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Abstract: Seismic base isolation faces the challenge of the large displacement demands for the isolators 12 

in case of long-period ground motions. Semi-active control has the potential to mitigate the risk against 13 

such extreme scenarios and therefore increase the seismic reliability of base-isolated structures. However, 14 

the superstructural nonlinearity and the time delay in the control system are always neglected in related 15 

studies. Such a knowledge gap may overestimate the benefit of semi-active control in enhancing the 16 

seismic reliability of base-isolated buildings. This study explores the seismic reliability of semi-actively 17 

base-isolated buildings with realistic considerations of the superstructural nonlinearity and the time delay 18 

in a practical hydraulic control system in a fully probabilistic framework. It features the use of the 19 

probability density evolution method (PDEM) and the development of a MATLAB-OpenSees interaction 20 

technique. The reliability of the semi-actively isolated structure and its passive counterpart are compared, 21 

highlighting the effects of nonlinearity and time delay. The results show the superstructural nonlinearity 22 

and the inevitable time delay in a practical hydraulic control system may significantly degrade the control 23 

performance of semi-actively base-isolated buildings, potentially leading to higher failure probabilities 24 

than passive buildings. 25 

Keywords: probability density evolution method; near-fault earthquakes; structural reliability; time 26 

delay; MATLAB-OpenSees combined programming. 27 

1. Introduction 28 

Structural control systems can be used in modern engineering practice to protect structures from 29 

destructive earthquakes. Structural control systems are mainly categorized as passive, active, and semi-30 

active. As one of the most effective passive systems, seismic base isolation significantly reduces the 31 

effect of earthquakes on the superstructure by elongating the fundamental period of the system. A main 32 

challenge for such flexible systems is the large displacement demands for the isolators in case of long-33 

period ground motions [1]-[3]. Among the many proposals to fix this problem [4]-[7], semi-active control has 34 

the potential to mitigate the risk against such extreme scenarios and therefore increase the seismic 35 

reliability of base-isolated structures by actively adjusting the properties of the implemental dampers in 36 

the isolation layer [8]. Compared to active control, it provides a more practical and reliable solution 37 

because it does not require very high power to operate [9][10]. 38 

The effectiveness of semi-active control for base-isolated buildings was validated in the 1990s [11][14]. 39 

Then the semi-active base-isolation has become one of the most exciting areas of research in structural 40 

control [7][15]. Madhekar and Jangid [16] investigated the effectiveness of viscous and variable dampers 41 

with different force schemes on benchmark highway bridges. The results show that the control effect of 42 
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the proposed force schemes is quite satisfactory in reducing the peak response quantities of the bridge. 43 

Chang et al. [17] applied a semi-actively damped outrigger system to a high-rise building and verified its 44 

effectiveness through numerical simulation. To investigate the effectiveness of the hybrid system and to 45 

find the optimal hybrid system for seismic control, Kataria and Jangid [18] studied the optimal semi-active 46 

hybrid system for the seismic control of curved bridges and evaluated the performance of different control 47 

algorithms [19]. The results demonstrate that the use of semi-active variable stiffness dampers and LRBs 48 

can provide an effective way for overall seismic control of curved bridge structures. Hoiat et al. [20] 49 

conducted a comparative analysis of various control algorithms including soil-structure interaction. The 50 

compared algorithms include clipped optimal control, Bang-Bang control, fuzzy control, passive-on, and 51 

passive-off. As one of the most influential studies, Narasimhan et al.[21] proposed a benchmark model for 52 

semi-actively base-isolated buildings under earthquakes. In the benchmark model, the superstructure was 53 

modeled by a condensed linear elastic system because it was deemed a common practice to assume the 54 

superstructure of a base-isolated building to remain elastic. In addition, magnetorheological (MR) 55 

dampers were used in the benchmark model for semi-active control because of their excellent ability to 56 

switch from the lowest to the highest resistance with minimum time delay. The benchmark model of the 57 

linear elastic superstructure and the MR dampers has been widely used in later studies in the area of 58 

semi-actively base-isolated buildings [22][24]. 59 

However, the assumption of a linear or equivalent linear superstructure is far from being realistic. 60 

In a 15-story base-isolated reinforced-concrete moment-resisting frame building calibrated by 61 

experimental results, substantial superstructure yielding was observed in the extreme tests [25]. The results 62 

show that inelastic deformation in the superstructure onset when the peak acceleration of the input ground 63 

motion exceeded about 0.4 to 0.5 g. The benefit of seismic isolation may diminish when the 64 

superstructure is damaged. In the extreme event that the peak acceleration of the input exceeded about 65 

0.6 g, the superstructure experienced more severe damage than a fixed-base structure for the same ground 66 

motion intensity. As for semi-actively base-isolated buildings, Öncü-Davas and Alhan [26] validated that 67 

the elastic limit of the superstructure of a semi-actively base-isolated building could easily be exceeded, 68 

necessitating the analyses of the nonlinearity in the superstructure when the building was subjected to 69 

near-fault earthquakes. Assuming a linear superstructure in developing a semi-active control system may 70 

misestimate the effect of the technique in enhancing the seismic reliability of base-isolated buildings. 71 

The use of MR dampers in base-isolated buildings for seismic protection also faces critical 72 

challenges in real-world implementation. The limited control force [27] and the durability of MR fluids 73 
[28] represent the two critical issues that make MP dampers hardly possible to be practically applied in 74 

building structures in the foreseeable future. A few structures adopted MR dampers for verification 75 

purposes [29]. The contributions of the MR dampers to the protection of the structures against earthquakes 76 

are too small to justify their practicality in such scenarios. Hydraulic dampers, on the other hand, can 77 

readily produce much larger control forces than MR dampers. Abundant long-term practical experience 78 

with them has led to many applications in buildings [30]. Of the actual practical examples of semi-actively 79 

base-isolated buildings, the monitored seismic response of the Sosokan building of Keio University 80 

located in Japan confirmed that the controllable hydraulic dampers outperformed passive dampers during 81 

the 2011 Tohoku earthquake 
[31]. 82 

The performance of controllable hydraulic dampers in a semi-active control system is mainly 83 

affected by time delay [32]. During the operation of a control system, time delay associated with signal 84 

processing and control force computing depends on the computation complexity and computer 85 

performance, resulting in an undesirable energy input into the structure under control [33]. Albeit very 86 
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short in some cases, the time delay would deteriorate the control performance of actively or semi-actively 87 

controlled structures, especially nonlinear ones [34][35]. Joen et al. [36] studied the vibration isolation 88 

performance of MR dampers under the control of the on-off control algorithm. The experimental results 89 

show that the on-off control algorithm including the time delay performs less effectively than the ideal 90 

one without any time delay. Lee and Kawashima [37] applied semi-actively controlled dampers to reduce 91 

the seismic displacement response of nonlinear isolated bridges subjected to extreme earthquake motions. 92 

The results show that time delay degrades the performance on the peak displacement of the semi-active 93 

control system. Bathaei and Zahrai [38] studied the effect of time delay on the performance of semi-active 94 

seismic control with MR dampers. The results show that a time delay of 0.1 s may reduce the control 95 

effect of fuzzy control algorithm by more than 30%, even if a predictive compensation is applied to 96 

counteract the time delay. Such a significant degradation raises questions about the reliability of the 97 

superior seismic performance of semi-actively isolated buildings. 98 

Back in the 1970s, the motivation for introducing structural control was protecting engineering 99 

structures from the inevitable uncertainties associated with the dynamic excitations and the system 100 

parameters of structures that may result in a serious failure of a deterministic seismic design [39]. In this 101 

regard, it is necessary to adopt a methodology that can fully account for the uncertainties in investigating 102 

the effects of the nonlinearity of the superstructure and the time delay in the hydraulic control system on 103 

the seismic performance of semi-actively base-isolated buildings [40][41]. In recent years, a few studies 104 

introduced reliability analyses to this purpose. Considering a synthetic earthquake model and the Monte 105 

Carlo simulation (MCS) method, Öncü-Davas and Alhan [26] studied the reliability of semi-active 106 

isolation subjected to near-fault earthquakes. To streamline the computational effort of 72,000 nonlinear 107 

time history analyses in the MCS for this high-dimensional uncertainty problem, this study assumed a 108 

linear superstructure and disregarded time delay. In another study by Etedali and Zamani [42], the 109 

reliability and sensitivity of semi-actively base-isolated structures equipped with MR dampers were 110 

assessed. The results showed that semi-active control can significantly reduce the failure probability of 111 

the structure than uncontrolled ones. To the best knowledge of the authors, however, there has been no 112 

effort of evaluating the effects of the nonlinearity of the superstructure and/or the time delay in hydraulic 113 

control systems on the seismic reliability of semi-actively base-isolated structures. Such a knowledge 114 

gap may overestimate the effect of semi-active control in enhancing the seismic reliability of base-115 

isolated buildings compared to practical conditions. 116 

This study explores the seismic reliability of semi-actively base-isolated buildings with realistic 117 

considerations of the superstructural nonlinearity and the time delay in a practical hydraulic control 118 

system in a fully probabilistic framework. It features the use of the probability density evolution method 119 

(PDEM) and the development of a MATLAB-OpenSees interaction technique. The former enables the 120 

simultaneous consideration of the high-dimensional uncertainties associated with both the ground 121 

motions and structural properties with affordable computational costs. The latter makes it possible to 122 

adopt realistic nonlinear hysteresis models in the deterministic time history analyses of representative 123 

semi-actively isolated buildings in the high-dimensional stochastic space. In the remainder of this paper, 124 

Section 2 describes the archetype structural models, including a semi-actively isolated hospital building 125 

and its passively isolated counterpart; Section 3 introduces the selected near-fault ground motions by 126 

matching the conditional mean spectrum (CMS) at different magnitudes; Sections 4 and 5 introduce in 127 

detail the random variables involved in and the techniques adopted for the reliability analyses. Section 6 128 

compares the dynamic reliability of the semi-actively isolated structure with that of its passive 129 

counterpart, highlighting the effects of nonlinearity and time delay. Section 7 concludes the paper. 130 
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2. Structural models 131 

2.1 Passive base-isolated structure 132 

A multistory base-isolated building (eight stories above ground and a single-story basement) 133 

conforming to the Japanese seismic design practice is taken as the archetype building in this study. It is 134 

a hospital building located in a sand-gravel soil site (VS400 m/s) with the seismic performance target of 135 

maintaining its functionality under Level-2 earthquakes (usually represented by a 2%-in-50-yrs 136 

probability of recurrence and a 0.5 m/s peak ground velocity) in the Japanese design practice. The 137 

superstructure consists of a reinforced concrete (RC) frame with shear walls. The isolation layer is below 138 

the basement and consists of a combination of natural rubber bearings (NRBs) and lead rubber bearings 139 

(LRBs). The design of the building is appended as a realistic design case to the Recommendation for the 140 

Design of Seismically Isolated Buildings [43], to which a more detailed description is referred. 141 

This study concerns the seismic performance of the structure in its transverse direction of the 142 

superstructure. In this direction, the planar RC frame-shear wall superstructure is modeled by a lumped 143 

mass-shear spring model as shown in Fig. 1(a), in which BF and IL denote the basement floor and 144 

isolation layer, respectively. The nonlinear hysteresis of each story is simulated by the modified Takeda 145 

model [44] with a peak-oriented hysteresis curve [Fig. 1(b)] and a quadrilinear skeleton curve [Fig. 1(c)]. 146 

The skeleton curve is defined by the crack point (uc, Qc), yield point (uy, Qy), and ultimate strength point 147 

(up, Qp), thereby defining the tangent stiffness k1, k2, and k3, respectively. The effective stiffness ke is the 148 

secant stiffness at the yield point. The plastic strength Qp is assumed to be Ωp times Qy, where Ωp=2.5 is 149 

the suggested overstrength factor of concrete shear wall structures according to Table 5.5 of the HAZUS 150 

Technical Report [45]. k4 is assumed to be zero to represent perfect plasticity. kul is the unloading stiffness 151 

given by Eq. 1 once the yield strength Qy is exceeded in one direction. 152 

 𝑘୳୪ = 𝑘୷ ൬
𝑢୷

𝑢୫

൰
଴.ସ

 (1) 

where ky is the slope of a line joining the yield point in one direction to the crack point in the other 153 

direction. um is the maximum deformation attained in the direction of the loading, and uy is the 154 

deformation at yield. The superstructure is assumed to have a nominal 3% stiffness-proportional damping 155 

for the first mode. The height-to-width ratio and the height of the archetype building are 0.55 and 34m, 156 

respectively. Therefore, the uplift failure of the isolators and the P-Delta effect of the superstructure are 157 

not considered according to the suggestion of Li and Wu [46] and Dhawale et al. [47]. 158 

 159 
Figure 1. Numerical models for passive archetype: (a) lumped mass model, (b) hysteresis curve for 160 
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superstructure, (c) skeleton curve of superstructure, (d) hysteresis curve for isolator, (e) model for 161 

impact with retaining wall, (f) initial stiffness distribution, and (g) plastic strength distribution. 162 

The isolation layer consisting of a combination of NRBs and LRBs is simulated by a single shear 163 

spring with an impact model to simulate the ultimate states for the isolation layer to impact with the 164 

retaining walls. The isolators are simulated by the KikuchiAikenLRB material model [48] that considers 165 

the hardening of lead-rubber bearings at large shear strains [Fig. 1(d)]. The initial stiffness ki, post-yield 166 

stiffness kd, and characteristics strength Qd are determined by Eq. 2. The total nominal initial stiffness ki, 167 

post-yield stiffness kd, and characteristics strength Qd are 2.10106 kN/m, 1.62105 kN/m, and 2.34104 168 

kN, respectively. The nominal values of the other parameters of the NRBs and LRBs are referred to Table 169 

A2 in Appendix. The isolation periods corresponding to the nominal values of the isolator’s initial 170 

stiffness ki and post-yield stiffness kd are Tini=1.20 and Tiso=3.91 s, respectively. The latter is more than 6 171 

times longer than that of the fixed-base superstructure of 0.59s. 172 

 𝑘ୢ =
𝐺୰ ∙ 𝐴୰

𝐻୰

+
𝛼୮ ∙ 𝐴୮

𝐻୰

, 𝑘୧ = 𝛽 ∙ 𝑘ୢ, 𝑄ୢ = 𝜎୮ୠ ∙ 𝐴୮ (2) 

where Gr is the shear modulus of rubber; 𝛼୮ is the apparent shear modulus of lead; Ar and Ap are the 173 

area of rubber and lead plug, respectively; Hr is the total thickness of rubber; 𝛽 is the ratio of initial 174 

stiffness to post-yield stiffness; and 𝜎୮ୠ is the shear stress at yield of lead. 175 

The basement of the superstructure, which is represented by mb and m0 in the lumped mass model, 176 

is supposed to knock on the retaining walls on either side once the lateral displacement of the isolation 177 

layer exceeds the isolation gap, dgap [Fig. 1(e)]. The retaining wall is simulated by an impact model of a 178 

linear elastic spring with stiffness kw and initial gaps on both sides of the origin. The nominal impact 179 

stiffness kw is estimated by assuming that the period of the retaining wall-rigid superstructure system is 180 

equal to the fundamental period of the fixed-base superstructure Tfix (Eq. 3 [49]). For the archetype 181 

building in this study, the thus-estimated impact stiffness is kw=0.7107 kN/m. 182 

 𝑘୵ =
∑ 𝑚

(2𝜋 𝑇୤୧୶⁄ )ଶ
 (3) 

where ∑ 𝑚 is the total mass of the superstructure. 183 

In practical design, the isolation gap size is usually required to be 1.2 times the maximum isolator 184 

displacement under maximum considered earthquakes and the isolation layer should be equipped with 185 

limit devices that are 400% nominal shear strain of the rubber bearings to avoid a sudden fracture. [50]. 186 

To simplify, the nominal dgap is taken as 400% nominal shear strain of the rubber bearings as in the limit 187 

devices. 188 

The height-wise distributions of the initial story stiffness k1 and normalized yield strength Qy/W are 189 

depicted in Fig. 1(f) and (g), where W is the total weight of the superstructure. The nominal values of 190 

other parameters are provided by AIJ [43] and included in Table A1 in Appendix for the readers’ 191 

information.  192 

2.2 Semi-active structure 193 

The passively base-isolated archetype structure is converted to a semi-active one to compare their 194 

seismic reliability. To this end, the LRBs in the passive isolation layer are replaced by a combination of 195 

NRBs and controllable hydraulic dampers [Fig. 2(a)]. The NRBs are simplified as a linear elastic spring 196 

for the convenience of the implementation of a semi-active control system [Fig. 2(b)]. The controllable 197 
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hydraulic damper is adopted as the semi-active device and is modeled by a controllable Maxwell element 198 

in this study [51]. As detailed in Fig. 2(c), the element consists of a spring that is connected in series with 199 

a controllable dashpot. 200 

 201 

Figure 2. Numerical models for semi-active archetype: (a) lumped mass model, (b) hysteresis curve for 202 

NRBs, (c) controllable hydraulic device, (d) hysteresis curve of Maxwell device, and (e) piston 203 

velocity-damping force relationship of hydraulic damper. 204 

The LQR control algorithm uses the full state variable as the input variable and therefore faces the 205 

limitation of the number of sensors installed for measurement. However, it is still among the most popular 206 

optimal feedback control algorithms mainly due to its simplicity and ease of implementation [52], and thus 207 

is always adopted as a comparison benchmark in relevant studies [53][54][55]. Therefore, this study also 208 

adopts the LQR control algorithm for the semi-active control. To implement the LQR control algorithm, 209 

the controlled isolated structure is simplified to a two-degree-of-freedom system by assuming that the 210 

superstructure is rigid. Then the LQR control algorithm determines the optimal control force fc by 211 

minimizing the quadratic objective function J in Eq. 4. 212 

 𝐽 = න ൣ𝒛୘𝑸𝒛 + 𝑹𝑓ୡ
ଶ൧

ஶ

଴

d𝑡 (4) 

where Q and R are the symmetric state cost and control cost matrices, respectively, and can be determined 213 

in terms of scalars q and r by Eq. 5 for the single-variable control problem [56]. 214 

 𝑸 = 𝑞 ൤
𝑘ௗ 0
0 ∑𝑚

൨ (5a) 

 𝑹 = 𝑟 (5b) 

The desired control force fc is then determined by Eq. 6. 215 

 𝑓ୡ = −𝑮𝒛 (6) 

where G is the feedback gain matrix obtained by solving the Riccati equation of Q and R, and is 216 

dependent solely on the ratio of q/r. 217 

Since the force of the hydraulic dampers fd can only be commanded indirectly by manipulating the 218 

voltage U to adjust the damping coefficient cd(u) for the damper, the clipped optimal control proposed 219 

by Dyke et al. [57] is adopted to make the dampers approximately track the desired control force fc. The 220 
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control law is essentially a secondary bang-bang controller and can be concisely stated as Eq. 7. 221 

 𝑈 = 𝑈୫ୟ୶𝐻[(𝑓ୡ − 𝑓 )𝑓 ] (7) 

where H(∙) is the Heaviside step function. As seen in Eq. 8, the controllable device damping cd(u) depends 222 

on the control signal u and changes according to its variation. 223 

 𝑐ୢ(𝑢) = 𝐶ଵ୐(𝑈୫ୟ୶ − 𝑢) + 𝐶ଵୌ ∙ 𝑢 (8a) 

 𝑢̇ = −100(𝑢 − 𝑈) (8b) 

where u is the output of a first-order filter driven by the input U, C1L = 208 kNs/m and C1H = 14700 224 

kNs/m are the minimum and maximum damping coefficients of the hydraulic dampers, respectively [58]. 225 

Thus, the control force of the device can be adjusted between the minimum and maximum values as 226 

shown in Fig. 2(d), which is dependent on the controllable device damping cd(u), the stiffness of the 227 

device k = 30000 kN/m [58], and the relative velocity of the device 𝛿̇ where an over-dot stands for time 228 

derivative d/dt (Eq. 9). In addition, the damping coefficients will be released [59] as C2 = 83.3 kNs/m 229 

when the damping force reaches the limit of 637 kN. Figure 2(e) shows that piston velocity-damping 230 

force relationship of the controllable hydraulic damper that correspond to the low and high damping 231 

coefficients. 232 

 𝑓̇ୢ = −
𝑘

𝑐ୢ(𝑢)
𝑓 + +𝑘𝛿̇ (9) 

The control variable q/r for the LQR control algorithm is optimized by the objective of minimizing 233 

the floor acceleration responses of the superstructure while keeping the displacement of the isolation 234 

layer the same as the passive one. This objective aims at immediate occupancy and effective protection 235 

of the nonstructural components during frequent earthquakes. The genetic algorithm (GA) toolbox in 236 

MATLAB [60] was adopted to solve the multi-objective optimization problem, in which both the 237 

population size and the number of generations were set to 100. The widely-used N-S component of the 238 

El-Centro record [61] is adopted to optimize the control algorithm, resulting in the optimal coefficients q/r 239 

= 2 ×104. 240 

3. Stochastic ground motion records 241 

In recent years, there has been an increased interest in studies on seismically isolated buildings under 242 

near-fault pulse-like ground motions, which are commonly observed at distances within 10 km from the 243 

fault [62]. In this study, a conditional mean spectrum (CMS)-based ground motion matching [63] is adopted 244 

to select as-recorded ground motions (rather than artificial ones) compatible with the target earthquake 245 

scenarios. To examine the reliability in different earthquake scenarios, the nominal values of the moment 246 

magnitude Mw vary from 5.5 to 8.0 with the nominal Joyner-Boore distance RJB of 10 km. 247 

For a certain set of Mw and RJB, a corresponding CMS is first constructed using the ground motion 248 

predictive model [64]. Then a library of realistic ground motions is examined to select the one that best 249 

matches the CMS. The best matched ground motion record is taken to represent the scenario of the given 250 

Mw and RJB. The sum of squared errors (SSE) between the ground motion’s spectrum and the CMS is 251 

used to evaluate the goodness of matching (Eq. 10). 252 
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 𝑆𝑆𝐸 = ෍ ൣ𝑆௔൫𝑇௣൯ ∙ 𝑆𝐹 − 𝑆௔,େ୑ୗ൫𝑇௣൯൧
ଶ

௡౟౤౪౛౨౦

௣ୀଵ
 (10) 

where 𝑆ୟ൫𝑇୮൯ is the spectral acceleration of the ground motion at period Tp, 𝑆௔,େ୑ୗ൫𝑇୮൯ is the CMS 253 

value at Tp, SF is the scale factor in the range between [1, 10], ninterp=30 is the number of logarithmically 254 

interpolated points on the period between 0.1 and 5s. Constructing a CMS starts from a design Sa value 255 

at a specified period T*, which is typically chosen as the first-mode period of the structure [65]. To apply 256 

the same set of ground motion records to the passively and semi-actively controlled base-isolated 257 

structures, T* = 1 s is chosen in this study. An example of a CMS and the best matched response spectrum 258 

is shown in Fig. 3. 259 

 260 
Figure 3. Response spectra of example target CMS and that of its best-matched ground motion record. 261 

4. Random variables 262 

In addition to the earthquake moment magnitude Mw and the fault distance of site RJB, the random 263 

variables in the following reliability analyses also include the key parameters of the superstructure, the 264 

isolation layer, and the controllable hydraulic damper. The probability density functions (PDFs) of all the 265 

random variables are illustrated in Fig. 4. 266 

For the superstructure, the story masses, initial stiffnesses, and the overall damping ratio determine 267 

the dynamic properties in the linear elastic regime of the structure. To consider their variability, the 268 

nominal values as described in Section 2.1 are varied by scale random variables ’s. The story masses 269 

and the initial stiffnesses are assumed to be lognormal variables with a coefficient of variation (COV) of 270 

10% and normal variables with a COV of 10%, respectively [2]. The damping ratio is chosen as a 271 

lognormal variable with a large COV of 30%, reflecting our limited knowledge about the damping 272 

properties of the superstructure [2]. To further consider the variability in the nonlinear behavior of the 273 

superstructure, the yield deformation uy of each story, which governs the skeleton curve in Fig. 1(c) 274 

together with k1, is also multiplied by a lognormal variable u with a COV of 12% [66]. In such a manner, 275 

the related parameters on the skeleton curves such as the yield and ultimate strength, Qy and Qu also 276 

become random variables associated with u. The PDFs of the random variables in the superstructure are 277 

shown in Fig. 4(a) to (d). 278 
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 279 

Figure 4. The PDFs of random variables for the isolation system parameters. 280 

For the isolation layer, the shear modulus of rubber, Gr, determines the post-yield stiffness of the 281 

isolator, and the shear stress at yield of lead pb determines the overall yield strength of the isolator [67]. 282 

They are taken as random variables to address the variability in both the linear and nonlinear behavior of 283 

the isolator [Fig. 4(e) to (h)]. The shear modulus of rubber Gr is taken as the Gumbel distribution with a 284 

nominal value of 0.385 MPa [67] and a COV of 7.5% [68]. The shear stress at yield of lead pb is chosen as 285 

lognormal distributed with a nominal value of 7.967 MPa [67] and a COV of 5.6% [69]. The ultimate isolator 286 

displacement is taken as a normal variable with a nominal value of 0.64 m (corresponding to the 400% 287 

shear strain of rubber bearings) and a COV of 20% according to the tests of Zhang et al. [70]. The impact 288 

stiffness kw for the impact forces to the retaining walls is taken as lognormal variables with a large COV 289 

of 40%, again reflecting our limited knowledge [2]. 290 

For the controllable hydraulic damper, the controlled damping coefficient, control voltage, and time 291 

delay are chosen as random variables [Fig. 4(i) and (j)]. The damping coefficient of hydraulic dampers 292 

is assumed to follow a normal distribution with a COV of 20% [71]. For a semi-active control system, the 293 
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control voltage is always assumed as a normal distribution with a COV of 10% [72]. 294 

Also depicted in Fig. 4(k) and (l) are the random variables for describing the variability of 295 

earthquake scenarios, which is another important, if not the most important, source of uncertainty for the 296 

structural seismic performance. As aforementioned, the target response spectra are produced by 297 

considering nominal values of the magnitude and fault distance to examine how the probabilities of 298 

failure and the probabilistic seismic performance vary with respect to these variables. The nominal values 299 

of the Mw vary from 5.5 to 8.0 with the nominal RJB of 10 km. The seismic moment and distance are 300 

assumed to follow a normal distribution with a coefficient of variation (COV) of 10%. Accordingly, the 301 

earthquake’s moment magnitude Mw [73] follows a normal distribution with a COV of 0.6%. 302 

A total of 282 samples and their assigned probabilities are derived for the 12-dimensional space of 303 

the random variables in this study by the rotational quasi-symmetric points method [74]. It is worth 304 

mentioning that the error in matching the realistic ground motion records with the CMSs results in more 305 

significant uncertainties than those assigned for the Mw and RJB. Taking the nominal Mw of 7.0 and 306 

nominal RJB of 10 km as an example, the actual Mw and RJB of the 282 matched spectra are shown in Fig. 307 

5(a), including 31 pulse-like records and 251 non-pulse-like ones. The acceleration spectra of these 308 

matched ground motions are shown in Fig. 5(b), in which the averaged error is 25% at all the 309 

logarithmically interpolated points on the period between 0.1 and 5s. The mean and standard deviations 310 

(S.D.) of the response spectra of the best matched ground motions are compared with those of the target 311 

CMSs in Fig. 5(c), in which the mean + S.D., mean, and mean – S.D. are depicted from top to bottom, 312 

respectively. As shown in Fig. 5(c), the response spectra of the best matched ground motions have similar 313 

means and deviations to those of the target CMSs. 314 

 315 

Figure 5. (a) The distribution of Mw and RJB and (b) the acceleration spectra of the matched records 316 

(nominal Mw=7.0, RJB=10km), and (c) comparison of the matched records and the target CMSs. 317 

Although the CMS-based ground motion matching introduces more uncertainties, the seismic input 318 

for the passively and semi-actively base-isolated structures are identical given the same earthquake 319 

scenario. As a result, the seismic reliabilities between the two are comparable. On the other hand, the 320 

averaged error of the best matched ground motions remains constant throughout a range of magnitudes 321 

and fault distances (Fig. 6), suggesting that the bias across various earthquake scenarios is consistent. 322 

Consequently, the seismic reliabilities among various earthquake scenarios are also comparable. 323 
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 324 

Figure 6. The averaged error of the matched records for different nominal Mw’s. 325 

5. PDEM-based reliability analyses 326 

5.1 Damage states 327 

Seismically isolated building structures are usually expected to exhibit superior performance in 328 

earthquakes as compared to ordinary earthquake-resistant structures. For critical facilities like hospitals 329 

and emergency response centers, seismic isolation systems are expected not only to guarantee structural 330 

safety, but also to maintain function continuity. In this regard, the peak inter-story drift ratio (IDR) over 331 

floors is commonly accepted as an effect measure of structural damage [61][75], while the peak floor 332 

acceleration (PFA) is believed to result in seismic damage to a variety of nonstructural elements in a 333 

building, the malfunction of which always leads to interruption of occupancy of the building. In China, 334 

RISN-TG046-2023 [76] proposes the dual-parameter criteria in Table 1 for the damage states of mission-335 

critical buildings such as hospitals, whose damage could significantly impede the efforts of earthquake 336 

disaster relief. 337 

Table 1. Criteria of defining damage states by engineering demand parameters 338 

Damage states (DS) Criteria 

No. Description Drift-control (D) Acceleration-control (A) 

1 Fully operational without repair IDRmax<1/400 PFAmax<0.25g 

2 Operational after simple repair IDRmax<1/150 PFAmax<0.45g 

The damage state criteria in Table 1 are defined by the engineering demand parameters of only the 339 

superstructure. In some previous studies, the peak response of the isolators has also been usually used to 340 

define the damage state of base-isolated building (e.g., Öncü-Davas and Alhan [26]) because the failure of 341 

the isolation layer would definitely affect the occupancy or even safety of the superstructure [77]. In this 342 

study, such risk is automatically considered by explicitly modeling the ultimate states of the isolation 343 

layer such as the impact with the retaining walls. 344 

5.2 General procedure of PDEM 345 

The PDEM is adopted for the reliability analyses to handle the high dimensional problem of coupled 346 

randomness and nonlinearity. Without loss of generality, the generalized density evolution equation 347 

(GDEE) [78] can be written as: 348 

 
∂𝑝𝑿𝚯(𝑋௜ , 𝜽, 𝑡)

∂𝑡
+ 𝑋̇௜(𝜽, 𝑡)

∂𝑝𝑿𝚯(𝑋௜ , 𝜽, 𝑡)

∂𝑋௜

= 0 (11) 

where 𝑝𝑿𝚯 is the joint probability density function (PDF) of the random system, 𝜣 = (𝜃ଵ, 𝜃ଶ, … , 𝜃௠)୘ 349 

is a random vector characterizing the randomness of both the structure itself and the seismic excitation, 350 

in which m = 10 for the passively and m = 12 for the semi-actively controlled base-isolated structures are 351 

the number of random variables as shown in Fig. 4, and 𝑋̇௜(𝜽, 𝑡)  is the velocity process of the i-th 352 
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freedom for a given realization 𝜽 of the random vector 𝜣. 353 

To obtain the overall reliability of the structure considering both the structural and non-structural 354 

damage, the equivalent extreme value 𝑥෤ୣ୶୲ corresponding to the failure event [79] is defined as: 355 

 𝑥෤ୣ୶୲(𝑡) = max
ଵஸ௥ஸ௟

ቊmax
଴ஸఛஸ௧

ቈቤ
𝑋௜

௥(𝜏)

𝑋୆
௥ ቤ቉ቋ  (12) 

where 𝑋௜
௥ (r = 1, …, l) are the r-th structural responses of concern, 𝑋୆

௥ are the corresponding limit 356 

states for the r-th response. Then, the probability of exceeding a limit state can be described as the first-357 

passage probability, i.e., the evolution of a particle passing over the boundary 𝑥෤ୣ୶୲ = 1 at some time t. 358 

This process corresponds to the GDEE with an absorbing boundary, whose solution 𝑝෬𝑿(𝑋௜ , 𝑡) satisfies: 359 

 𝑝෬௫෤౛౮౪
(𝑥෤ୣ୶୲ > 1, 𝑡) = 0  (13) 

where ‘ 𝑝෬ ’ denotes the remaining probability density. Therefore, the probabilities of exceeding a 360 

prescribed limit state Pf can be given by: 361 

 𝑃୤(𝑡) = 1 − න න 𝑝෬௫෤౛౮౪𝚯(𝑥, 𝜽, 𝑡)d𝜽
ஐ𝜣

d𝑥
ଵ

଴

  (14) 

PDEM tackles stochastic dynamical problems by solving the GDEE in Eq. (11) [80]. For systems 362 

discretized by the finite element method, it is difficult to obtain a closed-form solution of the velocity 363 

process 𝑋̇௜. In this study, we solve the GDEE by the following four steps [Fig. 7(a)]. 364 

 365 
Figure 7. The general workflow of (a) PDEM and (b) MATLAB-OpenSees interaction. 366 

(1) Select the representative point set ൛𝜽௤ൟ
௤ୀଵ

௡౨౛౩ and determine their assigned probabilities from the 367 

distribution domain of the random vector 𝜣  [74], where nres = 282 is the required number of 368 

representative points in this study. Although it is not rigorous because the assigned probabilities of the 369 

representative points are not necessarily equal, the histograms of the parameters of the representative 370 

points are superimposed in Fig. 4 to show their distributions in the parameter space; 371 
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(2) Perform nonlinear time history analyses in OpenSees of the determinant system corresponding 372 

to each representative point 𝜽௤ (q = 1, 2, ⋯, nres) to obtain its velocity process 𝑋̇௜൫𝜽௤ , 𝑡൯; 373 

(3) Substitute 𝑋̇௜൫𝜽௤ , 𝑡൯ into the GDEE (Eq. 11) and solve it by the finite difference method with 374 

the total variation diminishing (TVD) scheme [80] for the joint PDF 𝑝෬𝑿𝚯(𝑋௜ , 𝜽, 𝑡); 375 

(4) Obtain the instantaneous reliability of the response 𝑋௜(𝚯, 𝑡) by synthesizing all the results for 376 

the representative points (Eq. 14). The details of solving the GDEE are referred to Chen and Zhang [81], 377 

Chen et al. [82], and Chen et al. [78]. 378 

5.3 MATLAB-OpenSees interaction 379 

A MATLAB-to-OpenSees interface is developed to enable the nonlinear time history analysis of the 380 

semi-actively base-isolated structure in OpenSees. As shown in Fig. 7(b), the numerical model consists 381 

of the OpenSees part, the MATLAB part, and their interface. The OpenSees part contains the controlled 382 

structure, while the MATLAB part simulates the semi-active controller that determines the desired 383 

control force. The MATLAB-to-OpenSees interface uses the TCP/IP protocol to transmit data between 384 

MATLAB and OpenSees in real time [83]. The detailed process is as follows: 385 

(1) Set the initial structural parameters and establish a server for TCP/IP communication in 386 

OpenSees, then wait for the MATLAB client to access. Let i = 1 once the communication is established. 387 

(2) Calculate the time history responses of the structure in Step i in OpenSees and send the results 388 

to MATLAB through the MATLAB-to-OpenSees interface. 389 

(3) Calculate the desired control force in MATLAB based on the structural response obtained from 390 

OpenSees, and send it back to OpenSees through the MATLAB-to-OpenSees interface. 391 

(4) Applied the desired control force to the structure in OpenSees and proceed to the i=i+1 step by 392 

repeating Steps (2) to (4) until i > N, where N is the total number of the time increments of the analysis. 393 

6. Results and discussions 394 

6.1 Time-history probabilities of exceeding the damage states 395 

Figure 8 depicts the PDF time histories of the maximum peak floor acceleration and inter-story drift 396 

ratio responses over floors of the structures in an earthquake scenario of Mw = 7.0 and RJB = 10 km, in 397 

which the superstructure is assumed nonlinear and the time delay of the semi-active controlled structures 398 

are not considered. The evolutions of the PDFs against time construct PDF surfaces like mountains, 399 

whose contour shown in Fig. 8 looks like rivers with many whirl pools. These sudden probability flows 400 

deviating from the main stream may be caused by the impact to the retaining walls, resulting in decreased 401 

reliability. As shown in Fig. 9, the PDF at certain time instances may appear localized abrupt changes, 402 

while the PDF curves generally resemble normal distributions. These phenomena are similar to the 403 

findings by Peng and Sun [84]. 404 

 405 

Figure 8. PDF time histories of maximum peak floor acceleration of (a) passively and (b) semi-actively 406 
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controlled structures, and maximum inter-story drift of (c) passively and (d) semi-actively controlled 407 

structures. 408 

 409 

Figure 9. PDF curves of (a) the PFA responses at 30 s and (b) the IDR responses at 8.7 s. 410 

By integrating the probability distributions within the absorbing boundaries at each instance, the 411 

temporal evolution of the cumulative probability can be obtained to give the time histories of the 412 

probability of exceeding a certain damage state PDS. Taking the passively controlled structure in the 413 

scenario of Mw=7.0 and RJB=10 km for example (Fig. 10), the probabilities PDS1 and PDS2 monotonically 414 

increase with time, as the probability flows out of the absorbing boundaries of the damage states and 415 

never re-enters according to the first-passage criterion in Eq. (13).  416 

 417 

Figure 10. Probability time histories of exceeding (a) DS1: fully operational and (b) DS2: simple repair. 418 

Figure 10 also compares the probabilities of failure when the damage states are defined by different 419 

combinations of EDP criteria. For the fully operational damage state (DS1), the failure probability is 420 

much higher when the DS is defined by only the floor acceleration than by only the story drift. When 421 

both the acceleration and drift criteria apply, it gives the highest failure probability [Fig. 10(a)]. On the 422 

contrary, the probability of exceeding the simple repairs damage state (DS2) is dominated by the drift-423 

controlled criterion of IDRmax<1/150, while the acceleration criterion alone leads to a much lower 424 

probability of failure [Fig. 10(b)]. These observations suggest that the fully operational DS is dominated 425 

by the acceleration responses, while the simple repairs DS is fully governed by the inter-story drift 426 

responses. 427 

6.2 Influence of the nonlinearity of the superstructure 428 

To evaluate the assumption of linear elastic superstructure, which has been adopted by most, if not 429 

all, relevant studies in the literature, Figure 111 depicts the probabilities of exceeding the linear elastic 430 

limit, denoted as PNL herein, for different earthquake magnitudes at a fault distance of RJB = 10 km. The 431 

linear elastic limit is supposed to be exceeded when the inter-story drift of any story in the superstructure 432 

1

50

-0.01-0.00500.0050.01

P
D

F

Maximum IDR

0

1

2

3

-1-0.500.51

P
D

F

Maximum PFA (m/s2)

Passive

Semi-active

(b)(a)

0 20 40 60 80 100 0 20 40 60 80 100
Time t (s) Time t (s)

P
D

S1
 (

%
)

(b)(a)

DS1: Fully operational DS2: Simple repairs 

Only (D) Only (D) (D) and (A)

100

80

60

40

20

0

40

30

20

10

0

Criteria: 

P
D

S2
 (

%
)



15 
 

exceeds its yield deformation uy, which approximately corresponds to a 1/500 inter-story drift ratio [43]. 433 

Under the near-fault earthquake scenarios, both the passive and semi-active base-isolated structures are 434 

likely to sustain nonlinearity in their superstructures when the earthquake magnitude exceeds Mw=6. The 435 

possibility PNL increases rapidly with the increase of the earthquake magnitude. The semi-active control 436 

shows no advantage in mitigating the nonlinearity in the superstructure over the passive one. When Mw=8, 437 

both systems are almost certain to experience nonlinearity in their superstructure. 438 

  439 

Figure 11. Probability of sustaining nonlinearity in the superstructure with increased Mw at RJB = 10 440 

km. 441 

The likely presence of nonlinearity in the superstructure has a major impact on the probability of 442 

failure of the isolated buildings. The probability PDS of the passively and semi-actively base-isolated 443 

buildings with linear and nonlinear superstructures for different earthquake magnitudes are obtained for 444 

the fully operational (DS1) and the simple repair (DS2) limits and given in Fig. 12. For the cases with 445 

linear elastic superstructures, the story stiffnesses are assumed to be equal to the effective stiffness ke 446 

according to the suggestion of AIJ [43]. 447 

 448 

Figure 12. The probabilities of exceeding DS1 assuming (a) a linear elastic superstructure and (b) 449 

nonlinear superstructure without time delay, and (c) a nonlinear superstructure with time delay, and of 450 

exceeding DS2 assuming (d) a linear elastic superstructure and (e) nonlinear superstructure without 451 

time delay, and (f) a nonlinear superstructure with time delay. 452 

As a general trend, the probabilities PDS significantly increase as the earthquake magnitude increases. 453 

For the structures with a linear elastic superstructure, the Pf of the passive structure are observed to be 454 

much larger than those of the semi-active one, regardless of the damage states. However, taking the 455 
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superstructural nonlinearity into account, the effect of semi-active control in reducing the failure 456 

probability of base-isolated buildings is greatly diminished.  457 

For the fully operational damage state (DS1), the PDS1 of the passive structure is significantly 458 

reduced when the superstructural nonlinearity is considered [Fig. 12(a) and (b)]. This is attributed to the 459 

effect of nonlinearity on suppressing the floor acceleration responses, which dominates the fully 460 

operational damage state [as aforementioned in Fig. 10(a)]. On the other hand, the PDS1 of the semi-461 

actively base-isolated structure does not change much when the linear superstructure assumption is 462 

abandoned. Taking the semi-actively controlled structure in the scenario of Mw=7.0 and RJB=10 km for 463 

example, Figure 13 shows the histograms and the cumulative distribution function (CDF) of the 464 

maximum floor acceleration responses. By considering the superstructural nonlinearity in evaluating the 465 

seismic responses, the maximum PFAs of the semi-actively isolated structure scatter in a much wider 466 

range than if a linear elastic superstructure is otherwise assumed. In many instances, the building sustains 467 

unexpectedly large PFA in the superstructure, suggesting the failure of the semi-active control system 468 

which has been optimized by assuming a linear superstructure. The CDFs of the maximum PFA responses 469 

in these two cases come cross at approximately PFA=0.25 g, which is accidentally the acceleration limit 470 

for DS1 as defined in Table 1. This explains why the PDS1 of the semi-actively base-isolated structure 471 

does not change much by abandoning the linear superstructure assumption. 472 

  473 

Figure 13. (a) The distribution and (b) the CDF of the maximum PFA responses of semi-active 474 

controlled building. 475 

For the simple repair damage state (DS2), the probability PDS2 is significantly increased by 476 

abandoning the linear superstructure assumption, no matter if the base-isolated building is passively or 477 

semi-actively controlled [Fig. 12(c) and (d)]. This is because the nonlinearity in the superstructure tends 478 

to make structures more flexible and exhibit larger inter-story drifts (Fig. 14), which, as shown in Fig. 479 

10(b), are the governing factors for the simple repair damage state. The results suggest that assuming the 480 

superstructure as linear significantly overestimates the effect of semi-active control in enhancing the 481 

seismic reliability of base-isolated buildings. 482 
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Figure 14. (a) The distribution and (b) the CDF of the maximum IDR responses of semi-active 484 

controlled building. 485 

6.3 Influence of time delay 486 

A typical structural control system for civil engineering structures consists of numerous components, 487 

e.g., sensors, filters, controllers, control devices, etc. Since all these components require a finite time to 488 

respond, there is always a time delay between the feedback and input. The performance degradation due 489 

to time delay on the semi-active control system is important for practical implementations. 490 

The time delay for a semi-active control system is usually defined as the summation of (1) online 491 

data acquisition from sensors at different points of the structure, filtering, processing of data, td1, (2) 492 

calculation of forces, and transmission of the control force signals from the computer to the actuator, td2, 493 

and (3) the time taken by the actuator to build up the required control force depending on the particular 494 

dynamics of actuators, td3 [85]. A reasonable time delay for td1 and td2 can be in the range of 1-50 ms and 495 

1-100 ms, respectively, depending on the control algorithms, control system environments, and types of 496 

sensors [28][86]. Therefore, the time delays of td1+td2 are assumed to follow a lognormal distribution with a 497 

nominal value of 100 ms and a COV of 10% [Fig. 15(a)], to ensure that 99.99% of the time delay falls 498 

between 1 and 150 ms. 499 

 500 

Figure 15. The distribution of time delay. 501 

As for the time taken by the actuator to build up the required control force depending on the 502 

particular dynamics of actuators, td3, the control force of the device in Eq. 9 can be rewritten as: 503 

 𝑓̇
d

= −
1

𝑡ୢଷ
𝑓

d
+

1

𝑡ୢଷ
𝑐d(𝑢)𝛿̇ (15) 

where 𝑐ୢ(𝑢)𝛿̇ is the target damping force, which has a first-order delay relationship with the actual 504 

damping force fd. The time constant td3 = 𝑐ୢ(𝑢)/k is dependent on 𝑐ୢ(𝑢) and k. The velocity dependence 505 

of the time delay for td3 is shown in Fig. 15(b) and considered in the numerical model. The time constant 506 

is larger when the damping coefficient of the semi-active hydraulic damper has been changed from C1L 507 

to C1H than from C1H to C1L. 508 

Figure 16 shows the comparison between the structural PFA and IDR response time histories of the 509 

semi-actively base-isolated building with and without time delay subjected to an example earthquake. 510 

The circled areas in time histories indicate the locations of the increased structural peak responses 511 

generated by time delay. 512 
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 513 

Figure 16. The time history of structural responses with and without time delay. 514 

To investigate the influence of the time delay on the semi-active system, the failure probability PDS 515 

of the semi-actively base-isolated buildings with and without time delay for different earthquake 516 

magnitudes are obtained for the fully operational and the simple repair damage states. The results are 517 

depicted in Fig. 12(c) and (f). 518 

As a general trend, the failure probabilities PDS of the semi-actively base-isolated structure are 519 

significantly increased by considering the realistic time delay in the hydraulic control system. For the 520 

full operational limit (DS1), the semi-actively base-isolated structure remains intact when Mw ≤ 6.0 but 521 

exhibits degraded performance as the earthquake magnitude further increases. The semi-actively base-522 

isolated structure even exhibits higher failure probabilities than a passive structure if the magnitude 523 

reaches or exceeds Mw=7.0 at RJB=10 km. 524 

For the simple repair limit (DS2), the performance degradation is also observed and the semi-525 

actively base-isolated structure cannot reduce the failure probabilities as compared to a passive one. In 526 

other words, the semi-actively controlled structure deteriorates to a passive one in this case. The results 527 

show that the presence of the time delay in a hydraulic control system may significantly deteriorate the 528 

control performance of semi-actively base-isolated buildings. Such a deterioration not only leads to 529 

increased peak structural responses (Fig. 16) as also highlighted in many existing studies, but may also 530 

result in higher failure probabilities of semi-actively controlled buildings than passive ones, therefore 531 

undermining the benefit of adopting such expensive control systems in base-isolated buildings. 532 

7. Conclusions 533 

This study explores the seismic reliability of semi-actively base-isolated buildings with realistic 534 

considerations of the superstructural nonlinearity and the time delay in a practical hydraulic control 535 

system in a fully probabilistic framework. It features the use of the probability density evolution method 536 

(PDEM) and the development of a MATLAB-OpenSees interaction technique. The dynamic reliability 537 

of the semi-actively isolated structure with that of its passive counterpart is compared, highlighting the 538 

effects of nonlinearity and time delay. The following conclusions can be drawn from the results. 539 

(1) By assuming the superstructure to remain linear or equivalent linear, one may significantly 540 

overestimate the benefit of semi-active control in enhancing the seismic reliability of base-isolated 541 

buildings. 542 

(2) The inevitable time delay in a practical hydraulic control system significantly degrades the 543 

control performance of semi-actively base-isolated buildings. Such a degradation not only leads to the 544 
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increased peak structural responses, but it may also result in higher failure probabilities of semi-actively 545 

controlled buildings than passive ones.  546 

(3) For semi-actively isolated buildings considering the superstructural nonlinearity and the time 547 

delay in a practical hydraulic control system in the near-fault region (RJB ≤ 10 km), the performance 548 

target of fully operational without repair cannot be met if the earthquake magnitude exceeds 6, and the 549 

performance target of operational after simple repair are not guaranteed for Mw  6.5. 550 

The following assumptions should be beard in mind when interpreting the above conclusions. First, 551 

although the CMS-based ground motion matching is adopted, the use of as-recorded rather than 552 

artificially generated ground motions is at the cost of the mathematical rigorousness of the assigned 553 

probabilities of the representative points in the PDEM framework. Second, the semi-active control adopts 554 

the conventional LQR algorithm, while other categories of control algorithms are worthy of further 555 

investigation for a more comprehensive assessment of the semi-active control technique. 556 
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Appendix 772 

The nominal parameters of the modified Takeda model and KikuchiAikenLRB material adopted for 773 

numerical analysis in OpenSees are listed in Table A1 and Table A2, respectively. 774 

Table A1. Nominal parameters of the modified Takeda model 775 

Story Mass (ton) uc (m) Qc (kN) uy (m) Qy (kN) up (m) Qp (kN) 

8 428.57 0.00010  420  0.00124  4620  0.00494  11550.0  

7 5448.98 0.00059  5950  0.00286  19552  0.01542  48880.0 

6 4142.86  0.00099  11046  0.00404  29459  0.03242  73647.5 

5 4704.08  0.00133  17569  0.00470  36735  0.03452  91837.5 

4 4826.53  0.00154  23142  0.00532  44357  0.04378  110892.5 

3 6530.61  0.00238  25438  0.00964  53189  0.06695  132972.5 

2 6887.76  0.00223  31754  0.00802  58217  0.05173  145542.5 

1 6489.80  0.00198  37680  0.00682  69564  0.03904  173910.0 

B 10581.63  0.00026  25501  0.00096  79690  0.04900  1983669.9 

 776 

Table A2. Nominal parameters of the KikuchiAikenLRB material 777 

Number Type Ar (m2) Hr (m) Gr (kN/m2) Ap (m2) pb (kN/m2) αp (kN/m2) β 

2 1000 0.785 0.20 390 - - - - 

52 800 0.483 0.16 390 0.020 7967 583 13 

5 900A 0.605 0.18 390 0.031 7967 583 13 

7 900B 0.613 0.18 390 0.023 7967 583 13 

43 1000 0.754 0.203 390 0.031 7967 583 13 

4 1100 0.912 0.224 390 0.038 7967 583 13 

2 1200 1.082 0.238 390 0.049 7967 583 13 

Ar and Ap: area of rubber and lead plug, respectively. 778 

Hr: Total thickness of rubber. 779 

pb:Yield stress of lead plug. 780 

αp: Shear modulus of lead plug. 781 

β: Ratio of initial stiffness to yielding stiffness. 782 


