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A B S T R A C T   

The seismic performance of the lighting systems is rarely reported in the literature, although previous studies 
indicate that they could be vulnerable during an earthquake. This study investigated the effect of various con-
nectors on the seismic performance of an innovative wireway vibration attenuation system for raceway light 
fixtures using shaking table tests based on ICC-ES AC156 standard. The floor spectrum was created, and its 
compatible floor motion time history was employed as the input motion. Four typical prototypes were prepared 
with connectors suitable for mounting on a variety of structural components, including ceiling, H-beam frame, 
wall, and beam and column. The test results demonstrated that the specimens with the direct connectors (Wall 
and H-beam frame) had excellent seismic performance, 1.4–2.0 times higher than those with the pole connectors 
(Ceiling and Beam-column). Therefore, the direct connectors are proposed for this innovative system to decrease 
the danger of system failure during an earthquake.   

1. Introduction 

Non-structural components (NSCs) are those systems and compo-
nents attached to floors, roofs, and walls of a building or industrial fa-
cility that are not part of the main load-bearing structural systems but 
may also be subjected to significant seismic actions [1]. The Federal 
Emergency Management Agency (FEMA) E-74 [2] categorized NSCs into 
three major categories: (1) the architectural components, (2) the me-
chanical, electrical, and plumbing systems and (3) the furniture, fix-
tures, equipment, and other contents of the NSCs. 

Reports from past earthquakes indicate that the majority of damage 
occurred as a result of the destruction and collapse of NSCs, rather than 
the collapse of main structures. The research by Kircher and Filiatrault 
[3,4] showed that economic losses associated with the failure of NSCs 
during an earthquake, including property loss, site clean-up, and 
replacement expenses, much outweigh structural damage losses. For 
instance, during the 1989 Loma Prieta earthquake, it was stated that the 
suspended ceilings and lighting systems of San Francisco International 
Airport suffered major damage [5,6]. After the 1994 Northridge earth-
quake in Los Angeles [1], damage to severe emergency power systems at 
a key local hospital was reported. The 1985 Mexico Earthquake and the 

2010 Haiti Earthquake seriously damaged electrical cabinets at critical 
facilities [2]. Electrical systems in major public buildings in South 
Korea, including hospitals, Korea train express (KTX) railway stations, 
and shopping malls, degraded following the 2016 Gyeongju and 2017 
Pohang earthquakes [7]. The damage of cladding panels was the most 
common in precast structures in the 2012 Emilia earthquake [8]. 
Similarly, reports of massive damage caused by the collapse of NSCs 
were also found in the following earthquakes: 2010 Chile [9], 2011 
Christchurch, New Zealand [10], 2011 Tohoku-Oki, Japan [11], 2013 
Lushan, China [12], 2016 Kumamoto, Japan [13], and 2016 Central 
Italy [14]. As a result, studies of seismic behavior of NSCs are widely 
recognized as a critical component of earthquake risk mitigation. 

Over the last decade, the topic of increasing the seismic performance 
of NSCs has garnered considerable academic attention. Numerous 
studies, including dynamic testing of suspended ceiling systems 
[15–23], investigation of the seismic behavior of partition walls 
[16–18,24–27,22,28–32] and seismic response of facade walls and 
cladding panels [17,26,22,28,29,33], have been done to evaluate the 
seismic performance of the non-structural architectural components. 
The seismic performance of different equipment in laboratories and 
hospital facilities was described in [34–38]. 
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Fig. 1. Details of the four test specimens.  
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Meanwhile, several studies have focused on the seismic performance 
of non-structural electric components. Hwang et al. [39] used actual 
earthquake damage data to conduct a seismic fragility analysis of elec-
trical equipment in a typical electric substation in the eastern United 
States. Porter et al. [40] evaluated the fragility of many types of elec-
trical equipment that are frequently found in commercial and industrial 
buildings. Son et al. [41] conducted shaking table tests for the seismic 
qualification of an electrical cabinet. The study showed that the seismic 
response of a cabinet system during high frequency earthquakes is 
greater than its seismic response during low frequency earthquakes. 
Dinh et al. [42] performed an experimental seismic investigation of a 
1000 kVA cast resin-type hybrid mold transformer using a tri-axial 
shaking table test. The test findings revealed that the damaged spec-
imen was mostly caused by the slipping of certain gaskets and the 
loosening of the connecting bolts between the bed beam and the bottom 
beam. Wang et al. [43] investigated the seismic performance of a pro-
totype diesel generator with a restrained vibration isolation system by 
conducting quasi-static cyclic loading tests and shaking table tests. The 
results of the tests revealed that the failure mechanisms of the restrained 
isolators were significant fatigue damage to the connection between the 
vertical restraint rods and the top plate, as well as pull-out failure of the 

vertical restraint rods. The displacement response of the vibration 
isolation system could be lowered by incorporating snubbers into the 
system. 

Until now, relatively few studies have been carried out on improving 
the seismic performance of lighting systems, which are an essential 
category of non-structural electrical components in buildings. Han et al. 
[44] proposed a novel lighting support system reinforced with a pulley 
friction damper, an innovative wireway vibration attenuation system for 
raceway light fixtures. The results of shaking table tests showed that 
their proposed friction dampers successfully reduced the seismic energy 
and peak oscillation in the lighting support systems, indicating that the 
novel system has the potential to become an attractive alternative 
earthquake-resistant for the building’s conventional lighting systems. 

It is noted that the novel lighting systems are connected to the main 
load-bearing components of the structure, such as walls, beams, col-
umns, and floors, via a variety of connectors in actual practice. However, 
the previous research has not addressed the influence of these connec-
tors on the system’s earthquake performance. Therefore, a systematic 
study analyzing the effect of the connectors on the seismic performance 
of the novel systems is much needed. 

In this paper, the seismic performance of such an innovative wireway 
vibration attenuation system for raceway light fixtures is experimentally 
investigated. Shaking table tests are conducted to ensure compliance 
with the ICC-ES AC156 standard [45]. The effect of various connectors 
of the system on the seismic performance are discussed. The following 
sections detail the experimental outcomes. 

2. Shaking table test 

2.1. Description of the test specimens 

This study investigated four different prototypes of the innovative 

Fig. 2. Details of the pulley friction damper.  

Table 1 
Mechanical characteristics of the cable.  

Item value units 

Wire structure 7 × 7 – 
Diameter 4 mm 
Maximum load bearing 9.8 kN 
Weight per unit length 0.066 kg/m 
Displacement (50 kgf tensile load) 0.7 mm 
Modulus of elasticity 96,105 MPA  

Table 2 
Mechanical properties of all the main parts of the system.  

Material Density (g/cc) Tensile strength Tensile strength (Yield) (MPa) Elongation at break (%) Tensile modulus (GPa) Poisson’s ratio 

AL6063 2.70 150 90 20 69 0.33 
AL6061 2.70 310 276 12–17 68.9 0.33 
SUS304 8.00 590 330 40 193 0.29 
SS400 7.80 415 205 21 160 0.25  
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wireway vibration attenuation system, each of which utilized a different 
connector type: Ceiling (CT), H-beam frame (HBT), Wall (WT), and 
Beam-column (BCT). The specimens were given names based on the 
connector and the main component they were attached. Details of the 
four specimens are depicted in Fig. 1. 

A friction damper with a 60mm diameter pulley was installed for 
each prototype, as shown in Fig. 2. The damper can dissipate seismic 
energy via mechanical friction between the pulley and the pulley base, 
the cable and the pulley, as well as friction between the pulley and the 
aluminum pipe [44]. 

All specimens were fabricated with the same length of 3680 mm. In 
each specimen, a 34W LED with a 1070 mm length was mounted on a 
65 × 70 × 2500 mm aluminum duct. Two parallel cables connected to a 
tension towing machine were used to suspend the luminaire unit that 
included a duct and a LED light. The pre-tension at both ends of the cable 
was 1500N. The compression force of the spring was 120N. Each 

specimen weighs approximately 27 kg. The four specimens can be 
classified into two groups: “pole connector” (CT and BCT) and “direct 
connector” (WT and HBT). Note that, for each pole connector specimen, 
two cable bracing systems are used to connect the two poles to the main 
structure to avoid pole failure from lateral loads, and to strengthen the 
stability of the system under seismic loads. The pole lengths of the CT 
and BCT specimens were 2150 mm and 760 mm, respectively. 

Aluminized alloy grade AL6063 was used to fabricate the poles and 
the duct. The pulley was made of AL6061 grade aluminized alloys. The 
cable was composed of stainless steel and had a diameter of 4mm. All of 
the bolts and anchor bolts were manufactured of SS400 steel. The end 
base and pulley base were all made of SUS304 grade steel. The me-
chanical characteristics of the cable are shown in Table 1. The material 
properties of the stainless steel and aluminum alloy used for the rest of 
the parts are provided in Table 2. 

Fig. 3. Shaking table test set-up.  
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2.2. Test setup and measuring instruments 

The shaking table test was carried out at the Seismic Research And 
Test Center of Pusan National University. The details of the shaking table 
test setup for the four specimens are provided in Fig. 3. The shaking 
table was an electro-hydraulic servo with three variable controls, and six 
degrees of freedom (X, Y, Z, RX, RY, RZ). The table measures 4 × 4 
meters in size, with a payload capacity of 30 000 kg. 

In this study, a two-story, one-bay steel stiff frame, capable of 
transmitting seismic input to the test specimen, was specially designed 
and fabricated for conducting dynamic tests using an isolated shaking 
table. It was used to replicate the structure of a single room within the 
building where the systems would be mounted. The first floor of the steel 
frame was made up of four steel beams and four steel columns. The 
second level of the steel frame was composed of a single steel T-beam 

and two steel columns that were bolted to the steel beam of the first 
floor. 

To record the acceleration and displacement responses of the speci-
mens and steel frame in three orthogonal directions during the tests, a 
total of five tri-axial accelerometers and two static linear variable 
displacement transducers (LVDTs) were employed. Four specimens were 
tested in three separate phases, which were referred to as Test I (CT and 
HBT specimens), Test II (WT specimen), and Test III (BCT specimen). 
Accelerometer A1 was placed at the base of the shaking table. Acceler-
ometers A3 and A5 were installed at the top of the T-beam and the top of 
the steel column on the first floor, respectively. The acceleration and the 
displacement responses recorded by accelerometers A2 and A4, LVDT 
D1 and D2 at the top midpoint of the duct, were used to evaluate and 
compare the earthquake performances of the specimens. The actual 
image of the locations of accelerometers and LVDTs from phase Test I is 
depicted in Fig. 4. 

2.3. Input ground acceleration records 

Shake table tests were conducted according to the loading protocol 
recommended by ICC-ES-AC 156 [45], which has been widely used to 
evaluate the seismic performance of NSCs. The used seismic input was 
generated to satisfy the required response spectrum (RRS), which is the 
lowest seismic acceleration required to excite a target component as a 
function of the natural period or natural frequency. The RRS developed 
from the two parameters: the story height ratio (z/h), and the design 
spectral response acceleration at short periods SDS [46–48]. The seismic 
parameters including the horizontal and vertical spectral acceleration 
for flexible and rigid components were used to calculate the RRS levels, 
as shown in Fig. 5. 

The horizontal spectral acceleration for flexible AFLX− H and rigid 
ARIG− H components are computed as follows [45,49]: 

AFLX− H = SDS

(
1 + 2

z
h

)
≤ 1.6SDS (1)  

ARIG− H = 0.4SDS

(
1 + 2

z
h

)
(2) 

The vertical spectral acceleration of the flexible AFLX− V and rigid 
ARIG− V components are computed as follows [45,49]: 

AFLX− V = 0.67SDS (3)  

ARIG− V = 0.27SDS (4) 

An artificial acceleration record corresponding to SDS = 1.0 g was 

Fig. 4. The locations of the accelerometers and LVDTs from phase Test I.  

Fig. 5. Required response spectrum (AC156).  

Table 3 
Test plan and test protocol.  

Test phase Test No. Specimen under test SDS(g) 

I 

1 Ceiling and H-beam frame 1.00 
2  1.00 
3  1.00 

II 1 Wall 1.00 

III 1 Beam-column 1.00 
2  1.00  
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applied to test specimens. A test plan is summarized in Table 3. 
This study assumed that the specimens were attached to the top floor 

of the structures, making it reasonable to set z/h = 1.0. Figure 6 shows 
the input acceleration time-history, its elastic response spectrum for 
damping value of 5%, namely the test response spectrum (TRS), the RRS, 
and the RRS scaled to 90 and 130%. This input acceleration time-history 
was generated by engineers of the Seismic Research And Test Center of 
Pusan National University. The figure clear shows that the input accel-
eration met the ICC-ES AC156 and SPS-F KOCED 0007-7419:2021 re-
quirements [45,49]. Fig. 7 shows the correlation coefficients of the input 
acceleration time-history. The maximum cross-correlation function co-
efficients for the XY, YZ, and ZX planes were 0.15, 0.113, and 0.123, 
respectively. These values are all less than 0.3, satisfying the IEEE Std. 
344 criteria for the statistical independence of ground motions [50]. 

3. Test results and discussion 

3.1. Fundamental frequency of the specimens 

Before the shaking table test, the resonance frequency search tests 
were conducted to determine the fundamental frequencies and dynamic 
characteristics of the specimens. Following FEMA 461 [51], these tests 
were conducted with single-axis sinusoidal sweeps at the rate of two 

octaves/min. Tests were performed consecutively within the frequency 
range of 1.0–50 Hz, corresponding to each orthogonal major axis.The 
fundamental frequencies of the specimens were calculated using the 
frequency domain transfer function technique [52]. The raw experi-
mental data was evaluated using a program written in MATLAB version 
R2020a [53]. Fig. 8 illustrates the transfer function charts for Test I, Test 
II, and Test III. 

The fundamental frequency results for the four different specimens 
and the steel frame are shown in Table 4. The results show that the 
fundamental frequencies were between 8 and 19.75 Hz. For the steel 
frame, the fundamental frequencies in the X and Y directions obtained in 
all tests were essentially identical for accelerometers A3 and A5. These 
investigations were unable to estimate a fundamental frequency in the Z 
direction. Therefore, it was determined that the frame was sufficiently 
rigid to avoid unintentional amplification of the table input motion in 
the test frame. 

The fundamental frequency values for the specimens varied 
depending on the method of connection to the main structure. The WT 
specimen was determined to be the stiffest in the X (14.00 Hz) and Z 
(9.25 Hz) directions, while the CT and HBT specimens were the stiffest 
in the Y directions (19.75 Hz). In comparison, the stiffness of the CT and 
BCT specimens were lowest in the X (11.75 Hz) and Z (8.00 Hz) di-
rections, respectively, while the stiffness of the HBT specimen was 

Fig. 6. Input acceleration time history corresponding to SDS = 1.0 g, TRS, RRS, upper and lower matching limits.  

Fig. 7. Correlation coefficient of the input motion.  
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lowest in the Y direction (19.25 Hz). The specimen with the longer poles 
was the CT specimen (11.75 Hz), which was less stiff in the X dimension 
than the BCT specimen (12.25 Hz). In comparison, the stiffness of the CT 
specimen was greater than that of the BCT specimen in the Y and Z 
directions. 

3.2. Visual inspection 

Prior to and following testing, the four specimens were visually 
inspected for deformation and damage. After visual inspection, a series 
of shaking table tests found no significant structural failure in the four 
specimens and no significant damage at the bolt connections and con-
nectors. None of the specimens toppled over or collapsed, and the lights 
continued to work smoothly. Therefore, the results confirmed that the 
innovative wireway vibration attenuation system specimens would 
operate efficiently during an earthquake satisfying the ICC-ES AC156 
and SPS-F KOCED 0007-7419:2021 standards [45,49]. 

3.3. Evaluating the effect of connectors on seismic performance 

3.3.1. Displacement response 
The lateral displacement (X direction) response-time histories at the 

center of the four specimens were recorded using LVDT D1 and D2. The 

Fig. 8. The transfer function plot of the phase Test I, Test II and Test III.  

Table 4 
The fundamental frequency results.  

Test 
phase 

Specimen Location Fundamental frequency 
(Hz) 

Remark    

X-Dir Y-Dir Z- 
Dir  

Test I 

Ceiling A2 11.75 19.75 8.25 Fig. 8a 
Top of the T- 
beam 

A3 25.00 19.75 N/A Fig. 8b 

H-beam A4 13.50 19.75 8.00 Fig. 8c 
Top of the 
column A5 24.75 19.75 N/A Fig. 8d 

Test II 

Top of the T- 
beam A3 24.50 19.50 N/A Fig. 8e 

Wall A4 14.00 19.50 9.25 Fig. 8f 
Top of the 
column 

A5 24.25 19.50 N/A Fig. 8g 

Test III 

Beam-column A2 12.25 19.25 8.00 Fig. 8h 
Top of the T- 
beam 

A3 24.50 19.75 N/A Fig. 8i 

Top of the 
column A5 24.25 19.50 N/A Fig. 8j  
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results show that there was no discernible change in the displacements 
of the four test specimens. Therefore, the connectors have no noticeable 
impact on the system’s response displacement. 

3.3.2. Acceleration response 
Fig. 9a–c shows the acceleration response results measured at the 

center of the specimens in the X, Y, and Z directions. Black, red, cyan, 
and blue represent the acceleration responses of the CT, HBT, WT, and 
BCT specimens, respectively. 

To determine the effect of the connectors on the acceleration 
response of the systems, the graph superposition approach was utilized. 
On the same graph, the acceleration responses of the four specimens 
were plotted in the time domain. As the plot area increases, the accel-
eration response increases. As can be observed, the red area was the 
smallest in three directions X, Y, and Z, indicating that the HBT specimen 
had the lowest acceleration response. In comparison, the areas of black 
and blue were the greatest in the X and Z directions, showing that the 
acceleration responses of the BCT and CT specimens were the largest. 
Notably, the acceleration response in the Y direction of the CT specimen 
was extremely high, compared to the others. This proves that connectors 
with large pole lengths are not recommended in this system. 

3.3.3. Peak resonant oscillation 
The behavior of the specimens needs to be carefully considered when 

resonance occurs during earthquakes. Therefore, a comprehensive and 
detailed investigation of the frequency domain was performed. The ac-
celeration spectral density (ASD) [54] depicts the acceleration response 
distribution for each frequency measured using the shaking table 
experiment. An approach for calculating the ASD functions of the 
measured data is Welch’s method [55,56]. Denote the mth windowed, 

zero-padded frame from the signal x as follows: 

xm(n)≜ω(n)x(n + mR) (5)  

n = 0, 1, …, M − 1, m = 0, 1, …, K − 1 where R is defined as the window 
hop size and let K denote the number of available frames. Then, the 
periodogram of the mth block is given by: 

Pxm ,M(ωk) =
1
M
⃒
⃒FFTN,k(xm)

⃒
⃒2≜

1
M

⃒
⃒
⃒
⃒
⃒

∑N− 1

n=0
xm(n)e− j2πnk/N

⃒
⃒
⃒
⃒
⃒

2

(6)  

the Welch estimate of the power spectral density is as follows: 

Ŝ
w
x (ωk)≜

1
K

∑K− 1

m=0
Pxm ,M(ωk) (7) 

Fig. 10a–c depicts ASD plots of the four different specimens in the X, 
Y, and Z directions, respectively. Acceleration spectra were calculated 
using the pwelch function in MATLAB [53]. The ASD values between 1 
and 256 Hz are displayed. The following parameters were used to 
calculate ASD in this study: M = 1024 points per segment, K = 21, 
segments with 50% duplicates S = 0.5 M, time per segment = 2 s, and 
df = 0.5 Hz were utilized as the input parameters for the ASD 
calculation. 

The peak ASD values when resonance occurred and the corre-
sponding frequencies of the four specimens are shown in Table 5. The 
specimens with the pole connectors (CT and BCT) show higher peak 
resonant oscillations than those with the direct connectors (WT and 
HBT). An ASD mean value for a specimen is the average of the ASD 
values from all the tests performed on the specimen. The HBT specimen 
has the smallest peak ASD mean values of 0.0384 G2/Hz, 0.0018 G2/Hz, 

Fig. 9. The response acceleration time history plots of the four specimens.  
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and 0.0832 G2/Hz in the X, Y, and Z directions, respectively, indicating 
that it had the lowest peak oscillations when resonance occurred. In 
comparison, the BCT specimen showed the largest peak ASD mean 
values in the X and Z directions when resonance occurred, at 0.1385 G2/ 
Hz and 0.1791 G2/Hz. Notably, the peak ASD mean value in the Y di-
rection of the CT specimen was extremely large compared to the other 
specimens, about 0.9332 G2/Hz, almost 518.44, 83.32 and 274.47 times 

that of the HBT, WT and BCT specimens. This proves that connectors 
with large pole lengths are not recommended in this system. 

3.3.4. Earthquake energy dissipation 
The root mean square acceleration (GRMS) [57] is a measure of the 

energy accumulated in a structure as a result of an earthquake. In the 
frequency domain, the GRMS is defined as the square root of the area 

Fig. 10. ASD plots of the four specimens.  

Table 5 
The maximum ASD value and corresponding frequency the specimens.  

Test phase Test no. Specimen under test z (m) SDS (g) Middle position      

X-Dir Y-Dir Z-Dir      

ASD (G2/Hz) Freq. (Hz) ASD (G2/Hz) Freq. (Hz) ASD (G2/Hz) Freq. (Hz) 

Test I 

1 
Ceiling 2.430 1.00 0.0458 10.50 0.9941 31.50 0.0629 8.00 
H-beam frame 0.505 1.00 0.0318 12.00 0.0017 33.50 0.0662 8.00 

2 
Ceiling type 2.430 1.00 0.0349 10.50 0.8642 31.50 0.0809 8.00 
H-beam frame 0.505 1.00 0.0370 12.00 0.0018 33.50 0.0821 8.00 

3 
Ceiling 2.430 1.00 0.0414 10.50 0.9414 31.50 0.1290 8.00 
H-beam frame 0.505 1.00 0.0463 12.00 0.0018 33.50 0.1012 8.00 

Test II 1 Wall 1.070 1.00 0.0373 13.50 0.0112 19.50 0.0872 9.50 

Test III 
1 Beam-column 1.070 1.00 0.1471 10.50 0.0033 33.50 0.1799 8.00 

2 Beam-column 1.070 1.00 0.1299 10.50 0.0035 33.50 0.1782 8.00  
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Fig. 11. Cumulative acceleration root mean square plots of the four specimens.  

Table 6 
Overall GRMS value of the specimens.  

Test phase Test no. Specimen under test z (m) SDS (g) Overall GRMS Pole length (mm)      

Middle position       

X-Dir Y-Dir Z-Dir  

Test I 

1 
Ceiling 2.430 1.00 0.8234 1.588 0.7421 2150 
H-beam frame 0.505 1.00 0.4471 0.2579 0.3527  

2 
Ceiling 2.430 1.00 0.8479 1.535 0.7773 2150 
H-beam frame 0.505 1.00 0.4607 0.2756 0.3894  

3 
Ceiling 2.430 1.00 0.9196 1.652 0.8491 2150 
H-beam frame 0.505 1.00 0.5147 0.2923 0.4693  

Test II 1 Wall type 1.070 1.00 0.6001 0.3296 0.5313  

Test III 
1 Beam-column 1.070 1.00 0.8246 0.4681 0.8095 760 

2 Beam-column 1.070 1.00 0.8222 0.4724 0.8053 760  

Table 7 
Overall GRMS of acceleration response of the frame.  

Test phase Test no. SDS (g) A1 (z = 0 m) A5 (z = 1.645 m) A3 (z = 2.717 m)    

X-Dir Y-Dir Z-Dir X-Dir Y-Dir Z-Dir X-Dir Y-Dir Z-Dir 

Test I 

1 1.00 0.244 0.251 0.112 0.271 0.280 0.129 0.560 0.457 0.132 

2 1.00 0.244 0.251 0.112 0.259 0.286 0.119 0.527 0.465 0.112 

3 1.00 0.244 0.251 0.112 0.280 0.298 0.126 0.573 0.489 0.119 

Test II 1 1.00 0.244 0.251 0.112 0.266 0.295 0.118 0.582 0.479 0.110 

Test III 
1 1.00 0.244 0.251 0.112 0.268 0.294 0.132 0.584 0.480 0.113 

2 1.00 0.244 0.251 0.112 0.267 0.296 0.118 0.579 0.482 0.109  
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under the ASD curve. The area under the ASD curve of the jth frequency 
segment (aj) between the frequencies fi− 1 and fi corresponds to Pi− 1 and 
Pi [58]. 

m is the slope of the segment j between the frequencies fi− 1 and fi: 

m = 10log
(

Pi

Pi− 1

)
log(2)

log
(

fi
fi− 1

) (8)  

for m ∕= − 10 log(2): 

afi ,j = 10log(2)
Pi

10log(2) + m

[

fi − fi− 1

(
fi− 1

fi

)m/10log(2)
]

(9)  

for m = − 10 log(2): 

afi ,j = Pi− 1fi− 1ln
(

fi

fi− 1

)

(10) 

The GRMS value at the jth frequency segment: 

GRMSj =
̅̅̅̅aj

√ (11) 

The overall GRMS level at jth at frequency fi is then: 

GRMSfi =
∑j

m=0
am (12) 

The cumulative GRMS curves (CRMS) depicted in Fig. 11a–c corre-
spond to the X, Y, and Z directions. The CRMS for the four specimens is 
divided into 3 ranges: low frequency (0–8 Hz), resonance (8–31.5 Hz), 
and high frequency (>31.5 Hz). In the low frequency range, the CRMS of 
the four specimens were substantially identical. The differences in 
seismic energy between the specimens occurred primarily in the reso-
nant and high frequency ranges. 

The overall GRMS is the value at the end of the CRMS, as shown in 
Table 6. According to this indicator, the HBT specimen had the lowest 
earthquake energy during the test, with overall GRMS mean values of 
0.4742 g, 0.2753 g, and 0.4038 g in the X, Y, and Z directions. The CT 
specimen had the highest seismic energy in the X, and Y directions, with 
overall GRMS mean values of 0.8636 g, 1.5917 g. The BCT specimen had 
the highest seismic energy in the Z directions, with overall GRMS mean 
values of 0.8074 g. Notably, with a pole length of 2150mm, the CT 
specimen had earthquake energy about 5.78, 4.83, and 3.38 times 
greater than the HBT, WT and BCT specimens in the Y direction. This 
proves that connectors with large pole lengths are not recommended in 
this system. 

The overall GRMS of acceleration response at the base of the shaking 
test table, the top of the T-beam, and the top of the column of the frame 
in Test I, Test II and Test III are shown in Table 7. From this result, the 
overall GRMS of the frame at the mounting position of each specimen 

Table 8 
Overall GRMS of the frame based on the mounting position of the specimen.  

Test 
phase 

Test 
no. 

Specimen 
under test 

z (m) SDS 

(g) 
Overall GRMS (g)      

Mouting position      

X-Dir Y-Dir Z-Dir 

Test I 

1 

Ceiling 2.430 1.00 0.4826 0.4096 0.1312 
H-beam 
frame 

0.505 1.00 0.2537 0.2495 0.1463 

2 

Ceiling 2.430 1.00 0.4553 0.4171 0.1139 
H-beam 
frame 

0.505 1.00 0.2438 0.2562 0.1155 

3 

Ceiling 2.430 1.00 0.4946 0.4379 0.1209 
H-beam 
frame 

0.505 1.00 0.2654 0.2689 0.1309 

Test II 1 Wall 1.070 1.00 0.2583 0.2796 0.1159 

Test III 

1 Beam- 
column 

1.070 1.00 0.2607 0.2814 0.1341 

2 
Beam- 
column 1.070 1.00 0.2593 0.2806 0.1152  

Fig. 12. Energy transmission ratio plots of the four specimens.  
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was derived using the interpolation approach, based on the mounting 
height of the specimen in the steel frame, as indicated in Table 8. It is 
clear that the overall GRMS value grows as the height on the frame is 
increased. Because the specimens were suspended at varying heights on 
the frame, an “energy transmission ratio” (ETR) is proposed to precisely 
assess the influence of connectors on the seismic energy generated by the 
system without considering the installation height. This is the ratio of 
the overall GRMS of each specimen to the overall GRMS of the frame at 
its suspension location. The specimen with a smaller ETR coefficient is 
more effective at dissipating seismic energy. 

The ETR coefficients for the two types of connectors are depicted in 
Fig. 12. Red indicates the ETR values of specimen with the direct con-
nectors (WT and HBT), whereas the blue indicates the ETR values of 
specimen with the pole connectors (CT and BCT). The ETR values 
depicted in this figure are the average of the ETR values obtained from 
all tests in which the specimen was tested. 

Based on the total ETR values of all directions, it is clear that the 
specimens with the direct connectors (HBT and WT) had excellent 
seismic performance, 1.4–2.0 times higher than the specimens with the 
pole connectors (CT and BCT). The HBT was the most effective at 
dissipating earthquake energy, with the lowest total ETR coefficients in 
all directions of 6.05. The CT specimen had the highest total ETR coef-
ficient of 12.09 in three directions, about 2.00 and 1.50 times greater 
than HBT and WT specimens, indicating that it was the lowest energy- 
dissipating capacity system. As a result, direct connectors are pro-
posed for this novel system in order to minimize the risk of system 
failure during an earthquake. 

It was determined that the length of the pole has an influence on the 
system’s energy dissipation in both the X and Y directions, but has no 
effect on its energy dissipation in the Z direction. The CT specimen has 
an ETR coefficient that is 1.75 times smaller than that of BCT specimen 
in the X direction. In comparison, the ETR coefficient of CT specimen is 
2.263 times greater than that of BCT specimen in the Y direction. In the Z 
direction, the ETR coefficients of the two specimens are nearly identical, 
at approximately 6.5. 

Based on the findings of this experimental study, for the raceway LED 
light fixtures with pole connectors, the authors recommend that if the 
pole lengths exceed 1500 mm, designers should reinforce the connec-
tions of the systems in the Y and Z directions. Otherwise, the connections 
in the X and Z directions should be reinforced. For the systems with the 
direct connectors, the authors recommend strengthening the system’s 
connections in the X and Z directions. 

It is clear that the seismic energy in the Z direction accounted for the 
greatest proportion of the total seismic energy of the four specimens, 
ranging from 51.57% to 57.36%. As a result, additional seismic energy 
dissipation mechanisms in the Z direction are required for this novel 
system, which will be considered in the further study. 

4. Conclusion 

This study evaluated the seismic performance of an innovative 
wireway vibration attenuation system with several typical connectors, 
for exposed raceway light fixtures using tri-axial shaking table tests. To 
address this, four prototypes were fabricated with connectors suitable 
for mounting on a variety of structural components, including the ceiling 
(CT), H-beam frame (HBT), wall (WT), and beam and column (BCT). The 
input motion for the tri-axial shaking table tests was generated ac-
cording to the ICC-ES AC156 standard. The following primary conclu-
sions can be drawn from the test findings.  

• A series of tri-axial shaking table tests that satisfied the AC156 
standard were conducted, and proved that the system would perform 
efficiently during an earthquake.  

• The initial natural frequencies of the specimens in the X, Y, and Z 
directions were determined to be between 8 and 19.75 Hz. 

• The connector had no discernible effect on the response displace-
ment of the system.  

• The specimens with the pole connectors (CT and BCT) show higher 
peak resonant oscillations than those with the direct connectors (WT 
and HBT). The peak resonant oscillation in the Y direction of the CT 
specimen was extremely large compared to the other specimens. It 
proves that connectors with large pole lengths are not recommended 
in this system.  

• The HBT and CT specimens had the lowest and highest earthquake 
energy, respectively. Differences in the seismic energy of the speci-
mens occurred primarily in the resonant and high frequency ranges. 
The CT specimen had earthquake energy about 3.38–5.78 times 
greater than the other specimens in the Y direction. This proves that 
connectors with large pole lengths are not recommended in this 
system.  

• The specimens with the direct connectors had excellent seismic 
performance, 1.4–2.0 times higher than those with the pole con-
nectors. As a result, direct connectors are proposed for this novel 
system in order to minimize the risk of system failure during an 
earthquake. Furthermore, the length of the poles has an influence on 
system’s energy dissipation in both the X and Y directions, but has no 
effect on its energy dissipation in the Z direction. 

• The additional seismic energy dissipation mechanisms in the Z di-
rection are required for the innovative wireway vibration attenua-
tion system, which will be considered in a further study. 

This study developed an innovative wireway vibration attenuation 
system with friction damper to increase the survivability of exposed 
raceway light fixtures during an earthquake. The seismic performance of 
the specimens connected to the wall, beam, column, steel H-beam frame, 
and ceiling components were studied. The experimental testing is 
planned to evaluate the seismic performance of full-scale specimens 
with a length of 25 meters which will be presented in the following 
research. 
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