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Abstract: The 2008 Wenchuan earthquake significantly accelerated the adoption of base isolation in seismic-prone regions 11 

in China. While traditionally used for short-period structures on stiff sites, base isolation has also been increasingly applied 12 

to high-rises on soft soils. However, most current designs still rely on conventional methods used in the past. This paper 13 

investigates the seismic performance of a 26-story base-isolated shear wall building constructed on a near-fault site of deep 14 

alluvial deposits near Beijing. A numerical model incorporating soil-structure interaction (SSI) is developed to evaluate the 15 

combined effects of seismic isolation and deep site conditions on structural responses. The results indicate that base isolation 16 

effectively reduces the lateral force demands of the superstructure, even in the presence of deep soils. However, the soft site 17 

tends to amplify the horizontal and rotational deformations of the isolation layer, increasing the risk of isolator failure during 18 

major earthquake events. Meanwhile, the routine design method tends to underestimates these responses. These findings 19 

highlight the necessity of considering both SSI effects and a more refined assessment of soil nonlinearity in amplifying seismic 20 

motions in the design of high-rise base-isolated buildings on soft soil. 21 
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1. Introduction 24 

The seismic isolation technology is acknowledged as a practical solution for mitigating the seismic responses of structures 25 

and has found widespread applications in various types of engineering structures. The application extends beyond low and 26 

mid-rise structures characterized by short periods. The overlap of dense populations and high seismicity in metropolitan 27 
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regions has engendered a substantial surge in the construction of isolated high-rise buildings in earthquake-prone countries 28 

like China and Japan. 29 

The construction of modern seismically isolated buildings in China began in the early 1990s. However, the technique was not 30 

widely accepted until after the 2008 M8.0 Wenchuan Earthquake, which claimed tens of thousands of lives and caused 31 

tremendous economic losses and social impact. In 2010, the Chinese code for seismic design of buildings (GB50011-2010, 32 

2024) [1] was revised to eliminate many of the restrictions for applying seismic isolation, triggering the boom of the 33 

construction of isolated buildings in the seismic regions in China. Before 2008, there were only approximately 100 to 200 34 

isolated buildings. This number dramatically increased by at least tenfold as of 2011, kept on going in the later years, and 35 

reached 5772 in 2018, ten years after the earthquake (Figure 1). This number is said to have exceeded 20,000 in 2024, although 36 

official statistics remain unavailable. 37 

 38 

Figure 1. Yearly growth of constructed seismically isolated buildings (data source: [2,3]). 39 

In China, 20- to 30-story reinforced concrete (RC) shear wall structures constitute a major portion of residential buildings in 40 

urban areas. In the meantime, big cities like Beijing and Xi’an rest on deep alluvial deposits with high seismicity. The 41 

emergence of isolated high-rise buildings constructed on soft sites, designed following the Chinese code, has become apparent. 42 

Notably, these designs often consider the amplification effect of soil layers on ground motion by moving the characteristic 43 

period point of the design spectrum and neglecting the soil-structure interaction (SSI) effects. Therefore, they may 44 

underestimate the amplification effect of deep soft soil layers on the long-period ground motions, raising concerns regarding 45 

their seismic performance and resilience under major earthquakes. 46 
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The main concerns about the high-rise base-isolated structures lie in the efficiency of the base isolation on flexible structures 47 

and the stabilities of the isolators under extensive vertical forces, especially tensile forces [4,5]. Parametric analyses performed 48 

by Ogura et al. [6] indicate that the isolation system can reduce seismic responses irrespective of the superstructure's natural 49 

period. Qu et al. [7] attributed the mitigation of the seismic responses of high-rise base-isolated structures to the mechanism 50 

of base isolation as a low-pass filter. Base isolation effectively reduced the transmission of higher frequency vibrations, 51 

resulting in a suppressed acceleration response within the superstructure. While the effectiveness of seismic isolation 52 

technology in reducing the response of high-rise buildings is widely recognized, ensuring reliability and preventing the failure 53 

of isolators has become a critical issue.  54 

Structural response monitoring data serve as a valuable source for investigating the soft soil layers on the dynamic 55 

characteristics of structures. Yamashita et al. [8] studied the monitoring data from the soil-foundation-structure system of a 56 

12-story base-isolated building with piled raft in Tokyo during the 2011 Tohoku Earthquake. An amplification of peak 57 

horizontal acceleration from 0.59 m/s2 at the depth of -50m to 1.45 m/s2 at the surface was observed. The peak horizontal 58 

accelerations of the first floor of the isolated building were reduced to approximately 30% of those below the isolation layer. 59 

Luco et al. [9] identified the frequencies and modal damping ratios of Millikan Library for both fixed-base condition (SSI 60 

uncoupled) and base flexible condition (SSI coupled) by performing a forced vibration test. They further estimated the 61 

foundation impedance functions by use of a rigid foundation model [9]. 62 

Nonetheless, the data on recorded structural responses of base-isolated structures and their adjacent sites under high-intensity 63 

earthquake excitations remain scarce. Analytical methods and numerical simulations are commonly used to examine the 64 

effects of different factors on the response of soil-structure systems in various scenarios. Luco [10] investigated the SSI effects 65 

on base isolation by comparing the steady-state responses of an equivalent one-story linearized base-isolated system subject 66 

to harmonic excitations. The findings demonstrated that incorporating the flexibility of the soil resulted in potentially larger 67 

displacement responses for both the isolator and the structure relative to the ground surface. Forcellini [11] performed 68 

numerical simulations on a four-story 13.6m-height benchmark base-isolated building assumed to be constructed on different 69 

types of soil considering the nonlinear behavior of both isolators and soil layers. The results show that, for both fixed-base 70 

and base-isolated models, the effect of period elongation and displacement increase are more significant on soft soil sites. The 71 

efficiency of base isolation on base shear reduction decreases as the flexibility of soil increases. Kumar and Saha [12] studied 72 

the effects of SSI on the seismic response of base-isolated one-story liquid storage tanks with a slenderness ratio ranging from 73 
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0.6 to 1.85. The simulation results confirm that the tank geometry, ground motion characteristics, and soil stiffness are the 74 

main factors that influence the efficiency of base isolation. 75 

Reduced-scale shaking table test is an effective method to evaluate the dynamic characteristics of base-isolated structures 76 

affected by soil conditions. It also provides a way to validate the numerical simulations. Zhuang et al. [13,14] conducted two 77 

serials of scaled shaking table tests, both with a similitude ratio of 1/20, to compare the seismic response of a four-story base-78 

isolated frame with that of a fixed-base case in varying soil conditions. They found that the efficiency of reducing the 79 

horizontal acceleration response of the isolation system on soft soil generally decreases as the intensity of the ground motion 80 

increases. The filtering effect of the soft soil is presumed to be the primary contributing factor to this observation. 81 

A substantial number of studies have been conducted over a considerable period of time to investigate the dynamic 82 

characteristics of base-isolated structures on soft soil sites, including the aforementioned research. However, there is a notable 83 

scarcity of research specifically investigating the seismic response of the base-isolated high-rise buildings, that featured by 84 

the flexural-shear deformation mode of the superstructure and the significant overturning moment within the isolation layer 85 

under severe earthquakes, while considering the influence of the site condition. In this paper, a carefully calibrated nonlinear 86 

numerical model, considering the flexural-shear deformation mode of the superstructure, the vertical deformation of rubber 87 

bearings, the nonlinear response of soil, and the soil-structure interaction was established to evaluate the seismic response of 88 

a prototype base-isolated RC shear wall tall building on a near-fault site of deep soft soil site in high seismic intensity area. 89 

Ground motions matching the site-specific uniform hazard spectra of two hazard levels were used to assess the safety of the 90 

building. Additional numerical cases were conducted to compare the contributions of SSI effects on the building's response 91 

and the effectiveness of the base isolation system. To comparison, the widely adopted design method, which disregards SSI 92 

and directly derives seismic input parameters from regional seismic hazard and site conditions as per the code, was also 93 

utilized. The calculation results indicated a potential risk of failure in viscous fluid dampers and rubber bearings. This 94 

highlights the need for further investigation into the mechanisms and failure modes of these components when the base-95 

isolated building interreacting with the soil. 96 

2. Overview of the constructed seismically isolated building 97 

The focus of our investigation is a seismically isolated high-rise building located within the Greater Beijing metropolitan 98 

region. Its superstructure is a 26-story reinforced-concrete (RC) shear wall building with an eave height of 75.4 m and an 99 
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identical story height of 2.9 m [see Fig. 2(a) and Fig. 2(d)]. The transverse width (in the x direction in Fig. 2) of the 100 

superstructure is 17.1 m, resulting in an aspect ratio of 4.41. Penthouses for elevator shafts on the top of the building add 101 

another 3.8 m to the total height of the building. An isolation layer consisting of rubber bearings [Fig. 2(b)] and viscous fluid 102 

dampers [VFD, Fig. 2(c)] was incorporated between the superstructure and the basement. The seismically isolated building 103 

uses a raft foundation at a depth of approximately 7.2m below the ground surface. The eccentricity between the stiffness 104 

center of the isolation layer and the mass center of the superstructure was controlled within 3%, and the superstructure has a 105 

regular floor plan without significant irregularities.  106 

Fig. 2(e) depicts the structural layout of the standard floor of the superstructure. The thickness of the shear walls is 0.25m for 107 

the lower stories and reduces to 0.2m for the upper stories. The design document provided by structural faculty informs that 108 

the periods of the 1st and 2nd mode in the traverse direction (the x direction in Fig. 2) of the superstructure are 1.21 s and 0.31 109 

s, respectively. The total mass of the superstructure is approximately 34,000 tons considering both the dead and live loads. 110 

Fig. 2(f) shows the plan layout of the isolation layer. The isolation layer consists of 54 natural rubber bearings (NRBs), 30 111 

lead core rubber bearings (LRBs), and 16 VFDs. After isolation, the equivalent isolation period of the base-isolated building 112 

corresponding to 100% bearing shear strain is 3.2s. The diameters of the NRBs and LRBs range from 800 mm to 1200 mm. 113 

The parameters of the bearings are summarized in Table 1. The parameters of the VFDs are listed in Table 2. The damping 114 

force (𝐹d) of the VFDs is exponentially proportional to the velocity (v) as described by Eq. 1. 115 

 𝐹d = 𝐶d ∙ sgn(𝑣)|𝑣|
𝛼 (1) 

where sgn() is the signum function. It can be unsafe for the VFDs during a seismic event when the velocity of the isolation 116 

layer exceeds the design velocity, or the displacement of the isolation layer exceeds the maximum stroke of the VFDs, as 117 

listed in Table 2. According to Qu et al. [15], such cases were found in the 2022 M6.8 Luding earthquake, China, where 118 

damage to the connection of VFDs and global buckling of VFDs was observed in a base-isolated structure. 119 

Table 1. Parameters of rubber bearings. 120 

Label in Fig. 

2(f) 
Type 

Diameter 

(mm) 

Shape 

factors 
Vertical 

stiffness Kvc 

(kN/mm) 

Horizontal stiffness Yield 

strength Qd 

(kN) S1 S2 
Initial K0 

(kN/mm) 

Post-yield Kd 

(kN/mm) 

1 LNR800 800 34.5 4.16 2422 1.02 - - 

2 LNR900 900 35.8 4.16 2797 1.15 - - 

3 LNR1100 1100 37.7 4.16 4231 1.63 - - 

4 LNR1200 1200 40.0 5.91 6871 2.15 - - 

5 LRB900 900 35.4 4.16 3601 17.12 1.18 203 
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6 LRB1000 1000 40.0 4.16 4289 18.97 1.30 251 

7 LRB1100 1100 37.1 5.42 6042 23.25 1.85 303 

8 LRB1200 1200 42.8 5.91 7605 25.46 2.20 360 

Table 2. Parameters of VFDs. 121 

Power factor 

α 

Damping coefficient 

Cd [kN·(s/m)-α] 

Axial stiffness 

Kd (kN/m) 

Design damping force 

Fmax (kN) 

Design velocity 

Vmax (m/s) 

Maximum 

stroke Smax (m) 

0.3 2000 300000 2000 1 0.55 

 122 

Fig. 2. (a) Seismically isolated building under construction, (b) LNR1100 in the isolation layer, (c) VFD-NL-2000-550 in 123 

the isolation layer, (d) elevation of the superstructure along the x-direction, (e) standard floor plan of superstructure, and (f) 124 

plan layout of the isolation layer. 125 

The building is on the deep alluvial deposits to the east of Beijing, which stretches all the way to the Bohai Sea. According to 126 

the geotechnical survey, up to 100m below the ground, the site soil can be roughly divided into 18 layers of silt, silty clay, 127 

silty sand, or fine sand (Fig. 3). As revealed by the site profile, the water level is located at 10.7m below the surface. The soil 128 

layers above the water level are mainly composed of silt and silt clay. The soil under the water level is alternately composed 129 
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of silty clay and fine sand. Fig. 3 shows a depth-wise distribution of the physical and mechanical properties of the site soil, 130 

including saturated density ρ, internal friction angle 𝜙′, cohesion 𝐶′ and plasticity index 𝑃𝐼, based on the results of a drilling 131 

test. The properties of the silt and silty clay are determined based on the distribution and the test results of the specimens, as 132 

shown by the colored points in Fig. 3. The fine sand is saturated, non-plastic, and cohesionless. The properties of the fine sand 133 

are determined based on engineering experience. Standard penetration tests provided evidence that soil liquefaction is 134 

improbable at this site. 135 

 136 

Fig. 3. Soil profile and properties. 137 

The distribution of soil shear-wave velocities 𝑉s measured by a suspension shear-wave logging technique near the drilling 138 

holes are presented in Fig. 3. The average shear-wave velocity within the upper 30m is 197.6 m/s. The site soil is classified 139 

as Class III according to the Chinese code [1]. Fig. 3 also presents the distribution of soil shear strength f estimated by Eq. 2 140 

and Eq. 3 following Ladd (1991) [16]: 141 

 f = 𝑍(0.28𝑝0
′ ) (2) 

 𝑝0
′ = {

𝜌𝑔ℎ𝑠
𝜌𝑔ℎ𝑠 − 𝜌w𝑔(ℎ𝑠 − ℎw)

       
ℎ𝑠 ≤ ℎw
ℎ𝑠 > ℎw

 (3) 

where 𝑝0
′  is the effective vertical confining stress; 𝑍 is a rate-effect correction factor, valued 1.20 in this study as suggested 142 

by Shi and Asimaki [17]. The gravitational acceleration 𝑔 is approximated as 9.81 m/s2. ℎ is the depth of the soil, while ℎw is 143 

the depth of the water level. The soil shear strength f of the surface layer is assumed to be uniform, and the value is equal to 144 

the result at the bottom of the layer. 145 
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The building area is featured by high seismicity, with multiple seismically active faults positioned within 20 km [Fig. 4(a)]. 146 

Historical records indicate that one of these faults precipitated an earthquake in 1672 with an estimated magnitude of M8.0. 147 

Accordingly, the seismic ground motion parameter zonation map of China (GB18306, 2015) [18] classifies it as an Intensity 148 

8.5 region. The corresponding design spectra (Intensity 8.5, site class III) as specified by the Chinese seismic code at the 149 

design-based earthquake (DBE, 10% in 50 years) level and the maximum considered earthquake (MCE, 2~3% in 50 years) 150 

level are illustrated in Fig. 4(b) [1]. According to current seismic provisions in China, the seismic design of the building did 151 

not account for the near-field effects, although active faults exist near the site. For the comparison purpose, the code-specified 152 

design spectra that does not account for any near-field effect was used for the record selection in the Code-compliant case. 153 

For the reference of the seismic design of the building, a site-specific probabilistic seismic hazard analysis, and a geotechnical 154 

survey was conducted by a local geological survey agency to determine a more accurate local seismic hazard level and site 155 

condition. The outcome of the bedrock spectrum is also illustrated in Fig. 4(b). The code-recommended design spectrum at 156 

the MCE level is lower than the bedrock spectrum, mainly because the nonlinearity in the deep soft deposit mitigates the 157 

amplification of acceleration responses. One concern is that, the long-period vibrations of the free-field motion could be 158 

underestimated if the motions were selected based on the code-recommended design spectrum. 159 

 160 

Fig. 4. Seismicity of site: (a) seismotectonic map, (b) design spectra at bedrock. 161 
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To analyze the seismic performance of the high-rise base-isolated building on a deep deposit, a two-dimensional numerical 163 

simulation was carried out in OpenSees (Mazzoni et al, [19]) [Fig. 5(a)]. As mentioned above, the base-isolated structure was 164 

designed with a regular floor plan and a small eccentricity between the stiffness center of the isolation layer and the mass 165 
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horizontal direction are analyzed. As shown in Fig. 5(b), the harmful inter-story drift ratio (IDR) of the superstructure at each 167 

floor was calculated by subtracting the harmless inter-story drift ratio from the overall IDR, which is the ratio of the relative 168 

lateral displacement between two adjacent floors to the corresponding story height. In the adopted models, the harmless inter-169 

story drift was solely attributed to the rotation at the base of the superstructure, i.e., the top of the isolation layer, as is denoted 170 

by 𝜃B in Fig. 5(b).  171 

The model shown in Fig. 5(a) considers both the site effects and SSI effects by a direct one-step approach. Apart from the 172 

direct analysis, comparative analyses are also conducted to investigate the SSI effects and the methods for considering site 173 

amplification effects on the simulated seismic performance of the high-rise base-isolated building, as shown in Table 3. For 174 

the direct method, following Joyner and Chen [20], the bedrock motions are input as force time histories to simulate the shear 175 

stress boundary condition at the base of the soil model when a wave propagates from the elastic bedrock into the overlying 176 

soil layer. By integrating the soil and structure into a unified model, the SSI effect is inherently considered in this method. For 177 

the cascading method, the free-field motions acquired from the bedrock motions based on the nonlinear site response analysis 178 

were directly input into the foundation-fixed (soil model not considered) models through the uniformExcitation pattern. For 179 

the code-compliant method, another group of motions selected and scaled based on the design spectrum defined by the Chinese 180 

Code [1] were used as the input motions. Response simulations are performed for both base-isolated models and fixed-base 181 

(non-isolated) models to evaluate the site amplification effects and the SSI effects on the efficiency of base isolation. 182 

According to commonly adopted structural design methodologies in the code, the mean response of the model under seven 183 

earthquake ground motions was used as the representative value for a given simulation case. The following sections detail the 184 

simulation methods for the superstructure, the isolation layer, and the soil layers in the models. The impact of SSI on the 185 

seismic performance of the structure is evaluated by comparing the results of the direct method and the cascading method, 186 

while the influence of different analysis methods on the seismic performance assessment is determined by comparing the 187 

results of the direct method and the code method. 188 
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 189 
Fig. 5 (a) Schematic representation of the direct numerical model; (b) harmful and harmless IDRs. 190 

Table 3. Analysis methods. 191 

Analysis method 

How to consider the site amplification effect 

Soil-structure-interaction Code specified 

method 

Non-linear site response 

analysis 

Direct  √ √ 

Cascading  √ × 

Code-compliant √  × 

3.1. Superstructure 192 

A lumped-mass nonlinear Multi-Degree-of-Freedom (MDOF) flexural-shear model proposed by Xiong et al. [21] was utilized 193 

to present the RC shear-wall superstructure in its transverse direction (Fig. 5). This model is based on the elastic flexural-194 

shear model proposed by Miranda and Taghavi [22], wherein the shear and flexural beams are discretized into flexural springs 195 

and shear springs to simulate the nonlinear behavior across varying stories. The main elastic parameters in the model are the 196 

structural height 𝐻r, mass 𝑚, periods 𝑇FB,1 and 𝑇FB,2, the shear stiffness 𝐺𝑟𝐴 of the shear spring, and the flexural stiffness 𝐸𝑟𝐼 197 

of the flexural spring. The first two modal periods of the superstructure in the tansverse direction are 𝑇FB,1 = 1.21s  and 198 

𝑇FB,2 = 0.31s, and the total mass of the superstructure is 𝑀 = 3.4 × 107kg. According to Xiong et al. [21], masses and elastic 199 

stiffness are idealized as being uniformly distributed. Therefore, the mass of each story is 𝑚 = 4.5 × 105kg. Using Eq.4 and 200 
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Eq.5 proposed by Miranda and Taghavi [22], the flexural-to-shear stiffness ratio 𝛼0 of the structure is first estimated based on 201 

the first two modal periods 𝑇FB,1 and 𝑇FB,2.  202 

 𝑇FB,𝑗

𝑇FB,1
=


1


𝑗

√

1
2 + 𝛼0

2


𝑗
2 + 𝛼0

2 (4) 

 

2 + [2 +
𝛼0
4


𝑗
2 (

𝑗
2 + 𝛼0

2)
] cos(

𝑖
) cosh (√

𝑗
2 + 𝛼0

2) 

+

(

 
𝛼0
2


𝑖√

𝑗
2 + 𝛼0

2

)

 sin(
𝑖
) sinh (√

𝑗
2 + 𝛼0

2) = 0 

(5) 

Where 
𝑗
 is the parameter associated with the j-th vibration mode of the structure. It is determined as a function of 𝛼0 by 203 

simultaneously solving Eqs. 4 and 5. The 𝛼0 reflects the relative contribution of flexural stiffness to shear stiffness and is 204 

defined by Eq. 6. 205 

 𝛼0 = 𝐻r√
𝐺𝑟𝐴

𝐸𝑟𝐼
 (6) 

For the prototype structure, the ratio 𝑇FB,1/𝑇FB,2 is 3.88, from which the 𝛼0 and 
1
 is obtained as 3.35 and is 1.92, respectively. 206 

With 𝛼0 and 
1
 determined, the flexural stiffness 𝐸𝑟𝐼 is calculated from Eq. 7 as 1.41 × 107kN and the shear stiffness 𝐺𝑟𝐴 is 207 

subsequently derived from Eq. 6 as 7.14 × 109kN•m. 208 

 𝜔𝑟,1
2 =

𝐸𝑟𝐼

r
𝑟
𝐻𝑟
4


1
2(

1
2 + 𝛼0

2) (7) 

Where 𝜔1 is the fundamental circular frequency of the structure, and r
𝑟
 is the mass per unit height of the structure. Since the 209 

mass is assumed to be uniformly distributed in the model and each story height is 2.9 m, the corresponding value of r
𝑟
 for 210 

this model is 4.5 × 105kg/m. 211 

The nonlinear springs are assumed to exhibit peak-oriented hysteresis behavior characterized by a trilinear skeleton curve, as 212 

illustrated in Fig. 6(a). The skeleton curve is determined through three control points: the design strength point (D), the yield 213 

strength point (Y), and the peak strength point (P). The design strength point D is determined through the seismic design 214 

process. Following the suggestions by Xiong et al [21], the yield strength point Y is estimated by the yield overstrength ratio 215 

𝛺y = 1.1. The peak strength point P is estimated by the ultimate overstrength ratio 𝛺y = 2.5 and the stiffness reduction factor. 216 

The overstrength ratios are determined according to Table 5.5 of the HAZUS Technical Report [23] for the shear-wall 217 
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structures. The stiffness reduction factor 𝜂 = 0.7 is determined according to Provision 10.10.4.1 of ACI 318-08 [24]. The 218 

height-wise distribution of the yield strengths of the shear and flexural springs are depicted in Fig. 6(c), in which the yield 219 

shear force 𝑉𝑦 and the yield moment 𝑀𝑦 are respectively normalized by the total weight of the structure 𝑊 and an equivalent 220 

overturning moment 𝑀0 = 2𝑊𝐻/3 (Qu et al. [25]). 221 

 222 

Fig. 6 (a) Trilinear skeleton curve constitute model of shear and flexural springs; (b) hysteresis curve of top floor 223 

displacement and base shear force of superstructure model computed by pushover analysis; (c) height-wise distribution of 224 

the yield strengths in shear and flexural springs. 225 

In this study, the uniaxial shear springs and flexural springs on each floor are modeled using twoNodeLink elements in 226 

OpenSees. The twoNodeLink element is composed of an axial spring and a tandem system consisting of a transverse spring 227 

and a rotational spring. To ensure that the element models a pure flexural or shear spring, the stiffness of either the transverse 228 

or the rotational spring is set to be sufficiently large. Gravity was applied to the model as a constant force using the Plain 229 

pattern. Only the horizontal inertia force was considered in the dynamic analysis by lumping the floor masses at the nodes of 230 

the elements. Truss elements between the discrete shear and flexural walls are introduced to couple the shear springs and 231 

flexural springs on each floor, allowing them to resist lateral seismic forces together. Hysteretic material is adopted in each 232 

spring element to simulate the nonlinear constitutive relationship. Following the design recommendations by the Architectural 233 

Institute of Japan to avoid introducing overestimated damping to the base-isolated building model, stiffness-proportional 234 

damping is specified only for the superstructure model with a damping ratio 𝜁 = 0.03 corresponding to its fundamental period. 235 

By considering the 𝑃-𝛥 effect, the hysteresis curve of roof displacement and base shear force obtained from pushover analysis 236 

shows a slight stiffness degradation after the roof displacement surpasses 0.2m, as illustrated in Fig. 6(b). 237 
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3.2. Isolation layer 238 

Considering the superstructure is a shear wall structure, and the foundation is a raft foundation, both sides of the isolation 239 

layer are assumed to be rigid. To establish a 2D model for the isolation layer, the isolation bearings located at similar positions 240 

in the width (x) direction are equivalently simulated as a single elastomericBearingPlasticity element in OpenSees, as shown 241 

in Fig. 2(f). The constitutive relations of LNRs and LRBs in the horizontal direction are approximated as linear and bilinear, 242 

respectively. For simplicity, the LRBs are assumed to yield at the same lateral displacement, so that all isolators located along 243 

the same axis can be lumped into a single equivalent LRB. The initial stiffness 𝑘T,0 of this equivalent isolator is taken as the 244 

sum of the initial stiffness of all isolators, while the post-yield stiffness 𝑘T,d is taken as the sum of the post-yield stiffness of 245 

all LNR isolators and the stiffness of all LRB isolators. The yield force 𝑄T,d of the equivalent isolator is equal to the sum of 246 

the yield forces of all LNR isolators, and its corresponding yield displacement 𝐷T,y can be calculated from Eq. 8. 247 

 𝐷T,y = 𝑄T,d/(𝑘T,0 − 𝑘T,d) (8) 

Consequently, as illustrated in Fig. 7(a), the bearing element exhibits a bilinear relationship in the horizontal direction. 248 

Similarly, the vertical stiffness 𝑘T,v is the sum of the vertical stiffness of all isolators. Considering the significant difference 249 

in the tensile and compressive stiffness of the rubber material, a nonlinear elastic material with a tensile stiffness equal to one-250 

tenth of the compressive stiffness is used to simulate the behavior in the vertical direction of the element, as illustrated in Fig. 251 

7(b).  252 

The 2D analysis takes into account 8 VFDs in the isolation layer that is arranged along the transverse direction. The VFD is 253 

simulated by employing the ViscousDamper material in a twoNodeLink element, thereby simulating the Maxwell model 254 

(Akcelyan et al. [26]), which is a series connection of a viscous damper and an elastic spring, as depicted in Fig. 7(c). The 255 

equivalent supporting stiffness 𝐾𝑏
∗, representing the series of the internal stiffness of viscous damper and the stiffness of 256 

supporting member, is assumed to be 300 kN/mm in this study due to lack of detailed information. The constitutivee 257 

relationship of the viscous damper and the elastic spring are depicted in Fig. 7(d) and Fig. 7(e), respectively. Apart from the 258 

damping effect of the VFD and isolator bearing elements, no extra damping is incorporated into the isolation layer.  259 

The interconnection between the superstructure and the isolation layer is achieved through the imposition of 260 

master/subordinate node constraints with three degrees of freedom. The mass centroid of the superstructure is aligned with 261 

the vertical stiffness center of the isolation layer so that there is no initial eccentricity introduced. Given the relatively small 262 

bending stiffness of a single isolator, the primary factors contributing to the rotational stiffness of the isolation layer subjected 263 
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to overturning moments are the vertical stiffness of the isolators and the distances between them and the stiffness center. 264 

 265 

Fig. 7 (a) Horizontal force-displacement relationship of isolator; (b) vertical force-displacement relationship of isolator; (c) 266 

Maxwell model for VFD; (d) force-displacement relationship of viscous damper in the Maxwell model; (e) force-267 

displacement relationship of elastic spring in the Maxwell model. 268 

3.3. Site soil 269 

To account for the effect of the structure-foundation-soil interaction, dynamic stiffness and dashpot coefficients, also known 270 

as impedance functions, for the horizontal and rotational directions of an embedded strip foundation in the deep 271 

inhomogeneous deposits are estimated according to Gazetas [27]. The influence of the vertical impedance functions is 272 

neglected. For an embedded shallow foundation formed as illustrated in Fig. 8, its horizontal stiffness impedance function is 273 

calculated by Eq. 9: 274 

 𝐾𝑥,emb = 𝐾𝑥,sur(1 + 0.5
𝑑

𝐵
)(1 + 1.5

𝐷

𝐻
) (9) 

where 𝑑 is the foundation thickness; 𝐵 is half of the foundation width in the 𝑥 direction; 𝐷 is the vertical distance between 275 

the bottom of the foundation and the soil surface; 𝐻 is the distance between the bedrock and the soil surface; 𝐾𝑥,sur is the 276 

horizontal stiffness impedance function of a surface foundation with a same geometrical property with the embedded shallow 277 

foundation and is calculated by Eq. 10: 278 

 𝐾𝑥,sur =
4

2 − 𝜐
𝐺0𝐿(1 +

2

3
𝛼)𝑛 (10) 

where 𝜐 is the Poisson’s ratio, 0.33 is used in this study; 𝐺0 is the modulus at the ground surface; 𝐿 is half of the foundation 279 

width in the 𝑦 direction; 𝛼 is a parameter determined by fitting the experimental test results of depth relating shear modulus 280 

𝐺, 0.82 is used in this study according to the geotechnical survey result; 𝑛 is the inhomogeneity parameters representing the 281 

increasing rate of the shear modulus with depth, this parameter is set to 1 to represent a linear relationship; 282 

The rotational stiffness impedance function of the embedded shallow foundation is calculated by Eq. 11: 283 
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 𝐾𝑟𝑦,emb = 𝐾𝑟𝑦,sur(1 +
𝑑

𝐵
)(1 + 0.65

𝐷

𝐻
) (11) 

where 𝐾𝑟𝑦,sur is the rotational stiffness impedance function of the surface foundation and is calculated by Eq. 12: 284 

 𝐾𝑟𝑦,sur =
𝜋

2(1 − 𝜐)
𝐺0𝐵

2(1 +
1

3
𝛼)𝑛 (12) 

The rotational damping impedance function of the embedded shallow foundation is calculated by Eq. 13: 285 

 𝐶𝑟𝑦,emb =
4

3
r𝑉𝐿𝑎𝐵

3𝐿𝑐̃𝑟𝑥 +
4

3
r𝑉𝐿𝑎𝑑

3𝐿𝑐̃1 +
4

3
r𝑉𝑠𝐵𝑑(𝐵

2 + 𝑑2)𝑐̃1 + 4r𝑉𝑠𝐵
2𝑑𝐿𝑐̃1 (13) 

where 𝑉𝐿𝑎 = 3.4𝑉𝑠/𝜋(1 − 𝜐)  is the apparent propagation velocity of the compression-extension wave; 𝑐̃𝑟𝑥  is a frequency 286 

dependent coefficient assigned a value of 0.02 according to Gazetas; 𝑐̃1 is calculated by Eq. 14: 287 

 𝑐̃1 = 0.25 + 0.65√𝑎0 ∗ (
𝑑

𝐷
)
−
𝑎0
2

(
𝐷

𝐵
)−1/4 (14) 

where 𝑎0 = 𝜔𝐵/𝑉s is the dimensionless frequency, 𝜔 = 2𝜋𝑓 is the circular frequency of the applied force. 288 

The physical and mechanical properties are assumed to be uniformly distributed in each layer of the soil profile, as illustrated 289 

in Fig. 4. The soil is simulated as a 2D shear column with two degrees of freedom per node using the four-node plane strain 290 

formulation of a bilinear isoparametric quadrilateral quad element as shown in Fig. 5. EqualDOF for every pair of nodes at 291 

same elevation is declared to let the elements achieving a simple shear deformation pattern. The analysis aimed to capture 292 

motions with frequencies up to 10 Hz, with a minimum shear velocity 𝑉𝑠 in the soil profile of 158 m/s. The finite element 293 

mesh is discretized with element sizes small enough (element width 𝑏  and height of 0.2 m) to ensure approximately 80 294 

elements per computed wavelength (15.8 m). The out-of-plane width 𝜆 of the soil elements is defined to represent the extent 295 

of soil interacting with the structure, as illustrated in Fig. 5. The mass and the stiffness of the quad element are proportional 296 

to the width 𝜆, which is determined by equating the static horizontal stiffness of the soil column 𝐾𝑐𝑜𝑙  with the computed static 297 

stiffness of the foundation 𝐾𝑥,emb, to ensure that the period elongation effect from the linearized soil column to the structure 298 

is equivalent to that of a lumped horizontal spring. The static lateral stiffness 𝐾𝑐𝑜𝑙  was estimated by Eq. 15: 299 

 
𝐾col = 𝐾𝑥,emb =

𝐺̅𝐴col
𝐻

≈

𝐻

∑
ℎ𝑖
𝐺𝑖

𝑛
𝑖=1

∗ 𝐴col

𝐻
=

𝑏𝜆

∑
ℎ𝑖
𝐺𝑖

𝑛
𝑖=1

 
(15) 

where ℎ𝑖 and 𝐺𝑖 = r
𝑖
𝑉𝑠,𝑖 is the thickness and the initial shear modulus of the 𝑖th soil layer, respectively (𝑖=1,2,…,18); 𝐺̅ is 300 

the equivalent shear modulus for the layered soil profile. 301 
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 302 

Fig. 8 Model of embedded shallow foundation 303 

To simulate the radiation-damping effect of underlying infinite half-space that dissipates the fluctuation energy reflected from 304 

the structure and the upper soil layer, a Lysmer-Kuhlemeyer dashpot [28] (LK dashpot) is incorporated at the bottom of the 305 

soil profile, as shown in Fig. 5. The coefficient of the LK dashpot 𝐶𝑒 is calculated by Eq. 16: 306 

 𝐶𝑒 = r
𝐵
𝑉𝑠,B𝐴𝑐𝑜𝑙 (16) 

where r
B
= 2300 kg/m3 is the mass density, and 𝑉s,B = 800 m/s is the shear wave velocity of the underlying imaginary 307 

siltstone layer, and 𝐴col is the base area of the soil column. As mentioned before, in the direct analyses, ground motions are 308 

input to the model in terms of force time histories proportional to the velocity time histories 𝑣B(𝑡), defined as Eq.17:  309 

 𝐹(𝑡) = 𝑏𝜆rB𝑉s,B𝑣B(𝑡) (17) 

To simulate the non-linear characteristics of the soil, PressureIndependMultiYield material is employed for the soil elements. 310 

The constitutive relationship of the material, using Masing’s rule, is determined by the initial shear modulus 𝐺  and the 311 

modulus reduction curves 𝐺′/𝐺. A specific modulus reduction curve is generated for each element along the soil profile based 312 

on a hybrid hyperbolic model (HH) proposed by Shi and Asimaki [17]. The HH model is a composite of the modified Kondner 313 

and Zelasko model [29] (MKZ) in the low-to-medium strain range and the flexible KZ model (FKZ) in the large strain range. 314 

This model takes advantage of the flexibility of the MKZ model in the low-to-medium strain range, gradually transitions into 315 

the FKZ model, and asymptotically converges to the estimated shear strength f. The modeling approach manually introduces 316 

the pressure dependency of soil into the model by specifying the shear wave velocity 𝑉𝑠,𝑖, saturated density r
𝑖
 , and pressure-317 

dependent modulus reduction curves of each soil layer. Fig. 9(a) and 9(b) show the example of the backbone curves and the 318 

modulus reduction curves 𝐺′/𝐺 generated for the elements at -10m and -90m depth, respectively. In addition to the energy 319 

dissipation by the nonlinear hysteresis for the soil, another 0.5% Rayleigh damping was supplemented to account for the 320 

damping effect at tiny strains of the soil. 321 
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 322 

Fig. 9 Backbone curves and shear modules reduction curves of the soil elements at (a) 10m depth and (b) 90m depth. 323 

3.4. Transfer functions 324 

The transfer functions are computed to calibrate the models and to evaluate the period elongation of structures caused by SSI. 325 

To this end, the models are linearized and subjected to white noise excitations. The linear stiffness of every component in the 326 

superstructure and soil models was taken as the initial stiffness. For the fixed-base building in the model, the fundamental 327 

period TFB is 1.21s. The linear stiffness of each isolator bearing element in the isolation layer model is determined by the 328 

equivalent stiffness at 100% shear strain of the isolators. For the base-isolated building in the model, the equivalent period 329 

TBI is 3.17s. The responses recorded at the base and the top of the models are used to calculate the transfer functions by 330 

calculating the ratios between their cross-power and self-power spectral densities. Fig. 10 compares the transfer functions of 331 

different models with that of the soil column. The fundamental period of the soil column is 0.98s, which is much higher than 332 

the characteristic period of the site class III (0.55s) according to the Chinese code. For the base-fixed structure, the 333 

fundamental period of the model is prolonged from 1.21s to 1.91s by the soil column, resulting in a 57.9% increase. For the 334 

base-isolated structure, the fundamental period is extended from 3.17s to 3.47s by the soil column, resulting in a 10.4% 335 

increase. 336 

 337 

Fig. 10 Transfer functions for considered models. 338 

4. Input earthquake motions and site responses 339 

In accordance with the bedrock spectra in Fig 4(b), bedrock motions were chosen from the Pacific Earthquake Engineering 340 
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Research Center (PEER) ground motion database for both DBE and MCE levels. Motions recorded from outcrop stations 341 

were selected by specifying the equivalent shear wave velocity 𝑉𝑠,30 near the station higher than 800 m/s. Additionally, to 342 

avoid unrealistic earthquake waveforms caused by excessive scaling, the minimum mean squared error (MSE) scaling method 343 

was employed with a scaling factor range of 0.1 to 3. Ground motion records in the near-fault regions were selected following 344 

the criteria of Hayden et al. [30], by constraining the closest distance to the rupture plane to 𝑅𝑅𝑢𝑝 < 30km. Based on the 345 

criteria, seven ground motions with the lowest MSEs from different seismic events were selected for the DBE level and 346 

another seven for the MCE level. According to the method proposed by Shahi and Baker [31], some of these records, such as 347 

RSN178, were identified as pulse-like ground motions. The seven ground motions chosen for each of the two hazard levels 348 

are listed in Table A1 and A2 in the Appendix. Their pseudo-acceleration response spectra are plotted in Figure 11.  349 

 350 

Fig. 11 Bedrock spectra for (a) DBE level, (b) MCE level 351 

The seismic response of the structure is directly related to the ground motion subjected to the foundation of the structure. Soil 352 

layers modify the characteristics of the seismic waves while they travel through them (Kobayashi et al. [32]), changing the 353 

spectrum shape of the ground motion. To obtain the free-field motions, nonlinear site response analyses were performed by 354 

exciting the soil column alone at the base with the matched bedrock motions. The pseudo-acceleration spectra of the free-355 

field motions and the average spectral values corresponding to the fundamental periods of models considering and neglecting 356 

SSI effects were illustrated in Fig. 12. For the fixed-base model with SSI neglected (𝑇FB = 1.21𝑠), the average spectral values 357 

of the calculated free-field spectra are 0.52g and 0.92g for the DBE and MCE levels, respectively. These values are 57.6% 358 

and 48.4% higher than the corresponding values of the code-specified spectra, respectively. The behavior differs for the base-359 

isolated model with SSI neglected (𝑇BI = 3.17𝑠). The values of the free-field spectra are 8% lower than the code spectra for 360 

the DBE level but 83% higher for the MCE level.  361 
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 362 

Fig. 12 Calculated free-field spectra for (a) DBE level, (b) MCE level 363 

Based on similar criteria, another seven ground motions for each hazard level were selected corresponding to the code-364 

specified design spectra, with the shear wave velocity 𝑉𝑠,30 near the station being lower than 400 m/s. The selected motions 365 

are listed in Table A2 in the Appendix. Their pseudo-acceleration spectra are plotted in Figure 13. 366 

 367 

Fig. 13 Code- specified design spectra for (a) DBE level, (b) MCE level 368 

To demonstrate the site filtering effect, the average spectral ratio between the free-field motions and the bedrock motions and 369 

the ratio between the free-field motions and the code-specified motions are calculated as shown in Fig. 14. The spectral ratios 370 

indicate that the amplification of soil layers reach the maximums at the periods of 1.27 seconds and 2.44 seconds at the DBE 371 

level and the MCE level, respectively. Due to the amplification effect of the soil layers, seismic vibrations within a specific 372 

range of periods are significantly amplified, resulting in the spectral values of the free-field response spectrum being notably 373 

higher than those of the code design spectrum at the corresponding period range. On the other hand, short-period vibrations 374 

are attenuated due to the nonlinear response of the soil layers, resulting in free field spectral values being lower than the 375 

corresponding values of the outcrop spectrum in this period range. As observed from the shear strain-stress hysteresis curves 376 

of elements at depths of -10m and -90m under DBE and MCE level motions, as depicted in Fig. 15, increasing the intensity 377 
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of bedrock motions leads to higher shear strain in the soil elements, resulting in more pronounced nonlinear behavior. This 378 

results in the amplification of vibrations at longer periods, while the amplitude factor of the vibrations decreases due to 379 

increased energy dissipation.  380 

 381 

Fig. 14 Average spectral ratio between the free-field motions and the bedrock motions under (a) DBEs, (b) MCEs 382 

 383 

Fig. 15 Shear strain-stress hysteresis curves of soil elements at (a) -10m depth, (b) -90m depth. 384 

6. Structural response  385 

6.1. Inter-story drift ratio 386 

Structural responses are analyzed and compared to evaluate the seismic performance of the constructed high-rise base-isolated 387 

building and the influence of different analysis methods. The maximum inter-story drift ratio (MIDR) is used as a key design 388 

criterion to assess the extent of damage to the structure. Fig. 16 displays the height-wise distribution of the arithmetic mean 389 

MIDRs under the two hazard levels. It compares the ratios between the MIDRs of the base-isolated structures and those of 390 

their non-isolated counterparts. The height-wise distributions of the MIDR ratio between the fixed-base and base-isolated 391 

models for all three cases are also presented in Fig. 16. The Chinese Standard for Seismic Isolation Design of Buildings (GB/T 392 
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51408-2021) [33] specifies that the MIDRs of the shear-wall superstructure should not exceed 1/600 and 1/250 for DBEs and 393 

MCEs, respectively. For all three cases, the MIDRs of the base-isolated building under both DBE and MCE levels did not 394 

exceed the code-prescribed limits.  395 

To better illustrate the importance of decoupling the harmless inter-story drift ratio induced by base rotation, Fig. 17(a) 396 

compares the time histories of total IDRs and harmful IDRs obtained at the 26th floor of both the fixed-base model and the 397 

base-isolated model in the direct analysis that considers SSI, subjected to one MCE-level ground motion. The base rotations 398 

of the model are also depicted in Fig. 17(a). On the 26th floor, the total MIDRs were more than twice the harmful MIDRs due 399 

to significant base rotation for both models. Fig. 17(b) compares the arithmetic mean total MIDR and harmful MIDR from the 400 

direct method with the MIDR from the cascading method. Since there is no base rotation in the SSI-neglected model, failing 401 

to subtract the harmless IDR may give the misleading impression that the SSI effect increases MIDR responses. However, the 402 

SSI effect generally reduces harmful MIDRs.  403 

The MIDR response obtained using the code-compliant method at the DBE level is comparable to that obtained by considering 404 

both the nonlinear soil response and SSI. However, at the MCE level, it is significantly smaller, especially for the fixed-base 405 

model. This indicates that the code-specified design spectrum underestimates the amplification effect of deep soil layers on 406 

seismic motions in this case. As a result, even when the SSI-induced reduction in MIDR response is considered, the code-407 

compliant method still underestimates the MIDR response of the superstructure under strong ground motions. 408 

 409 

Fig. 16 Height-wise distribution of arithmetic mean MIDRs under (a) DBEs, (b) MCEs 410 
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 411 

Fig. 17 (a) Time histories of Total IDRs, harmful IDR at the 26th floor, and base rotation. (b) Arithmetic mean MIDRs from 412 

the direct and the cascading method 413 

6.2. Floor acceleration and velocity  414 

Peak floor acceleration (PFA) and peak floor velocity (PFV) are crucial parameters that not only indicate the seismic 415 

performance of the structural system but are also associated with the vulnerability of nonstructural components, which often 416 

make up 80% to 90% of the total cost of a building. The results of arithmetic mean PFA and arithmetic mean PFV are illustrated 417 

in Fig. 18 and Fig. 19. Similar to its effect on MIDR, SSI also reduces the PFA response for fixed-base and base-isolated 418 

buildings. Moreover, the base-isolated buildings are relatively less affected by SSI. Specifically, under DBE-level ground 419 

motions, the maximum PFA response of the fixed-base and base-isolated buildings decreases by 19% and 9%, respectively. 420 

Under MCE-level ground motions, the reductions are 9% and 8%, respectively. The effect of SSI on PFV differs from its 421 

effect on PFA. For high-rise buildings like the prototype structure, SSI tends to amplify the PFV response of the upper floors 422 

but reduce those of lower floors, regardless of whether the building is base-isolated. This may be related to rotational response 423 

occurring at the base of the building. The amplification of the velocity response in the superstructure due to base rotation 424 

gradually increases from the lower floor to the upper floor.  425 

For the fixed-base model, the PFA responses calculated by the code-compliant method are more significant than those obtained 426 

from the direct method under both DBE and MCE levels. This is because, for high-rise buildings, the influence of higher 427 

modes on the PFA response cannot be ignored. The nonlinear response of the soil reduces high-frequency vibrations in the 428 

ground motion, thereby decreasing the response of higher modes. Additionally, SSI increases the period and damping of the 429 

fixed-base model, leading to a further response decrease. For the base-isolated model, the PFA response calculated using the 430 
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code-compliant method is slightly higher under DBE-level ground motions. However, under the MCE-level ground motions, 431 

the direct method yields larger PFA responses on certain floors, particularly on the upper floors. Under MCE-level ground 432 

motions, the soil amplifies vibration around a period of 2.44s (see Fig. 14), leading to significantly higher spectral values in 433 

this period range compared to the code-specified spectra. Consequently, long-period ground motions become substantially 434 

stronger. Additionally, since base-isolated buildings are less affected by SSI compared to non-isolated structures, the direct 435 

method can sometimes yield larger computed responses. Consequently, for a high-rise building on a soft soil site, the code-436 

compliant method may overestimate the effectiveness of the isolation system in reducing PFA. 437 

For both the base-isolated and fixed-base models, the PFV results calculated using the code-compliant method are lower than 438 

those obtained from the direct method. This difference is most pronounced for the base-isolated model under MCE-level 439 

ground motions, where the peak absolute velocity response at the top floor differs by up to 38%, reaching a maximum of 1.48 440 

m/s. The isolation system was less efficient in reducing floor velocity responses, especially when considering SSI and soil 441 

nonlinearity. A similar phenomenon was observed from small-scale shaking table tests evaluating the effectiveness of base 442 

isolation in reducing velocity responses conducted by Wang et al. [34], and it can be expanded by the form of the velocity 443 

response spectra of long-period motions and the difference between the mode shapes of base-isolated and base-fixed structures.  444 

 445 

Fig. 18 Height-wise distribution of arithmetic mean PFAs under (a) DBE, (b) MCE 446 
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Fig. 19 Height-wise distribution of arithmetic mean PFVs under (a) DBE, (b) MCE 448 

6.3. Seismic response of isolation layer 449 

Arithmetic mean maximum relative displacement and velocity responses of the isolation layer under DBEs and MCEs are 450 

shown in Fig. 20. It is evident that SSI reduces the displacement and velocity response of the isolation layer in base-isolated 451 

buildings. However, under MCE-level ground motions, the results obtained using the code method remain significantly lower 452 

than those from the direct method. According to the code (GB/T 51408-2021) [33], the maximum displacement response of 453 

the isolation layer under MCE-level ground motions should not exceed 0.55 times the diameter of the smallest bearing in the 454 

isolation layer (0.8m), which equals 0.44m in this case. Although the result obtained using the direct method is 0.385 m, which 455 

still satisfies the code requirement, it is much larger than the result obtained using the code-compliant method. This suggests 456 

that using the code-compliant method significantly underestimates the seismic response of the isolation layer, which could 457 

lead to the risk of exceeding safety thresholds during actual ground motions. Additionally, the maximum velocity response of 458 

the isolation layer obtained using the direct method is significantly larger, exceeding 1 m/s, which corresponds to the design 459 

velocity of the VFD used in the building. In contrast, the result calculated using the code-compliant method is 0.8 m/s, below 460 

1 m/s, thus underestimating the potential for damper failure. 461 

 462 

Fig. 20 Arithmetic mean maximum relative displacement of isolation layer under (a) DBE and (b) MCE; maximum relative 463 

velocity of isolation layer under (c) DBE and (d) MCE 464 

Fig. 21 presents the arithmetic mean maximum vertical stress values for each isolation bearing at different locations under 465 

seismic loading, in which a positive value represents tensile stress. Isolators I to IX correspond to the isolators arranged along 466 

the nine axes, as shown in Fig. 2. The SSI effect slightly reduces the vertical stress in the isolation bearings at each location, 467 

with this reduction being more pronounced under MCE-level ground motions. Fig. 22 further compared the tensile stress and 468 

shear strain of outer isolators (Ⅰ and Ⅸ) from the three analysis methods when the tensile stress reached the peak value under 469 

MCEs. The smaller points represent the values derived from seven different earthquake simulations. The bigger points 470 

represent the average value from each analysis method. The failure surface of the bearings fitted based on full-scale LRB 471 

tensile failure tests conducted by Hiraki et al. [35] is used to evaluate the safety of the rubber bearings. The shear strain was 472 
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computed by dividing the relative displacement responses of the isolation layer by the total thickness of the rubber layers of 473 

the isolator that possess the minimum diameters in the same row. The relation between the shear strain and the vertical stress 474 

responses was positively correlated because the model is 2-dimensional, and the vertical ground motion was not considered. 475 

The vibration of the base-isolated structure was mainly dominated by the 1st mode shape, where the horizontal and the 476 

rotational displacement at the base of the superstructure reached the peak value simultaneously.  477 

The code (GB/T 51408-2021) [33] specifies that isolation bearings should not experience tensile stress under DBE-level 478 

ground motions. Under MCE-level ground motions, the tensile stress in the isolation bearings should not exceed 1 MPa. Under 479 

DBE-level ground motions, the results obtained using the code-compliant and direct methods show minimal differences, and 480 

all isolation bearings comply with the code requirements. Under MCE-level ground motions, the code-compliant method 481 

predicts that the tensile stress in one corner bearing may slightly exceed 1 MPa. However, the direct results indicate that five 482 

bearings exceed the 1 MPa limit. From the perspective of potential tensile-shear failure of the bearings, Fig. 22 shows that the 483 

code-compliant method results in only one data point slightly exceeding the failure surface. In contrast, the direct method 484 

results indicate that under many MCE ground motions, the vertical stress and shear strain of the bearings surpass the failure 485 

surface. Therefore, the code-compliant method may significantly underestimate the likelihood of tensile-shear failure in the 486 

bearings. Vertical ground motions were not considered in these simulations due to modeling and computational complexity. 487 

Including vertical motions would further increase the vertical stress in the bearings, potentially placing them in an even more 488 

critical state, but would not qualitatively change the main conclusions 489 

 490 

Fig. 21 Arithmetic mean maximum vertical stress of isolators under (a) DBE, (b) MCE 491 
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 492 

Fig. 22 Tensile stress and shear strain state of corner isolators under MCEs. 493 

7. Conclusions 494 

For a constructed high-rise base-isolated building, numerical simulations were performed considering the seismic hazard of 495 

the region, the soil profile of the construction site, the physical and mechanical properties of the soil, and the dynamic 496 

characteristics of the prototype structure. A two-dimensional global modeling approach was adopted, which is more 497 

computationally efficient than detailed finite element analysis while considering the nonlinear behavior of the soil, isolation 498 

layer, superstructure, and soil-structure interaction. Meanwhile, the code-compliant method, which neglects SSI and 499 

determines seismic input parameters directly based on regional seismic hazard and site conditions according to the code, was 500 

used for comparison. From the results, the following conclusions can be drawn:  501 

1. Soil Amplification Effects: The deep soil layers amplify seismic vibrations within the period range adjacent to its natural 502 

period. As the ground motion intensity increases, the nonlinearity of the soil results in an extension of its equivalent period 503 

and an increase in its equivalent damping ratio. Consequently, longer-period vibrations are amplified, while shorter-period 504 

vibrations are attenuated. These effects should be carefully considered in seismic design for long-period structures such as 505 

base-isolated buildings. 506 

2. Impact of Soil-Structure Interaction: SSI has a more pronounced effect on the period elongation of fixed-base buildings 507 

than base-isolated structures. For the investigated base-isolated high-rise building and its fixed-base counterpart, SSI generally 508 

reduces the superstructure response of maximum inter-story drift ratios (MIDRs) and peak floor accelerations PFAs, improving 509 

structural performance. However, SSI amplifies peak floor velocity PFV responses at upper stories, which may affect non-510 
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structural components and building contents. For the base-isolated building, SSI also slightly reduces the relative displacement 511 

and velocity in the isolation layer, as well as the vertical stress response of the bearings. 512 

3. Limitations of Code-Compliant Design Methods: Compared to the method that accounts for soil nonlinearity and SSI 513 

effects, conventional code-compliant approaches tend to underestimate critical seismic responses, MIDR and PFV, for the 514 

superstructure of the base-isolated building. The conventional method significantly underestimates key responses for base-515 

isolated buildings, such as the isolation layer displacement and vertical stress of the bearings, under MCE-level ground 516 

motions. This underestimation could increase the risk of tensile-shear failure in the isolation bearings. 517 

For high-rise base-isolated buildings constructed on deep soft soil deposits, it is necessary to account for local site conditions 518 

and seismic hazard by developing integrated models of the soil layers and the isolation system. This allows for a more accurate 519 

evaluation of soil amplification effects and SSI impacts on the seismic responses of the isolated building, and thus a more 520 

reliable assessment of structural performance. Future research should focus on experimental validation of numerical models 521 

and the development of refined design methodologies to enhance the reliability and resilience of base-isolated structures under 522 

strong seismic loading. 523 

Focusing on a specific real-world case of a constructed high-rise base-isolated building on soft site, this study does not contain 524 

a comprehensive parametric study on the effect of some important parameters such as the aspect ratio, soil stiffness, and 525 

isolator damping. They deserve future investigation for the sake of a more conclusive reference for the seismic design practice 526 

of isolated buildings on soft sites. 527 
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Appendix 531 

Table A1. Ground motions selected based on the bedrock spectra. 532 

No. 

DBE MCE 

Record name 
Scale 

factor 
Record name 

Scale 

factor 
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1 RSN175_IMPVALL.H_H-E12140 2.118 RSN178_IMPVALL.H_H-E03140 1.664 

2 RSN728_SUPER.B_B-WSM090 1.627 RSN728_SUPER.B_B-WSM090 2.665 

3 RSN3934_TOTTORI_SMN002NS 2.040 RSN777_LOMAP_HCH090 2.254 

4 RSN5259_CHUETSU_NIG013EW 2.751 RSN1209_CHICHI_CHY047-N 2.511 

5 RSN5838_SIERRA.MEX_01794270 1.597 RSN6959_DARFIELD_REHSN02E 1.737 

6 RSN6959_DARFIELD_REHSS88E 1.226 RSN8063_CCHURCH_CBGSS01W 1.416 

7 RSN8063_CCHURCH_CBGSS01W 0.818 RSN8161_SIERRA.MEX_E12360 1.520 

Note: Shade indicates pulse-like records. 533 

Table A2. Ground motions selected based on the code-specified design spectra. 534 

No. 

DBE MCE 

Record name 
Scale 

factor 
Record name 

Scale 

factor 

1 RSN178_IMPVALL.H_H-E03140 0.6996 RSN178_IMPVALL.H_H-E03140 1.8195 

2 RSN728_SUPER.B_B-WSM090 1.1124 RSN729_SUPER.B_B-IVW360 1.9061 

3 RSN1209_CHICHI_CHY047-W 1.2083 RSN777_LOMAP_HCH090 2.4625 

4 RSN5259_CHUETSU_NIG013EW 1.8248 RSN1209_CHICHI_CHY047-N 2.6845 

5 RSN5838_SIERRA.MEX_01794270 1.1494 RSN6959_DARFIELD_REHSS88E 2.0731 

6 RSN6959_DARFIELD_REHSS88E 0.781 RSN8063_CCHURCH_CBGSN89W 1.1214 

7 RSN8063_CCHURCH_CBGSS01W 0.5812 RSN8161_SIERRA.MEX_E12360 1.6577 

Note: Shade indicates pulse-like records. 535 
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