
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5.3. Fuzzy analysis results 

The case study building was analyzed using a suite of seven scaled earthquake records presented in Table 7, which were chosen 
from the PEER NGA database [51] as recommended in ASCE/SEI 41 [1]. Fig. 9 shows the design basis earthquake (DBE) spectrum used 
in this study and the SRSS (square root sum of squares) spectra of the seven earthquake ground motions scaled to the DBE spectrum. 

Total of four VEDs, a damper near each column, were applied vertically in the first story between the upper beam and the ground 
slab to improve the seismic performance of the structure as shown in Fig. 8(a). Two VE pads are in a single VED, and the size of the VE 
pad used in the analysis is 400mmx400mm with the thickness of 22 mm. The stiffness and damping of the VED were determined based 
on the storage and loss moduli obtained from the cyclic loading tests, and the variation of the parameters were considered using the 
kriging model in the nonlinear time history analysis. 

Fig. 10 shows the maximum inter-story drift ratios (MIDR) of the model structure considering soil-structure interaction obtained 
from the fuzzy random analysis before and after installation of the VEDs. Approximately 9800 nonlinear time history analyses were 
carried out to obtain this fuzzy analysis results. The dashed lines represent the results corresponding to the maximum informal un-
certainty (μ = 0), and the solid line represents the results of the minimum informal uncertainty (μ = 1). The solid line represents the 
expected performance, and the dashed lines represent the best and the worst performance of the structure. The figure shows that the 
installed VEDs effectively decreased the inter-story drift of the model structure. More specifically, when the informal uncertainty is 
minimum, the maximum inter-story drift ratio of the building is reduced from 1.6% to 1.0% after installation of the dampers; when the 
informal uncertainty is maximum, the maximum inter-story drift ratio of the building is reduced from 5.0% to 2.6% after the retrofit. In 
other words, the building experiences maximum inter-story drift ratio of 2.6% in the worst scenario and 0.7% in the best scenario after 
the retrofit. The expected maximum inter-story drift ratio is reduced from 1.5% to 1.0% after the retrofit. 

The hysteretic behavior of the dampers subjected to the Superstition Hills and Loma Prieta earthquakes are depicted in Fig. 11. SD 

soil type with shear wave velocity of 313 m/s and weight density of 17.5 kN/m3 was used in the dynamic analysis, and the remaining 
parameters were fixed at the centroid of the fuzzy variables. It can be noticed that the dampers show stable hysteretic behavior and 
dissipate significant seismic energy as expected, resulting in the significant reduction of the lateral drift. Fig. 12 shows the time 
histories of the cumulative dissipated energy of the four dampers subjected to the seven earthquake ground motions. It can be observed 
that largest energy of about 137 kJ was dissipated by the Northridge earthquake and 23 kJ–42 kJ by the other earthquakes. 

6. Conclusions 

The current work developed a stochastic regression model of viscoelastic dampers using the kriging approach based on cyclic 
loading tests conducted at four temperature conditions with different amplitudes and frequencies. The kriging model was developed in 

Table 5 
Uncertainty parameters for soil considered in the analysis.  

Symbol Description Distribution [reference] Input parameters 

Vs30  Shear wave velocity (m/s) Uniform [45,46] a=<143.9,163,182.1> b=<386.5,489,591.5>
γ  Weight density (kN/m3) Uniform [47] a=<15.06,16.5,17.94> b=<19.63,20.5,21.37>

fy  Rebar yield strength (MPa) Normal [48] Mean=<371,413,454> σ = <14.5,20.7,26.9>
fc  Concrete compressive strength (MPa) Normal [49] Mean=<22.5,25,27.5> σ = <3.75,4,4.5>

φ′ Friction angle (◦) Normal [50] Mean = < 38,40,42 > C.O.V = 3% 

v  Poisson’s ratio (Unitless) Normal [50] Mean=< 0.3,0.4,0.5 > C.O.V = 16%  

Table 6 
VED uncertainty parameters.  

Symbol Description Type Input values 

γ0  VE pad shear strain (%) Triangular fuzzy number <0, 100, 200>
T  Temperature (◦C)  Triangular fuzzy number <0, 16, 32>
f1  Fundamental mode frequency (Hz) Triangular fuzzy number <0.9, 1.0, 1.1> × f1   

Table 7 
Ground motion records used in the analysis.  

Ground motion Station Magnitude Rupture distance (km) PGA (g) PGV (cm/s) PGMD record number 

Superstition Hills Poe Road 6.54 11.16 0.47 33.14 725 
Loma Prieta Gilroy Array 6.93 12.82 0.59 67.74 767 
Landers Coolwater 7.28 19.74 0.29 51.93 848 
Northridge Beverly Hills - 14145 Mulhol 6.69 17.15 0.43 54.93 953 
Kobe Nishi-Akashi 6.9 7.08 0.51 40.31 1111 
Chi Chi TCU045 7.62 26 0.55 63.24 1485 
Duzce Bolu 7.14 12.04 0.71 58.03 1605  
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such a way that 80% of the experimental data were randomly used for the model training, and the remaining 20% of the experimental 
data were used for the validation. The coefficients of determination (R2) of the storage and loss moduli predicted by the kriging model 
turns out to be 0.9805 and 0.9868, respectively, which proves that the developed model for the storage and loss moduli could 
acceptably approximate the measured test results. 

To assess the effectiveness of the VED in the seismic retrofit of structures, a five-story soft first-story building was chosen. 
Approximately 9800 nonlinear time history analyses were carried out for fuzzy seismic performance evaluation of the model structure 
considering the uncertainties associated with the viscoelastic material and the soil properties. The results showed that when the 
informal uncertainty was minimum, the maximum inter-story drift ratio of the example structure was reduced from 1.6% to 1.0% after 
installation of the dampers; when the informal uncertainty was maximum, the maximum inter-story drift ratio of the building was 
reduced from 5.0% to 2.6% after the retrofit. Based on the analysis results, it was concluded that the installed VEDs could effectively 

Fig. 9. DBE spectrum and SRSS spectra of the earthquake ground motions used in the analysis.  

Fig. 10. Maximum interstory drifts of the model structure subjected to the seven-scaled earthquakes: (a) Before seismic retrofit; (b) After retrofit using VED.  
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decrease the inter-story drift of the model structure in every uncertainty level. It was also observed that significant amount of seismic 
energy was dissipated effectively by the proposed viscoelastic dampers. 
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