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Abstract

Wire Mesh Vibration Damper (WMVD) is proposed for the protection of
vibration-sensitive equipment, such as Information Technology (IT) equip-
ment, from seismic events. The mathematical model of the proposed isolator
is primarily defined and then implemented to develop the Matlab Simscape
MultibodyTM model of the WMVD isolated system subjected to earthquake
induced floor motion. The latter is simultaneously generated for natural
earthquake records and scaled to satisfy the GR-63-CORE (Zone 4) standard
requirements via an artificial seismic time-history generation procedure, de-
veloped in the present work. In order to study the isolation effectiveness of
the WMVD, comparative analysis with linear anti-seismic support is firstly
provided. Results reveal that the WMVD isolated system can effectively at-
tenuate seismic response more than 85 % , whereas the seismic responses of
the linearly isolated system increase by 160 % as compared to the ground mo-
tion acceleration. Subsequently, an Incremental Dynamic Analysis (IDA) by
specifying the operational vibration limit of the sensitive equipment mounted
on the WMVD, is conducted to create the fragility curves. Considering the
maximum acceleration response as engineering demand parameter, seismic
fragility analysis eventually demonstrates the performance of the WMVD to
protect the sensitive equipment from floor motion excitation.
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1. Introduction1

Earthquake, an intense trembling of Earth’s surface, leads not only to2

injury and loss of human life, but also to significant economic losses because3

of resulting in huge destruction of rigid structures and collapse or destabi-4

lization of buildings. In recent years, the world encountered catastrophic5

outcomes where structures and buildings are not well-protected against high6

magnitude and long period seismic events. Therefore, finding effective seismic7

protection techniques has become one of the top priorities for the engineering8

community.9

Seismic isolation technology has been extensively used to protect structures10

and non-structural components from ground and floor motions induced by11

earthquakes. Nowadays, several seismic isolation strategies have been pro-12

vided to reduce the damaging effects on components ranging from civil build-13

ings [1–5] and bridges [6–8], to industrial structures [9, 10], to floors within14

a building [11–13]. Equally important is the application of seismic isolation15

technology in the sensitive equipment inside a building such as Information16

Technology (IT) equipment (e.g., computer servers, mainframes, LAN racks).17

In many cases, the monetary loss due to damage of IT equipment housed in18

buildings substantially exceeds the value of damage to the main structure19

itself [14]. In general, there are three ways to successfully retain the perfor-20

mance of sensitive equipment using seismic isolation concept, implemented21

at various scales [15]: (1) the entire housing structure, (2) floors inside the22

structure and (3) the interior component level. The third approach has the23

potential of offering the best of the first approach with lower cost and over-24

coming the second approach difficulty related with ensuring enough vertical25

stiffness to support the equipment itself [16].26

In the literature, passive and semi-active isolation systems have been widely27

applied to reduce the transmitted vibration energy by mechanically decou-28

pling the motion of the equipment and their contents from the building floor29

motion [17, 18]. Several passive equipment isolation systems have been de-30

veloped and utilized on non-structural systems and equipment that can be31

particularly fragile to seismic effects. Typically, two configurations of isola-32

tion systems are considered; friction-type [19] and rolling-type [20] systems.33
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List of Abbreviations

CRS Calculated Response Spectrum

EDP Engineering Demand Parameter

GRS Given Response Spectrum

HWRI Helical Wire-Rope Isolator

IDA Incremental Dynamic Analysis

IM Intensity Measure

IT Information Technology

MAR Maximum Acceleration Responses

PGA Peak Ground Acceleration

PSDMs Probabilistic Seismic Demand Models

RISs Rolling Isolation Systems

RRS Required Response Spectrum

SCF Sliding Concave Foundation

SDI–BPS Static Dynamic Interchangeable-Ball Pen-
dulum System

WMVD Wire Mesh Vibration Damper

WRI Wire-Rope Isolator

ZPA Zero Period Acceleration

An effective way, to protect the interior vulnerable equipment of buildings,34

consists in incorporating a Sliding Concave Foundation (SCF) system [14]35

into a raised floor system. The performance of the isolation system was eval-36
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uated in terms of its response and different real earthquakes were employed.37

Harvey and Gavin [21] modeled and tested a novel double Rolling Isola-38

tion Systems (RISs) that consists of two individual Rolling Isolation Systems39

stacked one on top of other. The mathematical model and experimental val-40

idation were carried out to analyze the performance of double (RISs) that41

possesses greater displacement capacity than that of its constituent subsys-42

tems alone.43

The friction-type or rolling-type seismic isolators are systems provided natu-44

ral periods of 2 sec to 4 sec [22]. The excessive displacement response of the45

long period isolation systems could damage the isolators even the equipment46

during high-amplitude and long period ground motions [23]. Moreover, the47

friction-pendulum or rolling-pendulum isolation systems are not enough to48

effectively reduce the vibration response of lightweight equipment. To reach49

the desired isolation range, low-mass isolated structure should be connected50

to low-stiffness isolation system [24]. Otherwise, these systems implement51

ball with relatively fixed geometry, thus the isolators will be not suitable52

to mitigate transmitted excitation for a wide range of structure and ground53

motion characteristics [25].54

To prevent this situation, Gavin and Zaicenco [22] proposed the use of semi-55

active isolation system in order to protect light equipment within buildings,56

subjected to different unidirectional ground motions. The results illustrated57

the improvements associated with semi-active equipment isolator comparing58

to passive equipment isolation systems in terms of the peak response ac-59

celerations reduction. Lu et al. [26] suggested the use of fuzzy-controlled60

semi-active isolation system as effective technology to alleviate the excessive61

seismic response when isolated system is subjected to near-fault earthquakes,62

containing strong long-period wave components. However, semi-active sys-63

tems are more complicated (i.e. content sensors and actuators), thus, may64

require more maintenance than passive isolation systems [27].65

Recent studies investigated the isolation performance of metallic dampers66

that dissipate energy through the inelastic deformation of constitutive sub-67

stances. Javanmardi et al. [28] provided a review of recent development and68

applications of metallic dampers in vibration control systems. This article69

revealed the advantages of metallic dampers over semi-active isolators due to70

their stability of the hysteretic behavior, low cost, resistance to temperature71

variation and high energy dissipation capability. It is also concluded that72

amongst several passive isolators types, the metallic dampers have gained73

attention for their ability to protect equipment from seismic events caused74
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damage. Paolacci and Giannini [29] proposed a steel cable damper (Wire-75

Rope Isolator (WRI)) as seismic isolator to reduce the vulnerability effect76

on the electrical equipment. Massa et al. [30] adopted, in parallel with the77

WRI, a ball bearing that provides additional vertical stiffness to support78

the normal load of the sensitive equipment and low horizontal stiffness to79

allow the lateral movement of the equipment with low friction. Alessandri et80

al. [31] demonstrated the effectiveness of Helical WRI (HWRI) in reducing81

seismic response of electrical systems due to the mechanical flexibility and82

friction between wires that provide optimal isolation properties.83

While research on seismic control systems is developing, metallic dampers84

may be still improvable to offer higher performance to protect sensitive equip-85

ment under moderately strong or strong earthquake. In this paper, a promis-86

ing Wire Mesh Vibration Damper (WMVD), related to the combination of a87

knitted stainless steel wire cushion with a coil spring, is presented as seismic88

mitigation solution to protect vibration-sensitive equipment. This type of89

wire mesh damper can give not only high damping rate due to the contacts90

between adjacent wires [32] but also good vibration control capacity within91

low frequency range. Because of these attractive properties, WMVD can be92

adopted as one of the most economical and effective mechanisms available for93

the input energy dissipation during an earthquake with long-period compo-94

nents. The purpose of this study is to assess the effectiveness of the WMVD95

designed for protecting IT equipment from earthquake motion. As a first fo-96

cus, this paper is addressed to determine the dynamic seismic response of the97

equipment mounted on the WMVD through time-history analysis. To deal98

with this aim, the mathematical model of the proposed isolator is primarily99

defined and then implemented to develop the Matlab Simscape MultibodyTM
100

model of the WMVD isolated system subjected to earthquake induced floor101

motion. The multibody model is automatically generated by the Simscape102

MultibodyTM solver and thus the response of the system is simulated without103

need to dynamic equations. The second focus of this paper, to reliably assess104

the performance of the proposed seismic isolator, is on the fragility analysis,105

which requires sets of accelerograms describing the natural variability of the106

building floor motions.107

The paper is organized as follows. Firstly, the multibody model of the108

WMVD isolated system and an efficient procedure for the generation of109

artificial accelerograms are presented in Section 2. Section 3 utilizes the110

developed model and the artificial accelerogram generation procedure for the111

time-history analysis of the WMVD isolated system. According to the incre-112
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mental dynamic analysis results, Section 4 evaluates the performance of the113

WMVD using seismic fragility analysis. Finally, the conclusions of the study114

are summarized in the last section.115

2. Wire mesh vibration dampers isolated system116

In this study, the sensitive equipment is assumed to be a rigid body and117

considered as a single-degree-of-freedom (SDOF) system connected to the118

base through the anti-seismic support with metallic dampers. As shown in119

Figure 1, the WMVD isolated system is excited by a single vertical com-120

ponent of the base acceleration, thus only the acceleration responses in the121

vertical direction are examined. Furthermore, the damper mass is considered122

negligible with respect to the system mass, and the assumption remains valid123

regardless of the isolated equipment mass. This is mainly because the studied124

damper is desired to isolate the IT equipment with relatively high weight.125

Therefore, the isolator is massless [33] and is modeled as spring-damper with126

variable stiffness and damping, depending on the displacement and velocity.127

Figure 1. Single-degree-of-freedom model of WMVD isolated system

128

The WMVD isolated system (see Figure 2(a)) is attached to the nth floor129

of the primary structure (building), when a seismic event is significantly130

amplified and the floor motion definitely contains strong long-period wave131

components. Figure 2(b) illustrates the commercial anti-seismic support,132

which is composed of five WMVD vertically placed between the upper and133

lower plates fixed to the isolated object and the floor, respectively. The134

dimensions (H × D ×W ) of the studied anti-seismic support are 80 mm ×135
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130 mm × 180 mm and dampers spacing are taken to be lx = 60 mm and136

ly = 70mm, as shown in Figure 2(c). Each WMVD (Figure 2(d)) is given as137

a combination of linear coil-spring and nonlinear metallic cushion damper,138

which is mainly made up of a stainless steel wires, woven, rolled and pressed139

into a cylindrical geometric shape.140

(a) (b)

(c) (d)

Figure 2. (a) WMVD isolated system attached to the nth floor-ground, (b) The commercial
anti-seismic support, (c) Plan dimension of the anti-seismic support and (c) Wire mesh
vibration damper

141

In this section, the modeling of the individual WMVD as well as the validity142

of the mathematical model are first discussed. Secondary, the defined model143

is implemented in the Multi-body model of the WMVD isolated system to144

predict the seismic response. The system is subjected to the earthquake in-145

duced floor motion that is then simulated via artificial generation procedure.146
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2.1. Identification and validation of the individual WMVD model147

Before modeling the whole isolation system, the individual WMVD is148

evaluated firstly in terms of its stiffness and damping characteristics. The149

stiffness/damping model is obtained by means of a nonparametric identifi-150

cation method, previously proposed and experimentally validated [34]. To151

guarantee that the identified properties of the WMVD are consistent with152

the seismic simulation, presented in Section 3, the resonance research test is153

conducted according to the Standard Test Procedure for the Seismic Qual-154

ification [35]. The experiment is carried out by sweeping the frequency ex-155

citation of the system in the vertical direction and keeping the acceleration156

level constant in 2 m/s2 (∼ 0.2 g). Two uni-axial accelerometers are rigidly157

placed on the shaker table and on the isolated mass to record the vertical158

components of the acceleration responses. For the individual WMVD mod-159

eling, the nonlinear identification is concentrated only in the first resonance160

related to the vertical direction.

Figure 3. Flow chart of the nonparametric identification method

161

Based on the mathematical model shown in Figure 1, The dynamic equation162

of the WMVD isolated system is written as:163

M Ẍ(t) + C(X, Ẋ) Ẋ(t) +K(X, Ẋ)X(t) = −M Üg(t) (1)

where M is the mass and Üg denotes the ground excitation. X presents the164

relative displacement between the isolated mass and the base, which is the165

deformation of the mount (including the static deflection). K(X, Ẋ) and166
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C(X, Ẋ) correspond respectively to the nonlinear stiffness and damping that167

depend on the displacement and velocity response amplitudes.168

An extension of the existing identification method is performed to develop169

the mathematical model, related the displacement and velocity with nonlin-170

ear stiffness and damping. As shown in the flow chart of the nonparametric171

identification method (Figure 3), the response amplitude and phase, in the172

frequency domain, are computed from the recorded transmissibility. Express-173

ing the displacement X(t) and the velocity Ẋ(t) in truncated Fourier series,174

the nonlinear restoring force can be determined using Eq.(1). Once the equiv-175

alent stiffness and damping are obtained, the stiffness and damping models176

(Eq.(2) and Eq.(3), respectively) can be defined throughout the least squares177

polynomial approximation, via surface fitting Matlab toolbox. It should be178

mentioned that the present model is valid for the displacement and velocity179

ranges corresponding to the excitation level. The maximum amplitudes of180

displacement and velocity are within the ranges of 0.5 10−3 − 7 10−3 m and181

0.05− 0.3 m/s2, respectively.182

183

K(X, Ẋ) =

N1∑
i=0

N2∑
j=0

P stiff
ij Bstiff

ij (X, Ẋ) (2)

184

C(X, Ẋ) =

N1∑
i=0

N2∑
j=0

P damp
ij Bdamp

ij (X, Ẋ) (3)

where P stiff
ij and P damp

ij are unknown coefficients for stiffness and damping185

polynomial functions, respectively. N1 and N2 present the polynomial order186

and Bstiff
ij (X, Ẋ) and Bdamp

ij (X, Ẋ) correspond to the basic functions, which187

are power expansion of X and Ẋ. The basic function of the stiffness (Eq.(4))188

is obtained by substituting N1 = 5, N2 = 0, however, the damping basic189

function (Eq.(5)) is obtained by choosing N1 = 3, N2 = 2.190

191

BStiff
ij (X) =

{
1, X,X2, X3, X4, X5

}
(4)

192

BDamp
ij (X, Ẋ) =

{
1, X,X2, X3, Ẋ, Ẋ2, ẊX, Ẋ2X, ẊX2

}
(5)

193
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Figure 4. Comparison between experimental and numerical results of WMVD under sine-
sweep excitation

Thus, the mathematical models of stiffness and damping could be written as194

Eqs.(6) and (7), respectively:195

K(X) = 2.6980 104 − 1.9842 107 X + 1.0963 1010 X2 − 3.0622 1012 X3

+4.1697 1014 X4 − 2.1911, 1016 X5
(6)

196

C(X, Ẋ) = 345.8028− 2.7054 105 X − 2.1222 109 X2 + 4.6125 1011 X3

+4.8549 103 Ẋ − 1.0710 106 Ẋ2 + 9.5060 107 Ẋ X

+2.2852 108 Ẋ2 X − 2.0484 1010 Ẋ X2

(7)
Figure 4 depicts a comparison between the measured data and the numerical197

simulation of the WMV damper, where the stiffness and damping functions,198

defined above, are used to iteratively solve Eq. (1). It is noticed that the de-199

veloped mathematical model could capture the softening characteristic (i.e.200

transmissibility curves are trended to the left) of the damper with good ac-201

curacy. Furthermore, the peak resonance is perfectly predicted; less than202

0.56 % frequency error with superior to 0.6 % amplitude error between ex-203

perimental and numerical results. Nevertheless, undesirable kinks appear for204
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the numerical transmissibility and this slight error is explained by the limi-205

tations of the surface fitting toolbox of MATLAB. With the increase of the206

polynomial order, the goodness of fit increases, however, additional terms of207

the mathematical model increase the complexity and may cause a numerical208

instability. This error could not affect the predicted behavior of the nonlinear209

system due to the good agreement of the resonance even the width of the210

curve.211

2.2. Matlab Simscape MultibodyTM model of the WMVD isolated system212

Matlab Simscape MultibodyTM is used to simulate the WMVD isolated213

system by modeling through physical blocks. Figure 5(a) shows the devel-214

oped multibody model of the WMVD isolated system. The different bodies,215

constituting the studied system, are interconnected through weld blocks that216

define the degrees of freedom between them. The dynamic responses are217

determined based on the Simscape MultibodyTM solver with variable time218

step. The displacement, velocity and acceleration responses of the system219

are sensed through the Transform sensor block. The mechanical configura-220

tion block defines gravity and the Word Frame block is used to define the221

reference frame.222

Inside the anti-seismic support model (Figure 5(b)), the WMVD components223

are connected to two rigid body blocks representing the upper and lower224

plates. Here, prismatic joint blocks are used to define the vertical move-225

ments of the WMVD isolated system in space relative to the Z axis. The226

external force is applied to the bodies through the actuation method, where227

the force is provided by input and the motion is automatically computed.228

The WMVD model is a collection of physical signals blocks which must be ap-229

propriately connected to simulate the dynamic system. The physical signals230

model that uses the mathematical model (Eqs. 6 and 7) to relate the displace-231

ment and velocity with nonlinear stiffness and damping is created in Matlab232

SimscapeTM environment. Then, the created physical model is connected to233

the variable translational spring/damper blocks, which represent the transla-234

tional spring /viscous damper with variable stiffness/damping coefficients, as235

shown in Figure 5(c). These physical blocks are gathered from Physical Li-236

braries, while physical block parameters are imported from the mathematical237

model parameters identified above. The stiffness/damping physical model is238

extended and mechanical model is developed using SimscapeMultibodyTM
239

to describe the seismic isolation system behavior. To interface Simscape240

MultibodyTM components with Simscape physical blocks that model the241
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(a)

(b)

(c)

Figure 5. (a) Multibody model of WMVD isolated system, (b) Anti-seismic support with
metallic dampers model and (c) Stiffness/damping model of WMVD, created via Matlab
Simscape MultibodyTM
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stiffness and damping, a Force Sensor block outputs forces signal applied to242

the joint blocks. The velocity of the multibody component can be constrained243

to the velocity of the physical component by passing a measured velocity244

physical signal to a Velocity Source block.245

2.3. Artificial seismic time-history generation procedure246

The earthquake simulation is crucial to significantly facilitate the study247

of structural safety against the additional cumulative damage during seismic248

excitation. However, the main difficulty in the earthquake ground motion249

modeling stems from their frequency content. In fact, the earthquake accel-250

eration, velocity, and displacement, transmitted through the primary struc-251

ture, are amplified by influencing factors (i.e. the earthquake magnitude,252

the distance-to-side and the building components effects). Thus, entering an253

actual earthquake as input for seismic analysis is not large enough to obtain254

sufficiently accurate results. In order to avoid the scarcity of ground mo-255

tion records, an artificial seismic time-history generation procedure is used256

to synthesize a seismic time history based on the non-stationary features257

of real earthquake accelerograms, in the first concern, and compatible with258

the GR-63-CORE (Zone 4) response spectrum, in the second concern. The259

GR-63-CORE standard provides environmental design guidelines, with the260

highest seismic risk category (Zone 4), for IT equipment in order to ”simulate261

conditions that would be encountered in service when building floors apply262

earthquake motions to the equipment” [36, 37].263

2.3.1. Description of the generation procedure264

As demonstrated in Figure 6, the synthetic seismic time history is firstly265

generated for a real earthquake. Next, the generated earthquake is scaled up266

or down to match with GR-63-CORE (Zone 4) response spectrum.267

In the first step, the initial artificial earthquake time history is generated,268

to mimic the characteristics of an original earthquake. This is by using the269

generalization of the Kanai-Tajimi model [38–41] and the adjusted time-270

modulating function. The latter is required to convert a stationary Gaus-271

sian process to a non-stationary process. Stationary Gaussian white noise272

stochastic time series are generated using the expression according to:273

ÜST
g =

N∑
r=1

√
4GÜg

(r∆ω) cos(r∆ωt+ 2πθr) (8)
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where θr is the random value and ∆ω is the frequency step. GÜg
is the274

appropriate Power Spectral Density (PSD) function defined according to275

Kanai–Tajimi model [38, 39]:276

GÜg
= G0

1 + 4ξ2g( ω
ωg

)

(1− ( ω
ωg

)2)
2

+ 4ξ2g( ω
ωg

)2
(9)

where ξg and ωg represent two parameters of the original Kanai-Tajimi model;277

the site dominant damping coefficient and the time dependent predominant278

ground frequency, respectively. G0 is the constant power spectral intensity279

of the bedrock excitation.

Figure 6. Flow chart of the artificial seismic time history generation procedure

280

The improved version of the Kanai–Tajimi model was introduced in [40, 41]281

to capture the nonstationary feature of the real earthquake records and given282

by:283

Ẍf + 2ξg(t)ωg(t)Ẋf + ω2
g(t)Xf = ÜST

g (t) (10)
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284

Ẍg = −(2ξg(t)ωg(t)Ẋf + ω2
g(t)Xf ) e(t) (11)

where e(t) denotes the time-modulating function. Xf is the filter response,285

solved via the central difference algorithm. Substituting the displacement Xf286

and the velocity Ẋf of Eq.(10) into Eq.(11) leads to the artificially generated287

non-stationary earthquake.288

In this study, the ξg is assumed to be a constant, that depends on the natural289

earthquake, and the acceleration record is statically analyzed to estimate ωg290

and e(t).291

In order to estimate the time-dependent frequency ωg, the moving-time-292

window procedure is used. Firstly, the time-average zero-crossing rate is293

evaluated:294

295

F̂c(t) =
Zc|t=± tw

2

tw
(12)

where Zc denotes the number of zero axis crossing within the time interval296

[− tw
2

; tw
2

] and tw is the time-window size. Then, Gaussian time function is297

fitted to the data for the zero-crossing rate and the time-dependent frequency298

function is now given by:299

300

ωg = πF̂c(t) (13)

where F̂c(t) is the Gaussian time function fitted for the original accelerogram.301

To generate an acceleration record whose time characteristics are in proper302

agreement with those of an original record, an optimal time-modulating func-303

tion, e(t), should be estimated. Zheng Li et al. [42] abandoned the determin-304

istic function and proposed to adjust the time-modulating shape according305

to the quotient between the target and simulated energy distributions. The306

energy distributions, in the time domain, are written as:307

308

I(t) = Üg(t)
2 (14)

where Üg denotes the time-history accelerogram. To avoid the problem of309

convergence in the determination of the energy content, an average Ia,i is310

introduced instead of the original and obtained by:311

312

Ia(ti) =
I(ti−1) + I(ti+1)

2
(15)
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Then, the shape of the time-modulating function could be updated based on313

the ratio between Ia,t arg et and Ia,computed.314

ej+1(t) =

(
Ia,t arg et
Ia,compted

)p

ej(t) (16)

where ej+1 and ej are the envelope shapes of the jth and j + 1th iterations.315

Ia,t arg et and Ia,computed represent the energy distributions of the original and316

the new time history accelerograms, respectively. p represents the specified317

factor to control the convergence speed.318

In the second step, a scaling and matching method is iteratively applied to319

the initial generated time history accelerogram in order to meet the criteria320

required by the GR-63-CORE standard [36]. The Given Response Spectrum321

(GRS) shall envelop the Required Response Spectra (RRS) between 1 and322

50 Hz, while, it should not exceed by more than 30 % in the frequency range323

of 1 to 7 Hz. The RRS is drawn at 2 % damping in the frequency range of324

0.3 to 50 Hz, with a resolution of 6 division per octave.325

The original motion is primarily scaled so that the Peak Ground Acceleration326

(PGA) matched the product of the ZPA to a predefined scale factor. In327

order to have a good initial approximation of the matched accelerogram, the328

predefined scale factor is tuned and after several numerical tests the more329

appropriate values are found to be about 0.8-1.330

Subsequently, an iterative scheme has been considered in which the time331

history is modified so that the response spectrum of the new time history332

should satisfy the requirements, mentioned above. For each iteration, the333

response spectrum of the generated accelerogram is scaled up or down based334

on the ratio of the calculated response spectrum (CRS) to the given response335

spectrum (GRS) at a given octave frequency (between 0.3 and 50 Hz). The336

ratio between the GRS and the CRS can be denoted as follows:337

338

R(ωn, ξ) =
CRS(ωn, ξ)

GRS(ωn, ξ)
(17)

The Fourier transform of the new time history at step (j+1) can now be339

calculated by the following equation:340

An,j+1 =
An,j

R(ωn, ξ)
(18)

Now, with the new magnitude for step (j+1) set to An,j+1, the time history341

for step (k+1), ẍj+1(t) can once again be obtained using inverse Fourier342
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transform. After that, the new CRS can be updated, which leads to a new343

response spectrum ratio at step (j+1). The iterative producers continues until344

the relative error, β, between the response spectrum of new time history and345

the required response spectrum has fallen in the specified tolerance limit:346

347

β =
‖TRS − CRS‖
‖CRS‖

(19)

2.3.2. Application of generation procedure for natural earthquakes348

The proposed procedure for the simulation of ground acceleration time349

histories is applied now to generate an artificial accelerogram for different nat-350

ural accelerograms, satisfied the requirement prescribed by the GR-63-CORE351

Standard. Natural accelerograms are recorded during historical earthquakes352

and selected from the databases of the Strong-Motion Virtual Data Center353

(VDC). Earthquake records are listed in Table 1.

Table 1. Characteristics of ground motions

Earthquake Year Station Mw PGA
(cm/s2)

PGV
(cm/s)

ξg

El Centro 1940 El Centro, CA-
Array ] 9

6.9 341.69 33.45 0.42

Tabas 1978 Tabas, Iran 7.4 864.36 100.00 0.35

Manjil 1990 Abbar, Iran 7.4 504.61 - 0.3

Kobe 1995 Takatori,
Japan

6.9 599.59 - 0.1

354

In this section, a constant power spectral intensity of G0 = 1 cm2/s3, a355

time interval of ∆T = 0.02 s and a time-window size of 2 s are used for the356

stationary Gaussian white noise process generation [40]. The GRS is taken to357

be the RRS (GR-63-CORE (Zone 4)) multiplied by 1.15 to be the middle of358

the permissible region. Figures 7 and 8 compare the generated accelerograms359

with the historical earthquakes of El Centro and Kobe records, respectively.360

It is shown that the generated accelerograms preserve the time and frequency361

characteristics of the original records.362

The response spectra and the scaled accelerograms are displayed in Figures363

9 and 10. It is noted that the response spectra of the synthetic earthquake364
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Figure 7. (a) Original, (b) Generated ground motion accelerograms of El Centro record
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Figure 8. (a) Original, (b) Generated ground motion accelerograms of KOBE record

satisfy the necessary criteria (i.e. should envelop the RRS in the range of365

frequencies of 1 to 50 Hz and not exceed the RRS by more than 30 % in the366

frequency range of 1 to 7 Hz). The scaled accelerograms still preserve the367

time characteristics of the original records, in addition, succeed at capturing368

the required acceleration content at low frequencies (i.e. higher than 0.2 g369

at 0.3 Hz). In fact, the building attenuates the high frequency vibrations370

and remains on the low frequency vibrations that are transferred to the sen-371

sitive equipment located in the floor inside the building [41]. Thus, the low372

frequency vibrations need more attention in the safety study of the seismic373

isolation system designed for protecting sensitive equipment.374
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Figure 9. (a) Response spectrum of artificial accelerogram scaled to 1.15 RRS, (b) Scaled
time history for El Centro record
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Figure 10. (a) Response spectrum of artificial accelerogram scaled to 1.15 RRS, (b) Scaled
time history for KOBE record

3. Dynamic analysis of wire mesh vibration damper isolated sys-375

tem376

For the seismic isolation performance investigation purposes, the sensitive377

equipment mounted on the WMVD, which is considered as rigid body with378

mass of 30 kg (including the upper plate and the isolated equipment), is379

subjected to a series of artificial earthquake ground motions, generated in380
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Figure 11. (a) Acceleration and (b) Displacement Response of WMVD under the far-field
artificial earthquake (TABAS record)
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Figure 12. (a) Acceleration and (b) Displacement Response of WMVD under the near-
field artificial ground motion (MANJIL record)

Section 2. In detail, two acceleration records measured from historical earth-381

quakes with different characteristics will be selected to perform the seismic382

analysis. The record from Tabas (Tabas-Iran station) earthquake, charac-383

terized by strong long-period waveform, is typically classified as near-fault384

ground motion. The record from Manjil (Abbar-Iran station) earthquake,385

contained fewer long-period waves components, is used to represent far-field386

ground motion. Since the isolated equipment is assumed to behave as a rigid387

body, the response of the WMVD is equivalent to the response of the whole388

WMVD isolated system.389
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Figures 11(a) and 12(a) depict the acceleration response time histories of the390

WMVD, when the isolated equipment is subjected to the near-field earth-391

quake record (Tabas) and far-field earthquake record (Manjil), respectively.392

Figures 11(b) and 12(b) display the displacement response time histories393

relative to the moving floor-ground, with respect to the static equilibrium394

position of the mass under gravity when the base is fixed. It is observed that395

the WMVD has very good performance in the Tabas and Manjil earthquakes396

since it is able to reduce the transmitted ground motion acceleration from397

18m/s2 to less than 2.5m/s2 and from about 19m/s2 down to 3m/s2, re-398

spectively.399

In order to investigate the isolation efficiency of the WMVD under artificial400

earthquake ground motions, the results are compared with seismic responses401

obtained considering the sensitive equipment linearly isolated. To this aim a402

comparative analysis, based on the geometric criterion, is adopted to assess403

the nonlinear behavior of the WMVD in the seismic mitigation. The linear404

anti-seismic support, commercially used for the vibration isolation applica-405

tions, is composed of five linear coil springs with similar geometric properties406

as the WMVD. In fact, the achievement of the best performance of the linear407

seismic isolation system would require higher stiffness and damping. How-408

ever, it is well-known that higher values of stiffness and damping generally409

lead to large size of the linear isolator (i.e. mean diameter, free length, wire410

diameter, . . . ). Therefore, this aspect is discrepancy with the comparative411

analysis criterion (i.e. the use of two kinds of isolation devises with the same412

geometric conditions). The Stiffness/damping model of the linear isolator is413

determined throughout the identification methodology, given in Section 2.414

Table 2 illustrates the linear isolator parameters.

Table 2. The Stiffness/damping model of the linear isolator

Mathematical Model Coefficients Basic Functions

Stiffness P stiff
00 Bstiff

00 (X, Ẋ) (Eq.(2)) 1.26 104 [N/m] {1} (Eq.(4))

Damping P damp
00 Bdamp

00 (X, Ẋ) (Eq.(3)) 11.877 [Ns/m] {1} (Eq.(5))

415

From Figure 13, it is evident that in both earthquakes, the proposed WMVD416

is very effective in the seismic mitigation of the system acceleration, as com-417

pared to the linearly isolated system. The acceleration responses of the linear418
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system increased by more than 160 % as compared to the ground motion ac-419

celeration. Moreover, in the comparison of near and far-field effects on the420

WMVD performance, the maximum acceleration and displacement responses421

are plotted in Figure 14. It is noticed that, as mentioned above, the mitiga-422

tion in the transmitted ground acceleration is equivalent to 85 % reduction423

when the system is subjected to the near and far-field earthquakes. This424

implies that the WMVD is suitable for both kinds of earthquakes.
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Figure 13. Comparative analysis: Acceleration responses of linearly and WMVD isolated
systems subjected to: (a) TABAS and (b) MANJIL records
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Figure 14. Peak responses of linearly and WMVD isolated systems: (a) Displacement, (b)
Acceleration
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4. Seismic probabilistic risk assessment426

The development of fragility curves, which is a widely used approach for427

the seismic probabilistic risk assessment, attempts to estimate the probability428

of exceeding a certain threshold for vibration-sensitive equipment subjected429

to specific seismic excitation level. The fragility curves are generated by first430

determining the demand parameters from Incremental Dynamic Analysis.431

4.1. Incremental dynamic analysis432

Incremental Dynamic Analysis (IDA) is a parametric analysis technique,433

which is implemented to assess the seismic performance of the studied isola-434

tion system under artificial earthquakes. Several suites of accelerograms with435

different GRS profiles (i.e. different RRS multipliers) are used to develop436

simplified fragility curves in terms of the maximum acceleration. A range437

of intensities is assessed by varying RRS multipliers between 0.5 and 1.5,438

with an increment step of 0.05. Each suite of 50 earthquake ground motions439

is simulated using the artificial seismic time-history generation procedure,440

described in Section 2, and then scaled. The scaling factor is equivalent to441

median value of the peak ground acceleration of the 50 artificial accelero-442

grams compatible with the selected GRS (corresponding to RRS multiplier).443
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Figure 15. Result of the Incremental Dynamic Analysis for: (a) WMVD and (b)linearly
isolated systems under artificial accelerograms (TABAS earthquake)

444

IBM [43] defined the Vibration-sensitive equipment performance with a sin-445

gle limit state related to the maximum acceleration responses (MAR) of the446
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isolated components. Therefore, the parameter linked to the failure modes is447

quantified through the probability that the MAR exceeds a tolerable limit.448

Accordingly, in order to avoid damage and loss of the functionality, POWER7449

information [43] supplied tolerable limits, varied 0.1 g and 0.8 g peak accel-450

eration depending on the vibration environment. In practice, the allowable451

limit on acceleration response, is assumed to be 0.3 g (∼ 3m/s2) [44]. The452

maximum responses distribution of MWVD and linearly isolated systems453

are plotted in the stripe form corresponding to each PGA level, as shown in454

Figures 15(a) and 15(b), respectively.455

4.2. Fragility analysis456

The fragility curves or functions that represent the probability of ex-457

ceeding a given limit state under a set of the accelerograms, are derived458

by determining the probabilistic seismic demand model (PSDM). Generally,459

the PSDM provides a relation between an Engineering Demand Parameter460

(EDP) and an Intensity Measure (IM), expressed as:461

462

EDP = a(IM)b (20)

In the PSDM approach, a logarithmic correlation between the selected EDP463

and the IM is defined as shown below:464

465

ln(EDP ) = ln(a) + b ln(IM) (21)

here a and b are constants and the response data obtained from IDA are used466

to estimate unknown coefficients through a linear regression analysis. The467

dispersion accounting for the uncertainty in the relation, denoted as βEDP/IM468

and conditioned upon the IM, is calculated using Eq.(22):469

470

βEDP/IM =

√√√√√ N∑
i=1

(ln(EDPi)− ln a(IM)b)
2

N − 2
(22)

where N is the number of simulations and EDPi and a(IM)b represent the471

calculated demand parameter from the IDA and the PSD model, respectively.472

With the established probabilistic seismic demand models and the defined473

limit state, it is now possible to generate fragility functions, corresponding to474

cumulative probability of exceeding a certain limit state for given IM, using475
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Eq.(23):476

477

P [LS/IM ] = Φ

[
ln(IM)− ln(µ)

βcomp

]
(23)

Φ [.] is the standard cumulative distribution function and µ represents the478

median value of IM for considered limit state, expressed as:479

480

ln(µ) =
ln(Sc)− ln(a)

b
(24)

βcomp denotes the dispersion component and presented in:481

βcomp =

√
β2
EDP/IM + β2

c

b
(25)

where Sc and βc are the median and the dispersion values for the system482

limit state, respectively.483

In this study, the ground motion, PGA, and the maximum acceleration re-484

sponse (MAR) are chosen as the intensity measure (IM) and the engineering485

demand parameter (EDP), respectively. The isolated equipment loses their486

functionality when the MAR exceeds a certain threshold:487

488

amax ≥ c (26)

where c is the allowable limit on acceleration response, taken to be 0.3 g,489

which if exceeded constitutes a failure of the isolation system to perform490

adequately.491

The response data of the MWVD under artificial accelerograms (TABAS492

earthquake), generated by IDA, were used to create the Probabilistic Seismic493

Demand Models (PSDMs). Figure 16(a) represents the PSDMs of MAR as494

function of the PGA of the scaled accelerogram by varying RRS multipliers495

between 0.5 and 1.5. The corresponding linear regression equation of the496

PSDMs for the maximum acceleration response is given as:497

498

ln(MAR) = ln(0.2169) + 0.7971 ln(PGA) (27)
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Figure 16. (a) PSDM and (b) fragility curves of maximum acceleration response for
artificial accelerograms (TABAS earthquake)

From Eq.(23), it is evidently noted that the necessary parameters to describe499

the cumulative distribution are the logarithmic median µ and the dispersion500

component βcomp, which is calculated using the linear regression analysis of501

ln(MAR) on ln(PGA) (Eq.(22)). The median is then calculated from Eq.(24)502

corresponding to the aforementioned threshold value.503

Figure 16(b) shows the fragility curves constructed by plotting the probabil-504

ity of exceeding a given allowable acceleration as the PGA of generated and505

scaled accelerograms. The black curve is associated with the allowable accel-506

eration of 0.3 g (representing the limit capacity of the considered WMVD).507

The red dashed lines represent the region associated with the records that508

satisfy the GR-63-CORE requirements. It can be observed that the proba-509

bility of exceeding the sensitive components tolerable limit for the isolated510

equipment mounted on the WMVD is of the order of about 5 % at low511

PGA level and below 30 % at high PGA level. Results clearly indicate the512

benefit of using WMVD for reducing the seismic motion transmitted to the513

vibration-sensitive equipment and avoid the risk of loss the functionality.514

Conclusion515

For the protection of vibration-sensitive equipment, such as IT equipment,516

from horst floor motions, a passive isolator, called Wire Mesh Vibration517

Damper (WMVD) is proposed and investigated in this study. The WMVD518

is given as combination of linear coil-spring and nonlinear metallic cushion519

damper.520
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As a first step in the seismic isolation effectiveness study, the multibody521

model of the WMVD isolated system is developed using Matlab Simscape522

MultibodyTM , where the mathematical model of the WMVD is defined and523

experimentally validated using a nonparametric identification method. In524

the second step, an artificial seismic time-history generation procedure is525

proposed to simulate several suites of generated time history accelerograms,526

able to simultaneously capture the time characteristics of natural earthquake527

records and satisfy the GR-63-CORE (Zone 4) requirements. The response528

spectrum of the generated earthquake should envelop the required response529

spectrum (RRS) prescribed by the standard between 1 Hz and 50 Hz and530

not exceed more than 30 % between 1 and 7 Hz.531

In order to demonstrate the isolation performance of the WMVD, the defined532

model is implemented to analyze the seismic responses of sensitive equip-533

ment under two artificial generated and scaled accelerograms with different534

characteristics (near- and far-fields). The results show that the transmitted535

accelerations reduction is equivalent to 85 % as compared to the generated536

ground motions for near-field earthquake even for the far-field one. The seis-537

mic responses of the WMVD isolated system are then compared with linearly538

isolated system responses. The results show an increase by more than 160539

% of the motion transmitted to the linearly isolated equipment, thus prov-540

ing the isolation performance of the MWVD. This efficiency in mitigating541

the seismic response compared to the linear isolator is due to the nonlinear542

behavior of the metallic cushion metallic. The nonlinearity influence on the543

feasibility of the WMVD is manifested in the effect of high damping capacity544

on the seismic response amplitude reduction. Other factor includes the soft545

nonlinear characteristic that design a system with a high static stiffness to546

benefit a small static deflection, and a low natural frequency to widen the547

frequency region of isolation. In fact, a linear isolator is only feasible solu-548

tion if the natural frequency is well below the excitation frequency. However,549

under long-period components disturbances, this isolator causes excessive de-550

flection and even damage of the isolated system.551

This study also presented the seismic probabilistic risk assessment of the552

WMVD designed for protecting sensitive equipment subjected to earthquake.553

Incremental Dynamic Analysis is firstly conducted to generate the data set554

of seismic responses considering the maximum acceleration responses as en-555

gineering demand parameter. The performance is eventually assessed by556

calculating the probability of exceeding the tolerable maximum acceleration557

of the isolated equipment as a function of peak ground acceleration levels.558
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The results demonstrated the benefits offered by the seismic protective sys-559

tem to assess the safety of the IT equipment. Low probabilities of failure (less560

than 30 %) can be achieved when the equipment subjected to earthquakes561

within the response spectra range, higher than the GR-63-CORE (Zone 4)562

RRS and lower than 30 % limit.563
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