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Abstract: Nonstructural elements play a pivotal role in maintaining the functionality of
buildings, making their seismic resilience a critical focus in research and engineering practices
in the past few decades. A building-specific standardized assessment procedure is implemented
to evaluate the seismic performance of nonstructural elements in a building, considering the
specific seismic risks. Time history analyses of a tall building subjected to a series of design
spectrum-compatible ground motions demonstrated the necessity of building-specific
considerations in standard testing. Consequently, a standard loading protocol accounting for
the dynamic characteristics of the archetype building was established. This study further
extends the protocol to enable testing of two adjacent floors of the archetype building through
Nonstructural Element Simulator on Shake Table (NEST). The universal testbed, NEST, was
employed to replicate boundary and load conditions representative of real-world scenarios for
multiple nonstructural elements. A nonlinear control algorithm that enables the NEST testbed
to reproduce the proposed loading protocol accurately was developed in the numerical domain.
Full-scale shake table tests validated the proposed method, demonstrating its capability to
replicate the building-specific loading protocol with errors below 30%. The experimental
results showed that the contents sustained varying degrees of damage under the design-basis
earthquake in the archetype tall building. Additionally, the proposed loading protocol proved

effective in identifying the sensitive frequency component of the contents.
Keywords: shake table test, engineering demand parameter, nonstructural elements, tall
building, building-specific.

1. Introduction

Nonstructural elements (NSEs, including the architectural systems) and building contents
provide space enclosure, traffic, lighting, water supply and drainage, heating, and
communication functions that are critical to the functionality of a building. The seismic
performance of NSEs has been of increasing concern to engineers and researchers over the last
two decades. On the one hand, seismic damage to NSEs will lead to functional and economic
losses of the primary building as well as leading to injuries (Miranda et al. 2012). On the other
hand, NSEs are prone to damage under earthquakes even if the structural system in the building
remains intact (Qu et al. 2023(a), Qu et al. 2023(b)).

Accurately capturing the seismic damage mechanisms of NSEs is essential to their
protection. The numerical modeling to simulate the seismic behavior of different types of NSEs
is still under development due to their complex dynamic mechanisms. For example, the rocking
contents tend to be a complex nonlinear system that is highly sensitive to initial conditions (Liu
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etal. 2023(a), Liu et al. 2023(b)), the numerical models of ceiling systems have been developed
(Zaghi et al. 2012, Ryu et al. 2012, Qi et al. 2020, Jiang et al. 2022). However, they are still
under improvement due to the complex installation processes and interaction behavior with
other NSEs. Experimental testing is still the most effective approach to understanding the
seismic damage mechanism of NSEs, which has been conducted by many researchers in the
past few decades (e.g., Hoehler et al. 2009, Sato et al. 2011, Patolli et al. 2016, Bianchi et al.
2021, Zito et al. 2022a).

Although fruitful results have been achieved in the experimental investigation of NSEs,
current nonstructural research faces increasing demands. According to the authors, there are
three challenges for nonstructural testing. The first challenge is the selection of ground motions
due to the limitations of experimental testing. The NSEs are mounted or placed in buildings,
so they suffer from the floor motions rather than the ground motions. Using the ground motions
as the input if NSEs can lead to different seismic fragility from the floor motions. (D’Angela
et al. 2022). The most straightforward way is to excite the NSEs by floor motions of the
archetype buildings under a recorded ground motion. However, there are a large number of
strong ground motions (e.g., the PEER database, Ancheta et al. 2014) with quite different
characteristics (e.g., duration, frequency component, and amplitude), which also cause the
generated floor motions to be quite different, while only few of them can be used in the
experimental tests. How to select the representative ground motions for the archetype buildings
is a major problem and is still under investigation (e.g., Wang and Qu 2024). Standard loading
protocols were then developed to make experimental tests on the same type of NSE comparable.
The simplest form of standard loading protocol was the sinusoidal waves and sweeping which
has been widely used to test NSEs such as ceilings (Sawant and Granneman 1984, Yao et al.
2000). Behr et al. (1995) proposed the dynamic loading protocol for the curtain walls, which
is a variable amplitude sinusoidal wave with a frequency of 0.8 Hz. Brueggeman et al. (2000)
subsequently modified the protocol by adding a 0.4 Hz segment at the end, and it was adopted
by the American standard AMMAS501 (2001) for the testing of curtain walls. These sinusoidal
waves are easy to perform, but cannot represent the characteristics of earthquake excitation and
the floor response characteristics. AC156 (2010) and FEMA 461 (2007) have proposed specific
required response spectra (RRS). Users can generate RRS-compatible loading time histories
for nonstructural testing. As many researchers have pointed out that the RRS in AC156 (2010)
and FEMA 461 (2007) may underestimate the accurate seismic responses of buildings (Medina
2013, Petrone et al. 2016, Perrone et al. 2019, D'Angela et al. 2021, Magliulo and D'Angela
2024), Anjali (2018) proposed a standard spectrum that was derived from the time history
analysis results of twelve buildings. Shang et al. (2023) proposed a standard spectrum that
further considered longer-period components higher than 2 s, and applied it to the testing of
hospital cabinets. Zito et al. (2022b) proposed a novel loading protocol for experimental testing
of acceleration-sensitive nonstructural elements. It introduced a more general RRS that
considered a wide range of building fundamental periods from 0.1 s to 2 s and an RRS-
compatible procedure for generating the time history signal. Although it has become a
consensus that a standard loading protocol for nonstructural elements should represent the floor
response characteristics of the host building, the floor response spectra (FRS) as a target in
none of the above-mentioned protocols reflects the dynamic response characteristics of a
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specific archetype building. Some studies present code-oriented formulas for estimating
building FRS profiles using only limited structural information while maintaining high
accuracy (e.g. Vukobratovi¢ and Fajfar 2017). These formulas can serve as the target spectrum
for generating loading time histories of NESs.

The second challenge is that the floor motions can easily exceed the stroke of existing
shake tables, which are designed to simulate earthquake ground motions. Even for ground
motions, the limited stroke of shake tables typically requires the filtering of low-frequency
accelerations that can affect the response of some types of nonstructural elements (Mosqueda
et al. 2008). To achieve the large floor absolute displacement loading, new devices were
developed. The Japanese company Shimizu Corporation developed a three-dimensional shake
table, the E-Spider (Figure 1(a)), which is a Stewart platform driven by six electric actuators
(Kaneko et al. 2016). Despite having a stroke of =£1.5 meters, the E-Spider’s small payload of
3 tons is insufficient for civil infrastructures. Kajima Corporation in Japan developed a three-
dimensional two-layer shake table system, W-DECKER (MTS Systems Corporation 2013)
(Figure 1(b)). The small table in the upper layer is designed to reproduce large floor motions
in tall buildings, while the large table in the lower layer is designed to generate ground motions.
However, the payload capacity of the upper small table of approximately 5 tons is also

insufficient for civil infrastructure testing.
Upper layer Lower layer
table table

y—

=i/m| { \
|
Pneumatic cylinder ); ] % T

U

Long-stroke
electric actuator

(@ (b)

Figure 1. Existing testing facilities for floor motion reproduction: (a) E-spider (Kaneko et al.
2016), (b) W-DECKER (MTS Systems Corporation 2013).

Third, the seismic damage mechanisms of NSEs are intricate, resulting in complex testing
demands (see Figure 2). The most popular testing method is to put NSEs on the shake table
(e.g., the testing on contents, Zhang et al. 2024) or construct a rigid frame on shake table and
install the NSEs on the frame (e.g., the testing on ceilings, Han et al. 2024). However, a single
type of NSE may exhibit sensitivity to multiple structural engineering demand parameters
(EDPs) which are key parameters for the reliability of a loading protocol (D’Angela et al.
2021). For instance, while the in-plane damage of partition walls is widely acknowledged to
be controlled by inter-story drift, their out-of-plane behavior is also influenced by floor
accelerations (Vanin et al. 2020; Xie et al. 2021). Ceilings, traditionally regarded as
acceleration-sensitive NSEs, have been shown by Feng et al. (2023) to exhibit frequency
sensitivity, indicating potential vulnerability to peak floor velocity (PFV). The EDP governing
the seismic performance of contents remains under investigation: some studies suggest that
PFV predominantly controls their seismic damage (Housner 1963; Di Sarno et al. 2019), while
others propose that it is a multifaceted issue requiring consideration of both peak floor
acceleration (PFA) and PFV (Ishiyama 1982; Petrone et al. 2017). On the other hand,
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interactions between different NSEs under earthquakes further complicate their behavior. For
example, the interaction between partition walls and building contents can influence the
seismic response of both elements (Filiatrault et al. 2004; Liu et al. 2023c; Cao et al. 2024c, Fu
et al. 2024).

A straightforward way of solving all the three above-mentioned challenges is to conduct
large-scale shake table tests on full-scale building models with the nonstructural elements of
concern installed. There were a handful of notable tests of this kind on either the outdoor shake
table at UCSD in the US (e.g., Chen et al. 2016, Wang et al. 2017) or the world’s second large
shake table at E-Defense in Japan (e.g., Nakashima et al. 2018). The structural systems and
occupancies of the parent building varied, but the number of stories was either 4- or 5-story, a
limitation imposed by both the budget and the capacity of the shake tables. Active controlled
dynamic testing facilities provides an alternative of meeting all the three demands for
nonstructural element tests but with much reduced cost. A nonstructural component simulator
was developed at the University at Buffalo, namely, UB-NCS, to this end [Figure 2(a)]. It is
composed of a two-level steel frame driven by very slender actuators of £1-meter stroke to
simulate the motions of two consecutive floors in buildings (Mosqueda et al. 2009). However,
the simulator is not yet capable of bidirectional loading. The Eucentre in Pavia, Italy has
developed a novel testing facility named 9DLAB [Figure 2(b)]. It consists of a shake table
located at the bottom layer and an upper layer platform that is driven by the actuators. It
provides a means of exciting floor acceleration on NSEs at two separate elevations in a more
realistic manner compared to just base input (O'Reilly et al., 2023). Nonetheless, the 9DLAB
is still undergoing adjustments, and there have been no experimental results reported in the
literature thus far using the 9DLAB.

Upper layer

"ﬁﬁ-,'

Actuator

Actuator

= [ISiatehable (Moweniayen) | o=

(b)

Figure 2. Existing testing simulators for two-layer floor motion reproduction: (a) UB-
NCS (Mosqueda et al. 2008), (b) 9DLAB (O'Reilly et al. 2024).

Substructural shake table testing offers a promising alternative that addresses the three
main challenges in this field. This approach leverages existing shake tables which are robust,
dynamically stable, and inherently capable of multi-directional loading to reproduce target
floor motions. Ji et al. (2009) successfully replicated the roof response of a 30-story building
under seismic excitation by constructing a full-scale rubber-mass substructure on the E-
Defense shake table. Although their study focused primarily on a single engineering demand
parameter (EDP) at one floor level, their work fully explored the potential of the existing shake
table to simulate floor motions of large lateral drifts with the aid of a passive substructure and
a proper control algorithm to generate the required table motion.

To address the three challenges discussed, this paper proposes a method to reproduce a
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building-specific standard loading protocol, namely Standard Nonstructural Element dynamic
loading Protocol (SNEP), that accounts for the dynamic properties of the archetype building in
nonstructural testing (see Figure 3) through NEST testbed. This approach includes three key
innovations: first, the introduction of the long-period NEST testbed to amplify the shake table’s
motion; second, the development of a control algorithm to generate a customized input wave
that replicates SNEP as well as extending the protocol to enable testing of two adjacent floors
of the archetype building; and third, the validation of the proposed method in the physical
domain through a full-scale shake table test. Over the past few years, our research team has
devoted considerable effort to developing experimental methods for NSEs. In Cao et al.
(2024a), we proposed a standard loading protocol that accounts for the dynamic characteristics
of the primary systems hosting NSEs. In Cao et al. (2024b), we introduced a substructural
shake table testing method capable of providing realistic dynamic boundary conditions
(including floor accelerations, velocities, and inter-story drift) to NSEs under seismic excitation.
This paper represents an integrative advancement of those two studies by implementing
standard dynamic testing of NSEs within a universal testbed. To achieve this goal, we have
further refined the control algorithm and extended the loading protocol to enable testing of
NSEs on two adjacent floors.

The scope of our method is primarily focused on standard evaluating the seismic demand
of nonstructural elements in buildings with varying dynamic characteristics, particularly those
in mid- to high-rise buildings. It is designed to enable standardized dynamic testing of
nonstructural elements that are sensitive to floor acceleration and velocity. Specifically, the
method is applicable to elements such as ceilings, interior contents, and the out-of-plane
response of partition walls. However, due to the offline nature of the control algorithm, the
current method is not suitable for testing nonstructural elements that significantly contribute to
the lateral stiffness and strength of the structure. The paper is organized into four parts. First, a
42-story archetype tall building is introduced, and the responses of this building when subjected
to a series of design-spectrum compatible ground motions are presented, demonstrating the
need for the proposed standard loading protocol. Second, the fundamental formulas of the
proposed loading protocol are introduced. Third, the long-period NEST testbed and the control
algorithm, which enables the accurate reproduction of the target SNEP time history as well as
revising the protocol to accommodate testing on two adjacent floors of the archetype building,
are presented. Fourth, physical shake table tests are carried out to validate the proposed full-
scale shaking table test using the NEST testbed.

Archetype building NEST
Finite element model Physical model
FRS
1(s) :
LQR-IDCS with
Inverse N offline iteration
transfer =
L <
function E
Freqency (Hz)
= Ground motion  Archetype input
5| \.spectrum .

WWW’ B B Table motion wMMMM T
7(s) o

Figure 3. Concept of proposed full-scale shake table testing.
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2. Seismic responses of a high-rise building model
2.1 Archetype building

The archetype building is a 42-story high-rise building with a core wall-frame interacting
structural system (Lu et al. 2015). It is modelled by the discrete shear-flexural spring model
(Xiong et al. 2016). As it has been pointed out by many researchers that the seismic
performance of nonstructural elements is even crucial under service level earthquake (SLE) or
design basis earthquake (DBE) (Shang et al. 2022) during which the archetype tall building is
not only supposed but also required to remain elastic according to the Chinese seismic code
JGJ3-2010 (2010) (Cao et al. 2024a). For simplicity, it is assumed that the structure has the
same set of masses and stiffnesses in both the x- and y-direction, that the story masses and
stiftnesses are uniformly distributed along the height, and that the structure remains elastic
during earthquake excitation. The building model and the first three modal shapes are shown
in Figure 4. Table 1 summarizes the first three periods and the first three modal effective ratios
of the archetype building.

1.0 | 1¥ mode 2™ mode 3" mode

0.8

0.6

h/H

0.4 r

0.2 1

0.0 A A A A A A
-1.0 -05 0.0 05 10 -1.0 -05 00 05 1.0 -10 -0.5 0.0 05 1.0
Modal coordinate Modal coordinate Modal coordinate

(a) (b)

Figure 4. Archetype building information: (a) flexural-shear spring model, (b) first three
modal shapes.
Table 1. Periods and modal effective mass ratios of the archetype building.

No. mode i 1 2 3
.851 4
Ty (s) 2.695 0.8 0.466
M;/¥m 0.763 0.095 0.040

2.2 Seismic response of the archetype building under design spectrum compatible motions
A series of 40 design spectrum-compatible ground motions were selected from the PEER
Ground Motion Database (Ancheta et al. 2013) according to the following criteria: (1) scale
factor within the range of 0.1 to 10; (2) the earthquake events range from Magnitude 6 to 9;
and (3) shear wave velocities in the range of 150 m/s to 500 m/s. The acceleration spectra and
the mean spectrum of the selected ground motions are compared with the design spectrum in
Figure 5. The detail information of the ground motions can be seen in Cao et al. 2024(a).
Time history analysis (THA) results for the archetype building under the selected ground
motions are presented. Figure 6 depicts the average PFA/PGA profile, illustrating that the
Chinese code (GB/T 50011-2010, 2016) provides a better estimate of the PFA/PGA value at
the top floor, whereas the American code (ASCE 7-22, 2022) more closely aligns with the
6
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overall distribution shape. However, both code provisions overestimate the PFA distribution
compared to the THA result.
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hiH

------ GB/T 50011

— — —-ASCE7-22

PFA/PGA

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

Figure 7 presents the FRS results of the archetype building under the selected ground
motions. While the FRSs all exhibit peaks at the building's modal periods, their amplitudes
vary due to uncertainties in ground motion characteristics. To address these uncertainties,
standardized loading protocols, such as those in AC156 and FEMA 450, have been widely
adopted. While the FRS recommended by AC156 or FEMA 450 can envelop the higher modal
responses of the archetype building, it does not fully capture the significant acceleration
response near the building’s fundamental period (Figure 7). Cao et al. (2024a) highlighted the
importance of considering modal responses around the fundamental period for nonstructural
testing, especially in medium- and long-period buildings. They proposed a novel loading
protocol that can take into account the dynamic properties of the archetype building, which is
adopted in this paper. A building-specific target spectrum is proposed and will be introduced in
the following sections.
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Figure 7. Spectra acceleration of the floor motions. (top floor, 5% damping ratio)
2.3 Building-specific FRS for nonstructural testing
Given the advantage of the FEMA 450 FRS in capturing higher-mode responses of the
archetype building, a combined approach was adopted to define the target spectrum, also
referred to as the required response spectrum (RRS). This approach takes the envelope of
FEMA 450 FRS with the first-mode component of the FRS proposed by Vukobratovi¢ and
Fajfar (2017). The FEMA 450 FRS is defined as:

0.4a SDS PFA 1 T < TF]
FRS T = p . { ’ ex 1
rEmMA(T) gR,/I, PGA Triex/T, T = Trrex (1)
Trex = (1 + O.ZSE S_DS 2)

where [, =1 is the component importance factor, R, is the component response

p

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

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

components, Sp; represents the design spectral acceleration at T = 1s and Spg represents
the spectral acceleration at the endpoint of the plateau of the design spectrum, g is the gravity
acceleration, Tgjex 1S the end period point of the plateau of the FRS, /4 is the height above
grade where the nonstructural system is located and H is the total height of the building.

Egs. (3) to (6) summarize the formulation of the 1¥-mode component of the FRS proposed
by Vukobratovi¢ and Fajfar (FRSvrim):

2
Ly Se(Tp1)\” T\’
FRSVFlM(T)—l(T/Tp1)2_1| ( . > +1{S(T) - E) 3)
|FRSyp1m(T)| < AMP; - |PF Ay €))
PFA;; = [y, Se(T1) (5)
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where PFAjj is the 1%-mode component of the PFA at the /" floor, T} is the fundamental period,
Se is the linear elastic acceleration spectrum of the ground motion, [7 is the modal
participation factor for the 1-mode, whereas ¢,; is the 1-mode shape value on the j* floor.
Values of AMP; are determined from Eq. 6. The third line in Eq. 6 was proposed by Sullivan
etal. (2013). 7c=0.45 is the characteristic period of the ground motion, ¢ is the damping ratio
of the secondary system which is 5% in this paper.

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

The SNEP, designed to account for the dynamic characteristics of the archetype building,
is adopted in this study. Unlike the standard loading protocols, which are generated using
random vibration theory to match target spectra, the proposed protocol is a theoretical solution
derived from four time-domain equations. It features a consistent waveform, duration, and
frequency range, enabling experimental testing of similar nonstructural elements by different
researchers to be directly comparable. The basic form of the loading time history was initially
proposed by Retamales et al. (2011) and later enhanced by Cao et al. (2024a) to better align
with the building-specific target spectrum and support bi-directional loading.

The protocol comprises two key components: a target spectrum that reflects the dynamic
characteristics of the archetype building and four formulas that ensure the spectrum is
accurately matched. The displacement time history of the proposed loading protocol, x(t), is
presented in Eq. 7. The corresponding velocity and acceleration time histories can be derived
through differentiation of x(t). This loading protocol is constructed as the product of four
formulas in the time domain (see Figure 8) and incorporates a key parameter: the peak floor
acceleration distribution (PFA(h/H)/PGA) along the building height, estimated using the
response spectrum method by Cao et al. (2022).

To generate the proposed loading protocol, only a few ground motion parameters (Sp;,

Sps, Ty) and archetype building parameters (modal periods, modal shapes, and damping ratios)

are required. Further details on the formulation of the loading time history can be found in
Retamales et al. (2011) and Cao et al. (2024a).

PFA(h/H 7

x() = a(t, tryyp,o ta, Sp1) f (DF coslo () w(®) - % v
1

tTFlex = S_logz (fmaxTFlex) (8)

i} h Sb1
TFlex = (1 + 0.25 ﬁ) *max (S—DS, Tg)

where a(t, E ey b Sm) is a function to adjust the shape of the acceleration response

©)

spectrum which can refer to Cao et al. (2024a), ty,  is the parameter that controls the period
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at which the peak spectral response at the short-period range is observed, t4 is the half
duration of the testing protocol, f(t) is the instantaneous loading frequency, f = —1.25 is
an empirical calibration factor, ¢(t) is the instantaneous loading phase, w(t) is a sinusoidal
windowing function used to smooth the ramp-up and ramp-down portions of the testing
protocol, S, is the recommended constant sweep rate which equals to 12 octaves per min,
fmax correspond to the maximum target of testing frequencies. It should be noted that the ratio
of Sp1/Sps determines the period at the end of the short-period range of the design spectrum

in FEMA 450 (2003), but a separate characteristic period T, is defined to serve the same
purpose in GB/T 50011-2010 (2016) in China. To remain compatible with the Chinese code,
we use the maximum of Ty and Sp;/Sps in Eq. 9 to define the corner period Tgey, of the
floor response spectrum. The f(t), ¢(t) and w(t) functions are left unchanged when
generating the loading time histories (see Figure 8), a new a(t, ET oy td,SDl) function is

defined in Eq. (10) to match the target FRS, which envelopes the short-period and fundamental-
period FRS. Although it is more an empirical formula than a rigorous mathematically

derivation, the original a(t, ET s td,Sm) function by Retamales et al. (2011) works quite
well in modifying the spectrum shape of the loading protocol to match the short-period FRS

by FEMA 450 (2003). The a(t, E Ty Lt SDI) function consists of the multiplication of a

constant multiplier and a normalized sectional part. The newly proposed a(t, E Ty tar S Dl)

function first changes the multiplier from 3Sp;/2g Retamales et al. (2011) to 2S5p,/g, then
introduces two amplified segments corresponding to the fundamental period of the archetype
building to the normalized sectional part [Eq. (10)].

fmax: 5 HZ

cos[g(1)]
[e]
SO

fmin =0.2 Hz

—
N
1 5
< |k
= @ t
= 5 Tpl
= =
é v
2 | .
0 o |
tq 2ty 14 2t4
Time Time

Figure 8. Four key formulas in proposed loading protocol.
Figure 9(a) shows the loading protocol at the top floor of the 42-story archetype building
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310  under the design basis earthquake (DBE). Figure 9(b) compares their FRSs with the target
311  spectra, demonstrating that the proposed time histories achieve a reasonable match with the
312 building-specific target spectra in the frequency domain.
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4. The NEST testbed and the control algorithm
4.1 Configuration of NEST

The basic concept of NEST is to test a full-scale room at a specific level of the archetype
building, providing multiple EDPs and a realistic layout for NSEs. However, as highlighted by
Fu et al. (2024), a single-story passively controlled room cannot accurately replicate the
dynamic responses of adjacent floors in the archetype building. To overcome this limitation,
an additional layer was incorporated, resulting in the three-layer NEST testbed (see Figure 10),
which serves as a universal testbed, offering flexibility in tuning its modal properties and
accommodating NSEs with varying damage sensitivities.

To fully utilize the capabilities of NEST for standardized seismic assessment of NSEs, a
method was developed to implement the building-specific loading protocol. In this study, the
NEST testbed extends the protocol’s application by enabling the evaluation of NSEs across
two adjacent floors of the archetype building. This improvement integrates the full-scale room
testing and the standardized testing demand.

Archetype building Single-story Three-layer NEST
full-scale room

[TTTTTTIITTTTd

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

In this paper, the modal property of NEST is designed to match the first two modes of the
archetype building to reduce the displacement demand to the shake table. The design
parameters of NEST are obtained according to Eq. (16), which contains 9 independent
equations of 18 unknown variables to be determined.

ksl + ksz _ksz 0 ¢si,1
~ksz ks, +kss  —kg3 ¢si,2
0 —kss kss ¢si,3
wgimsl 0 0 ¢si,1 (16)
= 0 wgms, 0 ¢siz ¢ fori =1,2,3
0 0 wZmg] \Psis

where kg; and myg; are the stiffness and mass of the j™ layer of the 3DOF system; wg; is the
i mode circular frequency of the system, which is solely dependent on the stiffness and masses
of the system; ¢g; ; is the modal vector value of the jM layer in the i mode.

The first two modal frequencies are assumed to equal those of the archetype building in a
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single horizontal direction (Eq. (17)), and the two mode shape vectors of the first two layers of
the system are assumed to be equal to those of the target floors (Eq. (18)).

wg; = wp; fori =1,2 (17)
{223 - {%ii;’;} (182)
{2223 - {qapff;’;} (18b)

where wy,; is the i™ mode circular frequency of the archetype building in a single horizontal

direction, ¢,q, and ¢p,, are the first two modal vector values of the archetype building at

the n' floor.

NEST was intended to work on the 5 by 5m shake table at the Institute of Engineering
Mechanics (IEM) at Beijing, whose payload is 30 tons. Considering the payload limit and other
constraints of manufacturing the steel structure, the mass of the first floor of the testbed was
determined as mg; = 4.5 tons. Since the i modal shape vector denotes a proportion, we can
assume the ¢33 in the third modal shape to be a specific value (such as 1.0). With the
assumption in Eqgs. (17) and (18) and the prescribed ms1 and @3 3, there remain 10 unknowns
in the 9 equations in Eq. (16).

By specifying the third modal period of the system T3 = 21/ wg;, the rest of the system
parameters can be uniquely determined. As shown in Figure 11, different choices of 753 have a
major effect on the masses but has little to do with the stiffnesses. For the convenient of
manufacture, it was determined that Ts3 = 0.23s so that mg, = mgs. The resultant structural
parameters of the testbed are summarized in Table 2.

According to the story masses and stiffness of the 3DOF system, the physical model of
the testbed can be built. The three-layer testbed consists of braced steel frames, friction
pendulum bearings (FPBs), springs, and natural rubber bearings (NRBs) (see Figure 10). The
stiffness of the steel frame was very large so that it would behave as a rigid body during the
vibration, while the inter-story drift of the system is facilitated by the bearings. The structural
parameters and stroke limits at each layer of the NEST testbed are listed in Table 2. The desired
story stiffness was provided by bearings and springs at each layer. The FPBs were installed at
the 1 and 3™ layers while the NRBs were installed at the 2" layer. The radius of the curvature
of the FPBs on the 3™ floor is 700 mm, and the width of its sliding surface is 380 mm. The
radius of the curvature of the FPBs on the 1* floor is 1608 mm, and the width of its sliding
surface is 1200 mm. The springs were installed at the 3™ layer to provide additional lateral
stiffnesses.

Table 2. Structural parameters of NEST testbed.

Layer j Mass ms; (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
13
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configuration is highly adaptable: NEST can be easily reconfigured into a single-layer, double-
layer, or three-layer setup to meet various testing demands. Second, its dynamic properties are
readily tunable by adding supplementary masses or adjusting the bearing types in each layer.
The bare frame of NEST weighs approximately 10 tons, while the shake table at IEM has a
payload capacity of 30 tons, leaving a 20-ton margin for additional mass, providing ample
flexibility for experimental customization.
4.2 Control algorithm

Generating the input wave corresponding to specific output floor motions in a nonlinear
system is a challenging inverse dynamic problem. This study addresses the problem using a
novel control strategy, illustrated in Figure 11 which consists of three primary procedures.

fffffffffff 1.Ground motion estimation —— 3. Offline iteration -

| G, |<—|ug(t) 1/G, |<—{ZT(t)} ] Upg?te N System ID
o) e | f
4 2.LQRAIDCS Ol , Update |
i Ve Pl A k=k+1 |
. {xi(t)} wd®jre |
Ui(t) . }

" : oy

{zri(®)}

Figure 11. Concept of the control algorithm.

First, the ground motion estimation building aims to derive the input wave for the archetype
system based on the prescribed standard loading floor motion. Second, the Linear Quadratic
Regulator based Inverse Dynamics Compensation via Simulation (LQR-IDCS) algorithm
optimizes the control force of the shake table to minimize discrepancies in responses between
the archetype and the NEST testbed. Finally, an offline iterative procedure based on the
nonlinear finite element model (FEM) of the testbed to compensate for its bi-directional
coupled nonlinearity primarily caused by the friction pendulums. In Figure 11, Gy is the transfer
function of the archetype building; W is the controller, the LQR controller is used here; the
{zr(t)} is the loading time history; the uy(t) is the specific ground motion that let the archetype
building reproduce the target loading protocol at the target floor; {zr1(t)} is the actual loading
time history the archetype building reproduces under the ug(t); the H; is the transfer function
of the linear 3DOF model of the NEST testbed at the k™ iteration; {xi(t)} is the response of the
linear 3DOF model of the NEST testbed at the k™ iteration; Hy is the transfer function of the
FEM model of NEST; {x(t)}re is the response of the FEM of the NEST testbed at the ™
iteration; Ef is the error between the target response {zri(t)} and the response of FEM of the
NEST testbed.

A ground motion estimation procedure is first developed to address the limitations of SNEP
for nonstructural elements, which only specify motions on a single floor. In contrast, the
proposed NEST testbed is capable of reproducing floor motions on two adjacent floors.
Leveraging this advanced testing capability, an inverse transfer function-based ground motion
estimation is conducted. This approach determines the specific input wave required for the
archetype to replicate the standard loading time history at the target floor. By performing time
history analysis of the archetype under this specific input, the seismic responses of the adjacent
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floor can also be obtained, thereby enabling the proposed loading protocol to be extended to
two floors.
The equation of motion of the archetype building subjected to the earthquake excitation

iig(t) is:

1
[MI{F ()} + [CHy(@®)} + [K{y(©)} = {S}ﬁg(t) (19)
1
where the {j(t)}, {y(t)},and {y(t)} aretherelative acceleration, velocity, and displacement
response vector, respectively; the [M], [C], and [K] are the mass, damping, and stiffness
matrix, respectively.
Rewrite the Eq. (20) in the state space:

{Y} = [4,){Y} + {B, }iig () (20)
where
_(y(®
(v} = {y.(t)} 1)
[ (PO £ (22)
4] = [—[M]—l[x] —[M]—l[C]]

{Bp} = {{0}x1; {—1}nxa} 23)

The absolute acceleration at the target n'™ floor, ,,7(t), of the archetype building is:

Vabr(£) = {BT}{Cp}{Y} (24)
where
{Co} = (-IMI[K] — [M]*[C]} (25)
and
{B1} = {01xn-1 1 OlX(N—n)} 20
is the location vector of the target floor.
By adopting the Eq. 20 into the Laplace space, we can get:
()} = (sl = [4,]) " (B Jiig(s) 27)
By adopting the Eq. 24 into the Laplace space, we can get:
Fabr(s) = (BrH{Co HY ()} (28)
Substitute Eq. 27 into Eq. 28
Far(s) = (B} (111 = [4,]) ™ (B itg (o) (29)

The transfer function of the archetype building is:
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j} abT (S )
iig(s)

-1
= {BrH{Cp} (sl = [45]) "{Bp} (30)
The ground motion can be obtained from the target floor motion and the transfer function:

iig(s) = Janr()/{B{Co}(sI11 = [4,]) ™ By} (31

The general procedure of the IDCS algorithm with LQR control (or LQR-IDCS algorithm
for short) requires firstly to establish an augmented state-space equation of the system as shown
in Eq. 32.

{2} = [A1{Z} + (B}U(®) + (D}U,(D) (32)
where
(Be}Hyan ()} — fxan (ON
_ {yab (t)}
)= i{BF}{y’ab@} G () } (33)
ab(0)) )

is the augmented state vector that combines the displacement and the velocity responses of the
archetype and the substructure testbed NEST; the first row of {Z} denotes the absolute
displacement error between the archetype building at the target floors and the NEST; the second
row of {Z} is the absolute displacement of the archetype; {B} and {D} are the location

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

the N floors of the archetype building; {x,,(t)} is the absolute displacement response of the
substructure testbed.

{Br} = {03x(n-1) Isxz Ozx(v-n-2)} (34)
is the location vector of the target floors in the archetype building.
O3x3  O3xn I3xz O3y
Onxz  Ownxn Onxz  Inxn
[A] = 35)
—[AAs]  [AAS]{Br} — {Br}[AAp] —[CCs] [CCS{Br} — {Br}[CCp]
L ONx3 _[AAp] 0N><3 _[CCp]
is the state matrix [A], in which
[A4s] = [Ms]HKs], [CCS] = [Ms] ™G] (36)

- _ 37
[44,] = [MI7K], [CC,] = [M]7*[C] G
where [M], [Cs], and [K] are the mass, damping, and stiffness matrices of the testbed,
respectively; [M], [C], and [K] are the mass, damping, and stiffness matrices of the archetype,
respectively.

C15Us(8) + kysus(t)

Us ) = m, (33)
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Uy(t) = Clug(t);‘lklug(t)

are the control forces at the base of the substructure testbed and the archetype building,
respectively, in which k1 and c¢; are stiffness and damping coefficient at the first floor of the

(39)

archetype, iig(t) is the acceleration input of the archetype building, m; is the mass of the

first floor of the archetype, m,s the mass of the first floor of the substructure, iig(t) is the
acceleration input of the substructure testbed.
{B} ={01x3 Oixy 1 0 O 01><1v}T (40)
{D}={01x3 Oixy 0 0 0 {1 0 - Ohxn[MI™YF (41)

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

The LQR controller is adopted to obtain the control force Ug(t) which solves the optimal
feedback gain vector {G} and the optimal control force Ug(t) by minimizing the
performance index [J/] (Egs. 42 and 43).

U] = j {ZYT[QHZ} + U () RU(D)] dt (42)
0
Us(t) = —{G}Z) 43)
where
[Ql =diaglq q¢ Onx1 q@ q Oyxi} (44)

is a 2(N+3)x2(N+3) weighting matrix for the structural responses and R=1 is a positive
weighting value for the control force. g=2 is assigned in this study.

The LQR controller can only deal with a linear representation of the testbed. To
compensate for the nonlinearity of the FPBs in the 1% and 3™ layers of NEST, an outer-loop
offline iteration is proposed to modify the control force Ug(t) generated by the LQR-IDCS
algorithm. It is illustrated as offline iteration as the third part of the control strategy in Figure
11. The errors Ef between the NEST responses and the target responses are defined in the
frequency domain according to Cao et al. (2024(b) and (d)).

An offline iteration procedure intends to make the response EDPr(t) (including floor
accelerations, velocities and inter-story drift) of the nonlinear FEM to the table motion iig(t)
as close to the target floor motion EDP(t) as possible by updating the linearized state matrix
of the substructure testbed in the LQR-IDCS algorithm, which is shown in Figure 11. The error
E¢ between EDPg(t) and the target EDPr(t) is defined in the frequency domain by Eq. 45
(Ji et al. 2009).

o _ SUFEDPr ()] — |F (EDPR(©)I}’
f Y{IF(EDP(6))[}?

As suggested by Cao et al. (2024b), the errors of floor accelerations and velocities were
calculated within the frequency range from 0.1 Hz to fuav [Eq. (46)] while errors of the inter-
story drift were calculated within the frequency range from 0.1 Hz to fu,p [Eq. (47)]. And the

convergence criterion ¢ equals to 10% in this study.
2

fU'AV B (Tsz + Ts3)
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(45)
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Jup = (Ts1 + Ts2)

(47)

5. Numerical illustration

The amplitude-frequency curve of the transfer function of the archetype building from the
ground level to the 21 floor is shown in Figure 12(a), from which, we can get the ground
motion input of the archetype as shown in Figure 12(c).

20 ———————————— — — - x-direction —— y- direction}—

! (b)
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Figure 12. The ground motion estimation of the archetype: (a) transfer function, (b) target
floor motion, (c) estimated ground motion.

The control algorithm is an open-loop algorithm which means that the shake table input is
determined in the numerical domain. The multiscale numerical model of the NEST testbed was
built in OpenSees (McKenna F 2011) including a 3DOF lumped mass-spring simplified model
(Figure 13(a)) and a member-by-member finite element model (FEM, Figure 13(b)). The FEM
was used to well simulate the dynamic response of NEST testbed under earthquakes. The
simplified model was used in the linear LQR-IDCS.

i Steel frame: elasticBeam Column |

FPB: singleFPBearing %
I

s Spring: twoNodeLink %

ke NRB: twoNodeLink 7L>

N ks1 FPB: singleFPBearing %

7

(b)

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

The comparisons between the NEST responses and the target responses both in time and
frequency domains are exhibited in Figure 14. The target responses are obtained from the time
history analysis results of the archetype building under the ground motions (Figure 12(c))
derived from the Eq. (31). For the time domain responses, it can be observed that the ramp-up
and ramp-down trends of the NEST responses matched the target responses well. For the time
domain responses, the NEST captured most of the frequency responses of the target, especially
those around the first modal period of the archetype building which is the most novel
contribution of the proposed loading protocol. The reproduction errors that were estimated in
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the frequency domain within the frequency of interests are all under 10%. It should be noted
that the NEST acceleration responses at the beginning and end of the time history are larger
than the target responses, particularly in the frequency range of 4 to 5 Hz. These high-frequency
components lie outside the range of interest for our testing objectives and have minimal
influence on the intended experimental demands. The frequency components of interest match
the target responses well. There are two primary reasons for the observed high-frequency
content: First, friction nonlinearity in the friction pendulums; second, the excitation frequencies
are close to the third modal frequency of the NEST testbed, which may induce resonance in the
third mode. Potential solutions include using friction pendulums with a lower friction
coefficient and incorporating time-varying control parameters in the LQR-IDCS algorithm to
suppress third-mode vibrations at the beginning and end of the time history.
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Figure 14. Comparisons of the target and NEST response in the x-direction in (a)time

domain, and (b) frequency domain.

Figure 15 compares the orbits of the absolute horizontal floor displacement of the target
loading protocol and the NEST responses. Despite the frictional nonlinearity, the proposed
control strategy successfully empowered NEST to accurately trace the bidirectional target floor
motions.
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Figure 15. Comparisons of the floor displacement orbits of the target and NEST response.

6. Experimental validation

A full-scale trial test was conducted on the 5 m-by-5 m shake table at IEM. The NEST
testbed hosted a full-scale room space of 2.8 m high and 3.5 m-by-4.5 m in plan (Figure 16a).
As shown in Figure 16(a), the 3-layer testbed consisted of braced steel frames, FPs, springs,
and NRBs. The braced steel frame was deemed to exhibit a large enough stiffness so as not to
contribute to the lateral flexibility of the room space. The friction coefficient of the pendulums
was measured to be 2.3% by specimen tests. Figure 16(b) shows the photos of all the indoor
contents placed in the room. Table 3 summarizes the geometric dimensions and masses of the
contents. The instrumentation arrangement is not included here due to space limitations; it can

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

Disp.-y (mm)

100
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Figure 16. Photos of (a) NEST, and (b) contents placed in NEST.
Table 3. Geometric dimensions and masses of contents

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

Cabinet #1 850 390
Cabinet #2 850 390
Bookshelf 600 240
Swivel chair** 600 600
White board** 1200 400

1800 25.5%
1800 25.5
1800 25%
1000 13.3
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
Figure 17 illustrates the maximum absolute displacements of each layer of the NEST
testbed. The maximum absolute displacements of the 1°' and 2™ layers of NEST reached 210
mm in the x-direction, while the movement of the shake table was approximately 186 mm. This
observation indicates that the testbed can enhance the shake table's capacity, effectively
amplifying its displacement by 13% in the x-direction and 7% in the y-direction. The equivalent
first modal period is 2.64 s from the Fourier spectra in Figure 18.
Figures 18 compare the measured NEST responses with the target motions of the 21% and
22" floors of the archetype building in both time and frequency domains in terms of floor
accelerations, floor velocities, and inter-story drifts in the x-direction. There is a close
correspondence of both the time histories and Fourier amplitude spectra between the target and
the measured responses, whose errors are less than 30%. A similar observation was also
obtained from the data in the y-direction.

o—0——
3 T
—e— x- direction
—o— y- direction
5 2 d
g
3
Z 1 o o
0 | 44
0 100 20 300
PFD (mm)

Figure 17. Maximum absolute displacements of NEST.

Whilst the reproduction accuracy is not perfect but the errors are acceptable for civil
engineering testing. As an offline test, the errors can be primarily attributed to two reasons. The
first is that the shake table reproduction error. As demonstrated in Figure 19, the target and
measured peak table acceleration (P7A) error in the x-direction is 29%. It appears that the shake
table is hard to reproduce such sinusoidal waves. Secondly, the accuracy of the numerical
modeling of the NEST testbed. Future work can be categorized into three aspects. First, a real-
time control algorithm needs to be implemented which can let the shake table reproduce the
target table motion with high accuracy. Second, a nonlinear system identification of the NEST
testbed is to be conducted using the experimental responses to build a high-fidelity numerical
model of NEST. Third, the error propagation mechanism from the shake table motion to the
floor motion which may be attributed to the complex coupling between the accuracy of the
shake table control and the numerical modeling uncertainty.
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Figure 18. Comparisons of the target and experimental measured response in the x-direction
in (a)time domain, and (b) frequency domain.

------- Target

Measured

Accel. (m/s?)
f=]

0 10 20 30 40 50
Time (s)
Figure 19. The acceleration comparison between the target and measured response of the
shake table in the x-direction.

Figure 20 compares the orbits of the absolute horizontal floor displacement of the target
and the measured responses to the four motions. Despite the frictional nonlinearity, the
proposed control strategy successfully empowered NEST to accurately trace the bidirectional
target floor motions.
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Figure 20. Comparisons of the floor displacement orbits of the target and experimental
measured.

The suspended ceilings and partition walls remained almost intact after the test, while the
contents sustained varying degrees of damage. Figure 21 shows the bookshelf and swivel chair
overturned in the archetype 42-story tall building during the design-basis earthquake. Notably,
the swivel chair was overturned due to the impact of the bookshelf, an interaction that would
not be observed in experiments testing only a single type of NSE. The test also reveals the
contents (e.g., the chair and cabinet in Figure 22) will slide away in the archetype building
during the design-basis earthquake.

Another interesting finding is that the proposed SNEP maintains a constantly changing
frequency distribution throughout its duration. Figure 23 shows the acceleration time history
of the 1% floor in the x-direction of the NEST testbed and the corresponding time-frequency
diagram obtained by wavelet transform. At 17 seconds, the bookshelf overturned as shown in
Figure 23(b). At this time, the loading frequency was approximately 0.41 Hz, indicating that
the bookshelf is particularly sensitive to excitations around 0.41 Hz, commonly referred to as
the approximate dominant period of the one-sine pulse (7}) in many intensity measures of
contents (e.g., Dimitrakopoulos and Paraskeva 2015). Compared to random ground motions,
the proposed SNEP not only facilitates the identification of the key parameter 7}, for contents

, (@)
Figure 21. Overturning behavior to the contents: (a) bookshelf, and (b) swivel chair.
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Figure 22. Sliding behavior to the contents: (a) chair, and (b) cabinet.
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Figure 23. Acceleration of the 1% floor in the x-direction of NEST, (a) time history, (b) time-
frequency diagram.

7. Conclusions

This paper proposed a building-specific standard testing procedure for the seismic
assessment of nonstructural elements under specific seismic risks in a specific building. A
standard loading protocol named SNEP that considers the dynamic characteristics of the
archetype building was adopted. To improve the universality of the proposed loading protocol,
the NEST testbed was constructed which matched the first two modal periods of the archetype
building. A novel nonlinear control algorithm was developed which enables the NEST to
reproduce the proposed loading protocol with high accuracy as well as extending the protocol
to enable testing of two adjacent floors of the archetype building. Numerical illustrations and
experimental validations were conducted. The following conclusions can be drawn from the
results.

(1) The time history analysis of the archetype tall building under a series of design
spectrum-compatible earthquake records demonstrated that the existing required response
spectra (RRS) recommended by the code provisions may neglect the dynamic responses
especially the first modal responses of the archetype tall buildings. This emphasizes the
importance of conducting building-specific testing for nonstructural elements.
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(2) The proposed building-specific loading protocol can consider the dynamic
characteristics of the archetype building, especially the responses around the fundamental
period through a closed-form solution of four formulas in the time domain.

(3) The three-layer NEST testbed that matched the first two modes of the archetype
building can amplify the shake table motion as well as providing a full-scale room space to
reproduce the accelerations, velocities, and inter-story drift of two adjacent floors for the testing
of nonstructural elements of various damage sensitivity.

(4) The proposed control algorithm is capable of enabling the three-layer transfer system
to replicate the proposed building-specific loading protocol with high accuracy, exhibiting
errors of less than 10% in the numerical domain and 30% in the full-scale shake table shake
table testing validation.

(5) The experimental results showed that the bookshelf and swivel chair overturned while
the chair and cabinet slid under the design-basis earthquake in the archetype tall building.

(6) The proposed SNEP has the advantage of revealing the key parameter, the approximate
dominant period of the one-sine pulse (7}) of the contents.

It should be noted that the proposed open-loop control algorithm is highly dependent on
both the accuracy of the numerical model of the transfer system and the precision of the shake
table control. Nonstructural elements with significant contribution to the story stiffness and
strength cannot be tested by the present NEST testbed. Further enhancements lie in three
aspects: First, developing a real-time compensation control strategy that is capable of handling
the inter-story nonlinearity induced by the specimens; second, performing a nonlinear system
identification of the transfer system using the experimental test data; third, implementing a
control strategy that can let the shake table reproduce the target table motion accurately.
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