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Abstract: Viscoelastic (VE) damper exhibits significant mechanical nonlinearity under dynamic loads
due to variations in the temperature, excitation frequency, and the occurrence of large strains. However,
in the existing research literature, such nonlinearity is barely considered, and its effects on the aseismic
behaviours of viscoelasticlly damped structure (referred to as VE structures) are also unclear. In this
paper, a modified equivalent fractional Kelvin model is established to depict the mechanical
nonlinearity of VE damper with the introduction of internal variable parameters. Through the
comparison with the existing mathematical models for the performance of an individual VE damper,
it is found that the proposed model has a high prediction accuracy, especially in the large-strain
working condition. To incorporate the effects of real-time change of the mechanical properties of VE
dampers on the seismic responses of structures equipped with such dampers, an approximate method
is devised for the numerical calculations. Two representative VE structure with proportionally and non-
proportionally damped system are analysed with consideration of the time-varying mechanical
nonlinearity of VE dampers. The discrepancy between the seismic responses of the VE structure with
and without considering the nonlinearity is discussed. The results indicate that the mechanical
nonlinearity of VE dampers could introduce a negative effect on the actual seismic resistance capacity

of a VE structure, leading potentially to the structure not meeting the design requirements of codes
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when the mechanical nonlinearity occurs. The study concludes that it is necessary to take the

mechanical nonlinearity into account in the design and performance evaluation of VE structures.

Keywords: VE damper; Mechanical nonlinearity; Mathematic model of VE damper; Seismic analysis;

VE structure

1 Introduction

In early applications, VE damper was more often applied in the wind vibration control of the high-rise
structures and showed remarkable control effects [1]. With the frequent occurrence of strong
earthquakes causing enormous damage, studies on the application of VE dampers for structure were

carried out in the seismic regions in the last few decades |2, 3].

Under different work environments, such as different ambient temperature or excitation frequency,
changes may occur in the complex network-chain structure, leading to a strong nonlinearity in the
mechanical behaviour of VE material. Studies by many researchers have revealed the variation of
mechanical properties of VE dampers with temperature and frequency |4, 5]. Besides, when deformed,
the molecular chain structure formed between internal molecular chains will be stretched, compressed,
or even destroyed, thus exhibiting different configurations, and make the performance of VE material

show a strong strain dependency |6, 7].

Although the development of VE damper in building structures has advanced, the normal working
strain range is often limited in practice. It has been suggested in [2] that the maximum strain of VE
damper should not exceed 100%, while the design maximum damper strains have been recommended

to be only in the range of 60%-70% |8, 9]. Other researches concerning the performance of VE damper



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

mostly focused on the frequency- and temperature-dependence problems encountered in the low strain
phase [4, 10], whereas VE damper tends to exhibit large VE nonlinearity when the strain exceeds 100%
[11]. However, there has been much less research on strain dependence of VE damper in the

experimental studies as compared with other two factors.

Most of the existing mathematical models therefore only reflect the sensitivity of temperature and
frequency on the performance of VE damper [4, 12, 13], models that are capable of describing the
strain-dependence of VE damper are relatively few [ 14, 15]. Among them, the model proposed in [ 16]
was based on the direct regression fitting of experimental results with a limited applicability for general
large strain conditions. Models proposed in [15] and [14] involved very complex expressions with
several coefficients, and required numerous test data. The use of finite element models, on the other

hand, is computationally costly for large-scale structural modelling and analysis [ 17].

Due to the lack of test data under large-strain state and suitable mathematical model of VE damper, the
mechanical nonlinearity of the VE damper system is usually ignored in the dynamic analysis of VE
structures. For example, as an earlier study on the seismic response of VE structures, [ 18] assumed
that the equivalent stiffness and equivalent damping of VE dampers in structure remain constant, and
the design procedure proposed did not consider the effects of nonlinearity either. Many follow-up
studies with reference to this method also completely ignored this factor [8, 10, 19]. In other papers
focusing on the dynamic characteristics of VE structures, this influence factor is also rarely considered

(4, 9].

Although ignoring the mechanical nonlinearity helps simplify the calculation process and brings
convenience to the practical application of VE damper, it also introduces errors in the analysis results,
leading to some unpredictable risks to the safety of structures. In addition, in the collapse analysis or
pushover analysis of damped structures, large displacement often occurs. Coupled with the coupling

effect of temperature and loading frequency, the viscoelastic dampers equipped in structure may show
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complex mechanical characteristics, and ultimately affect its damping effect in the structural level.
Therefore, it is of practical significance to study the nonlinear mechanical performance of viscoelastic
damper, as well as its effects on the seismic responses of viscoelastically damped structure. At present,
there are only a few studies in the literature that involved such nonlinearity. For example, [20] found
that the dynamic properties of a system were significantly influenced by the nonlinearity of the VE
damper for seismic events. [21 ]| presented a method to model the nonlinear responses of VE structures
with a proposed extended recursive parameter model. In this way, the mechanical nonlinearity is
considered, but considerable computing resource is required due to the complex calculation process.
Moreover, no study has been reported emphasizing on the change of the seismic responses of VE

structures caused by mechanical nonlinearity.

The main purpose of this paper is to present a mathematical model with simple expressions to describe
the nonlinear mechanical behaviour of VE dampers, and develop an approximate procedure to consider
such mechanical nonlinearities in the dynamic analysis of VE structures. The effects of mechanical
nonlinearity on the seismic responses of VE structure are then discussed with some concluding remarks

being given.

2 Mathematical model of VE damper

2.1 Model establishment

The fractional Kelvin model, which is obtained by replacing the dashpot with a fractional element, as

shown in Fig. 1, is one of the simplest forms of the fractional model.

In the above model, the elasticity of VE material is expressed by the spring, and the viscosity is

described through the fractional element, which can be described as [22]

G, =p+qw” cos(rm/2)
_qu sin(rm/2) (D
n= p + qw" cos(rm/2)
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where G; and 7 are the storage modulus and loss factor respectively. p and q are material
coefficients of VE material corresponding to the spring element and viscosity element, w is the
excitation frequency, r is the order of the fraction with the value of 0 < r <1. Moreover, studies
have revealed that the effect of temperature on VE material can be equivalently considered as that of

frequency |23, 24|, which can be expressed as

{Gl (0, T) = Gy(arwy, Tp) (2)

n(w, T) = n(arw, Tp)

where T are the target temperature, ap = 10712(T-To)/[525+(T=To)l (4] js the temperature
transformation coefficient. T, is the reference temperature and w, is the corresponding circular

frequency.

For polymer materials, the molecular chains in the matrix can be roughly assumed as elastic network
chain and free network chain [25]. Elastic network chains refer to the molecular chains with complex
network structure, and has a strong correlation with the elastic properties of the matrix. The free
network chains are mainly those with weak interaction, non-cross-linking chains, and the side chains,
which contribute to the viscosity of the matrix [26]. During the deformation process, the input energy
can be consumed by the deformation and inner friction of molecular chains. However, once the
deformation gets large, the chemical bonds between the molecular chains can be destroyed,
dismounting the elastic network chain structure, as shown in Fig. 2. As a result, the number of elastic

network chains will decrease with the increase of free network chains.

To describe these changes inside molecular chains of VE material at large strain, we here introduce
two new inner variables, 4; and A,, to make an amendment to p and q for considering the

variation of elasticity and viscosity of VE material simply, which is

P = Pohs
{q = o> 3
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Where p, and q, are the reference constants at T,. A; and A, are two correction factors that are
used for reflecting changes of the number of elastic network chains and free network chains as well as
their influences on the mechanical behaviours of VE material. To simplify the calculation, a linear

relationship is adopted here to represent the correlations between the correction factors and the

maximum strain ), [23, 24] given by equation (4).

{’11 =1 — K1 (Ymax — o) (4)
Az = 1+ K3 (Vmax — Vo)

Where k; and k, are two modified coefficients corresponding to A; and A,, y, is a reference

strain beyond which the effect of strain on the elasticity and viscosity becomes significant. For typical
VE material ), isaround 1.0 [11]. Substituting equation (2)-(4) with yy = 1 into equation (1) yields:
G = p0(1 - Kl(ymax - 1)) + qO(l + Kz(ymax - 1))aTwr cos(rm/2)

o 80(1+ 16, ima — D)y a” sin(r/2) )
pO(l - Kl()’max - 1)) + qO(l + Kz()’max - 1))CZT(1)T cos(rm/2)

Equation (5) is the modified equivalent fractional Kelvin model with six independent coefficients,

Po> o TO’ K1, K, T.

2.2 Experimental evaluation of mechanical properties on VE dampers

A series of experiments have been carried out on three identical VE dampers under different strain,
temperature, and frequency conditions. The VE damper specimens were classical sandwich-type
samples consisting of two VE material layers with 10mm thickness for each layer, and the area of the

VE material layer was 3000 mm?. The actual test setup is shown in Fig. 3.

The experiment protocols are listed in Table 1. All specimens were subjected to sinusoidal loads. To
avoid the probable damage caused by continuously loading under multiple conditions, the
experimental specimens were divided into two groups for specific working conditions. Group 1 was

used for the identification of model parameters, and group 2 was employed for model validation.

6
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Fig. 4 shows the measured hysteresis curves of VE dampers under different strain conditions. The
hysteretic curves exhibit a standard elliptic shape when strains are less than 50%, and this indicates
that the mechanical properties of the damper are basically in the viscoelastic linear stage. As the strain
approaches 100%, the slope of the hysteretic curve begins to change, the VE damper begins to behave
in a nonlinear viscoelasticity manner. With further increase of the strain, the nonlinear viscoelasticity
characteristics of VE damper become more pronounced, indicating that the VE damper has entered an
abnormal working region. The shape of the hysteretic curve has changed from an ellipse to an inverse

S-shaped curve.

The storage modules G; and loss factor 1 are often employed for a quantitative description of the

stiffness and energy dissipation of VE materials, calculated by

Flhv
G, = 6
TR (6)
F,
— 7
n F, (7

where F; and F, are the corresponding force at the maximum displacement u, and zero
displacement respectively, n, is the number of VE layers, A, and h, are the shear area and
thickness of the VE layer. For the tested VE damper specimens, the corresponding G; and 1 under

different strains are calculated and the results are shown in Table 2 and Fig. 5.

It can be seen that the mechanical properties of VE dampers show a trend of degradation with increase
of the strain, and the degradation rate of the two indicators in the normal working region is much lower
than that in the abnormal working region. G; and 7 have a reduction of 13.8 % and 17.9% with the
maximum strain increasing from 50% to 100%, while the reduction values increased to 61.2% and
29.8% with max maximum strain raising from 150% to 200%. This is because the previous damage

generated inside the VE material is accumulated in the damage process of the molecular chain structure,
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and aggravates the later damage process afterward. Therefore, the whole degradation process of the
energy dissipation capacity of VE material exhibits acceleration, and this also suggests that the strain

state has a remarkable effect on the mechanical properties of the VE damper.

From the experiments, it was also observed that shear failure occurred to the material layer when the

strain was very large, leading to the destruction of the VE damper, as shown in Fig. 6.

2.3 Model parameter determination and model validation

The coefficients of the proposed model were determined by MATLAB with the genetic algorithm. The

objective function y? used in the fitting process is set as

Ntest,1 Ntest,2
Xz = Z (Gl,cal(wir Ti; V;'naxr ¢) - Gli,test)2 + Z (ncal(wi' Ti' le;laxr ¢) - néest)z (8)
i=1 i=1

Where !, T, ¥l G{',test, ni,test, are the test values of the measured excitation frequencies,
ambient temperatures, storage modulus and loss factor, respectively, and the superscript i represents
the i test value. Gl,cal(a)i, T Vi o d)) and nl,cal(wi; T, y% ¢) are the corresponding calculations
of the proposed model for storage modulus and loss factor. ngesey and Nyege, are the test number of
the storage modulus and loss factor. ¢ is the vector of the undetermined parameters of the proposed

model, which is.

¢ = (pO' 4o, TOI K1, K2, r)T (9)

Following the above procedure, the parameters of three models for the test VE damper specimens were

determined, as shown in Table 3.

To illustrate the accuracy of the proposed model, the model with the identified parameter values is
used to predict the test results for the 2™ group of specimens. For comparison, the equivalent fractional

kelvin model and the equivalent standard solid model [4, 27| (hereinafter referred to as Model 1 and



179  Model 2) are also employed to perform the respective predictions. The calculation results of three

180  models are listed in Table 4.

181  Fig. 7 (a), (d) presents the predicted results of three models under different strains. It can be seen that
182  the prediction accuracy of the proposed model under different strain states is better than these of model
183 1 and model 2 overall, and its relative errors are within the 20% as compared to 57.1% and 49.7% for
184  model 1 and 2, respectively. Besides, with the strain reaching the abnormal working region, model 1
185  and model 2 tend to show increased prediction errors; the maximum prediction error for G; and 73
186  respectively reaches 59.4% and 39.4% for model 1, 49.7% and 47.8% for model 2, and reduces to18.3%

187  and 19.0% using the proposed modified model.

188  Fig. 7 (b), (e) and Fig. 7 (c¢), (f) show the comparison of results under different frequencies and
189  temperatures. It can be seen that all these three models approximately show similar prediction accuracy
190  under different frequencies with errors all within a limit of 20%, the prediction accuracy of these three
191  models for G; is better than that for 7, and this is because the magnitude of loss factor is smaller than
192 that of storage modulus, therefore 7 tends to be more sensitive to the prediction error. As for the
193  effects of temperature, all three models predict very well the storage modulus G, while the proposed
194  model exhibits the best prediction accuracy for the loss factor 7, especially under low-temperature

195  conditions.

196 3 Approximate method for considering mechanical nonlinearity in seismic analysis

197 of VE structures

198  For a dynamic system, the equation of motion can be written as
199 MX + (X + KX = —MIX, (10)

200  After installing the VE damper system, the equation of motion is modified as
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MX + (Cs + C)X + (K + KX = —MIX, (11)

where M is the mass matrix; X, X, and X are systematic displacement, velocity, and acceleration;
C, and K, are the modal damping matrix and stiffness matrix of the system; I is the unit vector; X g
is the ground motion acceleration; C; and K, are the equivalent damping matrix and equivalent

stiffness matrix of VE dampers respectively, which can be determined by the equivalent model | 18].

Taking the effects of excitation frequency, strain amplitude and working temperature into consideration,

the equivalent model can be rewritten as

nyA,
Ky = A G(T, W, Ymax)
v (12)
Ky
k Cq = EW(T’ W, Ymax)

For a general situation, T, w, and y,,,x may change constantly during the dynamic response, so C,4
and K; need to be determined accordingly, and the VE dynamic system represented by equation (11)
can then be solved by the time-stepping method. For seismic response analysis, because the duration
of an earthquake is short, the temperature of VE damper can be assumed as constant in the loading
process. To consider the strain dependency, the maximum strain of VE damper that has been reached
up to the j ® integration step is taken for the calculation in the j+1 ® integration step, thus equation (12)

can be written in the numerical form as

h
o (13)

( . n.. A , .
{I KJ* = 22 6T T, w0, Vo)
. K , .
1
[Cé* =~ (T, @, Yiha)

where the superscript represents the corresponding integration step. After a small initial strain of VE

damper is given, C; and K; of VE damper at each integration step can be calculated by iteration.

10
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The seismic wave usually exhibits a time-varying characteristic of frequency, the instantaneous
frequency (IF) is adopted here to describe the characteristics of seismic frequency. For signal s(t),
the time-frequency ridge f;(t) refers to the peak frequency at each time in its time-frequency

distribution TFR,(t, f), as

fi(t) = arg[maxTFR(t, f)] (14)

On the time-frequency surface, the energy of the signal is always concentrated along with the IF. The
corresponding frequency of the time-frequency ridge of the signal is equal to or approximately equal
to the IF of the signal itself [28, 29]. Generally speaking, a signal can be regarded as the superposition
of several main components with particular frequency parameters, and the signal component with high
energy often plays a dominant role in the change of whole signal. Therefore, the IF of the time-
frequency ridge of the signal component with the highest energy can approximately be taken as the

parameter to describe the frequency of the target signal.

To identify the IF, the Wavelet transformation (WT) method is often employed, expressed in a general

form as [3()]
WT.(t,a) = — S lp* —t d 15

where 1 is mother wavelet function; " means conjugate; and a and 7 are scale parameter and shift
parameters. The WT method is adopted here to obtain the time-frequency characteristics of the seismic

ground motion, and the IF of the ground motion signal is then traced [31, 32].

The Wavelet analysis toolbox of MATLAB is used to analyse the time-frequency contents. For the
1940 El Centro wave, its IF is calculated as shown in the red line in Fig. 8. It can be seen that the IF

of the El Centro wave changes all the time within a range of 0~10Hz.

11
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When the IF of the seismic load is determined, the effects of the seismic frequency on the dynamic
properties of VE dampers can be considered by substituting the corresponding frequency into Equation
(11) at each integration step. Equation (13) is then updated to

ir1 n.,A ir1 . ,
K;* =ﬁ6f+ (T, 0%, ¥ o)

j+1
j+1 _ 'd j+1 j+1 ,,J
Cd - wlt! 77] (T'wj 'Ymax)

(16)

Based on the proposed method, dependences between the performance of VE dampers in the structure
and temperature, strain, frequency can be approximately taken into account in the calculation process,
and the seismic response of VE structure considering mechanical nonlinearity can be calculated

through equation (5), (11) and (16) by iteration.

4 Effects of mechanical nonlinearity on the seismic responses of VE structures

To quantitatively study the influence of mechanical nonlinearity on the seismic response of a VE
damped system, two different VE shear frames are taken to conduct the numerical analysis, as shown
in Fig. 9, which represent the proportionally damped case and non-proportionally damped case,

respectively.

4.1 The proportionally damped frame

The proportionally damped frame is a flexible moment-resistant frame with a uniform story height of
2.7m. The stiffness and mass of VE structure are assumed to be k =1.8 X 10° KN/m and m = 6000 kg
respectively. Fig. 10 (a) shows the first three mode shapes and natural frequencies. For simplification,
the Rayleigh damping is employed in the following analysis with assuming that the first and third

modal damping ratios are 2%.

In engineering, the mechanical nonlinearity is often ignored for the convenience of calculation, C,4

and K; with fixed values measured at nominal strain and frequency are determined as the stiffness

12
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contribution and damping contribution of the VE dampers in the design and analysis process [4, 13].
To reveal the difference of the seismic responses of VE structure with and without considering such
mechanical nonlinearity, the nominal design temperature, the nominal design frequency, and the
nominal design strain of the VE dampers are set as 18°C, 0.79 Hz, and 0.2 with the shear layer of
0.001m for the VE damper in the following numerical examples. The 1% order modal damping ratio is
designed as 12.5% for the VE damped structures. Three earthquake ground motions, namely El Centro,
Taft, and an artificial earthquake, are selected as the seismic excitation and the Wilson-6 method is
employed for the numerical integration in this paper. To make the numerical results comparable, the

maximum accelerations of the three records are adjusted to 3.0m/s.

Fig. 11 show the displacement and acceleration response time histories of the above three structure
scenarios at the roof level under different earthquake ground motions. Fig. 12 present a comparison of
the lateral displacement envelope and the inter-story drift envelope, respectively. The corresponding

maximum structural responses are listed in Table 5.

It can be seen from Fig. 11 that the maximum roof displacement and acceleration under different
earthquake excitations are reduced considerably by installing the VE damper system. Under the El
Centro ground motion, the maximum roof displacement and acceleration of the uncontrolled structure
are 20.92 mm and 4.87 m/s?, while the corresponding VE structure (when ignoring the viscoelastic
nonlinear effect) are only 2.42 mm and 0.85 m/s?, respectively, with the reduction rate of 88.4% and
82.5%. Besides, the story drift and the lateral displacement of the uncontrolled structure are also far
greater than those of the VE structure, as shown in Fig. 12. The maximum story drift of the uncontrolled
structure is 0.6%, which exceeds the limitation of 0.4% in the current code [33]. After adding the VE
dampers, the value is reduced to 0.08% with a reduced rate of about 85%. Similar trend can be observed

under the other two earthquakes.

13
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Comparing the seismic responses of VE structure with and without considering the mechanical
nonlinearity, it can be found that ignoring the nonlinearity results in a marked underestimation of the
seismic response for the VE structure. The maximum roof displacement of the VE structure without
considering the mechanical nonlinearity under El Centro, Taft, and the artificial earthquake ground
motions are 7.09 mm, 4.61 mm, and 4.04 mm, respectively, whereas the corresponding structural
responses considering the mechanical nonlinearity are 2.42 mm, 4.05 mm, and 2.79 mm. In other
words, without considering the mechanical nonlinearity leads to an underestimation of the roof
displacement of 65.9%, 12.1%, and 30.9% under the three ground motions, respectively. Regarding
the roof acceleration, the underestimation becomes 63.4%, 59.2% and 60.4%, respectively. In terms of
the lateral displacement envelope and story drift envelope of the VE structure, the comparative trend
is similar. The maximum lateral drift is found to be 0.090%, 0.074% and 0.059% for El Centro, Taft,
and the artificial ground motions without considering the mechanical nonlinearity, and 0.14%, 0.09%,
and 0.08% with considering the nonlinearity. This suggests that the maximum story drift may not
actually meet the design requirements when the mechanical nonlinearity is taken into account in some

cases, even if it was satisfied in the design process without considering the mechanical nonlinearity.

As mentioned in Section 3, due to the dynamic characteristics of ground motions, the strain and
frequency of the VE damper change constantly during the loading process. Taking VE damper at the
first floor as an example, Fig. 15 (a) shows the time histories of the damping force in the VE damper
at the first floor, and Table 7 lists its corresponding Max damping force. It can be observed that, in
most cases, the force in the VE damper computed without considering the nonlinearity is greater than
that when the nonlinearity is taken into account. The max damping forces of VE damper in 1floor are
12.72 KN, 9.08 KN, and 8.68 KN under El Centro, Taft, and the artificial earthquake ground motions
when neglecting nonlinearity, and change to 12.26 KN, 7.27 KN, and 7.32 KN after considering
nonlinearity, with the average change rate of 13.1%. Fig. 16 (a) presents the hysteresis curves of VE

damper under three earthquake ground motions, respectively. As can be seen, the actual strain

14
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experienced by the VE damper constantly changes, leading to the considerable variation of the energy-
dissipation capacity and stiffness of VE damper. In other words, ignoring the nonlinear characteristics
of the VE dampers could lead to serious misestimation of the structural resistance, resulting in unsafe

design.

4.2 The non-proportionally damped frame

The non-proportionally damped frame is a ten-story steel frame with VE dampers installed in eight
floors at the bottom of the structure, shown in Fig. 9 (b). The structural information of this steel frame
is form in [34]” study. The nominal design frequency of VE dampers are set as 0.46 Hz according to
the mode information of the structure, the 1% order modal damping ratio is designed as 9.09% with
other design parameters keeping consistent with that in Section 4.1. Besides, the same earthquake
ground motions and numerical integration strategy are employed here. The first three mode shapes and

natural frequencies are shown in Fig. 10 (b).

Fig. 13 exhibits the roof displacement and roof acceleration response time histories of the non-
proportionally damped structure under three earthquake ground motions. Fig. 14 present the lateral
displacement envelope and the inter-story drift envelope at three structure scenarios, respectively. The

corresponding maximum structural responses are listed in Table 6.

As can be seen from Fig. 13 and Fig. 14, the installation of VE dampers significantly reduces the
seismic responses of the non-proportionally damped structure. Taking the El Centro case as an example,
the maximum roof displacement and acceleration of the uncontrolled structure are reduced from 12.50
mm and 2.10 m/s? to 3.36 mm and 0.40 m/s? (when ignoring the viscoelastic nonlinear effect) by
installing the VE damping system, respectively, with the reduction rate of 73.1% and 81.0%. Regarding
the story drift and the lateral displacement, the reduced rates has been reduced by 80.7%, suggesting

that the VE damper system possesses excellent vibration-control capacity.
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Besides, it can be concluded that the influence of the mechanical nonlinearity of VE dampers on the
seismic responses of the non-proportionally damped frame is similar to that of the proportionally
damped frame. The maximum roof displacement of the non-proportionally damped VE structure
without considering the mechanical nonlinearity under El Centro, Taft, and the artificial earthquake
ground motions are 3.36 mm, 2.41 mm, and 1.36 mm, respectively, whereas the corresponding
structural responses considering the mechanical nonlinearity are 5.30 mm, 3.93 mm, and 2.35 mm.
Namely, neglecting such mechanical nonlinearity leads to the underestimation of the structural
responses by 36.6%, 38.6%, and 42.1% under above three earthquakes. In terms of the roof
acceleration, the underestimation becomes 39.4%, 50.0% and 51.4%, respectively. Moreover, it can
also be observed that the maximum lateral drift changes from 0.074%, 0.041% and 0.032% to 0.123%,
0.085%, and 0.070% after considering the mechanical nonlinearity under El Centro, Taft, and the
artificial ground motions. As for the lateral displacement envelope, the comparative trend is similar. It
can be concluded from the above analysis that the influence of such mechanical nonlinearity on the
structural seismic response of proportionally and non-proportionally damped system is similar, that is,
the structural responses increases can be underestimated when the mechanical nonlinearity is not

considered, which is not safe to the performance evaluate of the structure.

Fig. 15 (b) and Fig. 16 (b) show the time histories of the damping force and the hysteresis curves of
the VE damper at the first floor, Table 7 lists the corresponding max damping force. As can be seen,
the influence of the mechanical nonlinearity on the mechanical behaviour of VE dampers in the non-
proportionally damped case is similar to that of proportionally damped case. The max damping forces
of VE damper in 1floor are 24.19 KN, 15.01 KN, and 17.63 KN under El Centro, Taft, and the artificial
earthquake ground motions when neglecting nonlinearity, and change to 15.90 KN, 11.75 KN, and
12.24 KN after considering nonlinearity, with the average change rate of 28.9%. The damping capacity
of the VE damper can be significantly overestimated by neglecting the nonlinearity in both the

proportional and non-proportionally damped frames.
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5 Concluding remarks

In this paper, a modified equivalent fractional Kelvin model is proposed to represent the mechanical
nonlinearity of VE damper. The model parameters are determined experimentally and comparatively.
The effects of mechanical nonlinearity on the seismic responses of VE structure are discussed. The

following conclusions are made:

(1) Verification suggests that the proposed model is capable of describing the energy dissipation and
stiffness characteristics of VE damper in a wide temperature and frequency range, and it also has a

high prediction accuracy under large strains.

(2) Experiments on VE dampers showed that with the increase of strain level, the damage accumulation
accelerated due to the irreversible damage of the molecular chain structure, the energy dissipation
capacity and stiffness of VE damper showed a degradation trend, and the degradation rate tends to be

higher in the normal working stage than that in the larger strain stage.

(3) An approximate method for calculating the seismic responses of VE structure with considering the
mechanical nonlinearity of the VE damper system is proposed. The seismic responses of the
representative VE structures with and without considering such nonlinearity are then calculated and
compared in the proportionally and non-proportionally damped cases, respectively. The comparative
results demonstrate that the peak seismic responses of a VE structure tend to be markedly

underestimated when the mechanical nonlinearity of VE damper is ignored.

(4) Although the quantitative effects may vary for different characteristics of structures and the seismic
excitations, it may be generally concluded that the mechanical nonlinearity plays a significant role in
the performance of VE dampers, and consequently affects the seismic response of structures equipped

with VE dampers. It is therefore deemed necessary to consider the mechanical nonlinearity of VE
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dampers in the design and performance evaluation of the VE structures, especially in the large-strain

conditions.
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Temperature
Control System

TEemp crature LSOOl
Chamber

Loading States

Fig. 3. Test setup for VE damper specimens



Strain
200%  -100% 0% 100%

Strain
200% -200%  -100% 0% 100%

200% -200%

Strain

-100% 0% 100% 200%

/-\3
Z
)
Q0
st
a9
-3
e Max.strain=30% e Max .Strain=50% e Max.strain=100%
-6
6

w

Force (KN)
[=)

-3
e Max.strain=150% e Max .strain=180% e Max.strain=200%
_?20 -10 0 10 20 -20 -10 0 10

Displacement (mm)

Displacement (mm)

20 -20

-10 0 10
Displacement (mm)

Fig. 4. Hysteresis curves of VE damper under different strain stages

20



1.0

G,(Mpa)
o o
» o

0.0

Normal work region Abnormal work region

'Q:\

]
]
—@— Storage modulus ®
—#— Loss factor
| I | I | I i I | I |
30 50 100 150 180 200

Strain (%)

Fig.5. G, and n at different strains

0.20

0.16

012 =~

0.08

0.04



Fig. 6. Failure of VE dampers



< <
— —
N
—
g o
= —
IS
. 3
.................................. TENx—elx % ®
N =) 10. (=]
.‘ o
© ©
42 S
I I I . I I = ! ! ! - ! ! ! AO..
5 = o =) o =) =)
2 = = S = S b g & IS =
3yemeradway Do/ermeradwa],
< <
= —
||||||||||||||||||||||||||||||||||| N
—
—— - -
~ BE=}
—

(b)

Gl,predict/Gl Jtest

1
y

| | | | | | | | o
~ —_ o
o
© —
s}
<]
= 1=
T = | =
2 = — |
£33, 3
............................. Q8- g =
== )
] <
| 3
, 4 = 3
T I |— =
‘//)/0 13
N )
||||||||||||||||||||||||||||||||||||| ‘lufnl S
| | | | | % | I I I I o
o = o = = <
2 g S 2 3 2 g g 2 g
Q — — Q —_ —
%/urens P/urens

1 predict/ 1 test

®

”predicl/”lesl

(e)

Fig. 7. Normalized prediction of G; and 7. (a) and (d) under different strains; (b) and (c) under different
frequencies; (a) and (d) under different temperatures

1 predict/ 1 test
(d)



PGA(g)

El Centro Accelerogram
0.30 T T T

0.15 b

-0.05F b

20.15 I I 1 I 1
0 S 10 15 20 25 30

Time (s)

The Time-frequency Characteristic

— —
(=3 W

W

Frequency (Hz)

0 5 10 15 20 25 30
Time (s)

Fig. 8. IF of El Centro wave estimated by WT method



VE damper

VE damper

VE damper
VE damper
VE damper VE damper

VE damper

VE damper

VE damper

VE damper i

) ' (b)

VE damper

VE damper

Fig. 9. VE damper structure. (a) The proportionally damped case; (b) The non-proportionally damped case.



5F 10 ,’
—— Mode 1, 0.79Hz . ] ’
—@— Mode 2, 2.29Hz P | ]
—A ~ Mode 3,3.61Hz * | 9 [ ]
s | !
4+ ] 8 u
I
I 7
I
3k u 6
]
8 / 5
=]
= 25
2 - 4L
—l— Mode 1, 0.47Hz
3 —@— Mode 2, 1.24Hz
\, [ —A—Mode 3, 1.99Hz
\\
s A 20
, 7/
1 [
0 0 |
-10 -5 0 5 10 -4 -2 0 2 4
Mode shape Value (107 Mode shape Value (107%)
(@) (b)

Fig. 10. First three mode shapes and natural frequencies of two numerical structures. (a) The proportionally
damped case; (b) The non-proportionally damped case.



N
(e

g 30! Consider Nonlinear
E 20 Ignore Nonlinear
g | T e T s T 0 T, Uncontrolled Structure
g 107
Q
.‘—4% 0 vl i ) G amiay
£-10¢ - ‘ ‘ _El centro
Q0 5 10 15 20 25 30
Time (s)
—= 60 :
g Consider Nonlinear
= 40 Ignore Nonlinear
é 20 4 6 8 9 0 12 M 16 Uncontrolled Structure
<
20!t Taft
a o 40 50
= 12 . .
g Consider Nonlinear
E 6 —— Ignore/Nonlinear
% 0 Jncontrolled Strgéﬁu
15} :
2 o Artificial
§4 b rtiicia
a8 5 10 15 20 25 30 35 40
Time (s)
(a)
o~ 9
< Consider Nonlinear
E of Ignore Nonlinear
,§ ] Uncontrolled Structure
=
§ 3 El centro
<0 5 10 15 20 25 30
Time (s)
12
E 9t Consider Nonlinear
= 6! Ignore Nonlinear
.8 ] N ¥ R A R R A Uncontrolled Structure
=
[5)
Td g Taft
o - . . . . .
< 0 25 30 35 40 45 50
— Ti
N(IJ 8 AN = (S) T
E 6 Consider Nonlinear
g 4 p Ignore Nonlinear
= 0o Uncontrolled Structure
E 2
[5) T
8, : ‘ ‘ v Artificial
< 0 5 10 15 20 25 30 35 40
Time (s)
(b)

Fig. 11. Time histories of structural responses of the proportionally damped frame at roof. (a) roof

displacement; (b) roof acceleration.



(a)

(b)

Floor

Floor

envelope; (b) Lateral drift envelope.

] | |
/ / /
/7 /7 /
/ /7
/ /
N El centro N Taft Artificial M
\ \
\ \
I A b ol
\ o 5 /
\ § S /
\ n = /
L . [ |
/ |
/ |
/ |
- . A _ < -
/—‘— Consider Nonlinear -
7 — - Ignore Nonlinear
‘ _.\_ Uncon‘trolled S‘tructure
0 5 10 15 20 25 12 16 : 6 9 12
Displacement (mm) Displacement (mm) Displacement (mm)
- A ] m S5f u
\ ] / !
) I / I
\ 4 / /
/ / !
/ / ]
i o - : i
l i T |
\ 8 \ 3 \
- [ [ - [
\ \ \
\ \ \
\ \
L a _ a L )
v - v
< - P
_- El centro Taft P Artificial
| | | 1 | | |
0 2 4 6 3 4 -1 1 2 3 4
Drift (107 Drift (107 Drift (107%)

Fig. 12. Lateral structural response envelope of the proportionally damped frame. (a) Lateral displacement



N
[«

/é 30! Consider Nonlinear
£ D) Ignore Nonlinear
g I e e e - Uncontrolled Structure
£ 10t~
g 0= TG
&-10; ‘ ‘ ‘ _El centro
() 5 10 15 20 25 30
= 60
E Consider Nonlinear
= 40 Ignore Nonlinear
é 200 4 6 & @ 10 12 1416 e Uncontrolled Structure
§ 0 N
E’“‘—ZO' ‘ ‘ ‘ ‘ Taft
A 0 10 20 30 40 50
Time (s)
=12 - -
é — Consider Nonlinear
S 67 IgnorefNonlinear
= Uncontrolled Structure;” |
o 1CO1 Structy
=) 0 L ’
S 6l J S
5 Artificial
A% 5 10 15 20 25 30 35 40
Time (s
(a) (s)
9
:Ej 6l Consider Nonlinear
—~ Ignore Nonlinear
,5 i - o T2 Uncontrolled Structure
=
§ 3 El centro
<0 5 10 15 20 25 30
Time (s)
12—
é 9r - Consider Nonlinear
; 6F - . ! \ i Ignore Nonlinear
g 3 ’0'87 8 9 10 11 12 13 14 15 T Uncontrolled Structure
= 3l
o
)
§ 2 ‘ ‘ ‘ Taft
<70 35 40 45 50
< 8
E 6 Consider Nonlinear
g 4t Ignore Nonlinear
ug ) i T A T A Uncontrolled Structure
o : T
© 0 . y T A - .
3 5 - - ‘ ‘ 2 " Artificial
< 0 5 10 15 20 25 30 35 40
Time (s)
(b)
Fig. 13 Time histories of structural responses of the proportionally damped frame at roof. (a) roof

displacement; (b) roof acceleration.



10 - [ ] 10 - [ ] 10 - [
/ P s ,
9+ o 9+ g 9 |
El centro | / o
Artificial /
8 [ ] 8+ ( Taft 8 [ |
[} \ /
7r n 7r | 7+ [ ]
/ / |
6 - ! 6 - [ | 6 |
5 5 | 5 !
s L o) L S 5L
z 3 *\ =9 " £ 5 .
4t b at b a4l a
[} \ /
3 ] 3+ ] 3r L]
/ \. /
2+ [ ] 2 - 2+ [ ]
/ s 7 \
- Consider Nonlinear 1+ v 1+ ]
! - - Ignore Nozlincar - -
=l = Uncontrolled Structure
0 | | | I | 0 ! ! ! 0 | | I
0 3 6 9 12 15 6 9 12 2 4 6 8 10
(a) Displacement (mm) Displacement (mm) Displacement (mm)
a
10 F H I10F [] 10 F |
7 s Va
9t » 9 n’ 9 ¢
\
/ I
8 n 8 - 8L )
\ / y;
7+ n 7+ [ ] 7+ | |
I \ /
6 /. (3 [ ] 6 [ |
: : / : ‘
£ 00 = 5 . SRR .
4 - 4+ 4+ [
/
3+ 3= 3 ’
2 b 2 2 i|
Lr El centro 1 Taft Ir P . Artificial
0 | | 0 | | O - | L L L
-1 2 3 4 -1 2 3 4 0.5 00 05 1.0 1.5 20 2=
®) Drift (107%) Drift (10°%) Drift (107%)

Fig. 14 Lateral structural response envelope of the non-proportionally damped frame. (a) Lateral
displacement envelope; (b) Lateral drift envelope.



(a)

(b)

Fig. 15 Time histories of damping force of VE damper in 1floor. (a) the proportionally damped frame; (b) the

ig | Consider Nonlinear
5 | | - — — Ignore Nonlinear
~ 4 \ IRy 1 A A f M A
3 0 f o "“‘ J | \ A v
= -5t
i | i
'1(5) ' El centro
70 5 10 15 20 25 30
9 Time (s)
~6! i Consider Nonlinear
é 3t | ‘. q - - — Ignore Nonlinear
\G.-; 0 'L tt It it .|"|, A :
2.3t ' 1748
o
=61 v Taft
-90 5 10 15 20 25 30 35 40 45 50
Time (s
10 © . .
— ) | Consider Nonlinear
5 St TURTTHNAR | il | — — — Ignore Nonlinear
\8-/ 0 .‘ ::‘I““‘l‘l ,Illt\“ IR ““ Ml i ‘L\IH b, I 0
= | ' 'yl "y | |
LE -5t ' | ! I \
) Artificial
) 00 5 10 15 20 25 30 35 40
Time (s)
- 26 Consider Nonlinear
E 13 — — — Ignore Nonlinear
§ 0
313t
= I El centro
2% 5 10 15 20 25 30
16 : Time (s)
~ Consider Nonlinear
E 8 { — — — Ignore Nonlinear
2 0 i I
2 1
S gl q
= Taft
_160 5 10 15 20 25 30 35 40 45 50
20 Time (s)
~ | | | Consider Nonlinear
5 10 -1 i NTRAY K , I 1.7~ lgnore Nonlinear
\E; 0 I "‘ | .1 1 I I 0\ i A
8 1 rI di d . | ’ I ! |
2-10 ' |
= R ' Artificial
20 5 10 15 20 25 30 35 40
Time (s)

non-proportionally damped frame.



(a)

(b)

Strain Strain Strain
40%  20% 0%  20%  40% -30% -20% -10% 0% 10% 20% 30% -30% -20% -10% 0% 10% 20% 30%
e 8 —————— 8 ——————
8 L
4r 4
~ 4} ~ ~
Z Z Z
3 < =3
s Of o 0r o 0
Q |53 o
5 s s
= 4+ - [s9 [s9)
/ s .
\ -4r Z 7 -
8t Y
\‘ <2
12F ‘ ‘ El centro 3 T - 3
-4 -2 0 2 4 -3 2 3 -3 3
Displacement (mm) Displacement (mm)
Strain Strain Strain
1-{%0% -10% 0% 10% 20% 1-512% -6% 0% 6% 12%  -12% -6% 0% 6% 12%
T T T T T T 15 T T T
101 10
9 |-
o —~ 5t ~ 5
¢ g g
) 0r o) 0r ) 0
2 2 2
i £ £
St -5
9t
-10+ -10
El centro Taft Artificial
-18 L L L -15 1 1 1 -15 L L L
- - 0 2 -1.2 -0.6 0.0 0.6 12 -12 -0.6 0.0 0.6 1.2

Displacement (mm)

Displacement (mm)

Displacement (mm)

Fig. 16 Hysteresis curves VE damper in 1floor. (a) the proportionally damped frame; (b) the non-

proportionally damped frame.



Tables

Table 1 Experiment protocol

Test group y w(Hz) T(°C)
30% 0.5,1,2,4,6,8 15
30%, 50%, 70%, 90%, 110%, 05 o4
1 130%, 150%, 170%, 190%, ’
0, 10, 20,
40% 0.5 30, 40. 50
15% 0.5,1,2,4,6,8 28
20%, 40%, 60%, 80%, 100%, 0.5 24
2 120%, 140%, 160%, 180%,200% ’
0, 10, 20,
40% 1.0 30, 40. 50

Table 2 Storage modulus and loss factor of the VE damper under different strains

Strain Storage modulus G, (KPa) Loss factor 71
30% 826 0.176
50% 745 0.169
100% 642 0.151
150% 593 0.124
180% 531 0.106
200% 230 0.087
Table 3 Parameters of three models
Model List Model Parameters
Proposed model Py = 467.6,qy = 4.0,T, = 195.4,k; = 0.175,k, = —0.367,r = 0.307
Model 1 qo = 0.237,q; = 1910.538, T, = 1032.843,r = 0.142
Model 2 qo = 0.318,q, = 4.082,p; = 4.145,T, = 0.008,c = 1.417,d = 0.002




Table 4a Calculation results of three models at different strains

Storage modulus G, ( KPa)

Loss factor 7

Strain

Proposed

Proposed

Test data Model 1 Model 2 Test data Model 1 Model 2
model model
20% 923 759 720 676 0.177 0.155 0.152 0.161
40% 826 730 720 676 0.176 0.152 0.152 0.161
60% 745 700 720 676 0.169 0.149 0.152 0.161
80% 686 671 720 676 0.163 0.146 0.152 0.161
100% 587 642 720 676 0.176 0.142 0.152 0.161
120% 628 613 720 676 0.142 0.138 0.152 0.161
140% 611 584 720 676 0.126 0.133 0.152 0.161
160% 593 555 720 676 0.124 0.128 0.152 0.161
180% 558 526 720 676 0.123 0.123 0.152 0.161
200% 452 496 720 676 0.109 0.116 0.152 0.161
Table 4b Calculation results of three models at different frequencies
Frequency Storage modulus G ( KPa) Loss factor n
W(Hz) Testdata  TOPO%d  Model1 Model2  Testdata  TTOPO®d nodel 1 Model 2
model model
0.5 735 736 703 631 0.134 0.141 0.150 0.161
1.0 774 783 751 787 0.139 0.164 0.155 0.161
2.0 828 841 804 894 0.172 0.189 0.160 0.161
4.0 877 913 863 947 0.195 0.215 0.164 0.160
6.0 888 963 900 963 0.207 0.231 0.167 0.160
8.0 917 1002 927 970 0.228 0.243 0.168 0.160
Table 4¢ Calculation results of three models at different temperatures
Temperature Storage modulus G;( KPa) Loss factor n
°C) Testdata  TPOPO®d Niodel 1 Model2  Testdata  TTOPOd Model 1 Model 2
model model
0 1350 1175 888 948 0.346 0.293 0.166 0.160
10 965 959 837 913 0.289 0.241 0.162 0.161
20 832 821 788 854 0.191 0.194 0.158 0.161
30 709 730 742 768 0.139 0.153 0.154 0.161
40 623 669 697 663 0.121 0.119 0.149 0.161
50 588 628 655 560 0.120 0.093 0.144 0.161
Table 5 Maximum structural responses of the proportionally damped frame
Roof displacement (mm) Roof acceleration (m/s?) Drift (10-3)
El Centro Taft Artificial ElCentro Taft Artificial El Centro Taft Aurtificial
Uncontrolled structure 20.92 15.86 12.41 4.87 3.11 3.02 6.01 3.82 3.70
Consider nonlinearity 7.09 4.61 4.04 2.32 1.30 1.34 1.35 0.92 0.79
Neglect nonlinearity 242 4.05 2.79 0.85 0.53 0.53 0.89 0.74 0.59
Table 6 Maximum structural responses of the non-proportionally damped frame
Roof displacement (mm) Roof acceleration (m/s?) Drift (10-%)
El Centro Taft Artificial El Centro Taft Artificial EICentro Taft Artificial
Uncontrolled structure 12.50 11.83 9.37 2.10 1.93 1.20 3.84 3.57 2.23
Consider nonlinearity 5.30 3.93 2.35 0.66 0.46 0.37 1.23 0.85 0.70
Neglect nonlinearity 3.36 241 1.36 0.40 0.23 0.18 0.74 0.41 0.32




Table 7 Max damping force of VE damper in 1floor.

. The proportionally damped frame The non-proportionally damped frame

Max damping force (KN) — —
El Centro Taft Artificial El Centro Taft Artificial

Consider nonlinearity 12.26 7.27 7.32 15.90 11.75 12.24

Neglect nonlinearity 12.72 9.08 8.68 24.19 15.01 17.63
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