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Abstract: Nonstructural elements play a pivotal role in maintaining the functionality of 8 

buildings, making their seismic resilience a critical focus in research and engineering practices 9 

in the past few decades. A building-specific standardized assessment procedure is implemented 10 

to evaluate the seismic performance of nonstructural elements in a building, considering the 11 

specific seismic risks. Time history analyses of a tall building subjected to a series of design 12 

spectrum-compatible ground motions demonstrated the necessity of building-specific 13 

considerations in standard testing. Consequently, a standard loading protocol accounting for 14 

the dynamic characteristics of the archetype building was established. This study further 15 

extends the protocol to enable testing of two adjacent floors of the archetype building through 16 

Nonstructural Element Simulator on Shake Table (NEST). The universal testbed, NEST, was 17 

employed to replicate boundary and load conditions representative of real-world scenarios for 18 

multiple nonstructural elements. A nonlinear control algorithm that enables the NEST testbed 19 

to reproduce the proposed loading protocol accurately was developed in the numerical domain. 20 

Full-scale shake table tests validated the proposed method, demonstrating its capability to 21 

replicate the building-specific loading protocol with errors below 30%. The experimental 22 

results showed that the contents sustained varying degrees of damage under the design-basis 23 

earthquake in the archetype tall building. Additionally, the proposed loading protocol proved 24 

effective in identifying the sensitive frequency component of the contents. 25 

Keywords: shake table test, engineering demand parameter, nonstructural elements, tall 26 

building, building-specific. 27 

 28 

1. Introduction 29 

Nonstructural elements (NSEs, including the architectural systems) and building contents 30 

provide space enclosure, traffic, lighting, water supply and drainage, heating, and 31 

communication functions that are critical to the functionality of a building. The seismic 32 

performance of NSEs has been of increasing concern to engineers and researchers over the last 33 

two decades. On the one hand, seismic damage to NSEs will lead to functional and economic 34 

losses of the primary building as well as leading to injuries (Miranda et al. 2012). On the other 35 

hand, NSEs are prone to damage under earthquakes even if the structural system in the building 36 

remains intact (Qu et al. 2023(a), Qu et al. 2023(b)).  37 

Accurately capturing the seismic damage mechanisms of NSEs is essential to their 38 

protection. The numerical modeling to simulate the seismic behavior of different types of NSEs 39 

is still under development due to their complex dynamic mechanisms. For example, the rocking 40 

contents tend to be a complex nonlinear system that is highly sensitive to initial conditions (Liu 41 
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et al. 2023(a), Liu et al. 2023(b)), the numerical models of ceiling systems have been developed 42 

(Zaghi et al. 2012, Ryu et al. 2012, Qi et al. 2020, Jiang et al. 2022). However, they are still 43 

under improvement due to the complex installation processes and interaction behavior with 44 

other NSEs. Experimental testing is still the most effective approach to understanding the 45 

seismic damage mechanism of NSEs, which has been conducted by many researchers in the 46 

past few decades (e.g., Hoehler et al. 2009, Sato et al. 2011, Patolli et al. 2016, Bianchi et al. 47 

2021, Zito et al. 2022a).  48 

Although fruitful results have been achieved in the experimental investigation of NSEs, 49 

current nonstructural research faces increasing demands. According to the authors, there are 50 

three challenges for nonstructural testing. The first challenge is the selection of ground motions 51 

due to the limitations of experimental testing. The NSEs are mounted or placed in buildings, 52 

so they suffer from the floor motions rather than the ground motions. Using the ground motions 53 

as the input if NSEs can lead to different seismic fragility from the floor motions. (D’Angela 54 

et al. 2022). The most straightforward way is to excite the NSEs by floor motions of the 55 

archetype buildings under a recorded ground motion. However, there are a large number of 56 

strong ground motions (e.g., the PEER database, Ancheta et al. 2014) with quite different 57 

characteristics (e.g., duration, frequency component, and amplitude), which also cause the 58 

generated floor motions to be quite different, while only few of them can be used in the 59 

experimental tests. How to select the representative ground motions for the archetype buildings 60 

is a major problem and is still under investigation (e.g., Wang and Qu 2024). Standard loading 61 

protocols were then developed to make experimental tests on the same type of NSE comparable. 62 

The simplest form of standard loading protocol was the sinusoidal waves and sweeping which 63 

has been widely used to test NSEs such as ceilings (Sawant and Granneman 1984, Yao et al. 64 

2000). Behr et al. (1995) proposed the dynamic loading protocol for the curtain walls, which 65 

is a variable amplitude sinusoidal wave with a frequency of 0.8 Hz. Brueggeman et al. (2000) 66 

subsequently modified the protocol by adding a 0.4 Hz segment at the end, and it was adopted 67 

by the American standard AMMA501 (2001) for the testing of curtain walls. These sinusoidal 68 

waves are easy to perform, but cannot represent the characteristics of earthquake excitation and 69 

the floor response characteristics. AC156 (2010) and FEMA 461 (2007) have proposed specific 70 

required response spectra (RRS). Users can generate RRS-compatible loading time histories 71 

for nonstructural testing. As many researchers have pointed out that the RRS in AC156 (2010) 72 

and FEMA 461 (2007) may underestimate the accurate seismic responses of buildings (Medina 73 

2013, Petrone et al. 2016, Perrone et al. 2019, D'Angela et al. 2021, Magliulo and D'Angela 74 

2024), Anjali (2018) proposed a standard spectrum that was derived from the time history 75 

analysis results of twelve buildings. Shang et al. (2023) proposed a standard spectrum that 76 

further considered longer-period components higher than 2 s, and applied it to the testing of 77 

hospital cabinets. Zito et al. (2022b) proposed a novel loading protocol for experimental testing 78 

of acceleration-sensitive nonstructural elements. It introduced a more general RRS that 79 

considered a wide range of building fundamental periods from 0.1 s to 2 s and an RRS-80 

compatible procedure for generating the time history signal. Although it has become a 81 

consensus that a standard loading protocol for nonstructural elements should represent the floor 82 

response characteristics of the host building, the floor response spectra (FRS) as a target in 83 

none of the above-mentioned protocols reflects the dynamic response characteristics of a 84 
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specific archetype building. Some studies present code-oriented formulas for estimating 85 

building FRS profiles using only limited structural information while maintaining high 86 

accuracy (e.g. Vukobratović and Fajfar 2017). These formulas can serve as the target spectrum 87 

for generating loading time histories of NESs. 88 

The second challenge is that the floor motions can easily exceed the stroke of existing 89 

shake tables, which are designed to simulate earthquake ground motions. Even for ground 90 

motions, the limited stroke of shake tables typically requires the filtering of low-frequency 91 

accelerations that can affect the response of some types of nonstructural elements (Mosqueda 92 

et al. 2008). To achieve the large floor absolute displacement loading, new devices were 93 

developed. The Japanese company Shimizu Corporation developed a three-dimensional shake 94 

table, the E-Spider (Figure 1(a)), which is a Stewart platform driven by six electric actuators 95 

(Kaneko et al. 2016). Despite having a stroke of ±1.5 meters, the E-Spider’s small payload of 96 

3 tons is insufficient for civil infrastructures. Kajima Corporation in Japan developed a three-97 

dimensional two-layer shake table system, W-DECKER (MTS Systems Corporation 2013) 98 

(Figure 1(b)). The small table in the upper layer is designed to reproduce large floor motions 99 

in tall buildings, while the large table in the lower layer is designed to generate ground motions. 100 

However, the payload capacity of the upper small table of approximately 5 tons is also 101 

insufficient for civil infrastructure testing.  102 

 103 

Figure 1. Existing testing facilities for floor motion reproduction: (a) E-spider (Kaneko et al. 104 

2016), (b) W-DECKER (MTS Systems Corporation 2013). 105 

Third, the seismic damage mechanisms of NSEs are intricate, resulting in complex testing 106 

demands (see Figure 2). The most popular testing method is to put NSEs on the shake table 107 

(e.g., the testing on contents, Zhang et al. 2024) or construct a rigid frame on shake table and 108 

install the NSEs on the frame (e.g., the testing on ceilings, Han et al. 2024). However, a single 109 

type of NSE may exhibit sensitivity to multiple structural engineering demand parameters 110 

(EDPs) which are key parameters for the reliability of a loading protocol (D’Angela et al. 111 

2021). For instance, while the in-plane damage of partition walls is widely acknowledged to 112 

be controlled by inter-story drift, their out-of-plane behavior is also influenced by floor 113 

accelerations (Vanin et al. 2020; Xie et al. 2021). Ceilings, traditionally regarded as 114 

acceleration-sensitive NSEs, have been shown by Feng et al. (2023) to exhibit frequency 115 

sensitivity, indicating potential vulnerability to peak floor velocity (PFV). The EDP governing 116 

the seismic performance of contents remains under investigation: some studies suggest that 117 

PFV predominantly controls their seismic damage (Housner 1963; Di Sarno et al. 2019), while 118 

others propose that it is a multifaceted issue requiring consideration of both peak floor 119 

acceleration (PFA) and PFV (Ishiyama 1982; Petrone et al. 2017). On the other hand, 120 
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interactions between different NSEs under earthquakes further complicate their behavior. For 121 

example, the interaction between partition walls and building contents can influence the 122 

seismic response of both elements (Filiatrault et al. 2004; Liu et al. 2023c; Cao et al. 2024c, Fu 123 

et al. 2024).  124 

A straightforward way of solving all the three above-mentioned challenges is to conduct 125 

large-scale shake table tests on full-scale building models with the nonstructural elements of 126 

concern installed. There were a handful of notable tests of this kind on either the outdoor shake 127 

table at UCSD in the US (e.g., Chen et al. 2016, Wang et al. 2017) or the world’s second large 128 

shake table at E-Defense in Japan (e.g., Nakashima et al. 2018). The structural systems and 129 

occupancies of the parent building varied, but the number of stories was either 4- or 5-story, a 130 

limitation imposed by both the budget and the capacity of the shake tables. Active controlled 131 

dynamic testing facilities provides an alternative of meeting all the three demands for 132 

nonstructural element tests but with much reduced cost. A nonstructural component simulator 133 

was developed at the University at Buffalo, namely, UB-NCS, to this end [Figure 2(a)]. It is 134 

composed of a two-level steel frame driven by very slender actuators of ±1-meter stroke to 135 

simulate the motions of two consecutive floors in buildings (Mosqueda et al. 2009). However, 136 

the simulator is not yet capable of bidirectional loading. The Eucentre in Pavia, Italy has 137 

developed a novel testing facility named 9DLAB [Figure 2(b)]. It consists of a shake table 138 

located at the bottom layer and an upper layer platform that is driven by the actuators. It 139 

provides a means of exciting floor acceleration on NSEs at two separate elevations in a more 140 

realistic manner compared to just base input (O'Reilly et al., 2023). Nonetheless, the 9DLAB 141 

is still undergoing adjustments, and there have been no experimental results reported in the 142 

literature thus far using the 9DLAB. 143 

 144 

Figure 2. Existing testing simulators for two-layer floor motion reproduction: (a) UB-145 

NCS (Mosqueda et al. 2008), (b) 9DLAB (O'Reilly et al. 2024). 146 

Substructural shake table testing offers a promising alternative that addresses the three 147 

main challenges in this field. This approach leverages existing shake tables which are robust, 148 

dynamically stable, and inherently capable of multi-directional loading to reproduce target 149 

floor motions. Ji et al. (2009) successfully replicated the roof response of a 30-story building 150 

under seismic excitation by constructing a full-scale rubber-mass substructure on the E-151 

Defense shake table. Although their study focused primarily on a single engineering demand 152 

parameter (EDP) at one floor level, their work fully explored the potential of the existing shake 153 

table to simulate floor motions of large lateral drifts with the aid of a passive substructure and 154 

a proper control algorithm to generate the required table motion. 155 

To address the three challenges discussed, this paper proposes a method to reproduce a 156 
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building-specific standard loading protocol, namely Standard Nonstructural Element dynamic 157 

loading Protocol (SNEP), that accounts for the dynamic properties of the archetype building in 158 

nonstructural testing (see Figure 3) through NEST testbed. This approach includes three key 159 

innovations: first, the introduction of the long-period NEST testbed to amplify the shake table’s 160 

motion; second, the development of a control algorithm to generate a customized input wave 161 

that replicates SNEP as well as extending the protocol to enable testing of two adjacent floors 162 

of the archetype building; and third, the validation of the proposed method in the physical 163 

domain through a full-scale shake table test. Over the past few years, our research team has 164 

devoted considerable effort to developing experimental methods for NSEs. In Cao et al. 165 

(2024a), we proposed a standard loading protocol that accounts for the dynamic characteristics 166 

of the primary systems hosting NSEs. In Cao et al. (2024b), we introduced a substructural 167 

shake table testing method capable of providing realistic dynamic boundary conditions 168 

(including floor accelerations, velocities, and inter-story drift) to NSEs under seismic excitation. 169 

This paper represents an integrative advancement of those two studies by implementing 170 

standard dynamic testing of NSEs within a universal testbed. To achieve this goal, we have 171 

further refined the control algorithm and extended the loading protocol to enable testing of 172 

NSEs on two adjacent floors. 173 

The scope of our method is primarily focused on standard evaluating the seismic demand 174 

of nonstructural elements in buildings with varying dynamic characteristics, particularly those 175 

in mid- to high-rise buildings. It is designed to enable standardized dynamic testing of 176 

nonstructural elements that are sensitive to floor acceleration and velocity. Specifically, the 177 

method is applicable to elements such as ceilings, interior contents, and the out-of-plane 178 

response of partition walls. However, due to the offline nature of the control algorithm, the 179 

current method is not suitable for testing nonstructural elements that significantly contribute to 180 

the lateral stiffness and strength of the structure. The paper is organized into four parts. First, a 181 

42-story archetype tall building is introduced, and the responses of this building when subjected 182 

to a series of design-spectrum compatible ground motions are presented, demonstrating the 183 

need for the proposed standard loading protocol. Second, the fundamental formulas of the 184 

proposed loading protocol are introduced. Third, the long-period NEST testbed and the control 185 

algorithm, which enables the accurate reproduction of the target SNEP time history as well as 186 

revising the protocol to accommodate testing on two adjacent floors of the archetype building, 187 

are presented. Fourth, physical shake table tests are carried out to validate the proposed full-188 

scale shaking table test using the NEST testbed. 189 

 190 

Figure 3. Concept of proposed full-scale shake table testing. 191 

Inverse 

transfer 

function

T(s)

S
a
(g

)

T(s)

S
a
(g

)

LQR-IDCS with 
offline iteration

Table motion

Archetype building

Frequency (Hz)

A
M

P

Finite element model Physical model

NEST

SNEP

Ground motion 

spectrum

FRS

Archetype input



 

6 

 

2. Seismic responses of a high-rise building model 192 

2.1 Archetype building 193 

The archetype building is a 42-story high-rise building with a core wall-frame interacting 194 

structural system (Lu et al. 2015). It is modelled by the discrete shear-flexural spring model 195 

(Xiong et al. 2016). As it has been pointed out by many researchers that the seismic 196 

performance of nonstructural elements is even crucial under service level earthquake (SLE) or 197 

design basis earthquake (DBE) (Shang et al. 2022) during which the archetype tall building is 198 

not only supposed but also required to remain elastic according to the Chinese seismic code 199 

JGJ3-2010 (2010) (Cao et al. 2024a). For simplicity, it is assumed that the structure has the 200 

same set of masses and stiffnesses in both the x- and y-direction, that the story masses and 201 

stiffnesses are uniformly distributed along the height, and that the structure remains elastic 202 

during earthquake excitation. The building model and the first three modal shapes are shown 203 

in Figure 4. Table 1 summarizes the first three periods and the first three modal effective ratios 204 

of the archetype building.  205 

 206 

Figure 4. Archetype building information: (a) flexural-shear spring model, (b) first three 207 

modal shapes. 208 

Table 1. Periods and modal effective mass ratios of the archetype building. 209 

No. mode i 1 2 3 

𝑇p𝑖  (s) 2.695 
0.851 0.466 

𝑀𝑖 ∑𝑚⁄   0.763 0.095 0.040 

2.2 Seismic response of the archetype building under design spectrum compatible motions 210 

A series of 40 design spectrum-compatible ground motions were selected from the PEER 211 

Ground Motion Database (Ancheta et al. 2013) according to the following criteria: (1) scale 212 

factor within the range of 0.1 to 10; (2) the earthquake events range from Magnitude 6 to 9; 213 

and (3) shear wave velocities in the range of 150 m/s to 500 m/s. The acceleration spectra and 214 

the mean spectrum of the selected ground motions are compared with the design spectrum in 215 

Figure 5. The detail information of the ground motions can be seen in Cao et al. 2024(a). 216 

Time history analysis (THA) results for the archetype building under the selected ground 217 

motions are presented. Figure 6 depicts the average PFA/PGA profile, illustrating that the 218 

Chinese code (GB/T 50011-2010, 2016) provides a better estimate of the PFA/PGA value at 219 

the top floor, whereas the American code (ASCE 7-22, 2022) more closely aligns with the 220 
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overall distribution shape. However, both code provisions overestimate the PFA distribution 221 

compared to the THA result. 222 

 223 

Figure 5. Spectra accelerations of the selected ground motions. (5% damping ratio) 224 

 225 

Figure 6. PFA profile of the archetype building under earthquakes. 226 

Figure 7 presents the FRS results of the archetype building under the selected ground 227 

motions. While the FRSs all exhibit peaks at the building's modal periods, their amplitudes 228 

vary due to uncertainties in ground motion characteristics. To address these uncertainties, 229 

standardized loading protocols, such as those in AC156 and FEMA 450, have been widely 230 

adopted. While the FRS recommended by AC156 or FEMA 450 can envelop the higher modal 231 

responses of the archetype building, it does not fully capture the significant acceleration 232 

response near the building’s fundamental period (Figure 7). Cao et al. (2024a) highlighted the 233 

importance of considering modal responses around the fundamental period for nonstructural 234 

testing, especially in medium- and long-period buildings. They proposed a novel loading 235 

protocol that can take into account the dynamic properties of the archetype building, which is 236 

adopted in this paper. A building-specific target spectrum is proposed and will be introduced in 237 

the following sections. 238 
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 239 

Figure 7. Spectra acceleration of the floor motions. (top floor, 5% damping ratio) 240 

2.3 Building-specific FRS for nonstructural testing 241 

Given the advantage of the FEMA 450 FRS in capturing higher-mode responses of the 242 

archetype building, a combined approach was adopted to define the target spectrum, also 243 

referred to as the required response spectrum (RRS). This approach takes the envelope of 244 

FEMA 450 FRS with the first-mode component of the FRS proposed by Vukobratović and 245 

Fajfar (2017). The FEMA 450 FRS is defined as: 246 

𝐹𝑅𝑆𝐹𝐸𝑀𝐴(𝑇) =
0.4𝑎p𝑆DS

𝑔 𝑅p 𝐼p⁄
∙
𝑃𝐹𝐴

𝑃𝐺𝐴
{

1, 𝑇 < 𝑇Flex
𝑇Flex 𝑇⁄ , 𝑇 ≥ 𝑇Flex

 (1) 

𝑇Flex = (1 + 0.25
ℎ

𝐻
) ∙
𝑆D1
𝑆DS

 (2) 

where 𝐼p = 1  is the component importance factor, 𝑅p  is the component response 247 

modification factor considering nonlinearity of secondary system which is valued as 1 here for 248 

elastic FRS, and 𝑎p = 2.5  is the component acceleration amplification factor for flexible 249 

components, 𝑆D1 represents the design spectral acceleration at 𝑇 = 1s and 𝑆DS represents 250 

the spectral acceleration at the endpoint of the plateau of the design spectrum, 𝑔 is the gravity 251 

acceleration, 𝑇Flex is the end period point of the plateau of the FRS, h is the height above 252 

grade where the nonstructural system is located and H is the total height of the building. 253 

Eqs. (3) to (6) summarize the formulation of the 1st-mode component of the FRS proposed 254 

by Vukobratović and Fajfar (FRSVF1M): 255 

𝐹𝑅𝑆VF1M(𝑇) =
𝛤1𝜙1𝑗

|(𝑇 𝑇p1⁄ )2 − 1|
√(
𝑆e(𝑇p1)

𝑅μ
)

2

+ {𝑆e(𝑇) ⋅ (
𝑇

𝑇p1
)

2

}

2

 (3) 

|𝐹𝑅𝑆VF1M(𝑇)| ≤ 𝐴𝑀𝑃1 ∙ |𝑃𝐹𝐴1j| (4) 

𝑃𝐹𝐴1j = 𝛤1𝜙1𝑗
𝑆e(𝑇p1)

𝑅μ
 (5) 
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𝐴𝑀𝑃1 = {

2.5√10/(5 + 𝜉s), 𝑇p1 𝑇c⁄ = 0

linear between 𝐴𝑀𝑃1 (𝑇p1 𝑇𝑐⁄ = 0) and 𝐴𝑀𝑃1 (𝑇p1 𝑇𝑐⁄ = 0.2), 0 ≤ 𝑇p1 𝑇c⁄ ≤ 0.2

10 √𝜉s⁄ , 𝑇p1 𝑇c⁄ ≥ 0.2

 (6) 

where PFA1j is the 1st-mode component of the PFA at the jth floor, Tp1 is the fundamental period, 256 

Se is the linear elastic acceleration spectrum of the ground motion, 𝛤1  is the modal 257 

participation factor for the 1st-mode, whereas 𝜙1𝑗 is the 1st-mode shape value on the jth floor. 258 

Values of AMP1 are determined from Eq. 6. The third line in Eq. 6 was proposed by Sullivan 259 

et al. (2013). Tc=0.45 is the characteristic period of the ground motion, 𝜉𝑠 is the damping ratio 260 

of the secondary system which is 5% in this paper. 261 

3. Bi-directional loading protocol that considers the dynamic properties of the archetype 262 

building 263 

The SNEP, designed to account for the dynamic characteristics of the archetype building, 264 

is adopted in this study. Unlike the standard loading protocols, which are generated using 265 

random vibration theory to match target spectra, the proposed protocol is a theoretical solution 266 

derived from four time-domain equations. It features a consistent waveform, duration, and 267 

frequency range, enabling experimental testing of similar nonstructural elements by different 268 

researchers to be directly comparable. The basic form of the loading time history was initially 269 

proposed by Retamales et al. (2011) and later enhanced by Cao et al. (2024a) to better align 270 

with the building-specific target spectrum and support bi-directional loading. 271 

The protocol comprises two key components: a target spectrum that reflects the dynamic 272 

characteristics of the archetype building and four formulas that ensure the spectrum is 273 

accurately matched. The displacement time history of the proposed loading protocol, 𝑥(𝑡), is 274 

presented in Eq. 7. The corresponding velocity and acceleration time histories can be derived 275 

through differentiation of 𝑥(𝑡). This loading protocol is constructed as the product of four 276 

formulas in the time domain (see Figure 8) and incorporates a key parameter: the peak floor 277 

acceleration distribution (𝑃𝐹𝐴(ℎ 𝐻⁄ ) 𝑃𝐺𝐴⁄  ) along the building height, estimated using the 278 

response spectrum method by Cao et al. (2022). 279 

To generate the proposed loading protocol, only a few ground motion parameters (𝑆D1, 280 

𝑆DS, 𝑇g) and archetype building parameters (modal periods, modal shapes, and damping ratios) 281 

are required. Further details on the formulation of the loading time history can be found in 282 

Retamales et al. (2011) and Cao et al. (2024a). 283 

𝑥(𝑡) = 𝛼(𝑡, 𝑡𝑇Flex , 𝑡d, 𝑆D1)𝑓(𝑡)
𝛽 cos[𝜑(𝑡)]𝑤(𝑡) ∙

𝑃𝐹𝐴(ℎ 𝐻⁄ )

𝑃𝐺𝐴
 

(7) 

𝑡𝑇Flex =
1

𝑆𝑟
log2(𝑓max𝑇Flex) 

(8) 

𝑇𝐹𝑙𝑒𝑥
∗ = (1 + 0.25

ℎ

𝐻
) ∙ max (

𝑆D1
𝑆DS

, 𝑇g) 
(9) 

where 𝛼(𝑡, 𝑡𝑇Flex , 𝑡d, 𝑆D1)  is a function to adjust the shape of the acceleration response 284 

spectrum which can refer to Cao et al. (2024a), 𝑡𝑇Flex is the parameter that controls the period 285 
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at which the peak spectral response at the short-period range is observed, 𝑡d  is the half 286 

duration of the testing protocol, 𝑓(𝑡) is the instantaneous loading frequency, 𝛽 = −1.25 is 287 

an empirical calibration factor, 𝜑(𝑡) is the instantaneous loading phase, 𝑤(𝑡) is a sinusoidal 288 

windowing function used to smooth the ramp-up and ramp-down portions of the testing 289 

protocol, 𝑆𝑟 is the recommended constant sweep rate which equals to 12 octaves per min, 290 

𝑓max correspond to the maximum target of testing frequencies. It should be noted that the ratio 291 

of 𝑆D1 𝑆DS⁄  determines the period at the end of the short-period range of the design spectrum 292 

in FEMA 450 (2003), but a separate characteristic period 𝑇g  is defined to serve the same 293 

purpose in GB/T 50011-2010 (2016) in China. To remain compatible with the Chinese code, 294 

we use the maximum of 𝑇g and 𝑆D1 𝑆DS⁄  in Eq. 9 to define the corner period 𝑇Flex
∗  of the 295 

floor response spectrum. The 𝑓(𝑡) , 𝜑(𝑡)  and 𝑤(𝑡)  functions are left unchanged when 296 

generating the loading time histories (see Figure 8), a new 𝛼(𝑡, 𝑡𝑇𝐹𝑙𝑒𝑥 , 𝑡𝑑 , 𝑆𝐷1)  function is 297 

defined in Eq. (10) to match the target FRS, which envelopes the short-period and fundamental-298 

period FRS. Although it is more an empirical formula than a rigorous mathematically 299 

derivation, the original 𝛼(𝑡, 𝑡𝑇𝐹𝑙𝑒𝑥 , 𝑡𝑑, 𝑆𝐷1) function by Retamales et al. (2011) works quite 300 

well in modifying the spectrum shape of the loading protocol to match the short-period FRS 301 

by FEMA 450 (2003). The 𝛼(𝑡, 𝑡𝑇𝐹𝑙𝑒𝑥 , 𝑡𝑑, 𝑆𝐷1)  function consists of the multiplication of a 302 

constant multiplier and a normalized sectional part. The newly proposed 𝛼(𝑡, 𝑡𝑇𝐹𝑙𝑒𝑥 , 𝑡𝑑 , 𝑆𝐷1) 303 

function first changes the multiplier from 3𝑆𝐷1 2𝑔⁄  Retamales et al. (2011) to 2𝑆𝐷1 𝑔⁄ , then 304 

introduces two amplified segments corresponding to the fundamental period of the archetype 305 

building to the normalized sectional part [Eq. (10)]. 306 

 307 

Figure 8. Four key formulas in proposed loading protocol. 308 

Figure 9(a) shows the loading protocol at the top floor of the 42-story archetype building 309 
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under the design basis earthquake (DBE). Figure 9(b) compares their FRSs with the target 310 

spectra, demonstrating that the proposed time histories achieve a reasonable match with the 311 

building-specific target spectra in the frequency domain. 312 

 313 

Figure 9. SNEP profile: (a) time history, and (b) acceleration spectrum comparison with the 314 

target FRS. 315 
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𝑡𝑇L =
2(𝑡𝑇12 − 𝑡𝑇11)

3
+ 𝑡𝑇p1 (14) 

𝑡𝑇U =
2(𝑡𝑇12 − 𝑡𝑇11)

3
+ 𝑡𝑇12 (15) 

4. The NEST testbed and the control algorithm 317 

4.1 Configuration of NEST 318 

The basic concept of NEST is to test a full-scale room at a specific level of the archetype 319 

building, providing multiple EDPs and a realistic layout for NSEs. However, as highlighted by 320 

Fu et al. (2024), a single-story passively controlled room cannot accurately replicate the 321 

dynamic responses of adjacent floors in the archetype building. To overcome this limitation, 322 

an additional layer was incorporated, resulting in the three-layer NEST testbed (see Figure 10), 323 

which serves as a universal testbed, offering flexibility in tuning its modal properties and 324 

accommodating NSEs with varying damage sensitivities. 325 

To fully utilize the capabilities of NEST for standardized seismic assessment of NSEs, a 326 

method was developed to implement the building-specific loading protocol. In this study, the 327 

NEST testbed extends the protocol’s application by enabling the evaluation of NSEs across 328 

two adjacent floors of the archetype building. This improvement integrates the full-scale room 329 

testing and the standardized testing demand. 330 

 331 

Figure 10. Configuration of the three-layer NEST testbed. 332 

In this paper, the modal property of NEST is designed to match the first two modes of the 333 

archetype building to reduce the displacement demand to the shake table. The design 334 

parameters of NEST are obtained according to Eq. (16), which contains 9 independent 335 

equations of 18 unknown variables to be determined.  336 

[

𝑘s1 + 𝑘s2 −𝑘s2 0
−𝑘s2 𝑘s2 + 𝑘s3 −𝑘s3
0 −𝑘s3 𝑘s3

] {

𝜙s𝑖,1
𝜙s𝑖,2
𝜙s𝑖,3

}

= [

𝜔s𝑖
2𝑚s1 0 0

0 𝜔s𝑖
2𝑚s2 0

0 0 𝜔s𝑖
2𝑚s3

] {

𝜙s𝑖,1
𝜙s𝑖,2
𝜙s𝑖,3

}  for 𝑖 = 1,2,3 

(16) 

where 𝑘s𝑗 and 𝑚s𝑗 are the stiffness and mass of the jth layer of the 3DOF system; 𝜔s𝑖 is the 337 

ith mode circular frequency of the system, which is solely dependent on the stiffness and masses 338 

of the system; 𝜙s𝑖,𝑗 is the modal vector value of the jth layer in the ith mode. 339 

The first two modal frequencies are assumed to equal those of the archetype building in a 340 

Archetype building Single-story 

full-scale room
Three-layer NEST

FPBs+

springs

NRBs

FPBs
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single horizontal direction (Eq. (17)), and the two mode shape vectors of the first two layers of 341 

the system are assumed to be equal to those of the target floors (Eq. (18)).  342 

𝜔s𝑖 = 𝜔p𝑖 for 𝑖 = 1, 2 (17) 

{
𝜙s1,1
𝜙s1,2

} = {
𝜙p1,𝑛
𝜙p1,𝑛+1

} (18a) 

{
𝜙s2,1
𝜙s2,2

} = {
𝜙p2,𝑛
𝜙p2,𝑛+1

} (18b) 

where 𝜔p𝑖 is the ith mode circular frequency of the archetype building in a single horizontal 343 

direction, 𝜙p1,𝑛 and 𝜙p2,𝑛 are the first two modal vector values of the archetype building at 344 

the nth floor. 345 

NEST was intended to work on the 5 by 5m shake table at the Institute of Engineering 346 

Mechanics (IEM) at Beijing, whose payload is 30 tons. Considering the payload limit and other 347 

constraints of manufacturing the steel structure, the mass of the first floor of the testbed was 348 

determined as 𝑚s1 = 4.5 tons. Since the ith modal shape vector denotes a proportion, we can 349 

assume the 𝜙s3,3  in the third modal shape to be a specific value (such as 1.0). With the 350 

assumption in Eqs. (17) and (18) and the prescribed ms1 and 𝜙s3,3, there remain 10 unknowns 351 

in the 9 equations in Eq. (16). 352 

By specifying the third modal period of the system 𝑇s3 = 2𝜋 𝜔s𝑖⁄ , the rest of the system 353 

parameters can be uniquely determined. As shown in Figure 11, different choices of Ts3 have a 354 

major effect on the masses but has little to do with the stiffnesses. For the convenient of 355 

manufacture, it was determined that 𝑇s3 = 0.23s so that 𝑚s2 = 𝑚s3. The resultant structural 356 

parameters of the testbed are summarized in Table 2. 357 

According to the story masses and stiffness of the 3DOF system, the physical model of 358 

the testbed can be built. The three-layer testbed consists of braced steel frames, friction 359 

pendulum bearings (FPBs), springs, and natural rubber bearings (NRBs) (see Figure 10). The 360 

stiffness of the steel frame was very large so that it would behave as a rigid body during the 361 

vibration, while the inter-story drift of the system is facilitated by the bearings. The structural 362 

parameters and stroke limits at each layer of the NEST testbed are listed in Table 2. The desired 363 

story stiffness was provided by bearings and springs at each layer. The FPBs were installed at 364 

the 1st and 3rd layers while the NRBs were installed at the 2nd layer. The radius of the curvature 365 

of the FPBs on the 3rd floor is 700 mm, and the width of its sliding surface is 380 mm. The 366 

radius of the curvature of the FPBs on the 1st floor is 1608 mm, and the width of its sliding 367 

surface is 1200 mm. The springs were installed at the 3rd layer to provide additional lateral 368 

stiffnesses. 369 

Table 2. Structural parameters of NEST testbed. 370 

Layer j Mass msj (ton) Stiffness ksj (kN/mm) Story drift (mm) 

1 4.5 0.118 ±600 

2 7.41 1.995 ±64 

3 7.41 0.231 ±190 

The versatility of the NEST testbed lies in two key aspects. First, its structural 371 
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configuration is highly adaptable: NEST can be easily reconfigured into a single-layer, double-372 

layer, or three-layer setup to meet various testing demands. Second, its dynamic properties are 373 

readily tunable by adding supplementary masses or adjusting the bearing types in each layer. 374 

The bare frame of NEST weighs approximately 10 tons, while the shake table at IEM has a 375 

payload capacity of 30 tons, leaving a 20-ton margin for additional mass, providing ample 376 

flexibility for experimental customization. 377 

4.2 Control algorithm 378 

Generating the input wave corresponding to specific output floor motions in a nonlinear 379 

system is a challenging inverse dynamic problem. This study addresses the problem using a 380 

novel control strategy, illustrated in Figure 11 which consists of three primary procedures.  381 

 382 

Figure 11. Concept of the control algorithm. 383 

First, the ground motion estimation building aims to derive the input wave for the archetype 384 

system based on the prescribed standard loading floor motion. Second, the Linear Quadratic 385 

Regulator based Inverse Dynamics Compensation via Simulation (LQR-IDCS) algorithm 386 

optimizes the control force of the shake table to minimize discrepancies in responses between 387 

the archetype and the NEST testbed. Finally, an offline iterative procedure based on the 388 

nonlinear finite element model (FEM) of the testbed to compensate for its bi-directional 389 

coupled nonlinearity primarily caused by the friction pendulums. In Figure 11, Gp is the transfer 390 

function of the archetype building; W is the controller, the LQR controller is used here; the 391 

{zT(t)} is the loading time history; the ug(t) is the specific ground motion that let the archetype 392 

building reproduce the target loading protocol at the target floor; {zT1(t)} is the actual loading 393 

time history the archetype building reproduces under the ug(t); the Hk is the transfer function 394 

of the linear 3DOF model of the NEST testbed at the kth iteration; {xk(t)} is the response of the 395 

linear 3DOF model of the NEST testbed at the kth iteration; HNL is the transfer function of the 396 

FEM model of NEST; {xk(t)}FE is the response of the FEM of the NEST testbed at the kth 397 

iteration; Ef is the error between the target response {zT1(t)} and the response of FEM of the 398 

NEST testbed. 399 

A ground motion estimation procedure is first developed to address the limitations of SNEP 400 

for nonstructural elements, which only specify motions on a single floor. In contrast, the 401 

proposed NEST testbed is capable of reproducing floor motions on two adjacent floors. 402 

Leveraging this advanced testing capability, an inverse transfer function-based ground motion 403 

estimation is conducted. This approach determines the specific input wave required for the 404 

archetype to replicate the standard loading time history at the target floor. By performing time 405 

history analysis of the archetype under this specific input, the seismic responses of the adjacent 406 
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floor can also be obtained, thereby enabling the proposed loading protocol to be extended to 407 

two floors. 408 

The equation of motion of the archetype building subjected to the earthquake excitation 409 

𝑢̈g(𝑡) is: 410 

[𝑀]{𝑦̈(𝑡)} + [𝐶]{𝑦̇(𝑡)} + [𝐾]{𝑦(𝑡)} = {
1
⋮
1
} 𝑢̈g(𝑡) (19) 

where the {𝑦̈(𝑡)}, {𝑦̇(𝑡)}, and {𝑦(𝑡)} are the relative acceleration, velocity, and displacement 411 

response vector, respectively; the [𝑀] , [𝐶] , and [𝐾]  are the mass, damping, and stiffness 412 

matrix, respectively. 413 

Rewrite the Eq. (20) in the state space: 414 

{𝑌̇} = [𝐴p]{𝑌} + {𝐵p}𝑢̈g(𝑡) (20) 

where 415 

{𝑌} = {
𝑦(𝑡)

𝑦̇(𝑡)
} (21) 

[𝐴p] = [
[0]𝑛×𝑛 [1]𝑛×𝑛

−[𝑀]−1[𝐾] −[𝑀]−1[𝐶]
] 

(22) 

{𝐵p} = {{0}𝑛×1; {−1}𝑛×1} 
(23) 

The absolute acceleration at the target nth floor, 𝑦̈abT(𝑡), of the archetype building is: 416 

𝑦̈abT(𝑡) = {𝐵T}{𝐶p}{𝑌} (24) 

where  417 

{𝐶p} = {−[𝑀]
−1[𝐾]  − [𝑀]−1[𝐶]} (25) 

and 418 

{𝐵T} = {01×𝑛−1 1 01×(𝑁−𝑛)} 
(26) 

is the location vector of the target floor. 419 

By adopting the Eq. 20 into the Laplace space, we can get: 420 

{𝑌(𝑠)} = (𝑠[𝐼] − [𝐴p])
−1
{𝐵p}𝑢̈g(𝑠) (27) 

By adopting the Eq. 24 into the Laplace space, we can get: 421 

𝑦̈abT(𝑠) = {𝐵T}{𝐶p}{𝑌(𝑠)} (28) 

Substitute Eq. 27 into Eq. 28 422 

𝑦̈abT(𝑠) = {𝐵T}{𝐶p}(𝑠[𝐼] − [𝐴p])
−1
{𝐵p}𝑢̈g(𝑠) (29) 

The transfer function of the archetype building is: 423 
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𝑦̈abT(𝑠)

𝑢̈g(𝑠)
= {𝐵T}{𝐶p}(𝑠[𝐼] − [𝐴p])

−1
{𝐵p} (30) 

The ground motion can be obtained from the target floor motion and the transfer function: 424 

𝑢̈g(𝑠) = 𝑦̈abT(𝑠) {𝐵T}{𝐶p}(𝑠[𝐼] − [𝐴p])
−1
{𝐵p}⁄  (31) 

The general procedure of the IDCS algorithm with LQR control (or LQR-IDCS algorithm 425 

for short) requires firstly to establish an augmented state-space equation of the system as shown 426 

in Eq. 32. 427 

{𝑍̇} = [𝐴]{𝑍} + {𝐵}𝑈s(𝑡) + {𝐷}𝑈g(𝑡) (32) 

where 428 

{𝑍} =

{
 

 
{𝐵F}{𝑦ab(𝑡)} − {𝑥ab(𝑡)}

{𝑦ab(𝑡)}

{𝐵F}{𝑦̇ab(𝑡)} − {𝑥̇ab(𝑡)}

{𝑦̇ab(𝑡)} }
 

 
 (33) 

is the augmented state vector that combines the displacement and the velocity responses of the 429 

archetype and the substructure testbed NEST; the first row of {𝑍}  denotes the absolute 430 

displacement error between the archetype building at the target floors and the NEST; the second 431 

row of {𝑍}  is the absolute displacement of the archetype; {𝐵}  and {𝐷}  are the location 432 

vectors for 𝑈s(𝑡) and 𝑈g(𝑡), respectively; {𝑦ab(𝑡)} is the absolute displacement response of 433 

the N floors of the archetype building; {𝑥ab(𝑡)} is the absolute displacement response of the 434 

substructure testbed. 435 

{𝐵F} = {03×(𝑛−1) 𝐼3×3 03×(𝑁−𝑛−2)} (34) 

is the location vector of the target floors in the archetype building. 436 

[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] ]
 
 
 
 
 
 

 (35) 

is the state matrix [𝐴], in which 437 

[𝐴𝐴s] = [𝑀s]
−1[𝐾s], [𝐶𝐶s] = [𝑀s]

−1[𝐶s] (36) 

[𝐴𝐴p] = [𝑀]
−1[𝐾], [𝐶𝐶p] = [𝑀]−1[𝐶] 

(37) 

where [𝑀s] , [𝐶s] , and [𝐾s]  are the mass, damping, and stiffness matrices of the testbed, 438 

respectively; [M], [C], and [K] are the mass, damping, and stiffness matrices of the archetype, 439 

respectively. 440 

𝑈s(𝑡) =
𝑐1s𝑢̇s(𝑡) + 𝑘1s𝑢s(𝑡)

𝑚1s
 (38) 



 

17 

 

𝑈g(𝑡) =
𝑐1𝑢̇g(𝑡) + 𝑘1𝑢g(𝑡)

𝑚1
 (39) 

are the control forces at the base of the substructure testbed and the archetype building, 441 

respectively, in which k1 and c1 are stiffness and damping coefficient at the first floor of the 442 

archetype, 𝑢̈g(𝑡) is the acceleration input of the archetype building, 𝑚1 is the mass of the 443 

first floor of the archetype, 𝑚1s the mass of the first floor of the substructure, 𝑢̈s(𝑡) is the 444 

acceleration input of the substructure testbed. 445 

{𝐵} = {01×3 01×𝑁 1 0 0 01×𝑁}
T (40) 

{𝐷} = {01×3 01×𝑁 0 0 0 {1 0 ⋯ 0}1×𝑁[𝑀]
−1}T (41) 

are the location vectors for 𝑈s(𝑡) and 𝑈g(𝑡), respectively. 446 

The LQR controller is adopted to obtain the control force 𝑈s(𝑡) which solves the optimal 447 

feedback gain vector {𝐺}  and the optimal control force 𝑈s(𝑡)  by minimizing the 448 

performance index [𝐽] (Eqs. 42 and 43).  449 

[𝐽] = ∫ [{𝑍}𝑇[𝑄]{𝑍} + 𝑈s(𝑡)
𝑇𝑅𝑈s(𝑡)]

∞

0

dt 
(42) 

𝑈s(𝑡) = −{𝐺}{𝑍} (43) 

where 450 

[𝑄] = diag{𝑞 𝑞 0𝑁×1 𝑞 𝑞 0𝑁×1} (44) 

is a 2(N+3)×2(N+3) weighting matrix for the structural responses and R=1 is a positive 451 

weighting value for the control force. q=2 is assigned in this study. 452 

The LQR controller can only deal with a linear representation of the testbed. To 453 

compensate for the nonlinearity of the FPBs in the 1st and 3rd layers of NEST, an outer-loop 454 

offline iteration is proposed to modify the control force 𝑈s(𝑡) generated by the LQR-IDCS 455 

algorithm. It is illustrated as offline iteration as the third part of the control strategy in Figure 456 

11. The errors 𝐸f between the NEST responses and the target responses are defined in the 457 

frequency domain according to Cao et al. (2024(b) and (d)). 458 

An offline iteration procedure intends to make the response 𝐸𝐷𝑃R(𝑡) (including floor 459 

accelerations, velocities and inter-story drift) of the nonlinear FEM to the table motion 𝑢̈s(𝑡) 460 

as close to the target floor motion 𝐸𝐷𝑃T(𝑡) as possible by updating the linearized state matrix 461 

of the substructure testbed in the LQR-IDCS algorithm, which is shown in Figure 11. The error 462 

𝐸f between 𝐸𝐷𝑃R(𝑡) and the target 𝐸𝐷𝑃T(𝑡) is defined in the frequency domain by Eq. 45 463 

(Ji et al. 2009). 464 

𝐸f =
∑{|ℱ(𝐸𝐷𝑃T(𝑡))| − |ℱ(𝐸𝐷𝑃R(𝑡))|}

2

∑{|ℱ(𝐸𝐷𝑃T(𝑡))|}2
 (45) 

As suggested by Cao et al. (2024b), the errors of floor accelerations and velocities were 465 

calculated within the frequency range from 0.1 Hz to fU,AV [Eq. (46)] while errors of the inter-466 

story drift were calculated within the frequency range from 0.1 Hz to fU,D [Eq. (47)]. And the 467 

convergence criterion ε equals to 10% in this study. 468 

𝑓U,AV =
2

(𝑇s2 + 𝑇s3)
 (46) 
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𝑓U,D =
2

(𝑇s1 + 𝑇s2)
 (47) 

5. Numerical illustration 469 

The amplitude-frequency curve of the transfer function of the archetype building from the 470 

ground level to the 21st floor is shown in Figure 12(a), from which, we can get the ground 471 

motion input of the archetype as shown in Figure 12(c). 472 

 473 

Figure 12. The ground motion estimation of the archetype: (a) transfer function, (b) target 474 

floor motion, (c) estimated ground motion. 475 

The control algorithm is an open-loop algorithm which means that the shake table input is 476 

determined in the numerical domain. The multiscale numerical model of the NEST testbed was 477 

built in OpenSees (McKenna F 2011) including a 3DOF lumped mass-spring simplified model 478 

(Figure 13(a)) and a member-by-member finite element model (FEM, Figure 13(b)). The FEM 479 

was used to well simulate the dynamic response of NEST testbed under earthquakes. The 480 

simplified model was used in the linear LQR-IDCS. 481 

 482 

Figure 13. Numerical model of the testbed: (a) 3DOF simplified model, (b) member-by-483 

member FEM. 484 

The comparisons between the NEST responses and the target responses both in time and 485 

frequency domains are exhibited in Figure 14. The target responses are obtained from the time 486 

history analysis results of the archetype building under the ground motions (Figure 12(c)) 487 

derived from the Eq. (31). For the time domain responses, it can be observed that the ramp-up 488 

and ramp-down trends of the NEST responses matched the target responses well. For the time 489 

domain responses, the NEST captured most of the frequency responses of the target, especially 490 

those around the first modal period of the archetype building which is the most novel 491 

contribution of the proposed loading protocol. The reproduction errors that were estimated in 492 
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the frequency domain within the frequency of interests are all under 10%. It should be noted 493 

that the NEST acceleration responses at the beginning and end of the time history are larger 494 

than the target responses, particularly in the frequency range of 4 to 5 Hz. These high-frequency 495 

components lie outside the range of interest for our testing objectives and have minimal 496 

influence on the intended experimental demands. The frequency components of interest match 497 

the target responses well. There are two primary reasons for the observed high-frequency 498 

content: First, friction nonlinearity in the friction pendulums; second, the excitation frequencies 499 

are close to the third modal frequency of the NEST testbed, which may induce resonance in the 500 

third mode. Potential solutions include using friction pendulums with a lower friction 501 

coefficient and incorporating time-varying control parameters in the LQR-IDCS algorithm to 502 

suppress third-mode vibrations at the beginning and end of the time history. 503 

 504 

Figure 14. Comparisons of the target and NEST response in the x-direction in (a)time 505 

domain, and (b) frequency domain. 506 

Figure 15 compares the orbits of the absolute horizontal floor displacement of the target 507 

loading protocol and the NEST responses. Despite the frictional nonlinearity, the proposed 508 

control strategy successfully empowered NEST to accurately trace the bidirectional target floor 509 

motions. 510 
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 511 

Figure 15. Comparisons of the floor displacement orbits of the target and NEST response. 512 

6. Experimental validation 513 

A full-scale trial test was conducted on the 5 m-by-5 m shake table at IEM. The NEST 514 

testbed hosted a full-scale room space of 2.8 m high and 3.5 m-by-4.5 m in plan (Figure 16a). 515 

As shown in Figure 16(a), the 3-layer testbed consisted of braced steel frames, FPs, springs, 516 

and NRBs. The braced steel frame was deemed to exhibit a large enough stiffness so as not to 517 

contribute to the lateral flexibility of the room space. The friction coefficient of the pendulums 518 

was measured to be 2.3% by specimen tests. Figure 16(b) shows the photos of all the indoor 519 

contents placed in the room. Table 3 summarizes the geometric dimensions and masses of the 520 

contents. The instrumentation arrangement is not included here due to space limitations; it can 521 

be found in Cao et al. 2024(c). 522 

 523 

Figure 16. Photos of (a) NEST, and (b) contents placed in NEST. 524 

Table 3. Geometric dimensions and masses of contents 525 

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

Cabinet #1 850 390 1800 25.5* 

Cabinet #2 850 390 1800 25.5 

Bookshelf 600 240 1800 25* 

Swivel chair** 600 600 1000 13.3 

White board** 1200 400 1600 2.5 
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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 

* Excluding the 50kg books; ** with wheels 526 

Figure 17 illustrates the maximum absolute displacements of each layer of the NEST 527 

testbed. The maximum absolute displacements of the 1st and 2nd layers of NEST reached 210 528 

mm in the x-direction, while the movement of the shake table was approximately 186 mm. This 529 

observation indicates that the testbed can enhance the shake table's capacity, effectively 530 

amplifying its displacement by 13% in the x-direction and 7% in the y-direction. The equivalent 531 

first modal period is 2.64 s from the Fourier spectra in Figure 18. 532 

Figures 18 compare the measured NEST responses with the target motions of the 21st and 533 

22nd floors of the archetype building in both time and frequency domains in terms of floor 534 

accelerations, floor velocities, and inter-story drifts in the x-direction. There is a close 535 

correspondence of both the time histories and Fourier amplitude spectra between the target and 536 

the measured responses, whose errors are less than 30%. A similar observation was also 537 

obtained from the data in the y-direction. 538 

 539 

Figure 17. Maximum absolute displacements of NEST. 540 

Whilst the reproduction accuracy is not perfect but the errors are acceptable for civil 541 

engineering testing. As an offline test, the errors can be primarily attributed to two reasons. The 542 

first is that the shake table reproduction error. As demonstrated in Figure 19, the target and 543 

measured peak table acceleration (PTA) error in the x-direction is 29%. It appears that the shake 544 

table is hard to reproduce such sinusoidal waves. Secondly, the accuracy of the numerical 545 

modeling of the NEST testbed. Future work can be categorized into three aspects. First, a real-546 

time control algorithm needs to be implemented which can let the shake table reproduce the 547 

target table motion with high accuracy. Second, a nonlinear system identification of the NEST 548 

testbed is to be conducted using the experimental responses to build a high-fidelity numerical 549 

model of NEST. Third, the error propagation mechanism from the shake table motion to the 550 

floor motion which may be attributed to the complex coupling between the accuracy of the 551 

shake table control and the numerical modeling uncertainty. 552 

3

2

1

0

N
o

.s
to

ry

1000 300200
PFD (mm)

y- direction

x- direction

+13%+7%



 

22 

 

 553 

Figure 18. Comparisons of the target and experimental measured response in the x-direction 554 

in (a)time domain, and (b) frequency domain. 555 

 556 

Figure 19. The acceleration comparison between the target and measured response of the 557 

shake table in the x-direction. 558 

Figure 20 compares the orbits of the absolute horizontal floor displacement of the target 559 

and the measured responses to the four motions. Despite the frictional nonlinearity, the 560 

proposed control strategy successfully empowered NEST to accurately trace the bidirectional 561 

target floor motions. 562 
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 563 

Figure 20. Comparisons of the floor displacement orbits of the target and experimental 564 

measured. 565 

The suspended ceilings and partition walls remained almost intact after the test, while the 566 

contents sustained varying degrees of damage. Figure 21 shows the bookshelf and swivel chair 567 

overturned in the archetype 42-story tall building during the design-basis earthquake. Notably, 568 

the swivel chair was overturned due to the impact of the bookshelf, an interaction that would 569 

not be observed in experiments testing only a single type of NSE. The test also reveals the 570 

contents (e.g., the chair and cabinet in Figure 22) will slide away in the archetype building 571 

during the design-basis earthquake.  572 

Another interesting finding is that the proposed SNEP maintains a constantly changing 573 

frequency distribution throughout its duration. Figure 23 shows the acceleration time history 574 

of the 1st floor in the x-direction of the NEST testbed and the corresponding time-frequency 575 

diagram obtained by wavelet transform. At 17 seconds, the bookshelf overturned as shown in 576 

Figure 23(b). At this time, the loading frequency was approximately 0.41 Hz, indicating that 577 

the bookshelf is particularly sensitive to excitations around 0.41 Hz, commonly referred to as 578 

the approximate dominant period of the one-sine pulse (Tp) in many intensity measures of 579 

contents (e.g., Dimitrakopoulos and Paraskeva 2015). Compared to random ground motions, 580 

the proposed SNEP not only facilitates the identification of the key parameter Tp for contents 581 

but also takes into account the dynamic characteristics of the archetype building. 582 

 583 

Figure 21. Overturning behavior to the contents: (a) bookshelf, and (b) swivel chair. 584 
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 585 

Figure 22. Sliding behavior to the contents: (a) chair, and (b) cabinet. 586 

 587 

Figure 23. Acceleration of the 1st floor in the x-direction of NEST, (a) time history, (b) time-588 

frequency diagram. 589 

 590 

7. Conclusions 591 

This paper proposed a building-specific standard testing procedure for the seismic 592 

assessment of nonstructural elements under specific seismic risks in a specific building. A 593 

standard loading protocol named SNEP that considers the dynamic characteristics of the 594 

archetype building was adopted. To improve the universality of the proposed loading protocol, 595 

the NEST testbed was constructed which matched the first two modal periods of the archetype 596 

building. A novel nonlinear control algorithm was developed which enables the NEST to 597 

reproduce the proposed loading protocol with high accuracy as well as extending the protocol 598 

to enable testing of two adjacent floors of the archetype building. Numerical illustrations and 599 

experimental validations were conducted. The following conclusions can be drawn from the 600 

results. 601 

(1) The time history analysis of the archetype tall building under a series of design 602 

spectrum-compatible earthquake records demonstrated that the existing required response 603 

spectra (RRS) recommended by the code provisions may neglect the dynamic responses 604 

especially the first modal responses of the archetype tall buildings. This emphasizes the 605 

importance of conducting building-specific testing for nonstructural elements. 606 

Sliding

Sliding
(a) (b)

10

8

6

4

2

0
0 5 10 15 20 25 30 35 40 45

F
re

q
u
en

cy
 (

H
z)

Time (s)

0.41 Hz

A
cc

el
. 

(m
/s

2
) 3.0

1.5

0.0

-1.5

-3.0

Bookshelf 

overturninmg

(b)

(a)

2.0

1.5

1.0

0.5



 

25 

 

(2) The proposed building-specific loading protocol can consider the dynamic 607 

characteristics of the archetype building, especially the responses around the fundamental 608 

period through a closed-form solution of four formulas in the time domain. 609 

(3) The three-layer NEST testbed that matched the first two modes of the archetype 610 

building can amplify the shake table motion as well as providing a full-scale room space to 611 

reproduce the accelerations, velocities, and inter-story drift of two adjacent floors for the testing 612 

of nonstructural elements of various damage sensitivity. 613 

(4) The proposed control algorithm is capable of enabling the three-layer transfer system 614 

to replicate the proposed building-specific loading protocol with high accuracy, exhibiting 615 

errors of less than 10% in the numerical domain and 30% in the full-scale shake table shake 616 

table testing validation. 617 

(5) The experimental results showed that the bookshelf and swivel chair overturned while 618 

the chair and cabinet slid under the design-basis earthquake in the archetype tall building. 619 

(6) The proposed SNEP has the advantage of revealing the key parameter, the approximate 620 

dominant period of the one-sine pulse (Tp) of the contents. 621 

It should be noted that the proposed open-loop control algorithm is highly dependent on 622 

both the accuracy of the numerical model of the transfer system and the precision of the shake 623 

table control. Nonstructural elements with significant contribution to the story stiffness and 624 

strength cannot be tested by the present NEST testbed. Further enhancements lie in three 625 

aspects: First, developing a real-time compensation control strategy that is capable of handling 626 

the inter-story nonlinearity induced by the specimens; second, performing a nonlinear system 627 

identification of the transfer system using the experimental test data; third, implementing a 628 

control strategy that can let the shake table reproduce the target table motion accurately. 629 
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