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Abstract: Nonstructural damage, usually predominates in buildings subjected to low to moderate seismic intensities 11 

and contributes significantly to business interruption and economic losses. It promotes a rapidly growing need for 12 

experimental research and qualification of various types of nonstructural elements in buildings in the recent decades. 13 

To provide a novel option of experimentally simulating the realistic boundary conditions for various nonstructural 14 

elements in labs, we developed the Nonstructural Element Simulator on Shake Table (NEST), a passively controlled 15 

three-layer substructural testbed driven by existing shake tables. This paper presents the first experimental 16 

implementation of NEST on a challenging 42-story archetype tall building. The dynamic properties of the substructure 17 

were tuned to adapt the archetype building and the required shake table motions were solved as a reverse problem by 18 

an open-loop control algorithm. The test results proved the capability of NEST to replicate the history responses of the 19 

target floors in the archetype building under either recorded earthquake ground motion or artificial loading protocols 20 

for qualification purposes. In all cases, the synthetic relative error in the floor accelerations and the inter-story drift 21 

within the frequency range of interest was less than 5% in the numerical domain and less than 30% in the physical 22 

realization. The seismic responses of a variety of nonstructural elements to the substructural motions show that, in the 23 

mid-story of the archetype tall building, the ceiling sustained minimum damage because of the small floor acceleration 24 

while the indoor contents slid significantly and even overturned. 25 

Keywords: substructure shake table test, nonstructural elements, tall building, LQR algorithm, engineering 26 

demand parameter. 27 

1. INTRODUCTION 28 

Nonstructural elements are crucial for maintaining the functions of modern buildings but were reported to be 29 

vulnerable to in many recent earthquakes1-8. Nonstructural damage may substantially hinder the recovery of 30 

normal operation and occupancy of a building in the aftermath of earthquakes and cause tremendous economic 31 

loss because of either direct loss or indirect business interruption, even if the primary structure of the building 32 

remains intact9. The importance of nonstructural elements has been fully recognized in the framework of 33 

performance-based earthquake engineering (PBEE) since the 2000s10 and was highlighted in recent guidelines for 34 

assessing the seismic performance of buildings11,12. These guidelines necessitate experimental tests of full-scale 35 

nonstructural elements of various types either for qualification purposes or to generate fragility functions for loss 36 

estimation. 37 

Being placed in buildings, most nonstructural elements take the supporting floor or consecutive floors as 38 

their boundary conditions. It makes the accurate simulation of the floor motions rather than ground motions 39 

particularly important for the dynamic testing of nonstructural elements. A straightforward way is to place a full-40 

                                                           

*Correspondence to: Zhe Qu, Professor, Email: quz@iem.ac.cn 



2 

 

scale parent building on a shake table to host the nonstructural elements of concern13-16. Such tests are limited by 41 

the dimensions and payloads of existing shake tables. To the authors’ knowledge, the largest test of this kind in 42 

terms of the number of stories of the building model is the one on a 7-story full-scale building on the world’s 43 

largest outdoor shake table at UCSD17. Instead, a less-demanding practice is to host the nonstructural elements in 44 

a supposedly rigid loading frame on the shake table and exert the target floor motions on the loading frame18-26. 45 

This practice relieves the high demand for the payload of an existing shake table but imposes higher demands for 46 

the stroke and/or velocity capacities. In addition, it could be plagued by unexpected dynamic amplification of the 47 

loading frames even if they are supposed to be “rigid”. For example, Gilani and Takhirov27 reported that, in their 48 

testing of suspended ceiling systems, the flexibility of the loading frame amplified the shake table input at its 49 

vibrational frequencies so that the ceilings were tested for unnecessary demands near these frequencies. In Qi et 50 

al.25’s tests on suspended ceilings, the loading frame amplified the acceleration spectrum of the white noise input 51 

at the frequency range of approximately 1 Hz to 4 Hz. To overcome this problem, Maddaloni et al.28 proposed an 52 

open-loop compensation method based on the inverse transfer function to minimize the error in the acceleration 53 

due to both the distortions of the servo-hydraulic system of the shake table and the dynamic amplification of the 54 

loading frame. Zhou et al.29 proposed an offline multi-directional decoupling iteration method to minimize the 55 

interference of the loading frame and accurately reproduce the target floor response spectra at certain control 56 

points. 57 

Instead of taking the dynamic amplification of loading frames as a source of error to be avoided or 58 

compensated for, it can also be taken as a response amplifier to enhance the capacity of existing shake tables. Ji 59 

et al.30 designed a rubber-and-mass system as a substructure that had equivalent dynamics to the archetype 60 

building and reproduced the long-period roof acceleration of the archetype tall building. Accompanied by the 61 

linear full-scale substructure system, an open-loop Inverse Dynamic Compensation via Simulation of feedback 62 

control systems (IDCS) algorithm31,32 was designed to generate the required shake table input. Chen and Lai33 63 

adopted a reduced-scale substructure that consists of friction pendulums as the amplification system and proposed 64 

several online and offline control strategies to replicate the roof response of a tall building. Cao et al.34 expanded 65 

the application of the IDCS algorithm to nonlinear regime by proposing an LQR controller-based IDCS algorithm 66 

with offline iteration. The algorithm was incorporated in what they called the Nonstructural Element Simulator 67 

on Shake Table (NEST) to make a three-layer substructural testbed replicate the motions of two consecutive floors 68 

in arbitrary parent buildings. It provides a novel alternative to the conventional testing method and enables 69 

simulating the boundary conditions of two consecutive floors of large-scale and tall buildings, which is otherwise 70 

impossible for conventional shake table tests with a full parent building for nonstructural elements. 71 

This paper comprehensively reports the first experimental implementation of NEST. Its novelty lies in the 72 

following three aspects. First, a passive three story system of friction pendulums, rubber bearings, springs, and 73 

masses was proposed as a testbed to host a full-scale room filled with nonstructural elements (Figure 1) that can 74 

fully investigate the dynamic interactions between different nonstructural elements. Second, a procedure that 75 

combines the open-loop IDCS algorithm with offline iteration is proposed to make the testbed trace the 76 

synchronized time-history responses of two consecutive floors of the parent building. It makes it possible for a 77 

passive substructure to simultaneously provide multiple engineering demand parameters for full-scale 78 

nonstructural testing including the acceleration, velocity, and inter-story drift for the room of concern. Third, the 79 

long-period NEST testbed can amplify the maximum absolute displacement of the shake table thus effectively 80 

decreases the displacement demand on the existing shake table. 81 

As a challenging scenario, it aims to simulate the time-history motions of the two consecutive floors in the 82 

mid-height of a 42-story archetype tall building. The building was supposed to be subjected to two recorded 83 
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earthquake ground motions and one artificially generated loading protocol. Typical nonstructural elements in 84 

offices such as suspended ceilings, drywall partitions, bookshelves, cabinets, desks, and chairs were arranged in 85 

the substructural testbed of NEST to experience the floor motions induced by the earthquakes. Following a 86 

description of the simulated scenarios in Section 2, Section 3 provides a detailed introduction to the experimental 87 

setup including the design and experimental calibration of key components in the substructural testbed of NEST, 88 

test measurements, and the generated shake table inputs as the solutions to reverse problems. Section 4 89 

summarizes the test results in terms of both the substructural responses and the nonstructural element behaviors 90 

to approve the capability of NEST of achieving the test objectives. 91 

2. SIMULATED SCENARIOS BY NEST 92 

The universal testbed, NEST, is capable of reproducing the response of a full-scale room in a specific 93 

archetype building by substructural shake table testing in Figure 1. The testing method consists of two parts: (1) 94 

the open-loop LQR controller-based IDCS algorithm with offline iteration to generate the input motion of NEST 95 

in the numerical domain and (2) the experimental implementation in the physical reality. Further details on the 96 

control algorithm can be found in Cao et al.34 and Cao et al.35  97 

 98 

Figure 1. Concept of proposed substructure shake table test. 99 

The archetype building is a 42-story RC frame-core tube tall building36. The three-dimensional finite element 100 

model of the archetype building is modelled in OpenSees37. This study focuses on the implementation for tall 101 

buildings because it represents a more challenging scenario for the proposed method to work. Firstly, the floors 102 

in tall buildings may experience large absolute lateral displacement. The lateral displacement may well exceed 103 

the stroke of ordinary shake tables that are designed for the simulation of ground, rather than floor motions. 104 

Secondly, the vibration of tall buildings is predominated by long-period components. It imposes a high demand 105 

for the response control of shake tables in the low-frequency range38.  106 

The archetype building is modelled by the lumped mass shear-flexural model39. For simplicity, it is assumed 107 

that the structure has the same set of masses and stiffnesses in both the x- and y-direction, that the story masses 108 

and stiffnesses are uniformly distributed along the height, and that the structure remains elastic during earthquake 109 
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excitation. Rayleigh damping of 5% damping ratio at first and third mode frequencies was applied to the archetype 110 

building. The building model and the first three modal shapes are shown in Figure 2. Table 1 summarizes the first 111 

three periods and modal effective mass ratios of the archetype building. The cumulative modal effective ratio of 112 

the first two modes exceeds 85%.  113 

  114 

Figure 2. Archetype building information: (a) finite element model, (b) flexural-shear spring model, (c) first 115 

three modal shapes of the flexural-shear spring model. 116 

Table 1 Periods and modal effective mass ratios of the archetype building. 117 

No. mode i 1 2 3 

𝑇𝑖  (s) 2.695 0.851 0.466 

𝑀𝑖 ∑𝑚⁄   0.763 0.095 0.040 

 118 

The current NEST testbed can test most types of the nonstructural elements such as the acceleration sensitive 119 

(e.g., ceilings), velocity sensitive (e.g., indoor contents). The displacement sensitive nonstructural elements which 120 

contribute less lateral stiffness such as the drywall partitions which with a slip connection on top can also be tested 121 

by the present NEST testbed. The seismic responses of a full-scale room in the middle story of the archetype 122 

building were chosen as the simulated target. The room was arranged as an office room. Various types of 123 

nonstructural elements including suspended ceilings, gypsum board partition walls, and contents were installed in 124 

it (Figure 3(a)). The cabinets and bookshelf were placed away from the partition wall 5~15 cm. The cabinet#1 125 

and the bookshelf were filled with books while the cabinet#2 was empty (Figure 3(b)). Because of the offline 126 

nature of the control algorithm, nonstructural elements with significant contributions to the story stiffness and 127 

strength cannot be tested by the present NEST testbed. Therefore, the gypsum board partition walls were detailed 128 

to minimize the interference with the testbed and only to provide the partial enclosure of the room and boundaries 129 

of the suspended ceiling and contents. 130 

 131 

Figure 3. Picture of (a) the full-scale room, (b) nonstructural elements. 132 
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Three ground motion records were selected as the input to the archetype building: MZQ, El Centro, and 133 

SNAP (Figure 4). The MZQ ground motion is a typical pulse-like record in the 2008 M8.0 Wenchuan earthquake40. 134 

The motion in both the horizontal directions of MZQ is scaled selectively so that the PGA in the EW direction 135 

equals 4.0 m/s2. The SNAP is a synthetic wave derived from an inverse dynamics procedure to induce target waves 136 

on the specific floors in the archetype building according to the building-specific loading protocol proposed by 137 

Cao et al.41. Directly generated from the acceleration response spectrum of the ground motion as well as the modal 138 

properties of the archetype building, the building-specific loading protocol is suitable for horizontal bi-directional 139 

loading and can match the target floor response spectrum so as to reflect the dynamic responses of a specific 140 

archetype building. The SNAP is scaled so that the archetype buildings reproduce the floor motion at the design 141 

basis earthquake (DBE) level. The EW direction of MZQ, the NS direction of El Centro, and the zero phase angle 142 

component of SNAP are designated along the x-direction in this study. 143 

 144 

Figure 4. Time histories of (a) MZQ; (b) El Centro, and (c) SNAP. 145 

 146 

3 TEST SETUP AND LOADING CASES 147 

3.1 Substructure testbed and measurements 148 

NEST aims to match the first two modes of the archetype. The structural parameters and stroke limits at each 149 

layer of the testbed are listed in Table 2. The bare frame of NEST weighs approximately 10 tons. At each layer, 150 

there are holes to attach the additional mass blocks to achieve the desired mass (Figure 5(a)). As depicted in Figure 151 

5(b), the 3-layer testbed consists of braced steel frames, FPBs, springs, and NRBs. The stiffness of the steel frame 152 

was very large so that it would behave as a rigid body during the vibration, while the inter-story drift of the system 153 

is facilitated by the bearings. The FPBs were installed at the 1st and 3rd layers while the NRBs were installed at 154 

the 2nd layer. The radius of the curvature of the FPBs on the 3rd floor is 700 mm, and the width of its sliding surface 155 

is 380 mm. The radius of the curvature of the FPBs on the 1st floor is 1608 mm, and the width of its sliding surface 156 

is 1200 mm. The springs were installed at the 3rd layer to provide additional lateral stiffnesses. The NEST testbed 157 

hosted a full-scale room with a height of 2.8 m and a floor area of 3.5 m  4.2 m (Figure 5(c)). The layout of the 158 
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testbed is shown in Figure 6. 159 

Table 2. Structural parameters of NEST testbed. 160 

Layer j Bare frame mass (ton) Desired mass msj (ton) Desired stiffness ksj (kN/mm) Story drift (mm) 

1 3.78 4.5 0.118 ±600 

2 4.22 7.41 1.995 ±64 

3 2.36 7.41 0.231 ±190 

 161 

Figure 5. Overview of the test specimen (a) picture of NEST, (b) sketch of NEST, and (c) full-scale room. 162 

 163 

Figure 6. Layout of NEST (a) front view, (b) plan of 1st layer, (c) plan of 2nd layer, and (d) plan of 3rd layer. 164 

By using the structural parameters in Table 2, the linear lumped mass shear spring model (Figure 7(a)) of the 165 

NEST testbed was built in OpenSees41. To provide a better prediction of the dynamic responses of the NEST 166 

testbed, a member-by-member finite element model (FEM) (Figure 7(b)) was also built according to the testbed’s 167 

physical model. The friction pendulums were modeled by the singleFPBearing element. The friction coefficient 168 

was determined to be 2.3% through a component-level test and will be presented in the subsequent section. As 169 

illustrated in Figure 7(c), the tangent stiffness of the FPBs was set to be the nominal values in Table 2. Coulomb 170 

Friction model was adopted here. The natural rubber bearings and springs were modeled by the twoNodeLink 171 

element with uniaxialMaterial Elastic material. The beams and columns of the steel frame were modeled by the 172 

elasticBeamColumn element. The steel braced frame was designed to be sufficiently stiff and to well remain in 173 

the elastic regime without yielding or buckling. The steel braces, beams and columns were modelled by the 174 

elasticBeamColumn elements and uniform masses per length calculated from their cross-sections. The ceilings 175 
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and various contents in Figure 3 were significantly lighter than the testbed, and their impact on the total mass of 176 

the substructure testbed was neglected and they were not taken into account in the numerical model. The partition 177 

walls did not provide additional lateral stiffness which will be introduced in detail in the latter section and thus 178 

did not considered in the FEM. 1% Rayleigh damping with coefficients calculated by the tangent stiffness of the 179 

first two modes is adopted herein.  180 

 181 

Figure 7. Numerical model of the testbed (a) 3DOF simplified model, (b) member-by-member FEM, (c) 182 

hysteretic curve of FPB bearing. 183 

 184 

Four wire displacement transducers were arranged between each layer and a rigid support outside the shake 185 

table to monitor the absolute displacement of the frame in the two horizontal directions. Four triaxial 186 

accelerometers were deployed on each layer to capture the absolute accelerations of the testbed (Figure 8(a) and 187 

(b)). Another four triaxial accelerometers were installed on the shake table to capture the table motion. The 188 

sampling rate was 1000 Hz. Displacement transducers were also installed on the NRBs to measure the inter-story 189 

drift of the room (Figure 8(c)). The absolute floor velocities were obtained from the time differential of the floor 190 

displacement histories. 191 

 192 

Figure 8. Instrumentation arrangement. 193 

The wire displacement transducer cannot directly measure the exact displacements of the x- and y-directions 194 

due to the horizontal bi-directional movement of the NEST. Taking the Figure 9 as an example, when the 195 

measurement point moves from its initial position A to the position B, the displacement transducers will get dx 196 

and dy by lengthening and shortening of their wires rather than the exact displacement x and y. The geometric 197 

relationships between the dx, dy, x, y, and the initial wire length Lx and Ly give Eq. 1. By solving the equations, the 198 

exact displacement x and y of NEST during the tests can be obtained. It should be noted that Eq. 1 is a quadratic 199 

equation which has two pairs of solutions. The unreasonable solutions can be easily excluded by the stroke limit 200 

of the displacement transducers. 201 
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 202 

Figure 9. Schema of the displacement amendment. 203 

{
(𝐿𝑦 + 𝑑𝑦)

2
= 𝑥2 + (𝑦 + 𝐿𝑦)

2

(𝐿𝑥 + 𝑑𝑥)
2 = 𝑦2 + (𝑥 + 𝐿𝑥)

2
 (1) 

Table 3 provides a summary of the measured quantities for these nonstructural elements. The residual 204 

displacements of the elements were measured after each load case. Additionally, to observe the rocking behavior 205 

of the cabinets and the bookshelf, three accelerometers were installed on the top of them, respectively. 206 

Table 3. Measured quantities of the nonstructural elements. 207 

Element type Cabinet#1 Cabinet#2 Bookshelf Swivel chair Desk chair blackboard 

Acceleration √ √ √     

Residual disp. √ √ √ √ √ √ √ 

 208 

3.2 Experimental calibration of bearings and springs 209 

Experimental tests were carried out to calibrate the mechanical properties of the FPBs, NRBs, and springs. 210 

The friction coefficients and the tangent stiffnesses of the FPBs were examined. Since the FPBs are made of the 211 

same material, it is assumed that the friction coefficients of the FPBs on the 1st and 3rd floors are the same. 212 

Therefore, only the FPBs on the 3rd floor were tested using the triaxial test machine (Figure 10(a)). The test setup 213 

and specimen are shown in Figures 10(b), and 10(c), respectively. The nominal vertical force carried by each FPB 214 

during the substructure shake table test, which is 18.2 kN, was applied to the specimen by vertical hydraulic 215 

actuators, and a horizontal hydraulic actuator was used to load the specimen by displacement control. Two 216 

displacement transducers were used to measure the displacement between the upper shoe and the base plate of the 217 

specimen. The loading protocol is shown in Figure 10(d). Two loading amplitudes were set at 6 mm and 63 mm. 218 

The low amplitude loading was used to measure the friction coefficient and the high amplitude loading was applied 219 

to calibrate the tangent stiffnesses of the FPBs. 220 

Table 4 shows the friction coefficients of the FPBs. The average coefficient is 2.3%. Figure 11 shows the 221 

comparison of the hysteretic behavior between the experiment and the numerical model built by the 222 

singleFPBearing element in Opensees. The numerical model and experimental results are in good agreement, 223 

demonstrating that seismic responses of FPBs can be accurately simulated in the numerical domain. 224 
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 225 

Figure 10. Experimental setup, the triaxial test machine, specimen, and the loading protocol. 226 

 227 

Table 4. Friction coefficient μ 228 

 FPB1 FPB2 FPB3 FPB4 Average 

μ 2.0% 2.7% 2.2% 2.2% 2.3% 

 229 

 230 

Figure 11. Experimental and numerical force-displacement hysteresis loops. 231 

The NRBs were tested similarly using the triaxial test machine. A sinusoidal displacement loading was used 232 

to test their mechanical behavior. The test results of the NRBs under varying maximum shear strains, γ, are shown 233 

in Figure 12. The bearings exhibited approximately linear behavior. Their lateral stiffnesses fitted well with the 234 

nominal values. 235 

 236 

Figure 12. Test results of NRBs. 237 
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The lateral stiffness of the third floor of the NEST testbed comes from two sources. The FPBs contribute 44% 238 

of the overall stiffness, and the springs contribute the remaining 56% (see Table 5). A total of sixteen springs are 239 

installed on the third floor, which are designed according to the Chinese code GB/T 23935-200942 and have a 240 

maximum stroke of 637 mm. The stiffnesses of these springs remain stable between the 20% and 80% Δmax as per 241 

GB/T 23935-2009 where Δmax is the maximum stroke. In the substructure test, the springs are initially tensioned 242 

to 50%Δmax and the effective stroke is ±30%Δmax (Figure 14), which is in line with the stroke requirement of the 243 

third floor as specified in Table 1. 244 

 245 

Table 5. Stiffness ratio between the springs and the FPBs on the 3rd floor 246 

 FPBs springs 

Stiffness (kN/mm) 0.101 0.130 

Proportion 44% 56% 

 247 

Three of the springs were subjected to uniaxial tests via a hand chain hoist (Figure 13) to calibrate their 248 

stiffnesses within their effective stroke. The measured stiffnesses were 16.55 N/mm, 16.72 N/mm, and 16.33 249 

N/mm, which matched well with the nominal stiffness with the maximum error of only 1.3% (see Figure 14). The 250 

coefficient of variation of the stiffnesses of the three springs was found to be only 0.97% indicating that the springs’ 251 

stiffnesses are stable. 252 

 253 

Figure 13. Setup of the spring performance test. 254 

 255 

Figure 14. Stiffnesses of the springs. 256 

 257 
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Because of the offline nature of the current control algorithm of NEST, nonstructural elements with 259 

significant contributions to the story stiffness and strength cannot be tested by the present NEST testbed. In the 260 

present test, the studs of the partition walls were not bolted to the runners, while the gypsum boards and studs 261 

were securely attached to each other. When the partition walls suffer in-plane drift, the studs and gypsum boards 262 

slide as the runners move with the floor or ceiling of NEST making the in-plane stiffness of the partition wall 263 
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insignificant. The out-of-plane stiffness of the partition walls was experimental tested. The width of the partition 264 

wall in this study is 3600 mm. The total height of the partition wall was 3400 mm with the gypsum board height 265 

being 2400 mm. The test setup is shown in Figure 15. The 1st layer of NEST with partitions installed inside was 266 

fixed to strong floor of the lab. The 2nd layer was driven by dynamic actuator by displacement control. Linear 267 

guideways were installed in the middle of the frame so that the 2nd layer can slide freely in the loading direction. 268 

The friction force of the linear guideway was small and therefore was disregarded. 269 

 270 

Figure 15. Test setup of the partition walls. 271 

Dynamic loading using increasing-amplitude sinusoidal waves were applied (Figure 16). The amplitude was 272 

increased by 1.4 times after two cycles referenced from the static loading protocol in FEMA 46143. Considering 273 

the long-period characteristics of the floor motions in tall buildings, we determined the loading frequency to be 274 

0.4 Hz. This is also consistent with the loading frequency of the second phase in the loading protocol of AAMA 275 

50144. The out-of-plane hysteretic behavior of the partition walls was obtained by the difference in the reaction 276 

force of the actuator between the tests with and without the partition walls.  277 

 278 

Figure 16. Loading time history. 279 

It is evident from Figure 17 that the lateral stiffness k2 of NEST testbed is much greater than the out-of-plane 280 

stiffness of the partition walls. Also, the partitions’ strength was only less than 0.2 kN. The contribution of stiffness 281 

of the partition walls can be neglected. As a result, the out-of-plane stiffness of the partition walls was not 282 

incorporated into the numerical model of the NEST testbed. 283 

 284 

Figure 17. Experimental out-of-plane force-displacement hysteresis loops of the partitions. 285 
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3.4 Generated table input motions 286 

Generating the input wave from the specific output floor motions of a nonlinear system is an inverse dynamic 287 

problem, which is solved here by a novel control strategy, namely the open-loop LQR controller based-IDCS 288 

algorithm with offline iteration. As depicted in Figure 1, there are two major procedures in the proposed control 289 

strategy. First, the LQR-IDCS algorithm to determine the optimal control force of the shake table to minimize the 290 

error of the responses between the archetype and the NEST testbed. Second, an offline iteration procedure based 291 

on the nonlinear finite element model (FEM) of the testbed to compensate for its nonlinearity primarily caused by 292 

the friction pendulums. The general procedure of the IDCS algorithm with LQR control (or LQR-IDCS algorithm 293 

for short) requires firstly to establish an augmented state-space equation of the system as shown in Eq. 2. 294 

{𝑍̇} = [𝐴]{𝑍} + {𝐵}𝑈s(𝑡) + {𝐷}𝑈g(𝑡) (2) 

where 295 

{𝑍} =

{
 

 
{𝐵F}{𝑦ab(𝑡)} − {𝑥ab(𝑡)}

{𝑦ab(𝑡)}

{𝐵F}{𝑦̇ab(𝑡)} − {𝑥̇ab(𝑡)}

{𝑦̇ab(𝑡)} }
 

 

 (3) 

is the augmented state vector that combines the displacement and the velocity responses of the archetype and the 296 

substructure testbed NEST; {𝐵} and {𝐷} are the location vectors for 𝑈s(𝑡) and 𝑈g(𝑡), respectively; {𝑦ab(𝑡)} 297 

is the absolute displacement response of the N floors of the archetype building; {𝑥ab(𝑡)}  is the absolute 298 

displacement response of the substructure testbed. 299 

{𝐵F} = {03×(𝑛−1) 𝐼3×3 03×(𝑁−𝑛−2)} (4) 

is the location vector of the target floors in the archetype building. 300 

[𝐴] =

[
 
 
 
 
 
 

03×3                  03×𝑁

0𝑁×3                  0𝑁×𝑁

𝐼3×3              03×𝑁

0𝑁×3              𝐼𝑁×𝑁

    −[𝐴𝐴s] [𝐴𝐴s]{𝐵F} − {𝐵F}[𝐴𝐴p]

            0𝑁×3 −[𝐴𝐴p]

        −[𝐶𝐶s] [𝐶𝐶s]{𝐵F} − {𝐵F}[𝐶𝐶p]

           0𝑁×3 −[𝐶𝐶p] ]
 
 
 
 
 
 

 (5) 

is the state matrix [𝐴], in which 301 

[𝐴𝐴s] = [𝑀s]
−1[𝐾s], [𝐶𝐶s] = [𝑀s]

−1[𝐶s] (6) 

[𝐴𝐴p] = [𝑀]
−1[𝐾], [𝐶𝐶p] = [𝑀]

−1[𝐶] (7) 

where [𝑀s], [𝐶s] and [𝐾s] are the mass, damping and stiffness matrices of the testbed, respectively; [M], [C] 302 

and [K] are the mass, damping and stiffness matrices of the archetype, respectively. 303 

𝑈s(𝑡) =
𝑐1s𝑢̇s(𝑡) + 𝑘1s𝑢s(𝑡)

𝑚1s

 (8) 

𝑈g(𝑡) =
𝑐1𝑢̇g(𝑡) + 𝑘1𝑢g(𝑡)

𝑚1

 (9) 

are the control forces at the base of the substructure testbed and the archetype building, respectively, in which k1 304 

and c1 are stiffness and damping coefficient at the first floor of the archetype, 𝑢̈g(𝑡) is the acceleration input of 305 

the archetype building, 𝑚1 is the mass of the first floor of the archetype, 𝑚1s the mass of the first floor of the 306 

substructure, 𝑢̈s(𝑡) is the acceleration input of the substructure testbed. 307 

{𝐵} = {01×3 01×𝑁 1 0 0 01×𝑁}
T (10) 

{𝐷} = {01×3 01×𝑁 0 0 0 {1 0 ⋯ 0}1×𝑁[𝑀]
−1}T (11) 

are the location vectors for 𝑈s(𝑡) and 𝑈g(𝑡), respectively. 308 
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The LQR controller is adopted to obtain the control force 𝑈s(𝑡) which solves the optimal feedback gain 309 

vector {𝐺} and the optimal control force 𝑈s(𝑡) by minimizing the performance index [𝐽] (Eqs. 12 and 13).  310 

[𝐽] = ∫ [{𝑍}𝑇[𝑄]{𝑍} + 𝑈s(𝑡)
𝑇𝑅𝑈s(𝑡)]

∞

0

dt (12) 

𝑈s(𝑡) = −{𝐺}{𝑍} (13) 

where 311 

[𝑄] = diag{𝑞 𝑞 0𝑁×1 𝑞 𝑞 0𝑁×1} (14) 

is a 2(N+3)×2(N+3) weighting matrix for the structural responses and R=1 is a positive weighting value for the 312 

control force. q=2 is assigned in this study. 313 

The LQR controller can only deal with a linear representation of the testbed. To compensate the nonlinearity 314 

of the FPBs in the 1st and 3rd layers of NEST, an outer-loop offline iteration is proposed to modify the control 315 

force 𝑈s(𝑡) generated by the LQR-IDCS algorithm. It is illustrated as offline iteration as the second part of the 316 

control strategy in Figure 1. The errors 𝐸f between the NEST responses and the target responses are defined in 317 

the frequency domain according to Cao et al.34, 35. 318 

An offline iteration procedure intends to make the response (including floor accelerations, velocities and 319 

inter-story drift) of the nonlinear FEM to the table motion 𝑢̈s(𝑡) as close to the target floor motion as possible 320 

by updating the linearized state matrix of the substructure testbed in the LQR-IDCS algorithm, which is shown in 321 

Figure 1. Take the MZQ motion for example, Table 6 shows the errors during the iteration procedure in the x-322 

direction in the numerical domain. Figure 18 shows the changes in the errors of the 1st floor acceleration in the x-323 

direction. With a few iterations, the errors were reduced monotonically to less than 5%. A similar observation was 324 

also made in the y-direction.  325 

Table 6. Ef during the iteration procedure under the MZQ earthquake. 326 

 Ef in the x-direction Ef in the y-direction 

Iter. 1FAcc. 2FAcc. 1FVel. 2FVel. Drift 1FAcc. 2FAcc. 1FVel. 2FVel. Drift 

0 42.3% 39.6% 32.2% 31.5% 29.3% 56.5% 53.4% 50.3% 49.7% 49.2% 

1 23.8% 22.2% 15.7% 15.2% 14.1% 31.7% 28.8% 21.4% 20.6% 19.3% 

2 9.2% 8.7% 3.9% 3.4% 2.7% 14.2% 12.5% 7.9% 7.4% 6.7% 

3 4.6% 4.5% 1.5% 1.2% 0.5% 7.0% 6.1% 3.6% 3.3% 3.1% 

4 4.3% 4.2% 1.5% 1.2% 0.5% 5.0% 4.6% 3.0% 2.8% 2.7% 

 327 

Figure 18. Fourier spectra of acceleration in the x-direction of 1st floor during offline iteration. 328 

Figure 19 shows that the inputs of the shake table generated from the proposed control strategy. To ensure 329 

the safety and feasibility of the physical tests, the input waves had to be inspected carefully to satisfy the following 330 

restrictions: (1) the displacement, velocity, and acceleration capacity of the shake table; (2) the stroke limit of the 331 

FPBs and the rubber bearings; (3) the potential uplift of the FPBs. In this test, the drift limit of FPBs on the 1st 332 
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floor is the most governing factor. It should be noted that as a trial test, the maximum measured drift of the FPBs 333 

on the 1st floor is 319 mm and didn’t reach the drift limitation of 600 mm. Future studies will further explore the 334 

ultimate capacity of the testbed in the future. 335 

 336 

Figure 19. Shake table inputs generated from the archetype under (a) 100% MZQ, (b) 100% El Centro, and (c) 337 

100% SNAP. 338 

The table motions of 100% MZQ, 100% El Centro, 100%SNAP, and the 127.5% MZQ load cases were 339 

obtained by the above-mentioned control strategy. The 127.5% MZQ is a larger load case whose PGA in the x-340 

direction is 5.1 m/s2 which is aligned with the PGA of rare earthquake of intensity 8.5 according to Chinese seismic 341 

code GB5001145. The table motions of the other load cases were directly scaled down from their 100% amplitude. 342 

Table 7 summarizes the load cases of the substructure test. The PGA is the peak ground acceleration for the 343 

archetype building suffered and the PTA is the peak acceleration of the shake table input. The white noise was 344 

conducted first to obtain the natural frequencies of the testbed before the initiation of FPBs sliding. 345 

Table 7. Load cases of the substructural shake table test. 346 

Load case Name PGAx (g) PTAx (g) Description 

1 25% MZQ 0.10 0.17 -- 

2 25% El Centro 0.09 0.30 -- 

3 25% SNAP 0.22 -- 25% DBE 

4 50% MZQ 0.20 0.34 -- 

5 50% El Centro 0.17 0.60 -- 

6 50% SNAP 0.44 -- 50% DBE 

7 75% MZQ 0.30 0.51 -- 

8 75% El Centro 0.26 0.90 -- 

9 75% SNAP 0.66 -- 75% DBE 

10 90% El Centro 0.31 1.10 -- 

11 100% MZQ 0.40 0.68 -- 

12 100% El Centro 0.34 1.21 -- 
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13 127.5% MZQ 0.51 0.86 Iteration individually 

14 87.5% SNAP 0.77 -- 87.5% DBE 

15 100% SNAP 0.88 -- 100% DBE 

4 TEST RESULTS 347 

4.1 Seismic responses of the testbed 348 

The maximum absolute displacements of each layer of the NEST testbed are shown in Figure 20. The 349 

maximum absolute displacement increases with the shake table input amplitudes. During the 100% MZQ, 100% 350 

El Centro, and 127.5% MZQ load cases, the maximum absolute displacements of the 1st and 2nd layers of NEST 351 

reached 0.2 m in the x-direction, while the movement of the shake table was approximately 0.1 m. This observation 352 

indicates that the testbed can enhance the shake table's capacity, effectively amplifying its displacement by nearly 353 

100%. During the 100% SNAP load case, the amplification effect of the testbed persisted, augmenting the stroke 354 

of the shake table by approximately 13% in the x-direction. 355 

 356 

Figure 20. Maximum absolute displacements of NEST under (a) MZQ, (b) El Centro, and (c) SNAP. 357 

 358 

Figures 21 to 24 compare the measured NEST responses with the target motions of the 21st and 22nd floors 359 

of the archetype building in both time and frequency domains in terms of floor accelerations, floor velocities, and 360 

inter-story drifts in the x-direction. There is a close correspondence of both the time histories and Fourier 361 

amplitude spectra between the target and the measured responses, whose errors are less than 30%. A similar 362 

observation was also obtained from the data in the y-direction. The extra high-frequency responses of the 363 

substructure testbed, which are especially significant in the acceleration responses, are believed to be attributed 364 

to the Coulomb friction of the system. However, these high-frequency noises do not impair the accuracy of the 365 

method within the frequency range of concern. 366 
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 367 

Figure 21. Comparisons of the target and experimental measured responses in the x-direction under 100% MZQ 368 

motion in (a) time domain, and (b) frequency domain. 369 

 370 

Figure 22. Comparisons of the target and experimental measured responses in the x-direction under 100% El 371 

Centro motion in (a) time domain, and (b) frequency domain. 372 
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 373 

Figure 23. Comparisons of the target and experimental measured responses in the x-direction under 100% SNAP 374 

motion in (a) time domain, and (b) frequency domain. 375 

 376 

Figure 24. Comparisons of the target and experimental measured responses in the x-direction under 377 

127.5%MZQ motion in (a) time domain, and (b) frequency domain. 378 
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Figure 25 compares the orbits of the absolute horizontal floor displacement of the target and the measured 380 

responses to the four motions. Despite the frictional nonlinearity, the proposed control strategy successfully 381 

empowered NEST to accurately trace the bidirectional target floor motions. 382 

 383 

Figure 25. Comparisons of the floor displacement orbits of the target and experimental measured. 384 

The simulation errors in the experimental test were larger than those in the offline iteration in the numerical 385 

domain (Figure 26(a)). It may be attributed to the shake table’s control and the modelling error of the NEST 386 

testbed in the numerical domain, in addition to the measurement noise. Take the load case 100% MZQ for example, 387 

the errors of the Fourier amplitude spectra between the designed input waves and the measured accelerations of 388 

the shaking table were not large, being 1.8% and 3.4% in the x- and y-direction (Figure 26(b)). The errors are 389 

measured by Eq. 2 with the frequency range from 0.1 Hz to 10 Hz. Although a member-by-member FEM was 390 

conducted to well simulate the seismic responses of the substructure testbed, some aspects such as the rate-391 

dependent feature of the FPBs may lead to the modelling errors. To improve the reproduction accuracy in the 392 

physical reality, the compensation of the shake table control distortion and the nonlinear system identification of 393 

NEST needs to be conducted in future. 394 

 395 

Figure 26. Errors comparisons: (a) errors between the offline iteration in the numerical domain and the 396 

experimental realization, (b) acceleration reproduction of the shake table. 397 

 398 

4.2 Seismic behaviors of the nonstructural elements 399 

The suspended ceilings and the partition walls were almost intact after the test while the contents sustained 400 

damage to various extents, including the overturning of the bookshelf, sliding of the chairs, desks, and the monitor 401 

on top of the desk (Figure 27).  402 
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 403 

Figure 27 Damage to the nonstructural elements. 404 

The test results also revealed the dynamic interaction between the bookshelf and the swivel chair, as depicted 405 

in Figure 28(b). When the bookshelf overturned and struck the swivel chair, it made the chair to slide further away. 406 

Figure 28(a) provides the relationship between the residual displacement (ReDisp) of the swivel chair and the PFA 407 

of the 1st layer in the x-direction for all load cases. In some load cases, the bookshelf knocked the swivel chair 408 

over. This scenario could pose significant risks if a person happened to be seated on the swivel chair at the time 409 

of knocking. 410 

 411 

Figure 28. The interaction between the bookshelf and the swivel chair. 412 

After the load case 100% MZQ, we unexpectedly discovered a hole appeared in the partition wall (Figure 413 

29(a)). By carefully reviewing the videos taken during that load case, the complex dynamic interaction behavior 414 

among the bookshelf, swivel chair, and the partition wall were obtained (refer to Figure 29(b)). It was observed 415 

that the bookshelf overturned during the shake table excitation and subsequently hit the swivel chair. Concurrently, 416 

the swivel chair exerted a considerable reaction force on the bookshelf, causing the latter to move in the direction 417 

of the partition wall and hit the partition wall at the bottom. 418 

 419 

Figure 29. Complex dynamic interaction between nonstructural elements: (a) the hole in the partition wall, and 420 

(b) graphic depiction. 421 

5. CONCLUSIONS 422 

A universal three-layer testbed, NEST, was developed by using the FPBs, NRBs, springs, and steel frame at 423 

the Institute of Engineering Mechanics. This paper comprehensively reports its first implementation to simulating 424 

the dynamic responses of the two consecutive floors in the middle of an archetype 42-story tall building. The 425 

following conclusions can be drawn from the results. 426 

(1) A series of experimental calibrations were conducted on the key components in the NETS testbed, 427 
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including the FPBs, NRBs, springs and partition walls. The seismic behavior of NEST was found to be well 428 

simulated by a member-by-member finite element model. 429 

(2) Controlled by the open-loop LQR-IDCS algorithm with offline iteration, the NEST testbed can reproduce 430 

the target responses of the archetype building under both the recorded ground motions and the artificially 431 

generated loading protocol with less than 5% in the numerical domain and less than 30% in the physical reality.  432 

(3) The NEST testbed can amplify the maximum absolute displacement of the shake table by nearly 100% 433 

under the two recorded ground motions and 20% under the artificially generated loading protocol. This capability 434 

effectively decreases the displacement demand on the existing shake table, thereby enhancing its capacity. 435 

(4) Severe damage was observed on contents including sliding and overturning while the ceiling and partition 436 

walls remained well preserved in the archetype tall building. The results of the test also demonstrate that the 437 

dynamic interaction between different nonstructural elements (including the bookshelf, swivel chair, and partition 438 

walls) leads to heavier nonstructural damage.  439 

Comparisons of the results between the physical test and the numerical simulation show that the reproduction 440 

errors can be attributed to three main factors: (1) the control of the shake table, (2) the modelling error of the 441 

NEST testbed, and (3) measurement noise. Future enhancements can be conducted on the compensation of the 442 

shake table control distortion and the nonlinear system identification of the NEST testbed using the experimental 443 

test data. 444 

 445 
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