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Abstract: The seismic damage to different categories of nonstructural elements is known to be sensitive to various 11 

engineering demand parameters (EDPs), including maximum inter-story drift, peak floor acceleration, and peak floor 12 

velocity among others. This paper introduces a substructure shake table test that enables the simultaneous dynamic 13 

testing of nonstructural elements sensitive to multiple EDPs in either a fixed-base or a base-isolated archetype building. 14 

A versatile 3-layer substructural testbed of adjustable dynamic properties was developed to provide the boundary 15 

conditions of two consecutive floors to host the nonstructural elements such as suspended ceilings, drywall partitions, 16 

and various types of indoor contents to test their seismic responses and possible interactions. The results show that the 17 

testbed successfully replicated the target motions of two consecutive floors in the archetype buildings, either base-18 

isolated or fixed at the base. In addition to demonstrating the well-known advantage of seismic base isolation in greatly 19 

reducing the floor acceleration and inter-story drift for enhanced protection of nonstructural elements, the test results 20 

also demonstrated the reduced efficacy of base isolation in suppressing the floor velocity. This limitation consequently 21 

restricts the ability of the base isolation to reduce the probability of contents overturning and mitigate damage to 22 

velocity-sensitive contents caused by sliding. It also revealed that the interaction between nonstructural elements can 23 

significantly affect their seismic fragility: the ceiling-partition interaction can make the suspended ceilings more prone 24 

to damage, whereas placing contents against walls can reduce the probability of overturning. 25 

Keywords: nonstructural element, suspended ceiling, indoor content, friction pendulum bearing, engineering 26 

demand parameter 27 

 28 

1 Introduction 29 

While it is commonly accepted that the seismic damage to the primary structural system, regardless of its 30 

material, is sensitive to displacement [1], it is well known that the seismic damage sensitivity of nonstructural 31 

elements is more complicated. The seismic damage to individual nonstructural elements can be sensitive to 32 

multiple engineering demand parameters (EDPs). For example, the overturning of indoor contents was believed 33 

to depend on both the peak floor acceleration and velocity [2]. The seismic damage to masonry infills is 34 

determined by both the in-plane drift and out-of-plane acceleration [3]. The damage to suspended ceilings is not 35 

only sensitive to the peak floor acceleration but also exhibits obvious frequency-sensitivity [4]. To make things 36 

more complicated, the interaction between different nonstructural elements may also have a non-negligible effect 37 

on their seismic fragility. In the 2010 Chile earthquake, a fire sprinkler was damaged due to a collision with the 38 

ceiling [5]. During the 2010 Darfield earthquake, storage shelves and office bookshelves experienced consecutive 39 

collapses [6]. In the 2022 Lushan earthquake, an 11m-by-10m ceiling fell on office desks and chairs [7]. Similarly, 40 
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in the 2015 Ranau earthquake, several bricks from walls fell and damaged the adjacent suspended ceiling [8]. The 41 

various and multi-EDP sensitivities and the effect of possible interactions highlight the challenges of protecting 42 

individual nonstructural elements and of experimentally simulating the real-world seismic damage to interacting 43 

or closely placed nonstructural elements. 44 

The seismic isolation of buildings provides a promising option to meet the first challenge by simultaneously 45 

minimizing the inter-story drift and floor acceleration of the superstructure. It is therefore effective for protecting 46 

not only the structural and drift-sensitive nonstructural elements but also greatly reduces the seismic demands for 47 

acceleration-sensitive nonstructural elements [9]. The mainstream techniques of modern seismic isolation involve 48 

the installation of either rubber bearings or friction pendulum bearings at the base of a building [10]-[12]. Both 49 

techniques share the common principles of reducing the seismic responses by elongating the fundamental period 50 

(e.g., through either laminated rubber layers or concave sliding surface) and the energy dissipation capacity (e.g., 51 

by either lead plugs or the friction of sliders) of the structure [13]-[15]. Nonetheless, seismic base isolation also 52 

has its limitations. Long-period ground motions are known to present such a limitation for isolated structures [16]-53 

[17], whose efficacy primarily lies on the premise that spectral accelerations of the ground motion decay rapidly 54 

in the long-period range. Among the different types of long-period ground motions, near-fault pulse-like motions 55 

have been shown to impose much higher seismic demands for isolated buildings than ordinary non-pulse-like ones 56 

[18]-[21]. Recent studies reveal the limitations of seismic base isolation in suppressing the higher mode vibration 57 

[22]-[24] and in reducing the floor velocity responses of the superstructure [25], suggesting susceptible protection 58 

for velocity-sensitive nonstructural elements. 59 

On the other hand, a handful of large-scale shake table tests on full-scale buildings, equipped with 60 

nonstructural elements, have been successfully conducted to meet the second challenge, i.e., to experimentally 61 

simulating the real-world seismic damage to multiple nonstructural elements with various damage sensitivities 62 

and interactions. For instance, a shake table test was conducted at E-Defense in Japan for a full-scale 4-story 63 

hospital, either base-isolated or fixed at the base [26]. The specimen had a plan dimension of 10m by 8m and a 64 

total weight of 7450kN. A wide spectrum of realistic nonstructural elements in a hospital such as suspended 65 

ceilings, pipelines, CT scanners, medical shelves, and beds were arranged in different rooms of the building. 66 

Another full-scale 5-story building weighing 5300kN, either base-isolated or fixed at the base, was tested on the 67 

same shake table with a variety of typical nonstructural elements in it [27]. In 2016, a five-story moment frame 68 

structure equipped with nonstructural elements such as ceilings, partition walls, electrical distribution systems, 69 

fire sprinkler systems, and gas piping was tested on the world largest outdoor shake table at the University of 70 

California San Diego to demonstrate the seismic performance of both base-isolated and fixed-base buildings. The 71 

test building had base plan dimensions of 6.6m by 11.0m and weighed 6360kN [28]-[30]. Such full-scale 72 

experimental tests provide invaluable observation and insights into the real-world seismic responses of 73 

nonstructural elements. Nonetheless, they are costly and impose very high demands for the shake tables, raising 74 

practical difficulties to meet the growing and widespread demands for nonstructural research and experimental 75 

qualification. 76 

In this study, we present a novel substructure shake table test on a 14-story archetype building with and 77 

without seismic isolation. The testing method enables examining the seismic damage of multiple interacting 78 

nonstructural elements sensitive to different EDPs of two consecutive floors of a building, thus presenting a 79 

feasible general-purpose and economical alternative to full-building shake table tests. In the following sections, a 80 

description of the nonstructural elements of concern, the archetype building, and the loading scenarios is followed 81 

by an introduction to the substructural shake table test in both the numerical and physical domains. The 82 

experimental results are then presented and discussed in two separate sections, one for the substructural responses 83 
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to justify the accuracy of the testing method in replicating the target floor motions, and the other for the 84 

nonstructural responses to show the effect of seismic isolation, multi-EDP sensitivities, and component-to-85 

component interactions on the seismic damage to nonstructural elements. 86 

2 Test specimens 87 

2.1 Nonstructural elements of concern 88 

We intended to simulate the seismic responses of typical nonstructural elements in a full-scale room in a 89 

multistory archetype building, either base-isolated or fixed at the base, on the existing 5m by 5m shake table at 90 

the Institute of Engineering Mechanics (IEM), China Earthquake Administration. Considering the size limitation 91 

of the available shake table, the room of a 3.2m story height and 4.35m by 4.1m plan dimensions as shown in Fig. 92 

1 was taken as the test specimen. The architectural space is partially enclosed by gypsum board drywall partitions, 93 

a suspended ceiling, and a composite wood floor laid on a layer of bamboo plywood. Typical indoor contents in 94 

offices and classrooms including two cabinets, a bookshelf, two desks, three chairs, and a self-standing white 95 

board were placed in the room. 96 

 97 

Fig. 1. Full-scale room with nonstructural elements of concern in the test: (a) front view, (b) 3-dimensional 98 

illustration, and (c) plan view (unit: mm). 99 

The gypsum board drywall partitions on two opposite sides of the room presented the lateral boundaries for 100 

the file cabinets, the bookshelf, and the white board. They also provided the boundaries for the suspended ceiling, 101 

whose enclosure angles were fixed to the gypsum boards. Each partition was 3m high and 3m wide [Fig. 2(a)]. A 102 

bottom and top channel runners of 75×40×0.6mm were bolted to the lower and upper floors, respectively. Six 103 

vertical studs of 73.5×50×0.6mm were placed in between the bottom and top runners at 600mm spacing. The 104 

gypsum boards were screwed to both sides of the vertical studs from the floor to a height of 2400mm, where they 105 

met the suspended ceiling. As a common practice, the vertical studs were not screwed to either the bottom or the 106 

top runner. Instead, the flanges of the bottom runner were tightly clamped by the gypsum boards and the studs 107 

when they were nailed together [Fig. 2(b)]. On the top, the vertical studs could slide in the channel of the top 108 

runner when the room deformed laterally. This detailing minimized the in-plane shear force carried by and the 109 

lateral stiffness of the drywall partitions, which would otherwise alter the dynamics of the substructure testbed 110 

and cause troubles for the control accuracy. 111 
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 112 

Fig. 2. Gypsum board drywall partitions: (a) front view (unit: mm), and (b) cross-section details of studs and 113 

bottom runners. 114 

A double-layer suspended ceiling commonly used in China [Fig. 3(a)] was hung in the room at a height of 115 

2400mm from the floor, which corresponds to a suspension distance of 600mm. In the upper layer, four carrying 116 

channels were hanged by 16 hanger wires at spacings of either 1200mm or 600mm [Fig. 3(b)]. The main tees were 117 

then hooked to the carrying channels to form a 600mm by 600mm lower-layer grid together with the cross tees 118 

and the enclosure angles [Fig. 3(c)]. While the angles on the two opposite sides [B and D in Fig. 3(c)] were fixed 119 

to the steel testbed, they were nailed to the gypsum boards of the drywall partitions on the other sides [A and C in 120 

Fig. 3(c)]. Ceiling panels of 595mm by 595 mm rested on the lower-layer grid. 121 

 122 

Fig. 3. Double-layer suspended ceiling: (a) 3-dimensional sketch illustration, (b) plan layouts of upper layer, and 123 

(c) lower layer (unit: mm). 124 

Fig. 4 shows the photos of all the indoor contents placed in the room. The file cabinets and bookshelf were 125 

placed in front of a drywall partition so that they could only overturn outwardly [see Fig. 1(c)]. Books of a total 126 

weight of 30kg were placed in file cabinet A and the bookshelf, all positioned towards the back. The initial 127 

locations of other contents are also depicted in Fig. 1(c). Both the swivel chair and the whiteboard had wheels, 128 

which were released during the test. The room's floor was covered by composite wood floor with a coefficient of 129 

friction of approximately 0.4 to 0.6 according to GB/T 20239-2023 [31]. Table 1 summarizes the geometric 130 

dimensions and masses of the contents. 131 
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 132 

Fig. 4. Photos of contents placed in the room. 133 

Table 1. Geometric dimensions and masses of contents 134 

Item L (mm) B (mm) H (mm) Mass (kg) 

File cabinet A 850 390 1800 25.5* 

File cabinet B 850 390 1800 25.5 

Bookshelf 600 240 1800 25* 

Swivel chair** 600 600 1000 13.3 

White board** 1200 400 1600 2.5 

Student desk 600 400 780 5.1 

Student chair 400 360 420 3.8 

Office desk 1000 600 730 8.1 

Office chair 545 520 910 7.6 

Computer monitor 500 150 370 5.1 

* Excluding the 50kg books; ** with wheels 135 

Wada et al. [32] proposed a practical range for office items in terms of their width B and height-to-width ratio 136 

H/B (Fig. 5). All the contents listed in Table 1 fall within the range except the student chair, the computer monitor 137 

on the desk and the bookshelf.  138 
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 139 

Fig. 5. Distribution of geometric parameters of contents. 140 

2.2 Archetype buildings and earthquake ground motions 141 

The room is assumed to be locate on the bottom floor of a 14-story classroom building of reinforced concrete 142 

structure in a region of Seismic Intensity 8 in China [33]. It has a uniform story height of 3.2m and a total height 143 

of 44.8m above the ground. The fundamental period when it is fixed at the base (denoted as the fixed-base, or FB 144 

archetype hereinafter, Fig. 6(a) is assumed to be 1s. For comparison, the same building is also assumed to be 145 

seismically isolated at the base by friction pendulum bearings (FPBs) with an equivalent radius of curvature R of 146 

1.6m and a friction coefficient μ of 2%, resulting in an isolation period of TI=2.7s. It is denoted as the base-isolated, 147 

or BI archetype, hereinafter [Fig. 6(b)]. The substructure shake table test aims to simulate the time history 148 

responses of the two consecutive floors of the room at the bottom story of the two archetype buildings to selected 149 

earthquake ground motions. The responses of concern include the acceleration, velocity of both floors, and the 150 

relative displacement of the two floors, also known as the inter-story drift. 151 

 152 

Fig. 6. Archetype buildings: (a) fixed-base (FB) building, and (b) base-isolated (BI) building. 153 

Both archetype buildings are assumed to be subjected to the same suite of three bi-directional strong 154 

earthquake shakings, including two pulse-like motions and one non-pulse-like motion (Table 2 and Fig. 7). The 155 

pulse characteristics were identified following Baker et al. method [34]. To accommodate the modest stroke of 156 

the available shake table, all ground motion records were filtered through a high-pass filter at a cut-off frequency 157 

of 0.2Hz.  158 
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Table 2. Ground motion records for shake table tests 159 

ID PEER ID Event Station Component 
PGA 

(g) 

PGV 

(cm/s) 

Pulse- 

like 

Load 

direction 

DUZ RSN1605 
Duzce Turkey, 

1999 
Duzce 

DUZCE270 0.515 84.19 Yes x 

DUZCE180 0.404 71.12 Yes y 

LCN RSN879 Landers,1992 Lucerne 
LCN345 0.789 28.09 No x 

LCN260 0.725 133.33 Yes y 

TAF RSN15 Kern County, 1952 
Taft L. 

School 

TAF-111 0.180 18.62 No x 

TAF-021 0.159 15.22 No y 

 160 

Fig. 7. Acceleration time histories of the selected earthquake records: (a) DUZ, (b) LCN, and (c) TAF. 161 

The acceleration response spectra (Sa) and absolute velocity response spectra (Sv) of the selected ground 162 

motion records are compared with the design response spectrum for Seismic Intensity 8 in the Chinese seismic 163 

code [35] in Fig. 8. The DUZ and LCN records are larger than the design response spectrum at TFB, but all three 164 

records are lower than the design response spectrum at TBI. 165 

 166 

Fig. 8. Response spectra at 5% damping of selected ground motion records: (a) acceleration, and (b) velocity. 167 

3 Substructural testbed, load cases and measurements  168 

3.1 Required dynamic properties and design of the substructure 169 

The dynamic behavior of the FB archetype, which is also the superstructure of the base-isolated (BI) 170 

archetype, is simulated by a lumped-mass bidirectional shear spring model as shown in Fig. 9(a). Each story is 171 

modeled by a lumped mass and two independent orthogonal shear springs of linear elastic behavior. The story 172 

mass (m1 to m6) and stiffness (k1 to k6) of the bottom six stories are 3000ton and 1×104kN/mm, respectively, while 173 

those of the rest of the top stories m7 to m14 and k7 to k14 are 2800ton and 0.8×104kN/mm, respectively. The 174 

superstructure is assumed to have 5% Rayleigh damping at the 1st and 3rd modes. The BI archetype includes an 175 

isolation layer of FPBs and an additional lumped mass m0=3000ton at the base of the superstructure. The 176 
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mechanical behavior of the FPBs is modeled by two independent orthogonal shear springs with linear elastic 177 

properties, where the stiffness of the springs corresponds to the tangent lateral stiffness of the FPBs. 178 

 179 

Fig. 9. (a) Numerical models of archetype buildings, (b) numerical model of substructure for BI archetype, and 180 

(c) experimental testbed. 181 

For substructure testing, the 15-story BI archetype was reduced to a 3-layer substructure as depicted in Fig. 182 

9(b). Both models rest on an isolation layer of FPBs of the same properties so that their isolation period is the 183 

same (i.e., TI=2.7s, which depends only on the equivalent radius of curvature of the FPBs). On top of mA, the two-184 

layer lumped-mass model is supposed to simulate the fundamental period of the FB archetype and its first-mode 185 

shape at m1 and m14. Therefore, one has Eq. (1) of four unknowns, that is, mB, mC, kB, and kC. 186 

 𝜔1
2 [
𝑚B 0
0 𝑚C

] [
𝜙1

𝜙14
] = [

𝑘B + 𝑘C −𝑘C
−𝑘C 𝑘C

] [
𝜙1

𝜙14
] (1) 

where ω1 is the fundamental circular frequency of the FB archetype, 𝜙1 and 𝜙14 are the elements of the first-187 

mode shape vector at the first and fourth floor, respectively. 188 

The masses of the three layers, which include both the structural components of the substructure and 189 

nonstructural elements described in Section 2.1, are mA=4363kg, mB=4478kg, and mC=4609kg, respectively. 190 

Substituting the predetermined mB and mC into Eq. (1) gives the solution of the required stiffness kB=2kN/mm and 191 

kC=0.192kN/mm, respectively.  192 

The physical model of the substructure testbed was then built according to the story masses and stiffnesses. 193 

The skeleton of the substructure testbed is made of a 3-layer braced steel frame [Fig. 9(c)]. The bottom two layers 194 

provide the floor and ceiling for the full-scale room to contain the nonstructural elements of concern described in 195 

Section 2.1. The story height between the two layers is 3.2m, and the plan dimension is 5m by5 m (Fig. 10). 196 
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 197 

Fig. 10. Implementation scheme: 3-story steel frame: (a) elevation (unit: mm), and (b) plan at A-A section 198 

(unit: mm). 199 

The stiffness of the steel frame was designed to be very large so that it would behave as a rigid body during 200 

the vibration thus most inter-story drift takes place in the bearings and springs. The required story stiffness 201 

kB=2000N/mm was realized by four laminated natural rubber bearings (NRBs) of 267mm in diameter. For each 202 

NRB, the total rubber thickness ntR was 45 mm and the nominal lateral stiffness was 500N/mm. The maximum 203 

considered inter-story drift ratio limit of the room of interest was 2%, corresponding to 64mm lateral drift given 204 

a 3.2m story height. Assuming that all the lateral drift took place in the rubber bearings, it corresponded to a shear 205 

strain of approximately 142%, which is well remained in the elastic range for the NRBs [36]- [37].  206 

On top of the substructure testbed is an additional layer to increase its flexibility. Conceptually, it accounts 207 

for the influence of the dynamic responses of all the upper stories in the archetype building above the 1st story. 208 

Therefore, it needs to realize the required stiffness of kC=192N/mm with a large lateral drift. The estimated drift 209 

demand was 190mm by time-history response analysis. Four FPBs of a curvature radius of 700mm were installed 210 

between the top two layers to provide the necessary stroke and part of the required story stiffness of kC. The 211 

equivalent lateral stiffness of the four FPBs estimated by Eq. (1) was 64.5N/mm. The diameter of the slider is 212 

54mm and the nominal pressure is 4.9MPa. To provide additional lateral stiffness, 16 springs were installed in 213 

parallel with the FPBs. Each spring had a nominal stiffness of 15.95N/mm. 214 

The three-layer substructure rested on four full-scale FPBs (denoted as FPB1300) of the same equivalent 215 

radius of curvature R as those of the archetype building. As shown in Fig. 11, The apparent diameter of the 216 

concaved sliding surface and the slider were 1300mm and 73mm, respectively, resulting in an effective stroke of 217 

approximately 600mm. Considering the weight of the testbed and the specimens, the nominal pressure on the 218 

sliding surface was 7.8MPa. The lower part of the bearing that supports the concaved sliding surface was made 219 

into a hollow structure to avoid unnecessary payload demand on the shake table. The hollow design successfully 220 

reduced the mass of each FPB1300 bearing from 965kg to 260kg. The isolation layer can be fixed by installing 221 

four shear keys between the shake table and the bottom layer of the testbed, two for each direction. A pair of the 222 

shear keys in a single direction provides a lateral stiffness of 10194kN/mm, much larger than the equivalent lateral 223 

stiffness of the FPB isolation layer, kI=81N/mm. The installation or removal of the shear keys allows for the easy 224 

switch between the substructures for the BI and the FB archetypes. 225 
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 226 

Fig. 11. The FPB1300: (a) photo, (b) elevation (unit: mm), and (c) plan (unit: mm). 227 

In each of the orthogonal directions of the building, the substructure is a three-degree-of-freedom (3DOF) 228 

system. The first-mode shapes of the 3DOF substructures for both the FB and BI archetypes are compared with 229 

those of the respective archetype models in Fig. 12. For the BI archetype and its corresponding substructure, the 230 

mode shape vectors were solved by assuming an equivalent linear lateral stiffness kFPB [Eq. (2)] of the FPB 231 

isolation layer. 232 

 𝑘FPB =
∑𝑚𝑔

𝑅
 (2) 

where ∑𝑚𝑔 is the total weight above the isolation layer, and R=1608mm is the equivalent radius of curvature 233 

of the FPBs. 234 

However, due to the lack of corresponding matching calculations, the second-mode shapes and periods of 235 

archetype building and 3DOF substructure did not match well (Table 3). The replication of certain higher-mode 236 

responses was not considered in both the FB and BI substructures.  237 

The effective modal mass ratio for both the archetype and the substructure can be seen in Table 3. From the 238 

results, in the BI structure, the effective modal mass ratio for both the archetype and substructure are essentially 239 

identical. In contrast, in the FB structure, the effective modal mass ratio for the second-mode shape of the 240 

substructure is larger compared to that of the archetype structure. 241 

 242 

Fig. 12. Mode shape of BI and FB structure: (a) first-mode shapes, and (b) second-mode shapes. 243 
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Table 3. Parameters of structural modes 244 

 

Mode 

Period (s) Effective modal mass ratio (%) 

Archetype Substructure Archetype Substructure 

BI FB BI FB BI FB BI FB 

1st 2.7 1.0 2.7 1.0 99.7 75.8 99.3 40.9 

2nd 0.5 0.4 0.8 0.3 0.3 10.5 0.6 39.9 

3.2 Substructural component tests 245 

Given the masses, the dynamics of the testbed are primarily determined by the lateral mechanical properties 246 

of the FPBs, NRBs, and extension springs. They were calibrated through component tests before performing the 247 

substructure shake table test. The FPBs and NRBs used for the substructure testbed were tested on the multi-axis 248 

loading facility at IEM as shown in Fig. 13. The specimen was connected to a triaxial load cell in series and was 249 

anchored to the base girder of the facility at the bottom. The top of the load cell is fixed to the loading platen, 250 

which was driven by four horizontal and four vertical hydraulic actuators to provide displacement-controlled 251 

loading in the vertical and horizontal directions. A pair of wire transducers were installed to measure the 252 

displacement at the top and bottom of the specimen. 253 

 254 

Fig. 13. Component test setup for FPBs and NRBs (unit: mm). 255 

Since the full-scale FPB1300 bearings were too large for the available testing facility, only the smaller FPBs 256 

(FPB450) between the top two layers of the substructural testbed were tested. For the friction coefficients, the 257 

four FPB450s were subjected to three cycles of sinusoidal horizontal displacement history of ±6mm amplitude 258 

and 0.0025Hz frequency as per the GB/T 37358-2019 [38]. To capture the possible effect of normal pressure on 259 

the friction coefficient, the horizontal loading of each bearing was repeated when it was under a constant vertical 260 

compression force of 33.0kN and 11.3kN. They correspond to vertical pressures of p=7.9MPa and p=4.9MPa on 261 

the sliding surface for the FPB1300 and FPB450 bearings, respectively. Fig. 14 depicts the hysteresis curves of 262 

the horizontal-to-vertical force ratio (denoted as ψ) and the lateral displacement in the third cycle of loading. The 263 

coefficient of friction is taken as the ψ values at zero lateral displacement, which is determined by the straight 264 

lines linearly regressed from the hysteresis curve segments within ±3mm lateral displacement [Fig. 14(a)]. As 265 
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summarized in the last rows of Table 4, the friction coefficients vary among different bearings with approximately 266 

14% coefficient of variance. The mean friction coefficient was 2.35% when p=7.9MPa, but was increased by 34% 267 

to =3.06% at a lower p=4.9MPa. The increase in the friction coefficient  at lower normal pressure agrees with 268 

the findings of previous researches [39]-[40]. 269 

 270 

Fig. 14. Hysteresis curves of FPB450s at small amplitude for friction coefficients of Specimen. 271 

Table 4. Friction coefficient of FPB specimens 272 

Specimen No. 

Friction coefficient μ Tangent lateral 

 stiffness kFPB (N/mm) 

Error 

 in kFPB (%) p=4.9MPa p=7.9MPa 

1 3.36% 2.10% 16.72 3.64 

2 2.75% 2.23% 16.78 4.01 

3 3.51% 2.78% 15.92 -1.32 

4 2.60% 2.29% 15.52 -3.80 

Mean 3.06% 2.35% 16.27 0.63 

COV 14.64% 12.66% 3.8% - 

The same FPB450s were cyclically loaded again but at a much larger amplitude of ±63mm to test their 273 

lateral stiffness. The nominal vertical pressure, p=4.9MPa, carried by each FPB during the substructure shake 274 

table test was conducted here. Fig. 15 compares the hysteresis curves of the normalized horizontal force ψ of the 275 

four specimens with the assumed linear elastic behavior of the FPBs, represented by a diagonal straight line with 276 

a slope of 1/R according to Eq. (3). The measured lateral stiffnesses of the FPBs are determined by linear 277 

regression from the hysteresis curve segments with ±60 mm lateral displacement [Fig. 15(a)]. The results are 278 

summarized in Table 4. Their errors relative to the nominal lateral stiffness of the FPBs were less than 5%. 279 

 280 

Fig. 15. Hysteresis curves of FPB450s at ±63mm amplitude and p=4.9MPa for calibration of lateral stiffness of 281 

Specimen. 282 

The four NRBs were tested by the same test setup in Fig. 13. They were subjected to a sinusoidal 283 

displacement history of 0.01 Hz frequency and three different amplitudes corresponding to a shear strain γ=50%, 284 

0

-0.04

-0.06

0-6-9 6 9

Lateral disp. (mm) Lateral disp. (mm) Lateral disp. (mm) Lateral disp. (mm)

2


ψ
 

-3 3

-0.02

0.02

0.04

0.06

0-6-9 6 9-3 3 0-6-9 6 9-3 3 0-6-9 6 9-3 3

No.1

p=4.9MPa          p=7.9MPaRange of linear fitting

No.2 No.3 No.4

0.08

0

0-40-80 40 80

0.16

0-40-80 40 80 0-40-80 40 80 0-40-80 40 80

ψ
 

Lateral disp. (mm) Lateral disp. (mm) Lateral disp. (mm) Lateral disp. (mm)

Nominal

Test

-0.08

-0.16

1/R

Range of linear fitting

No.1 No.2 No.3 No.4



13 

 

100% and 150%. At each amplitude, the load was repeated for 3 cycles. The test results are summarized in Fig. 285 

16 and Table 5. The NRBs exhibited almost linear elastic behavior throughout the test. The lateral stiffness 286 

decreased slightly at larger shear strain amplitude, but the deviation from the nominal value of kNRB=500N/mm 287 

was less than 14% in all cases. 288 

 289 

Fig. 16. Hysteresis curves of NRBs. 290 

 291 

Table 5. Stiffness of NRB specimens 292 

Specimen 

Lateral stiffness kNRB (N/mm) Error in kNRB (%) 

γ=50% γ=100% γ=150% γ=50% γ=100% γ=150% 

1 551 486 462 10.20 -2.80 -7.60 

2 567 491 483 13.40 -1.80 -3.40 

3 566 479 454 13.20 -4.20 -9.20 

4 554 470 456 10.80 -6.00 -8.80 

Mean 560 482 464 11.90 -3.70 -7.25 

COV 1.5% 1.9% 2.9% - - - 

 293 

Three of the 16 extension springs used in the testbed were subjected to uniaxial monotonic tension to calibrate 294 

their axial stiffnesses by the test setup in Fig. 17. The tension was applied to elongate the springs from zero 295 

deformation to up to 517mm, which is the estimated maximum elongation of springs in the substructure testing. 296 

All three springs exhibited linear elastic behavior. The average axial stiffnesses of the specimens were 16.55N/mm, 297 

16.72N/mm, and 16.33N/mm within the ±194mm deformation on both sides of the supposed initial position in 298 

the substructure test. The average error relative to the nominal stiffness was only 3.65% (Fig. 18). 299 

 300 

Fig. 17. Test setup for axial stiffness of springs (unit: mm). 301 
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  302 

Fig. 18. Springs stiffness test: (a) specimens, and (b) force-deformation relationships. 303 

 304 

3.3 Load cases and measurements 305 

The bidirectional horizontal components of the three ground motion records in Section 2.2 were scaled by 306 

the peak acceleration in the x-direction before they were input as the shake table motion. The target peak table 307 

acceleration in the x-direction (PTAx) of the different runs were increased from 0.07g to 0.6g. They included the 308 

peak ground accelerations corresponding to the Service-Level Earthquake (SLE), Design-Basis Earthquake (DBE), 309 

and Maximum-Considered Earthquake (MCE) at Seismic Intensity 8, 8.5, and 9 in the Chinese seismic code [35]. 310 

The loading sequence of the test runs is depicted in Fig. 19. The same loading sequence was applied to both the 311 

FB and BI models separately. For the same target PTA, the measured PTAs for the FB and the BI structures were 312 

similar. The measured PTAs in each run deviated from the target value by a relative error from -28.6% to 14.3%. 313 

The PTAs of the DUZ and TAF records were larger than the target, while the PTAs of LCN records were smaller, 314 

depending on the control of the shake table. 315 

 316 

Fig. 19. Load cases of shake table test. 317 
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transducers were arranged between each layer of the tested and a scaffold for instrumentation to measure the 320 

absolute displacement of each layer in the two horizontal directions. Additional displacement transducers, uFPBs, 321 

were arranged between the shake table and the bottom layer of the testbed to measure the displacement of the 322 

isolation layer. Similarly, displacement transducers, uNRBs, were arranged between the upper and lower end plates 323 

of the NRBs to measure the inter-story drift of the room (Fig. 20). 324 

 325 

Fig. 20. Instrument arrangement (unit: mm). 326 

4 Structural responses 327 

The time histories and Fourier spectra of the responses of the BI and the FB substructure testbeds and their 328 

respective target motions obtained by time-history analyses of the archetype buildings were compared in Figs. 21 329 

and 22. For the time domain responses, it can be observed in Fig. 21 that the ramp-up and ramp-down trends of 330 

the measured responses of both the BI and the FB archetypes matched the target responses well. The measured 331 

ceiling response of the FB archetype was larger than the target while this phenomenon was not observed in the BI 332 

archetype’s testing. That is because the proposed substructure testing method aims at matching only the first mode 333 

response of the archetype building. As for a BI building, the acceleration, velocity and inter-story drift responses 334 

are all dominated by the first mode response. As for a FB building, on the other hand, the first mode response only 335 

dominats the inter-story drift response [41], while the acceleration responses are heavily affected by the responses 336 

of the first three modes [42]. Testing method for compensating the higher mode responses of FB archetypes are 337 

under development. The relative errors of the peak responses (εt) between the test and the target ranged from 1.3% 338 

to 49.7%. 339 
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 340 

Fig. 21. Time history responses to DUZ ground motion in the x-direction: (a) BI archetype (PTAx=0.39g), and 341 

(b) FB archetype (PTAx=0.37g). 342 

The errors in the frequency domain provide more insights into the reproduction accuracy of the proposed 343 

testing method. The error εf between the test and the target is defined in the frequency range [fL, fU] by Eq. (3) 344 

according to Ji et al. [43] and Cao et al. [44]. 345 

 𝐸f =
∑{|ℱ(𝑋(𝑡))| − |ℱ(𝑌(𝑡))|}

2

∑{|ℱ(𝑋(𝑡))|}
2  (3) 

where ℱ(𝑋(𝑡)) and ℱ(𝑌(𝑡)) are the Fourier amplitude spectra of the archetype response and the three-layer 346 

substructural testbed response. In this study, fL = 0.1 Hz for all the response quantities, while fU is determined by 347 

Eq. (4) for acceleration and velocity responses and by Eq. (5) for the inter-story drift ratio.  348 

 𝑓U,AV =
2

(𝑇2 + 𝑇3)
 (4) 

 𝑓U,D =
2

(𝑇1 + 𝑇2)
 (5) 

where Ti is the ith modal period of the archetype building. 349 

Apart from the acceleration of the ceiling in the FB tests, the error of the Fourier spectrum (εf) ranged from 350 

2.6% to 15.4%. Since the substructure matched the first mode of the archetype structure, the reproduction of IDR 351 
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and floor velocity responses in both the BI and FB tests was satisfactory. However, due to the limitation of the 352 

first-mode matching method, there were partial losses of high-frequency response in floor acceleration in the BI 353 

test. 354 

 355 

Fig. 22. Fourier spectrum relative error to Duzce ground motion in the x-direction: (a) BI structure 356 

(PTAx=0.39g), and (b) FB structure (PTAx=0.37g).  357 

Fig. 23 depicts the peak responses of the testbed for both the FB (PTAx=0.37g) and BI structures (PTAx=0.39g) 358 

to the Duzce ground motion. In the BI structure, the distribution of peak absolute floor displacement (PFD), PFV, 359 

and PFA are relatively uniform. However, in the FB structure, these quantities exhibit different degrees of growth 360 

along the height of the structure. 361 

 362 

Fig. 23. Seismic response of full-scale room in (a) PFD, (b) PFV, and (c) PFA to Duzce ground motion 363 

(PTAx=0.39g for BI model and PTAx=0.37g for FB model). 364 
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The ratio of the structural responses of the BI to the FB models under the same seismic intensity, denoted as 365 

SR, is used to measure the effectiveness of base isolation (Fig. 24). Compared with the FB model, the BI model 366 

can effectively reduce the IDRmax of the room [Fig. 24(a)]. At small PTAs, SR ranged from 0.4 to 0.8, and as the 367 

PTAs increased, the value of SR gradually decreased. When the PTAx of the ground motions reached the peak, 368 

the SR was only 0.5 to 0.7 in the direction of the pulse-like ground motion component, while in the direction of 369 

the non-pulse ground motion component, the SR was small and ranged from 0.2 to 0.3 [Fig. 24(a)]. This shows 370 

that the response of tested BI structures caused by pulse-like ground motions is more serious than that caused by 371 

non-pulse-like ground motions. 372 

 373 

Fig. 24. SR in the test: (a) IDRmax, (b) PFA of floor, (c) PFA of ceiling, and (d) PFV of floor. 374 

In comparison to the conventional FB structure, the BI structure guaranteed significant reduction in PFA, as 375 

illustrated in Fig. 24(b) and Fig. 24(c). Existing studies have shown that BI structures are less effective in reducing 376 

PFA when subjected to SLE than when they are subjected to DBE or MCE [45]. For this test, the SR of the room 377 

floor within ranges from 0.6 to 1.1. Among them, PFA may rise under the LCN ground motion. This is because 378 

the sliding distance of FPBs are not significant, and the maximum displacement of the isolation layer is only 1 379 

mm, resulting in a relatively high equivalent stiffness of the isolation layer. In contrast, the sliding distance of 380 

DUZ and Taft under the same PTAs are 16 mm and 13 mm, respectively, and the reduced equivalent stiffness of 381 

the isolation layer reduced the PFA responses of the bottom floor. 382 

As the PTA increases, the reduction in PFA of the BI structure becomes more pronounced. In the last test 383 

runs, the SR of the PFA of the bottom floor is 0.3 to 0.5 [Fig. 24(b)], and the SR for the PFA of the ceiling is 0.1 384 

to 0.3 [Fig. 24(c)]. This phenomenon indicates that the tested BI structure can effectively reduce the PFA of the 385 

structure under strong ground motions. 386 

On the contrary, the performance of the BI structure is not satisfactory in reducing PFV. The SR of the room 387 

floor no longer shows a decreasing trend with the increase of PTAs [Fig. 24(d)]. In the last test runs, the SR ranges 388 

from 0.8 to 1.2 under the non-pulse-like ground motions. And under the pulse-like ground motions, the SR reaches 389 

a maximum of 2. This phenomenon is attributed to the attenuation characteristics of the spectral velocity of the 390 

ground motions. Unlike the spectral acceleration that attenuates rapidly towards longer periods [Fig. 8(a)], the 391 

absolute velocity response spectra exhibit more significant fluctuation and do not show a clear trend of descending 392 

towards longer periods [Fig. 8(b)]. Therefore, the tested BI structure cannot effectively reduce PFV and leads to 393 

a huge increase in PFV under pulse-like ground motion excitation [25]. 394 

5 Nonstructural responses and visual damage 395 

5.1 Suspended ceiling 396 

Guidelines for assessing the seismic performance of buildings in China [46] and the US [47] both adopt the 397 
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PFA as the EDP for suspended ceilings. In the BI substructure, the PFA experienced by the suspended ceiling was 398 

only 0.17g. After the test on the BI substructure, the suspended ceiling remained intact [Fig. 25(a)], which 399 

indicated that the BI structure can significantly reduce the PFA of the superstructure and thus effectively protect 400 

the acceleration-sensitive nonstructural elements. On the other hand, however, the suspended ceiling in the FB 401 

structure sustained significant damage in the loading process. Fig. 25(b) summarizes the relationship between the 402 

rate of fallen ceiling panels Rf and PFA. 403 

 404 

Fig. 25. Rate of fallen panels in the (a) FB structure, and (b) BI structure. 405 

When the PFA reached 0.27g, the cross tees at the edge of the ceiling became loose and part of the ceiling 406 

panels were dislocated [Fig. 26(a)]. As the PFA increased to 0.34g, damage took place in the connection between 407 

part of the cross tees and the enclosure angles on the partition walls. On one hand, the ceiling system moves under 408 

floor motions, resulting in relative displacement with the enclosure angles on the partition wall. On the other hand, 409 

the partition wall also shook during the test due to the sliding connection boundary condition of the top runner. 410 

This deformation may have led to a larger relative displacement between the ceiling and the partition wall, 411 

resulting in more severe damage. The Rf was 14% after this test run [Fig. 26(b)]. Following the damage sustained 412 

by suspended ceilings near the boundary, the adjacent ceiling panels and cross runners became loose due to a lack 413 

of restraints. As the PFA reached 0.39g, the damage to the suspended ceilings began to spread. The connection 414 

between the cross runners was severed, making an increased number of ceiling panels fall [Fig. 26(c)]. The rate 415 

of fallen panels Rf was found to be 46%. Finally, when the PFA reached 0.57g, all the ceiling panels fell and the 416 

suspended ceiling was destroyed [Fig. 26(d)]. The Rf reached 100%. 417 
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 418 

Fig. 26. Observed damage to suspended ceilings: (a) deformation of tees (LCN, PTAx=0.16g), (b) falling of 419 

ceiling panels (DUZ, PTAx=0.21g), (c) falling of more ceiling panels (TAF, PTAx=0.24g) and (d) destruction of 420 

the suspended ceilings (DUZ, PTAx=0.30g). 421 

The observed rates of fallen panels of suspended ceilings in the tests is compared in Fig. 27(a) with those 422 

observed in the M7.0 Lushan earthquake in 2013, China [4]. Fragility curves can be readily derived from the 423 

scattered data using the method proposed by Konstantinidis et al. [48]. In this method, the damage measure of 424 

nonstructural elements (e.g., Rf herein) and the intensity measure (e.g., PFA herein) are first fitted through linear 425 

regression in the log-log space to determine the coefficients c and d in Eq. (6). Then the necessary parameters, 426 

i.e., the median value  and the logarithmic standard deviation , for the fragility curves in the form of a lognormal 427 

cumulative function in Eq. (8) can be calculated by Eq. (8) and Eq. (9), respectively. 428 

 ln(𝑅f) = 𝑐ln(𝑃𝐹𝐴) + ln⁡(𝑑) (6) 

 
𝐹(𝑃𝐹𝐴) = Φ [

ln(𝑃𝐹𝐴/𝜃)

𝛽
] (7) 

 
𝜃 = 𝑒

ln(𝐷𝑆)−ln(𝑑)
𝑐  (8) 

 

𝛽 = √
1

𝑛 − 1
∑[ln

𝛿𝑖
𝑑𝑃𝐹𝐴𝑖

𝑐]

2𝑛

𝑖=1

𝑐⁄  (9) 

where DS is the damage state of a nonstructural element. In this research, DS is taken to 30% of the fallen panels. 429 

n is the number of specimens, δi and PFAi are the damage response and the EDP of the ith specimen, respectively. 430 

The fragility curve of the ceiling generated by the results of this test is compared with that derived from the 431 

data of the Lushan earthquake and that recommended in FEMA P-58 (Fragility Classification No. c3032.001a that 432 

refers to suspended ceiling of less than 23m2 area with only vertical hangers) in Fig. 27(b). The PFA at 50% 433 

probability of exceedance of the fragility curve of the ceiling in our test is only 40% of that of the field observation 434 

(a) (b) 

(d) (c) 
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in the Lushan earthquake and only 26% of the recommended value in FEMA P-58.  435 

 436 

Fig. 27. Suspended ceiling damage for: (a) observed of Rf in log-log space in the test and the 2013 Lushan 437 

earthquake in China, and (b) fragility curve comparison. 438 

This discrepancy may be attributed to the different boundary conditions. In FEMA P-58, the boundary 439 

conditions of suspended ceilings are not explicitly considered in determining the fragility function. However, 440 

during the Lushan earthquake, these ceilings were typically installed on masonry or concrete walls, which 441 

inherently have greater stiffness. In our test scenario, two enclosure angles were installed on gypsum board 442 

drywall partitions, which had smaller stiffness. As the gypsum board walls are prone to deformation, the gaps 443 

between the ceiling and the partition wall may be subjected to more significant uncertainties, making the 444 

suspended ceiling more likely to fail at the connection with the flexible and fragile boundary elements [49]-[50]. 445 

Furthermore, unlike the suspended ceilings in our tests, the suspended ceilings during the Lushan earthquake were 446 

single-layer systems. This difference in construction type could also contribute to the observed discrepancy in the 447 

fragility curves [50]. 448 

5.2 Content sliding 449 

In the test, the residual sliding displacement (RSD) of each content was recorded. According to Eq. (10) [51], 450 

the approximate coefficients of friction 𝜇 between the contents and the floor can be determined and are listed in 451 

the second row of Table 6. 452 

 𝜇 =
𝑎𝑠
𝑔

 (10) 

where as is the minimum PFA that caused the contents to slide in the test, g=9.8 m/s2 is the gravitational 453 

acceleration. 454 

Table 6. Parameters of contents. 455 

Item μ b (mm) h (mm) ao (g) 
vo (m/s) 

(β=0.4) (β=1.0) 

File cabinet A 0.10 255 1110 0.20 0.22  0.55  

File cabinet B 0.10 195 900 0.21  0.21  0.53  

Bookshelf 0.22 130 1000 0.13  0.13  0.33  

Swivel chair 0.08 300 500 0.54  0.49  1.22  

White board 0.16 200 800 0.24  0.23  0.58  

Students desk 0.10 200 702 0.28  0.25  0.63  

Students chair 0.16 180 210 0.71  0.49  1.23  

Office desk 0.16 300 563 0.49  0.45  1.12  

Office chair 0.10 260 455 0.52  0.44  1.09  
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In FEMA P-58, PFV is regarded as the EDP of the sliding displacements of contents, while other scholars 456 

preferred to use PFA as the EDP [52]-[54]. Fig. 28 illustrates the relationship between the RSD and the EDP of 457 

the swivel chair and the office desk, and the figure does not include the case in which the RSD is zero. Through 458 

linear regression in the log-log space of the test results, the RSDs of the swivel chair showed a stronger correlation 459 

with PFVs [Fig. 28(a)] while the RSDs of the office desk correlated better with PFAs [Fig. 28(b)]. The RSDs of 460 

the swivel chair in both the BI and FB structures are comparable, indicating that the seismic isolation measures 461 

have not effectively reduced the seismic responses of these types of contents due to the inherent limitation of the 462 

BI structure in reducing PFV. As for the RSDs of the office desk, the test results indicated that those in the BI 463 

structure were significantly reduced in comparison to those in the FB structure. This indicated that the seismic 464 

isolation is effective in preventing the sliding of contents correlated with PFA. 465 

 466 

Fig. 28. Relationship between the RSD and (a) PFV, and (b) PFA. 467 

Lopez [52] and Hutchinson [53] suggested that contents are prone to damage due to sliding if the sliding 468 

distance exceeds 50 mm. Applying this criterion, the experimental results are transformed into fragility curves by 469 

Eq. (7) to Eq. (9). The PFV-sensitive swivel chair exhibited a slightly lower fragility curve than that in FEMA P-470 

58 [Fig. 29(a)] under the same coefficient of friction (μ=0.08). The fragility for PFA-related contents, as shown in 471 

Fig. 29(b), exhibit greater dispersion (β) compared to the analytical solution for an unrestrained block with a μ of 472 

0.1 proposed by Lopez et al. [52]. Upon focusing on the PFA at 50% exceedance probability [Fig. 29(c)], it 473 

becomes evident that the median PFAs of many contents were close to the suggestion of Lopez et al. [52], while 474 

the file cabinets demonstrated a much higher median PFA than the others. In addition, the student chair and the 475 

whiteboard, whose friction coefficients were estimated to be 0.16, do not have greater PFA requirements than 476 

contents with a friction coefficient of 0.1. 477 

 478 

Fig. 29. Fragility of the contents: (a) PFV-related contents, (b) PFA-related contents, and (c) PFA at 50% 479 

exceedance probability of failure.  480 
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The reason for the above phenomenon is that the RSDs measured in our test included the influence of dynamic 481 

interacting effects between different nonstructural elements rather than the test result of a single element. The 482 

dynamic interactions included the collision between contents and the impact of nonstructural elements on the 483 

contents (Fig. 30), which may either increase or decrease the RSDs. This leads to a more accurate simulation of 484 

the dynamic behaviors of the nonstructural elements in the archetype building. The test results indicated that not 485 

only the friction coefficient but also the dynamic interactions between different elements are key factors affecting 486 

the RSDs. 487 

 488 
Fig. 30. Dynamic interactions: (a) collision of the whiteboard with the gypsum board drywall partition, (b) the 489 

overturned bookcase impacts the swivel chair, and (c) collision of the fallen ceiling panels with the contents. 490 

5.3 Content overturning 491 

Apart from sliding, contents may also experience rocking and overturning during earthquakes. During the 492 

test, the bookshelf overturned in both the FB structure tests (DUZ ground motion, PTAx=0.30g and PTAx=0.37g, 493 

Fig. 31(a)), and the BI structure test (DUZ ground motion, PTAx=0.39g, Fig. 31(b)). Ishiyama [2] proposed a 494 

criterion for estimating the overturning behavior of freestanding contents by defining the lower bounds for the 495 

floor acceleration ao [Eq. (11)] and the floor velocity vo [Eq. (12)] for a content to overturn. The 𝑎o and 𝑣o of 496 

different contents, the horizontal distance b and vertical distance ℎ from the center of mass (CM) to the edge and 497 

bottom respectively, are listed in Table 6. The bookshelf, file cabinets, and whiteboard were placed against the 498 

partition wall, their parameter bs were measured as the horizontal distance from the CM to the front edge. For 499 

other contents, bs were selected as the horizontal distance from the CM to the nearest edge. 500 

 𝑎o =
𝑏

ℎ
g (11) 

 𝑣o = 𝛽√
8g𝑅

3
∙
1 − cos𝛼

cos𝛼
 (12) 

where α is the angle between the vertical line and the line connecting the bottom corner to the center of gravity of 501 

the content; R is the distance from the bottom corner to the CM; β is a variable parameter. When PFA is equal to 502 

ao, β is set to 0.4, and when PFA is equal to 5 times ao, β can be approximated as 1. For PFA values between ao 503 

and 5 times ao, a conservative linear interpolation is used to calculate the corresponding β values. 504 

Collision 

 

(b) (c) (a) 

Collision 
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 505 

Fig. 31. Content overturning in (a) FB archetype, (b) BI archetype, and (c) EDPs. 506 

Fig. 31(c) illustrates the relationship between the overturning of contents and the EDPs in the FB and the BI 507 

structures. When both PFA and PFV exceed the values calculated by Eq. (11) and Eq. (12), the bookcase only 508 

overturned during a few cases. This suggests that the dynamic interactions with the partition walls made the 509 

overturning criteria proposed by Ishiyama et al. [2] conservative. Filiatrault et al. [55] indicated that pounding 510 

between the tops of unanchored bookcases and partition walls is beneficial for reducing the dynamic responses of 511 

the bookcases, which primarily constrain the bookcase's movement to a one-sided displacement. In addition to the 512 

aforementioned reason, the reduction of PFA by the isolation allows for a greater degree of avoidance of content 513 

overturning.  514 

Again, the limitations of the BI structure in the prevention of overturning of contents were demonstrated by 515 

the overturning of the bookshelf. The overturning of contents is influenced by multi-EDPs, and the excessive PFA 516 

and PFV may both cause overturning. The PFAs for the two load cases (DUZ, PTAx=0.30g and PTAx=0.37g) in 517 

which the bookshelf overturned in the FB structure were reduced by 51% and 57% in the BI structure, but the 518 

PFV was increased by 32% and 39%, respectively [Fig. 31(c)]. This resulted in the overturning of the bookshelf 519 

in the BI structure, despite the PFA being much reduced. 520 

6 Conclusions 521 

This paper proposed a substructural testing method for reproducing the seismic response of the 1st floor in 522 

multi-story base-isolated and fixed-base buildings. A three-layer universal testbed was developed which can 523 

provide a full-scale room space between the 1st floor and 2nd floor to hold various types of nonstructural elements. 524 

A series of shake table tests were conducted to validate the proposed testing method as well as investigating the 525 

seismic responses of the nonstructural elements. The following conclusions can be drawn from the results. 526 

1. The proposed substructural testing method enables reproducible experiments targeting different archetype 527 

structures by replacing the bearings and changing the masses. Test results showed that the corresponding 3-layer 528 

substructure can replicate the majority of the target motions of two consecutive floors in the archetype buildings 529 

with an error of less than 38.5% in the time domain and 15.4% in the frequency domain. The error of the ceiling 530 

acceleration in the FB archetype was large due to the lack of matching the higher-mode of the archetype structure. 531 

2. Compared to FB structures, BI structures with friction pendulum bearings demonstrate excellent 532 

performance in reducing the PFA and the IDRmax. However, their performance in reducing the PFV is less 533 

satisfactory. In the last test runs of the non-pulse-like ground motions, the ratio of the PFV of the BI structure to 534 

the FB structure was around 1.0. For the pulse-like ground motions, the ratio could reach up to 2, resulting in a 535 

limitation for protecting velocity-sensitive nonstructural elements. 536 

3. Test results indicated that some of the nonstructural elements were multi-EDPs sensitive: overturning of 537 
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bookshelves being controlled by both PFA and PFV. For a given form of damage, the EDP sensitivity of different 538 

contents varies. The RSD of swivel chairs is related to PFV, while the RSD of office desks is related to PFA. 539 

4. Damage to nonstructural elements is not only related to EDP but also to the interactions between 540 

nonstructural elements: suspended ceilings are susceptible to be damaged when installed on gypsum board drywall 541 

partitions which have smaller stiffness, bookcases placed against walls are not prone to overturn, collisions and 542 

constraints between contents affect the RSDs of sliding. 543 

The proposed substructure shake table test provided a novel opinion for testing the various nonstructural 544 

elements in the archetype buildings. Further improvement can be made by developing a method for replicating 545 

the high-mode responses as well as considering the nonlinearity of the archetype buildings. 546 
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