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Abstract: This study investigated the axial and shear behaviors of a seismic damping isolation unit
(SDI) developed to improve the seismic resistance of suspended ceiling structures. To enhance the
energy dissipation of the SDI, it was composed of a spring, embossed rubbers, and prestressed bolts.
Twelve specimens were prepared and tested for failure under axial and shear loading. The main
parameters were the presence or absence of a spring, loading type, and magnitude of the prestressed
force introduced to the bolts to connect the embossed rubbers. The test results showed that in the
relationship of axial or shear load–displacement of the SDI, the post-peak behavior tended to be
more ductile for specimens with a spring or higher prestressed force magnitude. Consequently, the
ductility ratio and equivalent damping coefficient of the SDI with the spring and 0.1 fby were 3.81 and
0.166, which was 1.06 and 1.20 times higher than the specimens without spring and prestressed force.
In addition, the ductility ratio was approximately 1.07 times higher for the SDI specimens subjected to
monotonic loading than for those subjected to cyclic loading. Meanwhile, the JIS B 2704−1 and AISC
specifications estimated the tensile strength of the SDI specimens subjected to monotonic loading
well, but overestimated that of the specimens subjected to cyclic loading. Hence, the JIS B 2704−1
and AISC specifications should be underestimated by 15.7% and 81.7%, respectively, when estimating
the tensile and shear loads of the SDI subjected to cyclic loading.

Keywords: spring; rubber; damping-isolation unit; axial and shear behavior; ductility

1. Introduction

In general, the non-structural components of buildings are the structures most severely
damaged by earthquakes [1], mainly falling from suspended ceiling structures. This is
because non-structural components have relatively low seismic resistance compared to
structural members [2]. Therefore, ASCE 41−17 [3] and EC 8 [4] specify bracing strength-
ening methods for enhancing the seismic resistance of non-structural components. The
bracing strengthening method is effective in controlling vibration and increasing the stiff-
ness of the suspended ceiling structure [1,5]. However, this has led to the introduction
of high horizontal seismic loads, resulting from more severe damage to the outside of
the suspended ceiling structure from the wall. Moreover, the installed bracing materials
interfere with piping installation, thereby reducing workability [6].

To solve the problems of structural safety and workability, strengthening methods
using various new types of clips have been developed [5,7,8]. Luo et al. [8] emphasized that
connecting locking bolts between runners and hanger bolts was effective in reducing the
number of panels falling off suspended ceiling structures by improving the clamping force.
Jiang et al. [7] confirmed that connecting seismic clips between runners and hanger bolts
could reduce the lateral displacement of suspended ceiling structures by approximately
65–99%. However, these connecting clips are ineffective at controlling vibrations and dissi-
pating seismic energy because they do not provide ductility to suspended ceiling structures.
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Therefore, they are ineffective in controlling vibration and dissipating seismic energy [9].
To solve the problems of the connecting clips, a vibration-damping device with springs
and/or vibration−proof rubbers has been developed as an alternative to conventional
hanger bolts in suspended ceiling structures [10,11]. Kurita et al. [10] and Wu et al. [11] re-
ported that spring- and vibration-proof rubbers were effective in dissipating seismic energy,
indicating damping ratios of 50–90% and 10–20% damping ratio, respectively. However,
studies on these vibration damping devices for suspended ceiling structures are still in their
infancy, and relevant data are still very scarce [2]. Hence, the fundamental data of vibration
damping devices developed for a specific purpose should be evaluated preferentially in
terms of ductility indices, such as the ductility ratio and equivalent damping coefficient.

This study established fundamental data on the ductility of a seismic damping-
isolation unit (SDI), which was developed to enhance the seismic resistance of suspended
ceiling structures. To enhance the energy dissipation of the SDI, it was composed of a
spring, embossed rubbers, and prestressed bolts. Twelve specimens were prepared and
tested to failure under axial and shear loading. The main parameters were the presence
or absence of a spring, loading type, and magnitude of the prestressed force introduced
to the bolts to connect the embossed rubbers. To examine the ductility of the SDI, post-
peak behavior, ductility ratio, and equivalent damping coefficient were analyzed from the
cyclic axial or shear load-displacement relationships. In addition, the measured axial and
shear capacities of the SDI were compared with the values predicted by JIS B 2704−1 [12]
and AISC [13]. Through these analyses, optimal SDI details were proposed to effectively
enhance the seismic resistance of suspended ceiling structures.

2. Research Significance

This study provides valuable experimental data on the presence or absence of a spring,
loading type, and the prestressed force magnitude effects of seismic damping-isolation units
(SDI) on axial or shear behavior. This study proposes optimal SDI details for effectively
enhancing the seismic resistance of suspended ceiling structures. This study also confirmed
that the prestressing force was the critical factor in effectively enhancing the ductility
indices, such as post-peak behavior, the hysteresis loop at each displacement increment,
and the equivalent damping coefficient in the axial or shear behavior of SDI.

3. Details of Damping−Isolation Unit

Figure 1 shows the details of the SDI for enhancing the seismic resistance of the
suspended ceiling structures. The SDI is composed of an insert connector, a spring, a steel
plate, embossed rubbers, prestressed bolts, nuts, and a hanger bolt connector. The insert
connector was composed of a screw bolt and a plate for connecting the SDI and slab. The
embossed rubbers and steel plate were laminated and combined using three screw bolts
and nuts, and a spring was inserted in the center. Three screw bolts were prestressed using
the torque driver, which had a thread inside to connect to the hanger bolts. Compositions
using prestressed bolts are effective in enhancing the damping performance of rubbers
and spring [10,11]. Therefore, the SDI is expected to control seismic waves and vibrations
from the higher damping performance, resulting in higher energy dissipation and lower
demanding shear resistance of suspended ceiling structures.
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Figure 1. Details of the SDI for enhancing the seismic resistance of suspended ceiling structures.

4. Experimental Investigation
4.1. Test Specimens

Figure 2 shows the details of the SDI specimens based on the main parameters. The
specimens were divided into two groups: groups I and II for the specimens subjected to
axial and shear loadings (Table 1), respectively. In each group, the main parameters were
the presence or absence of a spring, loading type, and magnitude of the prestressed force
introduced to the bolts to connect the embossed rubbers. The prestressed force magnitude
varied from 0 to 10% of the yielding strength of the bolt ( fby), and the loading type was
monotonic or cyclic. The specimens were named according to their main parameters.
The first letter indicates the presence or absence of a spring (W = SDI with a spring and
WO = SDI without a spring), the second number indicates the magnitude of the prestressed
force introduced to the bolts (0 = 0 fby and 0.1 = 0.1 fby), and the last letter indicates the
loading type (M = monotonic loading and C = cyclic loading).
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Figure 2. Details of the SDI specimens: (a) Group I; (b) Group II.

The total thickness of the embossed rubber was 15 mm and the diameter and height of
the protrusions were 5 mm each. There were six protrusions at the top and the bottom. The
diameter and thickness of the steel plate inserted between the rubbers were 35 mm and
2 mm, respectively. To install the spring and bolts, the embossed rubber and steel plate had
holes with diameters of 14 mm and 4 mm at the center and edge, respectively. The top and
bottom plates were threaded so that the spring could be fixed therein and had three holes
with a diameter of 4 mm diameter in line with the same position as the embossed rubber
and steel plate at the edge. The inner and outer diameters of the spring were 6 and 12 mm,
respectively, and the diameter of the spring wire was 1 mm. In addition, the height of the
spring was 35 mm. Hexagonal wrench bolts with a diameter of 4 mm were used to easily
tighten the bolts using the torque driver.
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Table 1. Details of SDI specimens.

Group Specimens Behavior Type Presence or Absence of a Spring Prestressed Force Loading Type

I

WO-0-M

Axial

Absence 0

MonotonicW-0-M Presence 0

W-0.1-M Presence 0.1 fby

WO-0-C Absence 0

CyclicW-0-C Presence 0

W-0.1-C Presence 0.1 fby

II

WO-0-M

Shear

Absence 0

MonotonicW-0-M Presence 0

W-0.1-M Presence 0.1 fby

WO-0-C Absence 0

CyclicW-0-C Presence 0

W-0.1-C Presence 0.1 fby

Note fby = yielding strength of bolt.

4.2. Material Properties

Table 2 summarizes the mechanical properties of the materials used in the SDI. In
metallic materials, the yielding strength and elastic modulus were 247 MPa and 169,752 MPa
for all the steel plates, 1146.2 MPa and 186,552 MPa for the hexagon wrench bolts, and 1158
MPa and 190,000 MPa for the spring, respectively. In the spring, the stiffness constant (K)
and free length (L) were 7.84 N/mm and 35 mm, respectively. In addition, the compressive
and tensile strength of the embossed rubber were 0.81 MPa and 20.3 MPa, respectively.

Table 2. Mechanical properties of the materials used in SDI.

Type Diameter
(mm)

Yield Strength
(MPa)

Tensile
Strength

(MPa)

Elastic
Modulus

(MPa)

Spring
Contrast
(N/mm)

Plate 35 247.0 339.2 169,752 −
Bolt 4 1146.2 1220.7 186,552 −

Spring 12 1158.0 1300.0 190,000 7.84

Rubber 35 − 20.3 145 −

4.3. Test Set-Up

Figure 3 shows the test set-up for the specimens subjected to axial or shear loading.
Axial and shear loads were applied using a universal testing machine a capacity of 250 kN.
In group I, monotonic and cyclic axial loads were applied by compressive force up to the
design displacement of the spring, and then subjected to tensile force until the specimen
failed. In the compression direction, the design displacement of the spring was determined
from the spring constant and free field [10]. In Groups I and II, the history of cyclic loading
for the specimens subjected to axial and shear loads is shown in Figure 4. During cyclic
loading, the incremental displacement at each loading cycle was determined from the elastic
limit obtained from the load–displacement of the specimens subjected to monotonic axial or
shear loads. The elastic limit point was assumed as 40% of the maximum load in accordance
with the allowable stress design [14]. The axial and shear displacements were increased
by 33, 67, 100, 200, and 300% of the displacement at the elastic limit point (∆E), and three
cycles were iterated at each displacement increment. The axial and shear displacements
were measured using a 100 mm capacity linear variable differential transducer (LVDT).
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5. Test Results and Discussion
5.1. Failure Mode

Figure 5 shows the failure modes of the SDI specimens subjected to axial and shear
loading. In Group I, the specimens subjected to axial loading were governed by tension,
and the tension fracture of the hexagonal wrench bolts was observed. The effects of the
presence or absence of a spring, prestressed force magnitude, and loading type on this
trend were insignificant. The failure mode of the specimens in Group II was similar to
that of the specimens in Group I, indicating shear fracture of the hexagonal wrench bolts.
The effect of the presence or absence of a spring, prestressed force magnitude, and loading
type on the trend observed in Group II was also insignificant. Meanwhile, significant shear
deformation was observed in the spring of the SDI specimens subjected to shear loads.
However, the axial deformation of the spring was insignificant in SDI specimens subjected
to an axial load. This implies that the contribution of the axial or shear resistance was
mostly from hexagonal wrench bolts.
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5.2. Load–Displacement Relationships

Figure 6 shows the load–displacement relationship of the specimens subjected to axial
or shear loads. The stiffness up to the elastic limit point (KE) was significantly affected by
the loading type rather than by the presence or absence of a spring or the magnitude of
the prestressed force. The KE of the specimens with a spring was 1.26 times higher than
that of the specimens without a spring. In addition, when the prestressed force magnitude
increased from 0 to 0.1 fby, KE increased by 1.15 times. In particular, this increasing rate was
approximately 1.01 times higher for the specimens under monotonic loading than those
under cyclic loading. After ∆E, the stiffness gradually decreased with an increase in axial
displacement. After the peak load, the stiffness was affected by the loading type, prestressed
force magnitude, and the presence or absence of a spring. The post-peak behavior tended
to be more ductile for specimens with a spring and a higher prestressed force magnitude.
This trend was more pronounced in the specimens subjected to the monotonic load than
the cyclic load. Meanwhile, the effect of the presence or absence of a spring, prestressed
force magnitude, and loading type on the trend observed in Group II (specimens subjected
to shear loads) was similar to that of the specimens in Group I (specimens subjected to axial
loads). Consequently, in the post-peak behavior, the highest ductility was observed in the
W-0.1-M series (with a spring and prestressed force magnitude of 0.1 fby) that was subjected
to monotonic loads. This implies that the presence or absence of a spring, prestressed force
magnitude, and loading type significantly affect the ductility of the SDI specimens.
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Figure 6. Load–displacement relationships: (a) Group I; (b) Group II.

5.3. Maximum Axial and Shear Loads

Tables 3 and 4 summarize the maximum axial and shear loads of the SDI specimens.
The axial loads were divided into two types: compressive and tensile loads. The maximum
compressive and tensile loads increased by 1.15 and 1.06 times when the prestressed force
magnitude increased from 0 to 0.1 fby. The rates of increase in the maximum compressive
and tensile loads were 1.23 and 1.02 times higher in the SDI specimens with the spring than
in those without the spring. In addition, the maximum compressive and tensile loads of
the SDI specimens subjected to monotonic load were 1.34 and 1.18 times higher than those
subjected to cyclic loading. These trends were similar to those obtained for the specimens
observed in Group II (specimens subjected to shear loads). In particular, the maximum
shear load of the SDI specimens was considerably affected by the loading type rather than
by the magnitude of the prestressed force and the presence or absence of a spring. The
maximum shear load of the SDI specimens subjected to monotonic loading was 6.06 times
higher than that subjected to cyclic loading. Consequently, the highest compressive, tensile,
and shear loads were observed in the W-0.1-M series (with spring and prestressed force
magnitude of 0.1 fby). This implies that the prestressed force magnitude, spring, and loading
type should be taken into account when estimating the maximum axial or shear loads of
SDI specimens.
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Table 3. Summary of test results subjected to axial load.

Specimens
Compression Zone Tension Zone

CE
(kN)

Cn
(kN)

∆E
(mm)

∆n
(mm)

KE
(kN/m)

Kn
(kN/m)

TE
(kN)

Tn
(kN)

∆E
(mm)

∆n
(mm)

KE
(kN/m)

Kn
(kN/m) µ

WO-0-M 0.39 3.5 4.50 15.0 86.7 233.3 13.5 31.3 0.36 1.37 28,125.0 21,586.2 3.81

W-0-M 0.58 3.8 4.58 14.9 126.5 255.0 13.1 32.4 0.37 1.42 30,465.1 22,657.3 3.84

W-0.1-M 0.52 3.9 4.03 13.7 128.9 284.7 13.7 35.2 0.37 1.47 31,136.4 23,945.6 3.97

WO-0-C 0.30 2.1 3.3 13.2 90.9 159.1 6.0 27.4 0.34 1.27 18,181.8 20,601.5 3.74

W-0-C 0.36 2.9 3.3 13.2 109.1 219.7 6.5 27.6 0.35 1.32 19,697.0 20,751.9 3.77

W-0.1-C 0.40 3.7 3.3 13.2 121.2 280.3 7.0 28.8 0.35 1.35 21,875.0 21,654.1 3.86

Note: CE = compressive load at elastic limit, Cn = compressive capacity, ∆E = displacement at elastic limit,
∆n = displacement at peak load, KE = stiffness at elastic limit, Kn = stiffness at peak load, TE = tensile load at
elastic limit, Tn = tensile capacity, and µ = ductility ratio subjected to axial load.

Table 4. Summary of test results subjected to shear load.

Specimens VE (kN) Vn (kN) ∆E (mm) ∆n (mm) KE (kN/m) Kn (kN/m) µ∆ ξ

WO-0-M 2.75 19.3 5.57 22.3 493.7 865.5 4.00 −
W-0-M 3.83 21.5 5.78 23.9 662.6 899.6 4.13 −

W-0.1-M 5.24 24.8 5.80 24.9 903.4 996.0 4.29 −
WO-0-C 0.45 2.75 3.40 12.1 132.4 228.2 3.54 0.138

W-0-C 0.65 3.85 3.53 13.3 184.1 290.6 3.75 0.148

W-0.1-C 0.85 4.45 3.60 13.7 236.1 324.8 3.81 0.166

Note: VE = shear load at elastic limit, Vn = shear capacity, ∆E = displacement at elastic limit, ∆n = displacement at
peak load, KE = stiffness at elastic limit, Kn = stiffness at peak load, µ∆ = ductility ratio subjected to shear load,
and ξ = equivalent damping coefficient.

5.4. Ductility Ratio

The ductility ratio of the SDI specimens subjected to axial or shear loads was examined
using the following equations [15,16]:

µ = ∆80/∆y for the ductility ratio subjected to axial load (1)

µ∆ = ∆80/∆y for the ductility ratio subjected to shear load (2)

where µ and µ∆ are the ductility ratios subjected to axial and shear loads, respectively,
∆80 is the displacement at 80% of the ultimate state after the peak load, and ∆y is the
displacement at the yielding state. Equation (1) is defined as the µ, which includes the
strain in the descending branch of the load-axial strain relationship. Equation (2) is defined
as µ∆, which can include the deformation of post-peak behavior. These ductility indices are
commonly used by researchers to investigate the ductility of structural members, such as
columns, shear walls, and beams [17–21]. Note that µ and µ∆ were evaluated on the SDI
specimens subjected to only axial tensile and shear loads, respectively. In Equations (1) and
(2), the ∆y value was assumed to be ∆E because it is difficult to measure. As summarized
in Tables 3 and 4, and Figure 7, µ and µ∆ were significantly affected by the magnitude of
the prestressed force and loading type, rather than the presence or absence of a spring.
The axial and shear displacement ductility ratios increased by 1.03 and 1.03 times, when
the prestressed force magnitude increased from 0 to 0.1 fby. The corresponding values of
the SDI specimens subjected to cyclic loading were approximately 2.1% and 10.6% lower
than those subjected to monotonic loading. It was confirmed that the loading type is an
important design factor for the ductility of the SDI specimens.
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5.5. Equivalent Damping Coefficient

The equivalent damping coefficient (ξ) was examined using the following equations
defined by FEMA 356 [22]:

ξ =
1

2π

[
∑ E

K80∆2
80

]
(3)

where ∑ E is the sum of the hysteresis loop areas of the specimen and K80 is the stiffness at
80% of the ultimate state after the peak load. Note that the ξ values were evaluated only
for the SDI specimens subjected to shear cyclic loads, because the hysteresis loop at each
displacement increment of the SDI specimens subjected to axial cyclic loads did not form as
many comparable areas. From Equation (3), the ξ values include the effects of cumulative
energy dissipation, stiffness, and displacement at post-peak behavior. Therefore, this index
has been used by many researchers to investigate the damping effects of seismic isolators
or vibration−damping devices [23,24]. In Equation (3), the K80 and ∆80 values of the SDI
specimens were assumed to be Kn and ∆n, respectively, because they were not measured in
most specimens. As presented in Table 4 and Figure 8, higher ξ values were observed in
the SDI specimens with a spring and higher prestressed force. The ξ values were 0.148 and
0.138 for the SDI specimens with and without the spring, respectively. In addition, the ξ
values were 0.148 and 0.166 for the SDI specimens with prestressed force magnitudes of 0
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and 0.1 fby, respectively. This implies that increasing the magnitude of the prestressed force
is more effective in enhancing the damping effect of the SDI than using a spring.
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5.6. Optimal Details for SDI

Figure 9 shows the optimal schematic for the SDI based on the test results analyzed
in the previous sections. The SDI requires a spring, embossed rubbers, and a prestressed
force magnitude of 0.1 fby, considering the hysteresis loop at each displacement increment,
equivalent damping coefficient, and peak load in the load-displacement relationship. In the
SDI specimen with optimal details, the ductility ratio and equivalent damping coefficient
were 3.81 and 0.166, respectively, resulting in higher energy dissipation for enhancing
the seismic resistance of suspended ceiling structures. Consequently, optimal SDI details
were assumed as the W-0.1 series (with embossed rubbers, spring, and prestressed force
magnitude of 0.1 fby).
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6. Comparisons with Predictions by Codes
6.1. Axial Capacity

Based on the test results analyzed in the previous sections, the axial capacity of the
SDI specimens was determined by the contribution of the spring, embossed rubbers, and
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prestressed hexagon wrench bolts. Consequently, the axial capacity contributions of the
SDI specimens can be expressed as follows:

Tn = Tb + Ts for the SDI subjected to tensile capacity (4)

Tb = nb Ab

(
fby + fps

)
for the hexagon wrench bolts subjected to tensile capacity (5)

Ts = K[L + d(Ne + (Nt − Ne))] for the spring subjected to tensile capacity (6)

Cn = Cr + Cs for the SDI subjected to compressive capacity (7)

Cr = fcr Ar for the hexagon wrench bolts subjected to compressive capacity (8)

Cs = K[L − d(Ne + (Nt − Ne))] for the spring subjected to compressive capacity (9)

where Tn, Tb and Ts are tensile capacities of the SDI, hexagon wrench bolts, and spring,
respectively, nb is the number of hexagon wrench bolts, Ab is the area of hexagon wrench
bolts, fps is the prestressed force, Ne and Nt are number of active coils and total coils,
respectively, Cn, Cr and Cs are compressive capacities of the SDI, embossed rubbers, and
spring, respectively, fcr is the compressive strength of embossed rubbers, and Ar is the area
of embossed rubbers. Equations (4)–(6) are based on the equations for the tensile strength
of the spring and prestressed bolts specified in JIS B 2704−1 [12] and AISC [13]. Using
Equations (4)–(6), the contributions of tensile capacity developed in the SDI specimens
can be evaluated as being between 99.8% and 100%, and 0% and 0.2%, for the prestressed
hexagon wrench bolts and the spring, respectively. This implies that the tensile capacity
of the SDI is mostly contributed by the prestressed hexagon wrench bolts rather than the
spring. In addition, Equations (7)–(9) are based on the equations for compressive capacity
of spring and rubbers specified in JIS B 2704−1 [12] and AISC [13]. Using Equations (7)–(9),
the contributions of compressive capacity developed in the SDI specimens can be evaluated
as being between 97.7% and 100%, and 0% and 2.3%, for the embossed rubbers and the
spring, respectively. This implies that compressive capacity of the SDI is mostly contributed
by the embossed rubbers rather than the spring. Table 5 summarizes the comparison of the
measured and predicted axial loads. Note that only the measured maximum tensile load
was compared to the predicted value obtained in Equations (4)–(6) because SDI specimens
were loaded up to the design displacement of the spring in the compression direction. The
values predicted by Equations (4)–(6) were in agreement with the measured maximum
tensile load of the specimens subjected to monotonic loads, indicating that the mean (γm)
and standard deviation (γs) of the ratio between the measured and predicted tensile loads
were 0.99 and 0.02, respectively. However, the values predicted by Equations (4)–(6) were
higher in the specimens subjected to a monotonic load than in the specimens subjected
to a cyclic load, indicating that γm and γs were 0.84 and 0.02, respectively. Consequently,
Equations (4)–(6) should be underestimated by 15.7% when estimating the tensile load
of the SDI specimens subjected to a cyclic load. Metallic materials subjected to fatigue
loads show lower shear or tensile capacity than static loads because they are affected
by microcracks that occur in the internal structure and external surfaces [25]. Therefore,
the bolts and springs constituting the SDI unit under repeated load could suffer more
damage than the static load at the same displacement, resulting in a lower capacity than
the yielding strength.
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Table 5. Summary of the comparison of measured and predicted axial and shear loads.

Group Specimens Tn(exp.) (kN)
(1)

Tn(pre.) (kN)
(2)

Vn(exp.) (kN)
(3)

Vn(pre.) (kN)
(4) (1)/(2) (3)/(4)

I

WO-0-M 31.3 32.1 − − 0.98 −
W-0-M 32.4 32.2 − − 1.01 −

W-0.1-M 35.2 35.2 − − 1.00 −
WO-0-C 27.4 32.1 − − 0.85 −
W-0-C 27.6 32.2 − − 0.86 −

W-0.1-C 28.8 35.2 − − 0.82 −

II

WO-0-M − − 19.3 19.3 − 1.00

W-0-M − − 21.5 19.3 − 1.11

W-0.1-M − − 24.9 21.1 − 1.18

WO-0-C − − 2.75 19.3 − 0.14

W-0-C − − 3.85 19.3 − 0.20

W-0.1-C − − 4.45 21.1 − 0.21

Note: Tn(exp .) = measured tensile capacity, Tn(pre.) = predicted tensile capacity, Vn(exp .) = measured shear capacity,
and Vn(pre.) = predicted shear capacity.

6.2. Shear Capacity

Based on the test results of the maximum shear load, the shear capacity of the SDI
specimens is determined by the contribution of the spring, embossed rubbers, and pre-
stressed hexagon wrench bolts. Consequently, using JIS B 2704−1 [12] and AISC [13], the
shear capacity contributions of the SDI specimens can be expressed in the following form:

Vn = Vb + Vs for the SDI subjected to shear capacity (10)

Vb = 0.6nb Ab
(

fy + fps
)

for the hexagon wrench bolts subjected to shear capacity (11)

Vs = 0.6K[L + d(Ne + (Nt − Ne))] for the spring subjected to shear capacity (12)

where Vn, Vb and Vs are the shear capacities of the SDI, hexagon wrench bolts, and spring,
respectively. Using Equations (10)–(12), the contributions of shear capacity developed
in the SDI specimens can be evaluated as being between 99.5% and 100%, and 0% and
0.5%, for the prestressed hexagon wrench bolts and spring, respectively. This implies that
the shear capacity of the SDI is mostly contributed by the prestressed hexagon wrench
bolts rather than the spring or embossed rubbers. As summarized in Table 5, the values
predicted by Equations (10)–(12) agreed with the measured maximum shear load of the
specimens subjected to monotonic loads, indicating that γm and γs of the ratio between the
measured and predicted shear loads were 1.10 and 0.09, respectively.

However, the values predicted by Equations (10)–(12) were higher in the specimens
subjected to monotonic loads than in the specimens subjected to cyclic loads, indicating
that γm and γs were 0.81 and 0.04, respectively. Consequently, Equations (10)–(12) should
be underestimated by 81.7% when estimating the shear load of the SDI specimens subjected
to a cyclic load. Metallic materials subjected to fatigue loads show lower shear or tensile
capacity than static loads because they are affected by microcracks that occur in the internal
structure and external surfaces [25]. Therefore, the bolts and springs constituting the
SDI unit under repeated load could suffer more damage than the static load at the same
displacement, resulting in a lower capacity than the yielding strength.
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7. Conclusions

Based on the test results for the axial and shear behaviors of a seismic damping-
isolation unit (SDI) developed for enhancing the seismic resistance of suspended ceiling
structures, the following conclusions were drawn.

1. The SDI specimens subjected to tensile or shear loading were mainly governed by the
fracture of the hexagonal wrench bolts, irrespective of the presence or absence of a
spring, prestressed force magnitude, and loading type.

2. The tensile and shear capacities of the SDI specimen were 99.8% and 99.5%, re-
spectively, contributed by the hexagonal wrench bolt rather than by the spring or
embossing rubber.

3. In the relationship of axial or shear load-displacement of the SDI, the post-peak
behavior tended to be more ductile for specimens with a spring or higher prestressed
force magnitude.

4. The ductility ratio and equivalent damping coefficient of the SDI specimens with a
spring and 0.1 fby were 3.81 and 0.166, which was 1.06 and 1.20 times higher than the
specimens without a spring and prestressed force. The ductility ratio was approxi-
mately 1.07 times higher for the SDI specimens subjected to monotonic loading than
for those subjected to cyclic loading.

5. The JIS B 2704−1 and AISC specifications estimated the tension capacity of the SDI
specimens subjected to monotonic loading well, but overestimated those of the spec-
imens subjected to cyclic loading. Therefore, JIS B 2704−1 and AISC specifications
should be underestimated by 15.7% when estimating the tensile load of an SDI sub-
jected to cyclic loading.

6. The JIS B 2704−1 and AISC specifications estimated the shear strength of SDI speci-
mens subjected to monotonic loading well, but overestimated those of the specimens
subjected to cyclic loading. Hence, JIS B 2704−1 and AISC specifications should be
underestimated by 81.7% when estimating the shear load of an SDI subjected to cyclic
loading.

7. The findings obtained from the comparison between experimental and predicted
values of JIS B 2704−1 and AISC can only be applied to SDI with limited detail in the
study. Therefore, the safety of JIS B 2704−1 and AISC should be further verified in
SDI with different details.

8. Based on the results of the post-peak behavior in the load–displacement relationship,
displacement ductility ratio, and equivalent damping coefficient, the combinations of
two embossed rubber layers, a spring, and a prestressed force magnitude of 0.1 fby
was determined to be the optimal detail of the SDI.
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