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Experimental testing is a primary approach to understanding the seismic 

performance of nonstructural elements, the damage to which may claim 

tremendous loss during earthquakes. This paper proposed a standard dynamic 

loading protocol for experiments on acceleration-sensitive nonstructural 

elements. It is described by closed-form equations and matches the floor response 

spectrum of a specific building. An empirical phase angle is also proposed for 

bidirectional horizontal loading. The results of a trial shake table test on 

suspended ceilings show that the proposed protocol provides a promising tool to 

gain insight into the time-varying nature of the dynamic properties of suspended 

ceilings. 
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Introduction 

Nonstructural elements are those elements within a building that do not form part of the 

primary load bearing system. According to the functions, they are classified as 

architectural elements, mechanical/electrical/piping utilities (MEP), and contents (FEMA 

E-74 2011). They are not only essential to support the many important functions of a 

building, but are also fragile under earthquakes (Ramirez et at. 2012, Shokrabadi et al. 

2018). Their seismic damage may substantially hinder the operation and occupancy of a 

building and cause tremendous economic loss, even if the structural system of the 

building remains intact (Miranda et al. 2012).  

Shake table testing on full-scale building models is a straightforward way of 

investigating the seismic performance of nonstructural elements. In the US, a full-scale 

7-story building with a suspended piping system was tested on the world’s largest outdoor 

shake table at the University of California, San Diego (UCSD) in 2006. Part of the testing 

purpose has been the interaction between the piping and the structural system (Hoehler et 

al. 2009). In 2012, another full-scale 5-story building filled with nonstructural elements 

was tested on the same shake table to show that the base-isolation technique provides 

superior protection for not only the superstructure but also the nonstructural elements 
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(Chen et al. 2016, Pantoli et al. 2016, Wang et al. 2017). In Japan, many full-scale 

buildings equipped with nonstructural elements of different levels of sophistication were 

tested on the shake table at E-Defense. They include a 4-story steel frame structure 

(Matsuoka et al. 2008), a 4-story base-isolated hospital (Sato et al. 2011), a 5-story steel 

frame with three different boundary conditions at the base (Soroushian et al. 2012), a 7-

story steel-wood apartment building (Van et al. 2011) and two 3-story wood dwellings 

(Nagae et al. 2021). A full-scale substructure shake table test was also conducted on the 

E-defense shake table with the purpose of examining the seismic behavior of furniture on 

the top floor in a 30-story high-rise building (Ji et al. 2009). In Europe, a 3-story timber 

building with furniture inside was tested on the shake table at the National Laboratory of 

Civil Engineering (LNEC) in Lisbon, Portugal (Tomasi et al. 2015). These large-scale 

tests provided a vivid demonstration and valuable data of the seismic damage to a wide 

variety of nonstructural elements in buildings under as-recorded or artificially-adjusted 

ground motions. In these tests, however, the structures that hosted the nonstructural 

elements were limited to be of at most several stories. In addition, the numbers of input 

ground motions were also limited because of the large expense of the tests. These 

limitations make them impractical for detailed investigation and standardized assessment 

of the seismic performance of nonstructural elements.  

To fill this gap, standard loading protocols have been adopted for the experimental 

assessment of nonstructural performance. In the simplest form, sinusoidal waves and 

sweeping have been widely used as shake table inputs to test nonstructural elements such 

as suspended ceilings (Satwant and Granneman 1984, Yao 2000, Jiang et al. 2021). 

AAMA501 (2001) stipulated a dynamic loading protocol that involves two stages of 

sinusoidal waves of monotonically-increasing amplitudes and a fixed frequency of 0.8 Hz 

at the first stage and 0.4 Hz at the second stage. It has been widely used in tests on glass 

curtain walls (O’Brien and William 2009, Memari et al. 2014). These protocols are easy 

to perform, but cannot represent the characteristics of earthquake excitation. FEMA 461 

(2007) suggested a dynamic loading protocol of a sweeping frequency range of 0.5 - 32 

Hz for the shake table tests of nonstructural elements. Aiming at simulating the 

earthquake floor response characteristics of buildings, many researchers generated time-

histories that match the required response spectrum (RRS) in AC156 (2010) for the inputs 

of shake table tests on nonstructural elements (Goodwin et al. 2004, Badillo et al. 2007, 

Ryu et al. 2012, Magliulo et al. 2012, Petrone et al. 2014, Cosenza et al. 2015, Soroushian 

et al. 2016). Retamales et al. (2011) proposed a standardized loading protocol that 

approximately matches the FRS stipulated in FEMA 450 (2003). It consists of a series of 

amplitude-varying sinusoid waves of gradually changing frequencies from high to low 

and then from low to high again. It was used in the Nonstructural Component Simulator 

at Buffalo to evaluate the seismic performance of different types of nonstructural elements 

(Retamales et al. 2013, Tian et al. 2015). Recently, Zito et al. (2022) proposed a novel 

loading protocol for experimental tests on 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 to generate the time-history 

signal. 

Although it has become a consensus that a standard loading protocol for 
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nonstructural elements needs to represent the floor response characteristics of the host 

building, the FRS as a target in none of FEMA 450 (2003), FEMA 461 (2007), or AC156 

(2010) considers the dynamic properties, e.g., the fundamental periods, of the host 

building. Instead, the FRS targets are either independent of the specific host building or 

only dependent on its site properties. Many researchers have already pointed out that the 

existing standardized loading protocols may underestimate the demand by ignoring the 

building-specific characteristics of the target FRS (Medina 2013, Petrone et al. 2016, 

Petrone et al. 2019, D’Angela et al. 2021).  

This paper proposes a method of generating dynamic loading protocols for a wide 

range of acceleration-sensitive nonstructural elements such as freestanding and anchored 

contents, ceilings, and out-of-plane behavior of partition walls. It is advantageous over 

the existing method in primarily the following two aspects. First, it aims to match a 

building-specific floor response spectrum to recognize the different demands on 

nonstructural elements in buildings of different dynamic properties. Second, it supports 

bidirectional loading by introducing an empirical phase angle between the loadings of the 

two orthogonal directions. The method was applied to two archetype buildings of very 

different dynamic properties.  

Archetype buildings 

A 42-story high-rise and a 5-story medium-rise building are taken as the archetype 

buildings to assist in illustrating the proposed method for loading protocols. Both 

archetype buildings are reinforced concrete (RC) structures located on the same site of 

Class II soil and Intensity 8 [0.2g peak ground acceleration for design basis earthquake 

(DBE) with a return period of 475 years] according to the Chinese seismic design code 

(GB50011-2010 2010). The 42-story building adopts a core wall-frame interacting 

structural system [Figure 1(a)] and the 5-story building adopts a moment-resisting frame 

system. Both structural systems are assumed to have uniform mass and stiffness 

distributions and are modeled by the discrete shear-flexural model proposed by Xiong et 

al. (2016) [Figure 1(b) and 2(a)].  

According to the Chinese code for high-rise buildings (JGJ3-2010 2010), the 42-

story building needs to conform to the seismic performance requirement of either level A 

or B, which require that the structure remain elastic or essentially elastic at the DBE level. 

Thus the 42-story archetype is assumed to remain elastic under DBE. The vibrational 

periods of the first two modes in a translational direction, Tp1 and Tp2, are derived from a 

member-by-member finite element model (Lu et al. 2015). Given their ratio Tp1/Tp2, the 

total height of the building H, and the total weight of the building W, the flexural and 

shear stiffness EI and GA are solved by the equations in Miranda and Taghavi (2005). The 

corresponding nondimensional parameter α0 is 9.7, which is proportional to the square 

root of the ratio of the shear and flexural stiffness [Eq. (1)].  
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Figure 1. Archetype building of 42-story core wall-frame structure. 

𝛼0 = 𝐻√
𝐺𝐴

𝐸𝐼
 (1) 

The 5-story moment frame may exhibit a nonlinear response under DBE. Both the 

shear and flexural springs are therefore assumed to exhibit a peak-oriented hysteresis 

curve with a pinch effect [Figure 2(b)] with a trilinear skeleton curve [Figure 2(c)]. The 

pinching behaviour is characterized by a dimensionless parameter τ suggested by 

Steelman and Hajjar (2009) which is the ratio of Ap and Ab, where Ap and Ab are the areas 

enclosed by the pinching hysteresis and that of a bilinear hysteresis loop without pinching. 

The initial stiffness of the flexural and shear springs is determined by the same method 

by Miranda and Taghavi (2005). The corresponding 0 is 20. The shear demand at the 

elastic limit Vd and Md of the individual stories is calculated using the elastic design 

spectrum and lateral seismic force pattern according to the Chinese seismic provision 

GB50011-2010 (2010). The yield strength Vy is y times Vd, My is y times Md, and the 

plastic strength Vp is p times Vy, Mp is p times My, where y=1.1 and p=1.98 are the 

suggested overstrength factors of moment-resisting frame structures according to the 

proposal of Xiong et al. (2016). A stiffness reduction method is introduced here to 

calculate the peak displacements of the tri-linear backbone curves. The stiffness reduction 

factor η equals 0.7 following the suggestion of Xiong et al. (2016). The height-wise 

distribution of the yield strengths of the shear and flexural springs are depicted in Figure 

2(d), in which the yield shear force Vy and the yield moment My are normalized by the 

total weight of the structure W and an equivalent overturning moment M0=2WH/3 (Qu et 

al. 2020). Table 1 summarizes the vibrational periods and effective mass ratios of the first 

three modes of the two archetype structures. Where mj is the lumped mass of the jth floor 

and the modal effective masses Mi are so normalized that the sum of all modal masses 

equals to the total mass of the structure ∑mj. Rayleigh damping of 5% damping ratio at 

first and third mode frequencies was applied to the two archetype structures.  

(a) (b)

... ...

EI

h

GA

h
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Figure 2. Archetype building of 5-story moment frame structure. 

Table 1 Vibrational periods and effective mass ratios of first three modes of 42F and 5F 

archetypes. 

Mode 42-story core tube (42F) 5-story moment frame (5F) 

i 𝑇p𝑖  (s) 𝑀𝑖 ∑𝑚𝑗⁄   𝑇p𝑖  (s) 𝑀𝑖 ∑𝑚𝑗⁄   

1 2.695 0.763 0.648 0.846 

2 0.851 0.095 0.217 0.087 

3 0.466 0.040 0.130 0.026 

Floor response spectra of archetype buildings 

Time history analysis (THA) was performed to obtain the floor response spectra of the 

archetype buildings. To this end, a suite of 40 non-pulse-like ground motion records was 

selected from the PEER Ground Motion Database (Ancheta et al. 2013) to selectively 

match the design spectrum at the fundamental periods of the two archetypes, Tp1,42F and 

Tp1,5F. Additional selection criteria are (1) scale factor within the range of 0.2 to 5; (2) 

from earthquake events of 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 3. The detailed 

information of the selected records is referred to the Appendix.  
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Figure 3. Design spectrum and response spectra of selected ground motion records (5% 

damping ratio). 

As an anchor point for FRS, the peak floor acceleration (PFA) responses averaged 

over the ground motions are depicted in Figure 4. The results of THA are compared with 

those estimated by simplified methods in the U.S. and the Chinese seismic codes, i.e., 

ASCE 7-16 (2017) and GB50011-2010 (2010). Both give conservative PFA estimates for 

the two archetype buildings. This has already been pointed out by many researchers (e.g., 

Anajafi and Medina 2017, Vukobratović et al. 2021). Cao et al. (2021) proposed a 

simplified method of estimating PFA responses based on response spectrum analysis. The 

method introduces a plasticity reduction factor Cp in the modal combination to account 

for the effect of moderate nonlinearity on PFA responses. The plasticity factor Cp of the 

5-story archetype building can be calculated by Eq. (2) [Figure 2(c)], whose value is 0.77 

here. 𝛼max,SLE = 0.16  and 𝛼max,DBE = 0.45  are the seismic influence coefficient 

stipulated in Chinese code GB50011-2010 (2010).  

𝐶p =
𝑉NL
𝑉EL

=
𝛼max,SLE
𝛼max,DBE

∙ 𝛺y ∙ 𝛺p (2) 

 

Figure 4. PFA/PGA distribution of two archetype buildings by different methods. 

Figures 5 and 6 show the average FRSs at different floor levels of two archetype 

buildings under the 40 non-pulse-like ground motions by THA. They are compared with 

the FRSs estimated by the method proposed in FEMA 450 (2003), denoted as FRSFEMA, 

and the 1st-mode component of the FRS proposed by Vukobratović and Fajfar (2017), 

denoted as FRSVF1M. T11 and T12 are the starting and end period points of the plateau of 

FRSVF1M, respectively. The damping ratio of the FRSs is 5% in this paper. 
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Eqs. (3) and (4) summarize the formulation of FRSFEMA. In this study, the 

oversimplistic PFA/PGA profile of (1+2h/H) in FEMA 450 (2003) is replaced by the 

results of the response spectrum analysis proposed by Cao et al. (2021).  

𝐹𝑅𝑆𝐹𝐸𝑀𝐴(𝑇) =
0.4𝑎p𝑆DS

𝑔 𝑅p 𝐼p⁄
∙
𝑃𝐹𝐴

𝑃𝐺𝐴
{

1, 𝑇 < 𝑇Flex
𝑇Flex 𝑇⁄ , 𝑇 ≥ 𝑇Flex

 (3) 

𝑇Flex = (1 + 0.25
ℎ

𝐻
) ∙
𝑆D1
𝑆DS

 (4) 

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

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

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

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

represents the spectral acceleration at the endpoint of the plateau of the design spectrum, 

𝑔 is the gravity acceleration, TFlex is the end period point of the plateau of the FRS, h is 

the height above grade where the nonstructural system is located and H is the total height 

of the building. 

Eqs. (5) to (8) summarize the formulation of FRSVF1M. Since the 5-story archetype 

building exhibited nonlinearity, the N2 pushover method (Fajfar 2000) was used when 

estimating its FRS by Vukobratović and Fajfar (2017)’s method. The equivalent 

fundamental period is increased from 𝑇p1,5F = 0.648s to 𝑇p1,5F
∗ = 0.811s. 

𝐹𝑅𝑆VF1M(𝑇) =
𝛤1𝜙1𝑗

|(𝑇 𝑇p1⁄ )2 − 1|
√(
𝑆e(𝑇p1)

𝑅μ
)

2

+ {𝑆e(𝑇) ⋅ (
𝑇

𝑇p1
)

2

}

2

 (5) 

|𝐹𝑅𝑆VF1M(𝑇)| ≤ 𝐴𝑀𝑃1 ∙ |𝑃𝐹𝐴1j| (6) 

𝑃𝐹𝐴1j = 𝛤1𝜙1𝑗
𝑆e(𝑇p1)

𝑅μ
 (7) 

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

   (8) 

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

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

modal participation factor for the 1st-mode, whereas 𝜙1𝑗 is the 1st-mode shape value on 

the jth floor. Values of AMP1 are determined from Eq. (8). The third line in Eq. (8) was 

proposed by Sullivan et al. (2013) and Calvi and Sullivan (2014). Tc=0.35 is the 

characteristic period of the ground motion, 𝜉𝑠  is the damping ratio of the secondary 

system which is 5% in this paper. Rμ is the reduction factor due to the inelastic behavior 

of the primary structure. 
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Figure 5. FRSs at (a) top floor of 42F archetype, and (b) top floor of 5F archetype under 

DBE.  

 
Figure 6. FRSs at (a) 21st floor of 42F archetype, and (b) 3rd floor of 5F archetype 

under DBE.  

The FRSFEMA holds the advantage of brevity and presents a reasonable estimate for 

the floor responses in the short-period range. But it does not capture the significant 

frequency contents near the fundamental period of the archetype buildings. Nevertheless, 

the 1st-mode component of the FRS proposed by Vukobratović and Fajfar (2017), that is, 

FRSVF1M, provides the necessary supplement for what is missing in the FRSFEMA.  

Unidirectional loading protocol 

The envelope of the two FRSs introduced in the last section, namely the FRSFEMA and the 

FRSVF1M, is taken as the target spectrum for developing the loading protocol time histories. 

We proposed to use only the 1st mode component FRSVF1M for the sake of simplicity, 

while the proposed FRS by Vukobratović and Fajfar (2017) is a combination of the first 

several modal components and gives an elegant and accurate estimation of FRS. In this 

section, we introduce a unidirectional loading protocol to match the target acceleration 

response spectrum. It defines a displacement time-history x(t) as shown in Eq. (9), which 

takes the same form as the loading protocol that was first proposed by Retamales et al. 

(2011). The velocity and acceleration time-history can be obtained by differential 

procedures from x(t). 

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

𝑃𝐹𝐴(ℎ 𝐻⁄ )

𝑃𝐺𝐴
 (9) 

0 1 2 3 4 5
T (s)

0.2

0.4

0.6

1.0

0

S
a 
(g

)
Tp1,42F

 (a)
0 1 2 3 4 5

T (s)

0.4

0.8

1.6

0

S
a 
(g

)

 (b)

Tp1,5F
*

1.20.8

T12
T11 T12T11

THA Average FRSFEMA FRSVF1M

 (a)  (b)
0 1 2 3 4 5

T (s)

0.2

0.4

0.6

0.8

0

S
a 
(g

)

Tp1,42F

0 1 2 3 4 5
T (s)

0.4

0.8

1.2

0

S
a 
(g

)

Tp1,5F
*

THA Average FRSFEMA

T12T11
T12T11

FRSVF1M



9 

𝑡𝑇Flex =
1

𝑆𝑟
log2(𝑓max𝑇𝐹𝑙𝑒𝑥

∗ ) (10) 

𝑇𝐹𝑙𝑒𝑥
∗ = (1 + 0.25

ℎ

𝐻
) ∙ max (

𝑆D1
𝑆DS

, 𝑇𝑔) (11) 

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

spectrum, 𝑡𝑇Flex is the parameter which controls the period at which the peak spectral 

response at the short-period range is observed, td is the half duration of the testing protocol, 

𝑓(𝑡) is the instantaneous loading frequency, β=-1.25 is an empirical calibration factor, 

𝜑(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, Sr 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 SD1/SDS 

determines the period at the end of the short-period range of the design spectrum in FEMA 

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

in GB 50011-2010 (2010) in China. To remain compatible with the Chinese code, we use 

the maximum of Tg and SD1/SDS in Eq. (11) to define the corner period 𝑇Flex
∗  of the floor 

response spectrum. The time-history functions of , f,  and w in the original proposal by 

Retamales et al. (2011) are illustrated in Figure 7.  

 
Figure 7. Time history functions of , f,  and w proposed by Retamales et al. (2011). 

While the f,  and w functions are left unchanged, a new  function is defined in Eq. 

(12) 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  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  function consists of the multiplication of a constant multiplier and a 

normalized sectional part. The newly proposed  function first changes the multiplier 

from 3𝑆D1 2𝑔⁄   Retamales et al. (2011) to 2𝑆D1 𝑔⁄  , then introduces two amplified 
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segments corresponding to the fundamental period of the archetype building to the 

normalized sectional part [Eq. (12), Figure 8]. When the fundamental period Tp1 of the 

building is smaller than 𝑇Flex
∗ , it is suggested to take FRSFEMA as the target spectrum. 

Thus, the  function changed into that in Eq. (18). 

𝛼 =
2𝑆D1
𝑔

{
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 sin (

𝜋𝑡

2𝑡𝑇Flex
) ,                                                                      0 ≤ 𝑡 ≤ 𝑡𝑇Flex

1,                                                                                             𝑡𝑇Flex < 𝑡 ≤ 𝑡𝑇11

1 +
𝑘

2
[sin(𝜋

𝑡 − 𝑡𝑇11 −
𝑡𝑇𝑝1 − 𝑡𝑇11

2
𝑡𝑇p1 − 𝑡𝑇11

)+1],                 𝑡𝑇11 < 𝑡 ≤ 𝑡𝑇p1

1 + 𝑘,                                                                                    𝑡𝑇p1 < 𝑡 ≤ 𝑡𝑇L

1 +
𝑘

2
[sin (𝜋

𝑡 − 𝑡𝑇L −
𝑡𝑇U − 𝑡𝑇L

2
𝑡𝑇U − 𝑡𝑇L

)+1],                   𝑡𝑇L < 𝑡 ≤ 𝑡𝑇U

1,                                                                                            𝑡𝑇U < 𝑡 ≤ 2𝑡d − 𝑡𝑇U

1 +
𝑘

2
[sin (𝜋

𝑡 − 2𝑡𝑑 + 𝑡𝑇U −
𝑡𝑇U − 𝑡𝑇L

2
𝑡𝑇U − 𝑡𝑇L

)+1] ,     2𝑡d − 𝑡𝑇U < 𝑡 ≤ 2𝑡d − 𝑡𝑇L

1 + 𝑘,                                                                                  2𝑡d − 𝑡𝑇L < 𝑡 ≤ 2𝑡d − 𝑡𝑇p1

1 +
𝑘

2
[sin(𝜋

𝑡 − 2𝑡d + 𝑡𝑇p1 −
𝑡𝑇𝑝1 − 𝑡𝑇11

2
𝑡𝑇p1 − 𝑡𝑇11

)+1] ,   2𝑡d − 𝑡𝑇p1 < 𝑡 ≤ 2𝑡d − 𝑡𝑇11

1,                                                                                           2𝑡d − 𝑡𝑇11 < 𝑡 ≤ 2𝑡d − 𝑡𝑇Flex

sin (𝜋
𝑡 − 2𝑡d + 2𝑡𝑇Flex

2𝑡𝑇Flex
) ,                                             2𝑡d − 𝑡𝑇Flex < 𝑡 ≤ 2𝑡d

 (12) 

𝑘 =
𝑆a(𝑇p1)VF1M
𝑆a(𝑇p1)FEMA

 (13) 

𝑡𝑇11 =
1

𝑆r
log2(𝑓max𝑇11) (14) 

𝑡𝑇12 =
1

𝑆r
log2(𝑓max𝑇12) (15) 

𝑡𝑇L =
2(𝑡𝑇12 − 𝑡𝑇11)

3
+ 𝑡𝑇p1 (16) 

𝑡𝑇U =
2(𝑡𝑇12 − 𝑡𝑇11)

3
+ 𝑡𝑇12 

(17) 

𝛼 =
2𝑆D1
𝑔

{
 
 

 
 sin (

𝜋𝑡

2𝑡𝑇Flex
) ,                                  0 ≤ 𝑡 ≤ 𝑡𝑇Flex

1,                                                         𝑡𝑇Flex < 𝑡 ≤ 2𝑡d − 𝑡𝑇Flex , when 𝑇p1

sin (𝜋
𝑡 − 2𝑡d + 2𝑡𝑇Flex

2𝑡𝑇Flex
) ,            2𝑡d − 𝑡𝑇Flex < 𝑡 ≤ 2𝑡d

< 𝑇Flex
∗  (18) 

where k is the amplification factor at the fundamental period Tp1, 𝑡𝑇L  and 𝑡𝑇U  are 

empirical parameters to match the target FRS.  
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Figure 8. Modified  functions for (a) 42F and (b) 5F archetype buildings under DBE 

(SDS=0.45g, SD1=0.175g, h/H=1). 

Figure 9 compares the loading protocol time histories for the top floors in the 42-

story and 5-story archetype buildings under the design basis earthquake (DBE), 

highlighting the amplified motion of certain frequency contents. Figure 10 compares their 

FRSs with the respective target spectra to show that proposed time histories provide a 

reasonable match with the building-specific target spectra in the frequency domain. The 

lack of accuracy for the long-period 42F archetype may be because of the limited number 

of load cycles in the long-period range. 

 

Figure 9. Target time histories (SDS=0.45g, SD1=0.175g, and h/H=1). 
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Figure 10. FRSs of comparison of (a) 42F (b) 5F under DBE (SDS=0.45g, SD1=0.175g, 

h/H=1). 

Another eight archetype buildings of fundamental periods in the range of 0.3s to 3.0s 

are used to evaluate the effectiveness and robustness of the proposed  function. The 

archetype buildings are simulated by linear elastic shear spring models of uniformly 

distributed mass and stiffness along the height. The loading protocols under the above-

mentioned design spectrum of the eight archetypes were generated by the proposed 

method. The acceleration response spectra of the proposed loading protocols for the eight 

archetype buildings are compared with the respective target spectra in Figure 11.  

 

Figure 11. Target and achieved spectra comparisons of the eight parametric buildings. 

The error defined in Eq. (19) is used to measure the accuracy of the spectrum 

matching. The errors of the different archetype buildings are shown in Figure 12. The 

proposed loading protocols match the target FRSs well for moderate- and short-period 

structures, but the error grows rapidly with a longer fundamental period of the structure. 

𝐸𝑟 = √
∫ (𝑆a,protocol − 𝑆a,target)

2𝑇U
𝑇L

∫ (𝑆a,target)
2𝑇U

𝑇L

 (19) 

where 𝑆a,protocol  is the acceleration spectrum of the proposed loading protocol time 

history, 𝑆a,target  is the target FRS, TL and TU are the lower-bound and upper-bound 

periods of the period range for error evaluation. In this study, TL=0.2s, TU=5s. 
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Figure 12. Errors of different archetypes buildings. 

Another three reinforced concrete moment-resisting frame models of 4-story, 8-story and 

12-story structures which were designed according to Chinese code GB50011-2010 (2010) 

were adopted to further validate the robustness of the proposed α function. The three 

buildings shared the same layout as shown in Figure 13(a). They are simulated by linear 

elastic fishbone models (Qu et al., 2019), the accuracy of which in estimating the floor 

acceleration has been validated by Wang et al. (2022). 

 

Figure 13. (a) layout of the three RC frame archetypes (unit: mm) (b) fishbone model. 

The acceleration spectra of the loading protocols under the above-mentioned design 

spectrum for the three RC frame archetypes are compared with the respective target 

spectra were illustrated in Figure 14. The errors are approximately 20% (Figure 12). 

 
Figure 14. Target and achieved spectra comparison of the three RC frame archetype 

buildings. 

Bidirectional loading 

The loading protocol can also be applied to bi-directional loading if only a phase 

difference is introduced to avoid diagonal uniaxial loading. In other words, if the loading 

time history in one direction is defined by Eq. (9), its companion time history in the 

orthogonal direction can be obtained by Eq. (20), which introduces a phase difference 𝜙 

in the sinusoidal function.  

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

𝑃𝐹𝐴(ℎ 𝐻⁄ )

𝑃𝐺𝐴
 (20) 

Bidirectional floor displacement orbits at the top floor of the 42F and 5F archetype 

buildings under the 40 sets of ground motions provide a reference for the selection of an 

appropriate phase difference (Figure 15). To assist this process, two nondimensional 

parameters are defined here to characterize the shape of the orbit of a floor motion. 
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Figure 15. Orbits of 80 floor motions. 

Take the orbit in Figure 16 for example. By the farthest point in the orbit from the origin, 

one can define a new coordinate system with a primary axis and a secondary axis. By 

finding a second point that is farthest to the primary axis, an ellipse can be uniquely 

defined. The semi-major and semi-minor axes of the ellipse are denoted as a and b, 

respectively. Furthermore, we denote the projection distance of the orbit on the major axis 

as 𝐷1 and on the minor axis as 𝐷2. The flatness (F) and the eccentricity (ε) of the orbit 

of any floor motion are then defined in Eq. (21) and Eq. (22), respectively. The flatness 

describes how an orbit is similar in amplitudes in two orthogonal directions, whereas the 

eccentricity describes how the orbit is symmetric around the original position.  

 
Figure 16. Characteristics of the shape of floor motion orbit. 

𝐹 = 𝑏/𝑎  (21) 

Semi-major axis: a
Semi-minor axis: b
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ε = (
2𝑎 − 𝐷1
2𝑎

+
2𝑏 − 𝐷2
2𝑏

) /2 (22) 

The flatness and eccentricities of the 80 floor motions are depicted in Figure 17. The 

flatness F ranges from 0.25 to 0.96 with a mean of �̅� = 0.62, and the eccentricity ranges 

from 0.01 to 0.21 with a mean of 𝜀̅ = 0.08. The orbits of bi-directional loading time-

histories of four different phase angles, 𝜙 = π 6⁄ , π 4⁄ , π 3⁄ , π 2⁄ , are depicted in Figure 

18, and their flatness and eccentricities are superimposed in Figure 17. A phase angle of 

𝜙 = π 3⁄  is recommended for bi-directional loading because it results in flatness and 

eccentricity closest to the mean values of the floor motion responses. 

 
Figure 17. Flatness and eccentricities comparison of floor motions and proposed 

protocol with different phase angles. 

 
Figure 18. Orbit of proposed bidirectional loading protocol of (a) 42F (b) 5F with 

various ϕ’s. 

Shake table tests on suspended ceiling units in archetype buildings 

A shake table test was performed on minimum specimens of suspended ceilings, a typical 

supposedly acceleration-sensitive nonstructural element in buildings, to demonstrate the 

application of the proposed loading protocol. Four identical steel loading frames were 

mounted on the shake table to host the suspended ceiling specimens. Each ceiling unit 

consisted of a 2-by-2 grid of main and cross runners that rested on the loading frame and 

was suspended by a 500-mm-long hanger wire in the center. Four ceiling panels fit in the 

grid and rested on the flanges of the main and cross runners [Figure 19]. The ceiling 

panels had a nominal planar size of 594 mm × 594 mm and a thickness of 12.3 mm. The 
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average weight of one panel was 1.04 kg. Although much smaller than realistic ceilings 

in buildings, the ceiling units are the minimum possible representation of single-layer 

suspended ceilings in the common practice in China. Accelerometers were mounted on 

the main runners, ceiling panels, and on top of the loading frame to monitor the dynamic 

responses of the specimens. More details of the test specimens and setup are referred to 

reference Li (2019). 

 

Figure 19. Shake table test setup and suspended ceiling specimen. 

The proposed loading protocol for the floor motion on top of the 5F archetype 

building (h/H=1) under the design basis earthquake (DBE, SDS=0.45g, SD1=0.175g) was 

taken as the table input in the x-direction. Since the very small ceiling units are supposed 

to exhibit much lower fragility than realistic ceilings, the protocol was amplified by 2 

times to cause damage to the ceiling units. Peaks of the intended and measured table 

motion of the protocol at the 200% DBE level are listed in Table 2. The table acceleration 

time histories and the corresponding response spectra are compared with the targets in 

Figure 20. The shake table performed well in the short- and mediate-period range but lost 

much of the long-period contents. This problem can be fixed by updating the controller 

and/or enhancing the capacity of the oil source, and is out of the scope of this paper. The 

ceiling specimens sustained extensive damage in the 200% DBE level shaking. 

Accompanying the dislocation and buckling of the grid runners, 11 out of the 16 ceiling 

panels fell (Figure 21). 

Table 2 Peak movements of shake table run at 200% DBE level. 

 PTA (g) PTV (m/s) PTD (m) 

Target 0.42 0.56 0.20 

Measured 0.52 0.66 0.11 

 

Figure 20. Comparison of target and actual table motions. 
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Figure 21. Damage to ceiling specimens in 200% DBE level shaking: (a) top view of 

test specimens, (b) damage to main runner, (c) fallen panels, (d) dislocated cross-to-

main runner joints and (e) buckling of cross runner ends. 

The proposed loading protocol that exhibits a well-defined transition of excitation 

frequency provides a promising tool to gain insight into the time-varying nature of the 

dynamic properties of suspended ceilings, which has attracted increasing attention in the 

nonstructural element research community (Qi et al. 2020, Luo et al. 2021, Jiang et al 

2021). Figure 22(a) shows the time history responses of one of the loading frames and the 

main runner of the ceiling grid. The acceleration ratio of the ceiling grid to the top of the 

loading frame (i.e., the floor), PCGA/PFA, reaches its peaks when the loading frequency 

is approximately 2 Hz, rather than the natural frequency of the archetype building 

[Figures 22(b) and (c)], where PCGA is the peak ceiling grid acceleration and PFA is the 

peak floor acceleration. The wavelet transform of the ceiling grid acceleration response 

in Figure 22(c) also shows that the frequency-sweeping loading protocol has excited some 

higher-frequency responses of the ceiling when the PCGA/PFA is high. The frequency of 

such responses decreased from 9 Hz to 5 Hz in the first half of loading. The mechanism 

of this variation remains unknown but may suggest the role of Coulomb friction behavior 

between the grid and enclosure angles and between the ceiling panels and the grid. Such 

phenomena could hardly be observed if random earthquake excitations were otherwise 

adopted. 

x

y

 (a)

(b) (c)

(d) (e)
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Figure 22. Responses of ceiling system at 200% DBE level shaking: (a) acceleration 

time histories of floor and ceiling grid, (b) amplification of acceleration responses from 

floor to ceiling grid, and (c) wavelet transformation of ceiling grid acceleration. 

Conclusions 

This paper proposed a method of generating a building-specific bidirectional loading 

protocol for experiments on nonstructural elements. The protocol time history is defined 

by closed-form equations, intends to match a target floor response spectrum, and can 

reflect the dynamic responses of a specific archetype building. The method was applied 

to two archetype buildings of very different dynamic properties, a 5-story moment frame 

structure, and a 42-story core wall-frame interacting structure, to show its approximate 

match with the target spectrum in the frequency domain. A criterion of measuring the 

errors between the acceleration spectrum of the proposed loading protocol and the target 

spectrum is introduced. Numerical case studies of both idealized and realistic archetype 

buildings validated the robustness and effectiveness of proposed loading protocol in terms 

of matching the target spectrum. The results indicate that the proposed method worked 

well especially for short- and moderate-period buildings. A phase difference of 𝜙 = π 3⁄  

between the two orthogonal loading directions is also recommended to assist bidirectional 

loading tests. A trial test on suspended ceilings was performed to show that the proposed 

protocol can not only represent the dynamic responses of the archetype building but also 

can provide a promising tool to gain insight into the time-varying nature of the dynamic 

properties of nonstructural elements like suspended ceilings.  

It is also worth noting that more experiments and numerical studies are needed to 

further validate the advantage of proposed loading protocol and the building-specific 

testing method on nonstructural elements. Besides, the operating frequency of the 

proposed loading protocol is limited to a range of 0.2 Hz to 5 Hz. But frequency contents 
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of higher than 5Hz may also have an effect on some nonstructural elements. The proposed 

loading protocol may not apply to such elements. 
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Appendix: 

Table A1 Ground motion records 

ID Event Date Record PGA (cm/s2) PGV (cm/s) 

RSN9 Borrego 10/21/1942 El Centro Array #9 180.593  17.096  

RSN446 Morgan Hill 4/24/1984 APEEL 1E-Hayward 174.698  10.995  

RSN729 Superstition Hills-02 11/24/1987 Imperial Valley Wildlife 190.525  32.804  

RSN850 Landers 6/28/1992 Desert Hot Springs 167.664  18.127  

RSN880 Landers 6/28/1992 Mission Creek Fault 201.859  11.154  

RSN882 Landers 6/28/1992 North Palm Springs 167.049  14.564  

RSN923 Big Bear-01 6/28/1992 Phelan - Wilson Ranch 195.373  14.336  

RSN1100 Kobe Japan 1/16/1995 Abeno 210.587  20.592  

RSN1190 Chi-Chi Taiwan 9/20/1999 CHY019 166.477  13.760  

RSN1208 Chi-Chi Taiwan 9/20/1999 CHY046 178.613  26.391  

RSN1209 Chi-Chi Taiwan 9/20/1999 CHY047 152.812  22.810  

RSN1214 Chi-Chi Taiwan 9/20/1999 CHY057 143.936  21.475  

RSN1233 Chi-Chi Taiwan 9/20/1999 CHY082 139.641  41.710  

RSN1380 Chi-Chi Taiwan 9/20/1999 KAU054 182.963  16.071  

RSN1526 Chi-Chi Taiwan 9/20/1999 TCU098 144.142  55.275  

RSN1586 Chi-Chi Taiwan 9/20/1999 TTN041 151.709  12.410  

RSN2492 Chi-Chi Taiwan-03 9/20/1999 CHY076 169.621  35.379  

RSN2647 Chi-Chi Taiwan-03 9/20/1999 TCU112 145.701  37.825  

RSN2719 Chi-Chi Taiwan-04 9/20/1999 CHY055 145.946  33.729  

RSN2898 Chi-Chi Taiwan-04 9/20/1999 TCU140 223.632  43.241  

RSN3266 Chi-Chi Taiwan-06 9/25/1999 CHY026 227.529  20.897  

RSN3302 Chi-Chi Taiwan-06 9/25/1999 CHY076 175.063  13.663  

RSN3319 Chi-Chi Taiwan-06 9/25/1999 CHY107 150.748  22.535  

RSN3480 Chi-Chi Taiwan-06 9/25/1999 TCU086 165.633  14.690  

RSN3498 Chi-Chi Taiwan-06 9/25/1999 TCU113 192.872  22.846  

RSN3500 Chi-Chi Taiwan-06 9/25/1999 TCU118 250.418  19.874  

RSN3501 Chi-Chi Taiwan-06 9/25/1999 TCU119 153.833  15.507  

RSN3513 Chi-Chi Taiwan-06 9/25/1999 TCU145 208.820  14.987  

RSN3757 Landers 6/28/1992 NTH Palm Spr Fire Sta #36 191.938  19.969  

RSN3863 Chi-Chi Taiwan-06 9/25/1999 CHY002 192.516  14.052  

RSN4205 Niigata Japan 10/23/2004 NIG015 235.642  17.561  

RSN4230 Niigata Japan 10/23/2004 NIGH13 230.532  17.868  

RSN4880 Chuetsu-oki Japan 7/16/2007 Hino Yoshi Tsubame City 146.897  15.669  

RSN5248 Chuetsu-oki Japan 7/16/2007 NIG002 152.230  22.032  

RSN5481 Iwate Japan 6/13/200 AKTH03 247.826  25.082  

RSN5669 Iwate Japan 6/13/2008 MYG010 193.354  15.683  

RSN5816 Iwate Japan 6/13/2008 Shinmachi Wakayu 176.168  26.933  

RSN5969 El Mayor, Mexico 4/4/2010 Bonds Corner 175.603  20.778  

RSN5990 El Mayor_ Mexico 4/4/2010 El Centro Array #7 167.850  13.488  

RSN8522 El Mayor_ Mexico 4/4/2010 Elmore'S Ranch 195.382  12.733  

 


