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Investigating pulley wireway systems equipped with friction dampers as alternatives to traditional exposed
raceway light fixtures, this study adheres to the ICC-ES AC156 standard and evaluates the impact of system
mass and connector types on seismic behavior using shaking table tests. The key findings indicate that an
increased system mass variably affects the fundamental frequency of the system, depending on the type of
connectors. In terms of earthquake performance, direct connectors outperformed pole connectors in the original
system configuration, and the addition of dummy masses significantly reduced seismic energy while stabilizing

acceleration responses in pole connector systems. Moreover, the study underscores the critical importance of
minimizing pole length in systems using pole connectors and adopting a lower mounting height in systems with
direct connectors to improve seismic performance.

1. Introduction

Nonstructural components (NSCs) play a crucial role in buildings
and industrial facilities, as they are systems and components attached
to floors, roofs, and walls that are not part of the main load-bearing
structural systems. Despite not being directly involved in the primary
load-bearing function of the structure, NSCs are still susceptible to
considerable seismic forces, thereby presenting a notable hazard dur-
ing seismic events [1]. The Federal Emergency Management Agency
(FEMA) E-74 has categorized NSCs into three major categories: (1)
architectural components, (2) mechanical, electrical, and plumbing sys-
tems, and (3) furniture, fixtures, equipment, and other contents of the
NSCs [2].

NSCs affect building floor acceleration demands, represented by
peak floor accelerations (PFAs) and floor response acceleration spectra
(FRS). Adam et al. [3] studied single-degree-of-freedom (SDOF) NSCs
in relation to multi-degree-of-freedom (MDOF) structures. Villaverde et
al. [4] introduced a method to estimate NSC responses considering both
NSC and structural nonlinearity. Chaudhuri et al. [5] researched SDOF
NSCs connected to code-compliant steel frames. Tamura et al. [6] found
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that nonlinear SDOF NSCs reduce yield strength needs. Vukobratovic et
al. [7] showed that NSC nonlinearity decreases FRS values. Obando et
al. [8] analyzed nonlinear SDOF NSCs on MDOF structures regarding
inelastic displacement ratios. Anajafi et al. [9] formulated spectra for
acceleration-sensitive NSCs. Kazantazi et al. [10] suggested a method
for lightweight nonlinear NSC strength reduction. The study by Vuko-
bratovic et al. [11] delved into the seismic behavior of acceleration-
sensitive non-structural components in a twelve-storey concrete build-
ing. The study examined the effects of structural vibration modes and
the nonlinearity of non-structural components on floor acceleration de-
mands in a twelve-storey concrete building. Additionally, a new method
for determining peak floor acceleration was provided. Ruggieri et al.
[12] observed the effect of diaphragm flexibility on accelerations in RC
buildings with considering to NSCs as linear elastic.

On the other hand, NSCs are often susceptible to damage at seis-
mic levels that might not affect the main structural components [13].
Research conducted by Kircher and Filiatrault emphasized the eco-
nomic losses associated with NSC failures during earthquakes, including
property loss, site clean-up, and replacement expenses, which often out-
weigh the losses resulting from structural damage [14,15]. For instance,
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the 1989 Loma Prieta earthquake led to major damage in suspended
ceilings and lighting systems at the San Francisco International Air-
port [16,17]. Similarly, the 1994 Northridge earthquake caused severe
damage to emergency power systems in a key local hospital in Los An-
geles [1]. Other examples include the 1985 Mexico Earthquake and the
2010 Haiti Earthquake, where electrical cabinets at critical facilities
suffered significant damage [2]. Major public buildings in South Ko-
rea, such as hospitals, Korea train express (KTX) railway stations, and
shopping malls, experienced degradation of electrical systems follow-
ing the 2016 Gyeongju and 2017 Pohang earthquakes [18]. The 2012
Emilia earthquake revealed that cladding panel damage was widespread
in precast structures [19]. Similar reports of massive damage caused by
the collapse of NSCs were observed in earthquakes such as the 2010
Chile earthquake, 2011 Christchurch earthquake in New Zealand, 2011
Tohoku-Oki earthquake in Japan, 2013 Lushan earthquake in China,
2016 Kumamoto earthquake in Japan, and 2016 Central Italy earth-
quake [20-25]. Consequently, the study of the seismic behavior of NSCs
is widely recognized as a critical component of earthquake risk mitiga-
tion.

In recent years, academic interest in enhancing the seismic perfor-
mance of NSCs has grown. The study of NSCs has become increasingly
important because of their role in buildings and industrial facilities and
their vulnerability to seismic actions. Specifically, the seismic perfor-
mance of nonstructural electrical components has been a significant
focus. Researchers have aimed to understand the vulnerabilities of non-
structural electrical equipment during seismic events and improve their
performance. Several important studies have provided insights into the
seismic response and fragility of nonstructural electrical components.
FEMA P-58 [26] provides a methodology for assessing the seismic per-
formance of electrical components using fragility functions. Hwang et
al. [27] conducted a seismic fragility analysis of electrical equipment
in a typical electric substation in the eastern United States, utilizing
actual earthquake damage data. Their study aimed to assess the vul-
nerability of electrical equipment to seismic forces and identify critical
failure modes. Gupta et al. [28] proposed a novel method to accurately
evaluate incabinet response spectra for the seismic qualification of elec-
trical instruments. They found that typically only a few cabinet modes
significantly affected spectral accelerations at crucial instrument loca-
tions. The significant mode often pertained to local cabinet components.
The Rayleigh-Ritz method was used to calculate dynamic properties of
these modes, offering significant time and effort savings compared to
the finite element method. Rustogi et al. [29] discussed the Ritz vector
approach for electrical cabinet dynamics, emphasizing its basis on one
significant cabinet mode. The study noted discrepancies in the observed
global rocking in anchored cabinets and proposed modifications for
incorporating this observed rocking. Porter et al. [30] focused on eval-
uating the fragility of various types of electrical equipment commonly
found in commercial and industrial buildings. Through their investi-
gation, they aimed to quantify the probability of failure for different
equipment categories under seismic loading conditions. A simplified
model was developed by Cho et al. [31] to depict the nonlinear dy-
namic behavior of nuclear power industry cabinets during earthquakes.
Using Duffing’s restoring force, the model considered cabinet soften-
ing. Experiments on a real cabinet confirmed the softening behavior
and showed material yielding wasn’t a primary nonlinearity source.
The model matched experimental data and offered computational ef-
ficiency without needing tests. Wang et al. [32] explored the seismic
performance of a prototype diesel generator with a restrained vibration
isolation system. They conducted quasi-static cyclic loading tests and
shaking table tests to evaluate the response of the system. The results
highlighted 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 as the primary failure mechanisms. Additionally,
the study demonstrated that incorporating snubbers into the vibration
isolation system could reduce the displacement response. Tran et al.
[33] proposed a method to gauge electrical cabinet vulnerability in nu-
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clear plants using fragility curves. They compared two fragility analyses
for cabinets under different conditions and emphasized the importance
of support boundary conditions in influencing cabinet acceleration re-
sponse. Son et al. [34] performed shaking table tests to investigate the
seismic qualification of an electrical cabinet. Their study highlighted
that the seismic response of the cabinet system was more pronounced
during high-frequency earthquakes compared to low-frequency ones.
Understanding the frequency-dependent behavior of electrical cabinets
is crucial for designing robust systems that can withstand a broad range
of seismic events. In another study, Dinh et al. [35] conducted an ex-
perimental seismic investigation of a 1000 kVA cast resin-type hybrid
mold transformer using a tri-axial shaking table test. Their findings re-
vealed that the damage observed in the specimen was mainly attributed
to the slipping of certain gaskets and the loosening of connecting bolts
between the bed beam and the bottom beam. Understanding the failure
mechanisms of transformers provides valuable insights into enhancing
their seismic resilience. Jeon et al. [36] investigated the seismic behav-
ior of electrical cabinets in Korea post the 2016 Gyeongju earthquake.
They studied the rocking behavior and its impact on the dynamic prop-
erties of the cabinet, noting sensitivity to certain electrical instruments
and frequency oscillations. Latif et al. [37] delved into the seismic as-
sessment of equipment in Nuclear Power Plants, focusing on the role of
anchor interaction in the seismic response of electrical cabinets. They
underlined the significance of anchor bolt nonlinear interaction in the
seismic response. Merino et al. [38] introduced a seismic classification
system for acceleration-sensitive non-structural elements using shake
table testing, exemplified on electrical cabinets in Italy. The classifi-
cation accounted for varying seismic hazards and performance objec-
tives.

Despite the integral role of lighting systems in building safety and il-
lumination, advancements in their seismic performance remain limited.
Han et al. [39] introduced a novel lighting support system reinforced
with a pulley friction damper. This innovative system incorporated a
wireway vibration attenuation system specifically designed for raceway
light fixtures. Shaking table test revealed a significant reduction in seis-
mic energy and peak oscillation, indicating the potential of this system
as a seismic-resistant solution. In a subsequent investigation, Han et
al. [40] evaluated the system’s seismic performance concerning various
connectors, employing the ICC-ES AC 156 standard.

While the prior research by Han et al. [39,40] has significantly ad-
vanced the understanding of the seismic performance of the innovative
lighting support system reinforced with a pulley friction damper using
direct connectors and pole connectors, there remain areas for explo-
ration. The earlier study revealed that specimens with pole connectors
displayed markedly greater earthquake energy compared to those with
direct connectors, particularly in the lateral direction. As such, there is
a need for further research to enhance the earthquake performance and
stability of this innovative system, especially for those incorporating
pole connectors.

In this study, the incorporation of dummy masses into the novel
lighting system introduced by Han et al. was proposed with the objec-
tive of enhancing its seismic performance. Shaking table testing was
conducted to analyze the dynamic response of the lighting support
system under different configurations. The paper outlines the experi-
mental methodology, presents the test results, and discusses the impact
of additional mass on the seismic behavior of the lighting support sys-
tem.

The remainder of this paper is organized as follows: Section 2 pro-
vides an overview of the experimental methodology adopted in this
study. Section 3 discusses the test results highlighting the influence of
mass on the seismic behavior of the lighting support system. Finally,
Section 4 concludes the paper by summarizing the key findings and
proposing future research directions to further advance the seismic per-
formance of the novel lighting systems in buildings.
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(a) 3D concept.
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Fig. 1. Concept of a pulley friction damper.
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Fig. 2. Concept of the proposed vibration attenuation system.

2. Concept of the novel wireway vibration attenuation system

Fig. 1 illustrates the conceptual design of the pulley friction damper
[39,40]. This damper is connected to the primary structure using a
bolted attachment through an end base. The pulley base is affixed to
the end base using two bolts, two nuts, and two washers, functioning as
a foundation for the pulley itself. A combination of an aluminum pipe
and a shaft allows the pulley to rotate around its vertical axis. Notably,
the shaft’s bottom end is threaded, facilitating its connection to the bot-
tom hole of the pulley base. A cable, wound around the pulley, links
the damper to the lighting system.

Fig. 2 shows the concept of the proposed vibration attenuation sys-
tem.

The system’s earthquake energy is mitigated through a frictional
process facilitated by a pulley friction damper. This damper dissipates
seismic energy by capitalizing on the mechanical friction between the
pulley and its base, between the pulley and the aluminum pipe, and
the friction between the cable and the pulley itself. The damper’s seis-
mic energy dissipation is regulated by a mechanism involving a spring
that’s coaxial with the pulley’s rotation axis. This spring’s two ends are
set within a bottom washer and a top washer. The force the spring
applies to the pulley determines the efficiency of the damper’s seis-
mic energy dissipation. This compression is modulated by altering the
spring’s length, which is done by adjusting the positions of the top
washer and the shaft. Moreover, the damper’s seismic energy dissipa-
tion efficiency can be fine-tuned by modifying the cable’s tension using
a towing machine situated at the system’s opposite end.

In actual buildings, innovative lighting systems need to be anchored
to the primary load-bearing elements of the structure, such as walls,
beams, columns, and floors, using various connectors. Fig. 3 illustrates
the conceptual design for connecting these systems to a Beam-column,

a Ceiling, a Wall, and an H-beam frame. These four types of connectors
can be broadly categorized into two groups: the pole connector (used
for Ceiling and Beam-column connections) and the direct connector (for
Wall and H-Beam frame connections).

3. Shaking table test
3.1. Shaking table test frames

The seismic behavior of pulley wireway systems was investigated in
this study using shaking table tests conducted at the Earthquake Disas-
ter Prevention Research Center at Pusan National University. The table,
measuring 4 X 4 meters, was designed to support up to 30,000 kg. Three
key components were incorporated into the tests: (1) a simulator that
was used to replicate earthquake motions; (2) a steel frame that was
designed to transfer seismic excitations; and (3) specimens. Details are
provided in Fig. 4.

For experiments, the steel frame was fabricated, simulating a room
in the target building. The lower level had four steel beams and
columns; the upper had a T-beam and two columns. For tri-axial shak-
ing table tests across longitudinal (X), lateral (Y), and vertical (Z) axes,
the test frame was designed to be sufficiently rigid, ensuring no inad-
vertent amplification of the table input motion [41,42]. The frame’s
rigidity was carefully ensured, maintaining its fundamental frequency
even after integrating the mass of the lighting specimens. Resonance
frequency search tests were conducted to determine the frame’s natural
frequency, detailed in Table 4. The findings indicate that the fundamen-
tal frequencies of the steel frame remained relatively consistent across
the shaking table tests. Consequently, it was concluded that the frame
possessed adequate rigidity to prevent inadvertent amplification of the
table input motion within the testing frame.
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a) b) c) d)

Fig. 3. The concept of the system’s connections to the (a) Beam-column type (BCT); (b) Ceiling type (CT); (c) Wall type (WT); (d) H-beam frame type (HBT).
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Fig. 5. The components of the pulley wireway system.

Table 1

Mechanical characteristics of the cable.
Item value units
Wire structure 7x7
Diameter 4 mm
Maximum load bearing 9.8 kN
Weight per unit length 0.066 kg/m
Displacement (50kgf tensile load) 0.7 mm

Modulus of elasticity 96105 MPa

3.2. Description of the test specimens

Four prototypes of a wireway system, each incorporating a dummy
mass, were examined, each differentiated by its connector type: Ceil-
ing (CT), H beam frame (HBT), Wall (WT), and Beam Column (BCT)
[40]. The lighting system incorporated a 34 W LED light mounted on
a 65 %70 x 2500 mm aluminum duct, with a total length of 3680 mm.
Prototypes were categorized as pole connector (CT and BCT) or direct
connector (WT and HBT). The poles and duct were made from AL6063
alloy, while the pulley used AL6061 alloy. Stainless steel cables of 4
mm diameter were utilized, with their properties detailed in Table 1.

The information on the material properties of stainless steel and alu-
minum alloy is shown in Table 2 [40]. It is noted that the original mass
of the lighting system primarily comprised the natural mass of essential
components, including pipes, wiring, and electrical equipment, with a
total mass of approximately 27 kg.

For each prototype, a friction damper featuring a 60 mm diameter
pulley was incorporated. This friction damper serves the purpose of dis-
sipating seismic energy through mechanical friction occurring between
various interfaces, including the pulley and the pulley base, the cable
and the pulley, as well as the pulley and the aluminum pipe [39]. The
actual image of the pulley friction damper, along with the tension ad-
justing device, are depicted in Fig. 5.

Han et al. [40] conducted an investigation on four original dis-
tinct prototypes of a novel wireway system without dummy masses (see
Fig. 6). In the current study, these four specimens, now augmented with
a dummy mass of 40.5 kg, were further explored. Detailed information
about these specimens is provided in Fig. 7.

The fundamental frequency of a single degree of freedom (SDOF)
system can be calculated using the formula [43]:

=L./k
ey fE w

Where:

« f is the fundamental frequency of the system.
* k is the stiffness of the system.
» m is the mass of the system.

Based on Eq. (1), it is clear that adding dummy masses can adjust the
fundamental frequencies of a novel lighting system. This study assessed
the impact of such adjustments on the seismic response of the pulley

wireway system. Specimens were categorized as WOD (without dummy
masses) and WD (with dummy masses) for analysis. The focus was on
examining the frequency ratio r, defined as the ratio of the specimen’s
fundamental frequency f; to the frame’s fundamental frequency f.

fs

3.3. Test setup and measuring instruments

To record acceleration and displacement responses in three orthogo-
nal directions during tests, a comprehensive instrumentation setup was
implemented. This setup included five tri-axial accelerometers (A1-A5)
and two linear variable displacement transducers (LVDTs) (D1 and D2),
each positioned at specific locations. Accelerometer Al, situated at the
shaking table’s base, measured base excitation. A5 and A4, positioned
atop the T-beam and the first-floor steel column respectively, tracked
the structural response. A2, A3, and LVDTs D1 and D2 were located
at the duct’s top midpoint, crucial for assessing specimen earthquake
performance.

During testing, the CT and HBT specimens were evaluated in Steps
1 and 2, and the WT and BCT in Step 3, with the T-beam removed
in the latter. The recorded acceleration and displacement data from
these sensors were pivotal for a comparative analysis of the specimens’
seismic behavior. The locations of the accelerometers and LVDTs are
depicted in Fig. 8.

3.4. Input ground acceleration records

Shaking table tests followed the loading protocol recommended by
ICC-ES-AC 156 [41], a standard for assessing the seismic performance
of NSCs. The seismic input was designed to meet the required response
spectrum (RRS)—a representation of the minimal seismic acceleration
needed to stimulate a component based on its natural period or fre-
quency. This RRS was informed by two key parameters: the story height
ratio (z/h) and the design spectral response acceleration for short du-
rations (Spg) [44-46]. Calculations for the RRS levels incorporated
seismic parameters, both horizontal and vertical spectral accelerations,
for both flexible and rigid components, as illustrated in Fig. 9.

Where the horizontal spectral acceleration for flexible Ay; y_p and
rigid Ag;5_py components are computed as follows [41,47]:

Arpyon =SDS<1+2%>S1,6SDS 3)

AR,G_H:0.4SDS<1+2%> )

The vertical spectral acceleration of the flexible Ay; y_;, and rigid
Aprc—y components are computed as follows [41,47]:

Appx-y =0.6718pg (5)

ARrg-y =0.27Spg (6)
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Fig. 6. Details of the four test specimens without dummy masses as described by Han et al. [40].
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Fig. 7. Details of the four test specimens with dummy masses.
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Table 2
Mechanical properties of all the main parts of the system.
Material ~ Density Ultimate Strength  Yield Strength ~ Elongation at  Elastic Modulus ~ Poisson’s
(g/cm3) (MPa) (MPa) Break (%) (GPa) Ratio
AL6063 2.70 150 920 20 69 0.33
AL6061 2.70 310 276 12-17 68.9 0.33

Tri-axial accelerometer
e Model: 3713B1130G/A
S-85T
—
- A

Shaking table

Fig. 8. The locations of the accelerometers and LVDTs from Steps 1 and 2.
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Fig. 9. Required response spectrum (AC156).

According to the Korean Design Standard [45] (KCSC 2019) and
guidelines for calculating S, ¢ based on the peak ground acceleration
with a 2400-year return period (S) of 0.19 in South Korea [47], Dinh
et al. [35], Jun et al. [42], and Kim et al. [48] used a value of Spg =
0.50 g, assuming a Site Class D (stiff) soil condition. For this study, an
AC156 input motion equivalent to Sp¢ = 0.5 g was scaled using values
derived from the standard, with scaling factors of 100% (Spg = 0.5 g)
and 140% (Sps = 0.7 ). The test plan is detailed in Table 3.

In this research, the assumption made was that the specimens were
affixed to the highest floor of structures, leading to a z/h ratio of 1.0.
The input acceleration time-history, as well as its elastic response spec-
trum for 5% damping (referred to as the test response spectrum or
TRS), the RRS, and the RRS scaled to 90% and 130%, are shown in
Fig. 10. This input acceleration time-history was formulated by the
engineers at the Seismic Research And Test Center of Pusan National
University. The graph indicates that the input acceleration meets the
standards set in ICC-ES AC156 and SPS-F KOCED 0007-7419:2021
[41,47].

4. Test results and discussion
4.1. Fundamental frequency of the specimens

4.1.1. Experimental results

Prior to the shaking table tests, resonance frequency search tests
were conducted [40,39]. Single-axis sinusoidal sweeps were performed
within the frequency range of 1.0 Hz to 50 Hz along each orthogonal
major axis. The fundamental frequencies of the specimens were deter-
mined using the frequency domain transfer function technique [49].
Fig. 11 illustrates the transfer function charts for Steps 1, 2 and 3.

The fundamental frequency results for the four different specimens
with dummy masses and the steel frame are shown in Table 4. The spec-
imens with dummy masses displayed consistent fundamental frequency
results. For the HBT specimen, frequencies were 2.25 Hz (X), 26 Hz
(Y), and 4.00 Hz (Z). The CT specimen recorded frequencies of 4.75 Hz
(X), 12.50 Hz (Y), and 4.25 Hz (Z). This consistency confirms the struc-
tural integrity of both specimens during the experiments, even with the
added dummy masses.

The fundamental frequency results for the four different specimens
with dummy masses are shown in Table 5 [40].

The experimental results indicate that the mass and stiffness of the
dummy masses significantly influenced the fundamental frequencies of
the novel system. The experimental findings revealed that in the X
and Z directions, the specimens with dummy masses exhibited smaller
fundamental frequency values compared to specimens without dummy
masses, despite utilizing the same type of connection to the main struc-
ture. For instance, the CT with dummy masses exhibited fundamental
frequencies of 4.75 Hz in the X direction and 4.25 Hz in the Z direction,
while the CT without dummy masses had fundamental frequencies of
11.75 Hz in the X direction and 8.25 Hz in the Z direction. Evidently,
increasing the mass for the specimens led to a reduction in their funda-
mental frequencies.

In the Y direction, the pole connector with dummy masses speci-
mens (CT, BCT) exhibited smaller fundamental frequency compared to
the corresponding without dummy masses specimens. For example, the
CT with dummy masses specimen had a fundamental frequency of 12.50
Hz, whereas the CT without dummy masses specimen had a fundamen-
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Table 3
Test plan.
Step  Test  Direction  Spg Scale factors ~ Specimen Remark
(® (%) under test
0.1 - H-beam frame
1 X 0.1 } Ceiling Resonance test
2 Y 01 i H-P(?am frame Resonance test
0.1 - Ceiling
1 - A
3 Z 01 H P?am frame g esonance test
0.1 - Ceiling
0.5 100 H-beam frame o level excitati
4 X,Y,Z 05 100 Ceiling Design level excitation
0.1 - H-beam frame
1 X 01 } Ceiling Resonance test
2 Y 01 i Hbeam frame Resonance test
0.1 - Ceiling
2 1 - H-beam f
3 Z 0- Deam Tame  pesonance test
0.1 - Ceiling
0.7 140 H-beam frame
4 XY,z 0.7 140 Ceiling
0.1 - Beam-column
1 X 01 B Wall Resonance test
0.1 - Beam-column
2 Y 01 . Wall Resonance test
3 1 - Beam-col
3 Z gl ) We;rln column Resonance test
0.7 140 Beam-column
4 XY,z 0.7 140 Wall

Sps: Spectral response acceleration at short period.
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Fig. 10. Input acceleration time history corresponding to S,¢ = 0.5 g, TRS, RRS, upper and lower matching limits (damping = 5%).

tal frequency of 19.75 Hz. In contrast, the direct connector specimens
with dummy masses (HBT, WT) displayed larger fundamental frequen-
cies. For instance, the HBT with dummy masses had a fundamental
frequency of 26.00 Hz, while the H-beam frame without dummy masses
type had a frequency of 19.75 Hz. This is believed to be due to the com-
bined effect of the mass and stiffness of the dummy masses (with the
stiffness in the Y direction of the dummy masses being the greatest,
compared to the X and Z directions) and the stiffness of the pole con-
nection in the Y direction.

In specimens augmented with dummy mass, the fundamental fre-
quency values are significantly influenced by both the connection posi-
tion to the frame and the pole’s length. In the case of direct connector
specimens with a dummy mass, the WT, being positioned higher than
the HBT, demonstrated higher fundamental frequencies across the X, Y,
and Z directions (X direction: 2.75 Hz vs. 2.25 Hz, Y direction: 30.75
Hz vs. 26 Hz, Z direction: 4.25 Hz vs. 4 Hz). Conversely, for pole con-
nector specimens with dummy masses, the CT, featuring a longer pole,
showed higher fundamental frequencies in the X and Z directions (X di-
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Fig. 11. The plot of the transfer function for Steps 1, 2, and 3 as obtained from the experimental data.

rection: 4.75 Hz vs. 2.25 Hz, Z direction: 4.25 Hz vs. 3.25 Hz), but a nector specimens, BCT (r f from 0.99 to 0.75), or remained unchanged
lower frequency in the Y axis (Y direction: 12.5 Hz vs. 30.75 Hz). (r ;= 1.0). The r ’ in the Z direction could not be determined due to the
The frequency ratio r, of the specimen with and without dummy absence of fundamental frequency data for the frame in this direction.

masses is shown in Table 6.
Clearly, adding dummy mass resulted in a reduction of the r, for all 4.1.2. Numerical modal analysis

specimens in the X direction. In the Y direction, the addition of dummy The acceleration responses obtained from the shaking table tests
mass increased r, for direct connector specimens, HBT (r; from 1.0 to were first analyzed. Subsequently, the fundamental frequencies of the
2.08) and WT (r from 1.00 to 1.24), while it decreased for pole con- specimens were determined using the frequency domain transfer func-
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Table 4
The fundamental frequency results of the specimens with dummy masses.
Step  Specimen Location = Fundamental frequency results (Hz) Remark
X direction Y direction  Z direction
H-beam frame A2 2.25 26.00 4.00 Fig. 11a
1 Ceiling A3 4.75 12.50 4.25 Fig. 11b
Top of the column A4 27.00 12.50 N/A Fig. 11c
Top of the T-beam A5 17.00 12.50 16 Fig. 11d
H-beam frame A2 2.25 26.00 4.00 Fig. 11e
9 Ceiling A3 4.75 12.50 4.25 Fig. 11f
Top of the column A4 27.00 12.50 N/A Fig. 11g
Top of the T-beam A5 17.00 12.50 16.00 Fig. 11h
Beam-column A2 2.50 18.50 3.25 Fig. 11e
3 Wall A3 2.75 30.75 4.25 Fig. 11f
Top of the column A4 27.50 24.75 N/A Fig. 11g
Table 5 Table 7

The fundamental frequencies - Test results of the specimens with
and without dummy masses.

Specimen Fundamental frequency - Test results (Hz)

X direction Y direction Z direction

WOD WD WOD WD WOD WD
H-beam frame 13.50 2.25 19.75 26.00 8.00 4.00
Ceiling 11.75 4.75 19.75 12.50 8.25 4.25
Beam-column 12.25 2.50 19.25 18.50 8.00 3.25
Wall 14.00 2.75 19.50 30.75 9.25 4.25

Note: WD: With dummy masses; WOD: Without dummy masses.

Table 6
The fundamental frequency ratio r, of the specimens with and
without dummy masses.

Specimen The fundamental frequency ratio r,
X direction Y direction Z direction
WOD WD WOD WD WOD WD
H-beam frame 0.55 0.08 1.00 2.08 N/A N/A
Ceiling 0.47 0.28 1.00 1.00 N/A N/A
Beam-column 0.51 0.09 0.99 0.75 N/A N/A
Wall 0.58 0.10 1.00 1.24 N/A N/A

Note: WD: With dummy masses; WOD: Without dummy masses.

tion technique. To verify these fundamental frequencies, modal analysis
was performed using Mechanical Enterprise 2021/R1 [50].

Finite Element (FE) three-dimensional models were established to
showcase the mechanical behavior of the specimens. Han et al. [51]
developed the FE model for a pulley wireway system without dummy
masses, as depicted in Fig. 12. The dimensions of the FE model were
derived from the test specimen. All material properties (refer to Ta-
ble 1 and Table 2), geometric and contact elements, were incorporated.
The end base and connector were modeled using ANSYS’s 3D 10-node
elements (SOLID187) [52]. The cable and duct were modeled using CA-
BLE280 and SHELL281, respectively.

For modal analysis, one hundred modes were defined. The first mode
of natural vibration for the WT without a dummy mass was found in the
Z-axis with a frequency of 9.25 Hz, as shown in Fig. 13(a). The second
mode of natural vibration was observed in the X-axis with a frequency
of 12.53 Hz, depicted in Fig. 13(b). Similarly, it can be stated that the
third mode of natural vibration was 19.86 Hz in the Y-axis, illustrated
in Fig. 13(c).

In Table 7, the fundamental frequencies derived from finite ele-
ment analysis (FEA) for all specimens, both with and without dummy
masses, are presented. Overall, comparing the results between test anal-
ysis and FEA indicates the reliability of the experimental outcomes. For
the X and Z directions, the greatest difference between the fundamen-
tal frequency results in experiments and FEA is just 1.77 Hz. In the Y

10

The fundamental frequency - FE analysis results of the specimens
with and without dummy masses.

Specimen Fundamental frequencies - FEA results (Hz)

X direction Y direction Z direction

WOD WD WOD WD WOD WD
H-beam frame 12.53 3.17 19.86 35.39 9.25 2.90
Ceiling 10.34 4.04 18.07 12.42 8.52 3.60
Beam-column 10.67 4.27 18.09 17.90 8.60 3.59
Wall 12.53 3.17 19.86 35.39 9.25 2.90

Note: WD: With dummy masses; WOD: Without dummy masses.

direction, the discrepancy is very small for both CT and BCT; however,
it is relatively larger for WT and HBT. This can be attributed to the
challenges in accurately simulating the combined effect of the mass and
stiffness of the dummy masses in the direct connector specimens.

4.1.3. The frequency content of the input motion and the system’s
fundamental frequencies

The input ground motion for the shaking table should be a non-
stationary broadband random excitation signal, providing at least 20
seconds of strong motion, and typically lasting around 30 seconds in
total duration. It includes frequency contents ranging from 1.3 Hz to
33.3 Hz, as shown in Fig. 9 and Fig. 10. This frequency range spans
all the fundamental frequencies of the lighting system assessed in this
study, which are between 2.25 Hz and 30.75 Hz.

In accordance with AC156, the study identified that the maximum
spectral acceleration in the low-frequency content range, which is be-
low 10 Hz and specifically falls between 1.3 Hz to 8.3 Hz, occurred in
the X and Y directions. In contrast, for the Z direction, the maximum
spectral acceleration was observed within a wider range, extending
from 1.3 Hz to 33.33 Hz.

The changes in the fundamental frequency affect the seismic re-
sponse of the system. With the incorporation of a dummy mass, the
fundamental frequency in the X direction decreased from the range of
approximately 11.75 to 13.5 Hz, which is outside the maximum spec-
tral acceleration range of 1.3 Hz to 8.3 Hz, down to a range of 2.25
Hz to 4.75 Hz. In the Y direction, the change in fundamental frequency
from about 19.25 Hz to 19.75 Hz to the range of 12.5 Hz to 30.75 Hz
still falls outside the range of maximum spectral acceleration. In the Z
direction, the shift in fundamental frequency from approximately 8.0
Hz to 9.25 Hz to the range of 3.25 Hz to 4.25 Hz is within the range of
maximum spectral acceleration.

4.2. Visual inspection
All specimens, regardless of being with or without dummy masses,

were visually inspected pre- and post-shaking table tests to identify po-
tential deformations or damage. The evaluations showed:
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Fig. 12. The FE model for WT without dummy mass in ANSYS.

Fig. 13. The first three mode shapes of the WT without dummy masses: (a) Mode 1 in Z direction (f = 9.24 Hz); (b) Mode 2 in X direction (f = 12.53 Hz); (c) Mode

3 in Y direction (f = 19.86 Hz).

» Absence of significant structural anomalies or apparent damages
at bolt connections and connectors for both specimens with and
without dummy masses [40].

+ No instances of toppling or collapse in any of the specimens.

+ Continued full operability of the lighting system throughout the
tests.

These observations validate the robustness and efficiency of the
wireway vibration attenuation system under seismic influences and var-
ious mass conditions, aligning with the stipulations of ICC-ES AC156
and SPS-F KOCED 0007-7419:2021 [41,471].

4.3. Evaluating the effect of the masses of lighting systems on seismic
performance

4.3.1. Displacement response

During the tests, LVDTs D1 and D2 captured lateral displacements
(X direction) of all four specimens. Fig. 14 shows the response lateral
displacement time history plots for the specimens with dummy masses.
It is clear that the fundamental frequency r, influenced the maximum
lateral displacement.

+ When subjected to an earthquake magnitude of S, = 1.0g, all spec-
imens without dummy mass displayed similar lateral displacements
[40].

+ When subjected to earthquake magnitudes of S, =0.5¢g and S, =
0.7g, specimens with dummy mass exhibited response-time his-
tories of lateral displacement, as illustrated in Fig. 14. The data

11

revealed a direct correlation between the earthquake magnitude
and the specimens’ maximum relative displacement. Notably, spec-
imens with dummy masses employing pole connectors (see Table 6)
demonstrated the larger lateral displacements in comparison to
those with direct connectors.

As per standards from the Korean National Radio Research Agency
[53], top equipment displacement should not breach the 75 mm mark
for ensuring the integrity of adjacent NSCs. The HBT specimen adhered
to this criterion. Conversely, CT, BCT, and WT specimens exhibited dis-
placements that went beyond the recommended 75 mm limit during
certain phases of the tests.

4.3.2. Acceleration response

The acceleration response of the novel system, influenced by the fre-
quency ratio r, was explored using four specimens. These specimens,
without dummy masses [40] and with dummy masses, were tested on a
shaking table. Fig. 15 and Fig. 16 show the response acceleration time
history plots for Steps 1-3 of the specimens with dummy masses.

+ In experiments where specimens without additional masses were
subjected to a .Spg = 1.0 g earthquake, distinct behaviors emerged
based on the type of connectors used. Specimens with direct con-
nectors demonstrated higher r, in the X direction, ranging from
0.55 to 0.58, compared to those with pole connectors, whose r,
ranged from 0.47 to 0.51. As a result, the direct connector spec-
imens exhibited lower acceleration responses in the X direction.
In the Y direction, despite the frequency ratios of all specimens
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being nearly identical, those with direct connectors still showed

smaller acceleration responses than the pole connector specimens.

Although the r; in the Z direction was indeterminable, the funda-

mental frequencies for both connector types in this direction were

similar. Nonetheless, the direct connector specimens consistently
displayed smaller acceleration responses in the Z direction than
those with pole connectors.

For the specimens with dummy masses:

— A diminished acceleration response was identified in the pole
connector type specimens when dummy masses with were in-
troduced, compared to the direct connector type specimens. The
acceleration response among the specimens became more stable.

- In Fig. 15, under a Spg = 0.5 g earthquake, the specimens
demonstrated a consistent acceleration response. The HBT spec-
imen, which is a direct connector type with a frequency ratio
(ry) of 0.08, exhibited greater acceleration responses in the X
direction compared to the CT specimen with an r, of 0.28. In
contrast, in the Y direction, the HBT specimen with an r r of 2.08
showed reduced acceleration response relative to the CT speci-
men with an r, of 1.00. This indicates that a lower r results in
higher acceleration responses in the specimens. Although the r
in the Z direction was indeterminate, the fundamental frequen-
cies for both types of specimens in this direction were found to be
similar. However, the HBT specimen continued to display larger
acceleration responses in the Z direction.

- In Fig. 16, for a Spg =0.7 g earthquake, CT specimens with the
highest r + (0.28) had the lowest acceleration in the X direction,
while the HBT specimen with the highest r i (2.08) showed the
lowest acceleration in the Y direction. r in the Z direction was
undetermined. Pole connector specimens with a higher funda-
mental frequency (4.25 Hz vs. BCT’s 3.25 Hz) in Z direction had
smaller acceleration responses. Direct connector specimens like
WT with a higher frequency (4.25 Hz) compared to HBT (4.00
Hz) also showed higher acceleration responses in Z direction.

- Significantly, when compared to the CT specimen without
dummy masses, which had a r; of 1.00 and a fundamental fre-
quency of 19.75 Hz in the Y direction, the CT specimen with
dummy mass exhibited an r, of 1.00 and a fundamental fre-
quency of 12.5 Hz. Notably, this did not result in an abrupt
increase in acceleration response in the Y direction. Therefore,
a decrease in the fundamental frequency led to a notably stable
acceleration response in specimens with long poles.

4.3.3. Peak resonant oscillation

The behavior of the specimens needs to be carefully considered
when resonance occurs during earthquakes. Therefore, a comprehen-
sive and detailed investigation was performed in the frequency domain.

The acceleration spectral density (ASD) presents the distribution of
acceleration response for each frequency recorded during the shaking
table experiment. To calculate the ASD functions from the collected
data, Welch’s method is employed. This method, introduced by Welch
and Solomon [54,55], involves analyzing windowed and zero-padded
frames from the signal, denoted as the m'" segment of the signal x:

X (n)éa)(n)x(n+mR) ()

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 (or segments). The window function de-
notes as w(n). M denotes number of points in each segment. Then, the
periodogram P, s (@) of the m'™ segment is given by:

2
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Table 8
The maximum ASD value of the specimens with dummy masses.

Step  Specimen z Sps Peak ASD (G?/Hz)
(m) (®) X-dir Y-dir Z-dir
1 Ceiling 2.430 0.500 0.012 0.013 0.010
H-beam frame 0.505 0.500 0.018 0.006 0.029
9 Ceiling 2.430 0.700 0.018 0.017 0.014
H-beam frame 0.505 0.700 0.037 0.009 0.043
3 Beam-column 1.070 0.700 0.131 0.009 0.037

Wall 1.070  0.700 0.108 0.010  0.043

Where FFT denotes the Fast Fourier transform algorithm. The Welch
estimate of the power spectral density S’)’f (a)k) is as follows (an average
of periodograms across time):

K-1

aw 1

8 () 2 2 2 P (@) ©)
m=0

In this study, the ASD plots were generated using the pwelch func-
tion in MATLAB [56]. The displayed ASD values range from 1 Hz to
256 Hz. The ASD calculations employed the following parameters: M
= 1024 points per segment, K = 21 segments with 50% duplicates (S
= 0.5M), a time per segment of 2 seconds, and a frequency resolution
(df) of 0.5 Hz.

The effects of the fundamental frequency ratio, r,, on the ASD of
the novel system were investigated using eight specimens. This study
involved four specimens without additional dummy masses, as refer-
enced in [40], and four specimens with dummy masses, all of which
were tested using a shaking table.

Fig. 17 shows the acceleration spectral density (ASD) plots for the
specimens without dummy masses.

The peak ASD values when resonance occurred and the correspond-
ing frequencies of the four specimens with dummy masses during Steps
1-3 are shown in Table 8. Fig. 18 displays the ASD plots for the CT (pole
connector) and HBT (direct connector) specimens with dummy mass in
the X, Y, and Z directions during Step 1 (Spg = 0.5 g) and Step 2 (Spg¢
= 0.7 g), respectively.

Fig. 19 displays ASD plots for the specimens with dummy masses in
the X, Y, and Z directions during Steps 2 and 3 (Spg = 0.7 g).

« For specimens without dummy masses:
- When subjected to an earthquake of Sp¢ =1.0 g [40]:

« Direct connectors had higher frequency ratios (r,: 0.55-0.58)
in the X direction than pole connectors (r 7t 0.47-0.51), lead-
ing to lower X-direction peak ASD. Despite similar r, values
in the Y direction, direct connectors exhibited smaller peak
ASDs compared to pole connectors. In the Z direction, while
r s values were indeterminable, fundamental frequencies were
similar across connector types. However, direct connectors
consistently showed smaller peak ASDs in the Z direction.

* The CT specimen with a longer pole demonstrated a substan-
tially higher peak ASD value in the Y direction, greatly exceed-
ing the values of other models, with an increase ranging from
89 to 584 times. As a result, for specimens without dummy
mass, those with long poles are not recommended.

+ For specimens with dummy masses:
- Analysis during earthquakes with magnitudes Spg = 0.5g (see

Fig. 18) and S =0.7g (see Fig. 19):

* In the pole connector type specimens, a reduction in peak ASD
values was observed upon the introduction of dummy masses,
as compared to the direct connector type specimens. Intrigu-
ingly, the CT specimen did not manifest any sharp surges in its
peak ASD value.

« The HBT specimen, which is a direct connector type with a
ry of 0.08, showed greater peak ASD values in the X direction
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Fig. 19. ASD plots of the Steps 2 and 3 (S =0.7 g) for the specimens with dummy masses.
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compared to the CT specimen with an r, of 0.28. Although

the r 7 in the Z direction was indeterminate, the fundamen-

tal frequencies for both specimen types in this direction were
similar. Nonetheless, the HBT specimen continued to exhibit
larger peak in the Z direction. Specifically:

- For Spg = 0.5g, CT’s decrease in peak ASD values was
32.40% (X direction) and 66.21% (Z direction) compared to
HBT.

- For Spg =0.7g, CT showed a reduction in peak ASD values
by 52.04% (X direction) and 66.43% (Z direction) relative to
HBT.

In the Y direction, the HBT specimen with an r, of 2.08 had a

lower peak ASD than the CT specimen with an r, of 1.00, indi-

cating that lower r, results in higher peak ASD. The CT spec-

imen’s peak ASD values were higher than HBT’s by 121.17%

for Sps =0.5 g and 81.94% for Spg=0.7 g.

Compared to the CT specimen without dummy mass, which

had the r; of 1.00 and a fundamental frequency of 19.75 Hz in

the Y direction, the CT specimen with dummy mass, possessing

asimilar r, of 1.00 but a lower fundamental frequency of 12.5

Hz, exhibited no significant increase in peak ASD in the Y di-

rection. This suggests that a reduced fundamental frequency in

long pole specimens contributes to stabilizing the specimen’s
oscillation during resonance.

- For pole connector specimens:

* Fig. 19a-c show that the CT specimen with an 7, of 1.00 in the
Y direction showed an 85.75% increase in peak ASD compared
to the BCT specimen’s r; of 0.75. Conversely, the CT specimen
with an r, of 0.28 in the X direction exhibited an 86.38%
reduction in peak ASD relative to the BCT specimen with an
r; of 0.09.

* Previous study showed that in the Y direction, CT specimens
with long pole and without dummy mass needed attention
due to their high peak ASD. Although the CT specimen with
dummy masses had the r , its peak ASD remained greater than
that of the BCT specimen, despite a significant reduction in
their difference compared to cases without dummy mass. This
highlights the critical role of pole length in earthquake per-
formance of the pole connector specimens, emphasizing the
importance of reducing pole length to control Y-direction os-
cillations.

%

*

» For direct connector specimens (observations from Fig. 19a-c dur-
ing Spg=0.7g):

- The peak ASD value increased as the frequency ratio (r,) de-
creased. In the Y direction, the WT specimen, with an r r of 1.24,
exhibited peak ASD values that were 9.93% higher compared to
the HBT specimen, which had an r, of 2.08 in the Y direction.

— Peak ASD value increased with elevation in mounting position.
The WT specimen, mounted at z = 1.070 m, demonstrated peak
ASD values higher by 189.74% in the X direction compared to
the HBT specimen, which was mounted at z = 0.505 m, when the
r s of the two specimens was nearly the same in this direction.

— Interestingly, when the fundamental frequencies of the HBT and
WT specimens were the same, the peak ASD value in the Z direc-
tion was observed to be similar for both specimens.

4.3.4. 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
under the ASD curve. The area under the ASD curve of the j* frequency
segment (a;) between the frequencies f;_; and f; corresponds to P,_,
and P; [57,58].
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Table 9
Overall GRMS value of the specimens with dummy masses.

Step Specimen z Sos Overall GRMS (g)
(m) (€3] X-dir Y-dir Z-dir Total
1 Ceiling 2430 0,500 0.214 0.238 0.169 0.621
H-beam frame 0.505 0.500 0.254 0.188 0.261 0.703
9 Ceiling 2.430 0.700 0.282 0.299 0.223 0.803
H-beam frame  0.505 0.700 0.354 0.248 0.354  0.956
3 Beam-column 1.070 0.700 0.400 0.254 0.294 0.947

Wall 1.070  0.700  0.445 0.297  0.398 1.139

m is the slope of the segment j between the frequencies f;_; and f;:

P log(2
m=1010g<—’> _log®@ (10)
P_, log <L)
fiz1
for m # —101log(2):

P,- fi—l m/101og(2)
”f,»,j:ml"g(z)m fi_fi—l<Ti> an

for m=—10log(2):

A =Pi—lfi—lln<fi> (12)

i—1

The GRMS value at the j** frequency segment:

GRMS; = \/a_j (13)

The overall GRMS level at j* at frequency f; is then:

J
GRMS; =Y a, 14)
m=0

The overall GRMS is the value at the end of the Cumulative acceler-
ation root mean square (CRMS) plots. In the absence of dummy masses,
the seismic energy was analyzed for different specimens, as shown in
Fig. 20 [40].

The Overall GRMS of the four specimens with dummy mass during
Steps 1-3 are shown in Table 9.

Fig. 21 and Fig. 22 present cumulative acceleration root mean
square plots for four specimens with dummy masses in the X, Y, and
Z directions during Steps 1-3.

Clearly, for the novel lighting support system, particularly in systems
with pole connectors, adjusting the system’s fundamental frequency
downwards by adding dummy mass has effectively mitigated the po-
tential amplification of the structural response due to high-frequency
ground motion [59].

+ In the absence of dummy masses, seismic energy was analyzed for

different specimens, as presented in Fig. 20 [40].

- In Sp, = 1.0 g earthquake tests, specimens with direct connec-
tors had higher r ¢ in the X direction (from 0.55 to 0.58) com-
pared to pole connectors (r, from 0.47 to 0.51), leading to lower
earthquake energy in the X direction. Despite similar r , values in
the Y direction, direct connectors exhibited lower earthquake en-
ergy than pole connectors. In the Z direction, although r, values
could not be determined, both connector types had similar fun-
damental frequencies, but direct connectors consistently showed
lower earthquake energy in the Z direction.

- The CT specimen, with a 2.15 m pole length and r, = 1.00, ex-
hibited notably higher earthquake energy in the Y direction than
the HBT, WT, and BCT specimens, highlighting the disadvantages
of long pole connectors.

« For specimens with dummy masses, the introduction of a dummy
mass was observed to generally result in lower seismic energy
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Fig. 20. CRMS plots of the specimens without dummy mass (S g = 1.0 g) [40].
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Fig. 21. CRMS plots of the specimens with dummy masses for Steps 1 (S, ¢ =0.5 g) and 2 (S, =0.7 g).
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for specimens with pole connectors compared to those with direct
connectors. The overall GRMS value of pole connector specimens
decreased by 0.94% to 29.46% across the X, Y, and Z directions in
comparison to direct connector specimens. Notably, the CT spec-
imen showed no significant surge in earthquake energy values
around its resonant frequency.

— As visualized in Fig. 21, a direct proportionality between the
earthquake energy of the specimens and earthquake magnitude
was observed. During seismic events with magnitudes Spg¢ =
0.5g and S =0.7g:

» Under earthquakes of (Spg =0.5 g and Spg =0.7 g), the
HBT specimen, a direct connector type with r, of 0.08, dis-
played a higher overall GRMS in the X direction by 15.69%
and 35.35%, respectively, compared to the CT specimen with
an r, of 0.28. In the Y direction, however, the HBT specimen
with an r, of 2.08 had a lower overall GRMS by 26.94% and
20.34% than the CT specimen with an r; of 1.00. Although the
ryin the Z direction was indeterminate, the fundamental fre-
quencies were similar for both specimen types. Yet, the HBT
specimen consistently showed larger overall GRMS in the Z di-
rection by 20.25% and 37.07% for each seismic intensity. This
suggests that a lower r, correlates with higher overall GRMS
in the specimens.

- An observation made during the Sp¢ = 0.7 g seismic event, as
shown in Fig. 22, highlighted:

* For direct connector specimens: the overall GRMS value in-
creased as the r ’ decreased. Specifically, in the Y direction,
the WT specimen with an r, of 1.24 exhibited overall GRMS
values that were 12.31% higher than those of the HBT speci-
men, which had an r f of 2.08.

» For direct connector specimens: the overall GRMS value in-
creased with the elevation of the mounting position. The WT
specimen, mounted at z = 1.070 m, demonstrated overall val-
ues that were 25.77% higher in the X direction and 12.31%
in the Z direction compared to the HBT specimen, which was
mounted at z = 0.505 m, when the r 7 in the X direction and
the fundamental frequency in the Z direction of the two speci-
mens were nearly the same.

* In pole connector specimens, the study found that CT speci-
mens with long poles and without dummy mass showed an
overall GRMS 3.38 times higher than that of BCT specimens in
the Y direction [40]. Even with a larger r , of 1.00 compared to
the BCT’s 0.75 when using dummy masses, the CT specimen’s
overall GRMS was still 17.73% higher than the BCT specimen’s
one. This emphasizes the significant role of pole length in the
earthquake performance of these specimens and the need to
reduce pole length for better performance in the Y direction.
For pole connector specimens: while the fundamental frequen-
cies of the two specimens in the Z direction were nearly the
same, the CT specimen in the Z direction exhibited a 24.09%
reduction in overall GRMS relative to the BCT specimen.

In the case of pole connector specimens, the CT specimen, with

a higher r, of 0.28 in the X direction, exhibited a 29.45%

reduction in overall GRMS compared to the BCT specimen,

which had a lower r of 0.09.

*

*

5. Conclusions

Through tri-axial shaking table tests, the seismic behavior of a wire-
way vibration attenuation system for exposed raceway light fixtures
was examined. Eight prototypes, differing in connectors and mass, were
studied. Input motion was based on the ICC-ES AC156. Key conclusions
are:
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+ A series of shaking table tests that met the AC156 standard were
conducted, and they proved that the pulley wireway system would
perform efficiently during earthquakes.

The mass and stiffness of dummy masses critically influence the
fundamental frequencies of a novel structural system, with spec-
imens having dummy masses displaying lower frequencies in the
X and Z directions. In contrast, in the Y direction, the frequency
varied with connector type and the presence of dummy masses,
where pole connectors with dummy masses showed lower frequen-
cies, and direct connectors exhibited higher frequencies.

In specimens with dummy mass, fundamental frequencies were in-
fluenced by the connection’s position to the frame and the pole’s
length, with higher or longer poles resulting in increased frequen-
cies in certain directions.

Adding mass changed the fundamental frequency ratio of the light-
ing system relative to the main structure: it decreased the ratio in
the X direction, increased it for direct connectors, and either re-
duced or maintained it for pole connectors in the Y direction.
Specimens without dummy masses showed consistent maximum
lateral displacements. In contrast, adding masses to the system re-
sulted in pole connectors exhibiting greater lateral displacements
than those with direct connectors.

Without a dummy mass, direct connector specimens outperformed
pole connectors. For specimens with dummy masses, introducing
a dummy mass generally led to lower seismic energy in pole con-
nector specimens than in direct connector specimens. The overall
GRMS value in pole connector specimens decreased by 0.94% to
29.46% across the X, Y, and Z directions compared to direct con-
nector specimens.

The introduction of dummy masses significantly stabilized acceler-
ation in specimens, with the most notable effect in the long pole
connector specimen, where it substantially reduced abrupt acceler-
ation, peak oscillation and earthquake energy. Lower fundamental
frequency ratios between the novel system and main structure re-
sulted in increased acceleration, peak oscillation and earthquake
energy in the X and Y directions. In the Z direction, direct connec-
tors with dummy masses showed higher acceleration, peak oscil-
lation and earthquake energy compared to pole connectors, but in
the absence of dummy masses, this trend was reversed.

For the novel lighting system, with or without dummy mass, the
earthquake energy of direct connector specimens increased with
the elevation of the mounting position. For pole connector systems,
this underscores the critical role of pole length in earthquake per-
formance and the necessity of reducing pole length for improved
Y-direction performance.

Overall, this study enhances the understanding of wireway vibra-
tion attenuation systems for exposed raceway light fixtures in seismic
environments. It underscores the significance of selecting appropriate
connectors, the positioning connected to main structures, and consid-
ering the mass of the lighting system. Future research using full-scale
specimens, spanning a length of 25 meters, is anticipated to offer fur-
ther insights into the system’s seismic performance.

The earthquake-resistant design standards for NSCs remain limited.
This study’s findings have the potential to enhance current provisions
regarding NSCs. Specifically, it emphasizes the crucial role of factors
such as the connection with the main structure, the mounting position
within the main structure, and especially the ratio of the fundamental
frequency of the NSCs relative to the main structures in designing for
seismic resilience.
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