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Abstract

During the 2011 Tohoku earthquake off the Pacific coast of Japan, destruction of the column
base and brace of a school gymnasium, which is a large spacious building, was reported. In ad-
dition, many cases of ceiling material and equipment falling were also reported. The school gym-
nasium is an evacuation base for local residents during the occurrence of large earthquakes.
Considering its function and the importance of protecting life, such damage is unacceptable. To
prevent the falling of a ceiling, many studies on the mechanisms leading to the fall of the
ceiling and evaluation of the associated stress have been carried out.

Large earthquakes cause damage to the frame and brace of a building. It is necessary to
study the change in vibration characteristics of the roof caused by plasticization. Therefore, the
aim of this study is to evaluate the damage caused in a full-scale steel gymnasium based on E-
Defense shaking table tests.

An analysis of the natural frequency of the specimen by plasticization is also performed. Next,
focusing on the fall of the wall brace, roof brace, and ceiling of the test structure, the
relationship between the scope of damage and change of the natural frequency is analyzed. In
addition, by analyzing an accelerometer installed on the roof surface, the response of the steel
gymnasium during a large earthquake is examined. Lastly, changes in the damping ratio and
mode shape of the specimen are studied using the frequency domain decomposition (FDD)
method.
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1 INTRODUCTION

During the 2011 Tohoku earthquake off the Pacific coast of Japan, destruction of the
column base and brace of a school gymnasium, which is a large spacious building, was re-
ported. In addition, many cases of ceiling material and equipment falling were also reported.
The school gymnasium is an evacuation base for local residents during the occurrence of large
earthquakes. Considering its function and the importance of protecting life, such damage is
unacceptable. To prevent the falling of a ceiling, many studies on the mechanisms leading to
the fall of the ceiling and evaluation of the associated stress have been carried out. Some of the
damage to the ceiling caused by the 2011 Tohoku earthquake is thought to have amplified the
response of the suspended ceiling due to resonance with the structural frame. Therefore, it is
necessary to analyze not only the ceiling, but also the response of the roof surface in detail. In
the current ceiling seismic design, we assume a rigid ceiling supported by a rigid roof.
However, when the plastic deformation or buckling in the braces is induced by the
earthquake, the stiffness of the gymnasium using the brace structure decreases. Therefore, the
rigid floor assumption is not applicable. In addition, the range of external forces for the ceiling
design is based on medium earthquakes; hence, large earthquakes are not covered. However,
because the fall of the ceiling involves safety, it is necessary to consider the external force of
large earthquake motion, where plasticity occurs in the structural frame, for the ceiling design.
Many experimental studies based on the falling of ceilings are vibration experiments per-
formed by hanging the ceiling under a rigid frame structure. Therefore, further research is re-
quired to study the influence of complicated behavior particular to the space structure on the
ceiling.

Large earthquakes cause damage to the frame and brace of a building. It is necessary to
study the change in vibration characteristics of the roof caused by plasticization. Therefore,
the aim of this study is to evaluate the damage caused in a full-scale steel gymnasium based
on E-Defense shaking table tests. An analysis of the natural frequency of the specimen by
plasticization is also performed. Next, focusing on the fall of the wall brace, roof brace, and
ceiling of the specimen, the relationship between the scope of damage and change of the
natu-ral frequency is analyzed. In addition, by analyzing an accelerometer installed on the
roof sur-face, the response of the steel gymnasium during a large earthquake is examined.
Lastly, changes in the damping ratio and mode shape of the specimen are studied using the
frequency domain decomposition (FDD) method [3].

2 OUTLINE OF EXPERIMENT

2.1  Outline of specimen

Figure 1 shows a photograph of the entire specimen, and Table 1 shows the main speci-
fications of the specimen. The test structure is a steel frame gymnasium with a ceiling-shaped
roof and is designed for use as a gymnasium at elementary and junior high schools. The plane
dimension of the specimen is 18.6 m x 30 m. The roof gradient is set to 10:3 so that the rise
span ratio becomes 0.15, and the test structure height is 9.09 m at the tallest point. A suspend-
ed ceiling having the same gradient as the roof surface is installed in the test structure. We
changed the ceiling during the experiment and carried out the experiment twice. One ceiling
test specimen is an unmeasured ceiling without countermeasures against earthquakes, and the
other is an earthquake-resistant ceiling on which fall-prevention measures were applied. In
this paper, the test specimen with the unmeasured ceiling is called “non-seismically designed
ceiling specimen” (NC-specimen) and the specimen with earthquake resistant ceiling is called
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“seismically designed ceiling specimen” (SC-specimen). The details of the test specimens are
described in References [1, 2].

Table 1: Specification of gymnasium specimen

Item Specification
Structure One-story steel gymnasium
Superstructure 71t (Without weight on roof)
Mass Weight on roof 30t
Total 230t
Height 9.090 m
Plan Size 30.0 mx18.6 m

(6 spansx6 spans)

Allowable stress design

Design .
(Base-shear coeflicient C = 0.2)

T400x200%8x13 (SS400)
Colum H250%125%6x9 (SS400)
H300x150%6.5%9 (SS400)
Girder H400x200x8x13 (SS400)
Figure 1: Full-scale gymnasium specimen Members Beam H248%124x5x8 (SS400)

M20,M27 (SNR400B)
Pipe-type Turnbuckle
M16 (SNR400B)
Pipe-type Turnbuckle

Wall Braces

RoofBraces

2.2 Excitation plan

Acceleration records observed in Sendai during the 2011 Tohoku earthquake (K-NET
Sendai) and in Kobe Maritime Atmosphere during the 1995 Kobe earthquake (JMA Kobe
wave) were used. In both K-NET Sendai and JMA Kobe, the NS component was input into
the span direction (Y-direction), EW component was input into the ridge direction (X-
direction) and UD component was input into the wvertical direction (Z-direction),
respectively. The acceleration time histories of the K-NET Sendai and JMA Kobe are shown
in Figure 2, and the acceleration response spectrum (Damping ratio h = 5%) is shown in
Figure 3. As a reference, spectra of the Extremely-Rare level indicated by the Building
Standards Law of Japan (BSLJ) are also included in Figure 3. In the experiment of NC-
specimen, 50% excita-tion was induced twice, and then K-NET Sendai was modeled with
5% and 25% excitation (hereafter denoted by K-NET Sendai 5% and 25%, for example). In
the experiment of SC-specimen, after K-NET Sendai was induced with 5%, 25%, 50%, 80%,
and 100% excitation, JMA Kobe was induced with 100% and 150% excitation. Table 2
shows the outline of the in-put level of the excitation wave and excitation exercise number.
To understand the frequency of the specimen before and after each excitation, random wave

excitation is analyzed. o

Span direction 10 [ Acc(m/s?) Span direction
0

Time(s I Time(s)
-10 " (l) -10 1 1 ]
10 [~ Ace(m/s?) Ridge direction 10 _'Acc(m/ s) Ridge direction
0 e 0
bty Tim) I L

10 - Ace(m/s®)  Vertical direction 10 -Acc(m/s?) Vertical direction

0 —W—7 0 ——Wm«—-——————
i Time(s) [ Time(s)

10 . 1 . . 1 . 1 . . I
0 100 200 300 0 20 40 60
(a) K-NET Sendai 100% (b) IMA Kobe 100%

Figure 2: Input acceleration time histories
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Figure 3: Acceleration response spectrum

Table 2: Input level of the excitation wave and excitation number (No.)

Day 2014/1/27 | 2014/1/28 2014/2/27 | 2014/2/28

Specimen Non-seismically designed ceiling specimen (NC-specimen) Seismically designed ceiling specimen (SC-specimen)

No. 213 5161718 10111213 |14|15[16]17]|18]|19]20|21|22|23|24|25]|26]27|28|29(30|31(32]33]|34(35(36]37
Nalzlzlslslzllal 28282182l 2l zlalals| =82l 282l 282l ]2 |2l =|=
sle|elE|l2|2]% SlE|E|alE]l=|Z|2|%]| 8 slelElclzlolzlzlelz2lz|2|%|2|2]8|%|2|=%
a | ElS|IE|IEIS1S5|5|s|l5|s518]5]5]2]° ElS|E|l | z|<|=]|=w|=|=]|=zg]|=| =]« = S|l =
1218 el 22 8]l 2|22l 2| B2l 2|l ||| 2lele|Ele] Ele] 2| 2|

Yame | E|E|T|E|SB|S8|e|2|ele|d|e|d|e|a|le|lE|le|F|e|d|eld|ele|d|ele|ld|e|d|lelE|e|S|e
S|s E|S||=]|c]| ™| cs|s ) ) s|S|S|Ele|l=]|s5 s| s S| s S|l 2| ¥|s| ¥| o
212 S|2|lm|lw| ol = = E =] E =] [l_\—'_} SIZ2I2|S|2|lm| E S| s E =B -] E STlelEl <2 «]2
S1512151212 1212151512 5128l512121&8|15\2\5(%(5(28(5(15[212(12|2|5|8|2 5 E
gl & SlE(C|C[2|5 2252|5252~ & SlE|C|2[z|2|2|5|2 (2|52 72| 2|2 2=

v o v v s o )
2.3 Measurement plan

The locations of the accelerometers and strain gauges are shown in Figures 4, 5, and 6.
Acceleration and strain are measured in 0.001 s time intervals. The details of the measurement
plan and its accuracy are described in Reference [1, 2, 4].
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Figure 4: Location of accelerometer (unit: mm)
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Figure 5: Location of strain gauge of wall brace (unit: mm)
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Figure 6: Location of strain gauge of roof brace (unit: mm)

OO
TlTTO . 18,600

-T—»

3 ANALYSIS OF CHANGES IN FIRST NATURAL FREQUENCY

3.1 Analysis method and results

In each random wave excitation, a transfer function (input: shaking table, output: roof,
RA19; see Figure 4 (b)) is calculated, and the first peak is estimated as the first natural fre-
quency [5]. Figures 7(a) and (b) illustrate the transfer function of NC-specimen and SC-
specimen on the RA19 in the ridge direction, respectively. Both figures show the results of
the first excitation (solid line) and last excitation (broken line), respectively. From Figures 7(a)
and (b), it can be confirmed that the peak of the first natural frequency can be observed. It is
also found that the value of the peak of the transfer function is lower in the last random wave
excitation (broken line) than in the first random wave excitation (solid line).

20 - Transfer function — No2 20 - Transfer function _ No.ls

16 -- No.37

0.1 ‘ HHHI ‘ HH‘IO f (Hz) 0.1 T 1 ‘ HHHIO ‘f(Hz)
(a) NC-specimen (b) SC-specimen
Figure 7: Transfer function (RA19, Ridge direction)

3.2 Changes in natural frequency

Figure 8 shows the change in the first natural frequency of each random wave estimated
from the transfer function. The horizontal axis shows the excitation exercise number (Table 2),
and the vertical axis shows the first natural frequency in each direction. In NC-specimen, the

ceiling fell during K-NET Sendai 50% (No. 17) excitation. On the other hand, in SC-

specimen, the ceiling fell during K-NET Sendai 100% (No. 34) and JMA Kobe 150% (No.
36) excitations. The conditions of the fall of the ceiling are shown in Figures 9(a) and (b),
respec-tively. The mechanism of the fall of the ceiling is described in detail in Reference [1].
From Figure 8, it can be seen that after No. 17, the natural frequency increases significantly.
This is because the brace was re-tightened when the ceilings were changed. From this, it is
believed that the stiffness changes due to the loosening of the brace cause the natural
frequency to also change. In addition, it can be seen from Figure 8 that the first natural
frequency decreases as the input level increases, and the change varies with the direction. This
trend was also con-firmed in places other than RA 19.
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Figure 8: Changes in first natural frequency in each direction (RA19)

—

(a) NC-specimen (After No. 17) (b) SC-specimen (After No. 37)
Figure 9: Conditions of the ceiling fall

4 DAMAGE OF THE TEST SPECIMEN

4.1 Damage of wall brace

The plasticity of the wall brace is evaluated from the strain time history data. When K-
NET Sendai 25%, 50%, 80%, and 100% (No. 24, 27, 30, 32) are input to SC-specimen, the
time histories of the wall brace strain (BS005; Figure 5(b)) are shown in Figures 10(a)—(d),
respectively. From Figure 10, it can be confirmed that additional tensile strain appears without
strain showing negative compression. The brace is elastic when the input level is 50% or less.
However, the tensile yield occurs in the brace when the input level is 80% or more. Figure 11
shows the percentage of wall braces where tensile yielding occurred. From Figure 11, it can
be confirmed that the wall braces do not experience tensile yield (¢ < &) until K-NET Sendai
50% (No. 27). However, many wall braces experience tensile yield (&> &) on both the X1
and X7 side and the Y1 and Y7 side in the case of the K-NET Sendai 80% (No. 30). Figure 12
illustrates the tensile yielding order of the wall brace at K-NET Sendai 80% (No. 30) in SC-
specimen. At the beginning, the wall braces on Y1 and Y7 side reach tensile yield, but after
that the tensile yield occurs in all wall braces on the X1 and X7 side, and then wall braces on
the Y1 and Y7 side reach tensile strain.

Figure 13 shows a photograph of the wall brace of NC-specimen after completion of No.
17 excitation. It was confirmed that the wall brace was slightly curved out of plane by both
photograph and observation after the experiment. In the time history of the strain gauge, it is
confirmed that the strain of the wall brace does not reach the tensile yield strain. However, as
shown in Figure 8, during the change in natural frequency, it is possible that the wall brace
was compression buckling when NC-specimen was excited with K-NET Sendai 50% (No. 16).
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Figure 10: Time histories of wall brace strain (BS005, SC-specimen)
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Figure 12: Tensile yielding order of wall brace (SC-specimen)
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Figure 13: Photograph of wall brace of NC-specimen after No. 17 excitation
(Y1 and Y7 side)
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4.2 Damage of roof brace

The time histories of the roof brace (XS101; Figure 6) strain are shown in Figure 14 when
K-NET Sendai 25%, 50%, 80%, and 100% (No. 24, 27, 30, 32) are input to SC-specimen.
From Figure 14, it is confirmed that the roof brace does not reach tensile strain & when the
input level is 50% or less. However, tensile yield occurs in the brace when the input level is
80% or more. Figure 15 shows the percentage of wall braces where tensile yielding occurred.
It is confirmed that all the roof braces do not experience tensile yield up to K-NET Sendai
50% (No. 27) in SC-specimen. However, in the case of K-NET Sendai 80% (No. 30), 69% of
the roof braces reach tensile strain. In addition, tensile yield has occurred in all roof braces
when JMA Kobe 100% is input (No. 34). Therefore, it is believed that the stiffness of the roof
surface is degraded. Figure 16 illustrates the tensile yielding order obtained from the time his-
tory of the roof brace strain. From Figure 16, it can be seen that tensile yield has occurred in
many roof braces when K-NET Sendai 80% (No. 30) is input into SC-specimen. First, the
roof brace at the outer peripheral part reaches tensile strain quickly. Then the brace which is
next to it or near it becomes tensile yielding. At K-NET Sendai 100% (No. 32), tensile yield-
ing also occurs in the inside roof braces.
1500 =4 Q% - o o o o oo oL e, 1500 =™ d0% - o oo ____. g,

0- el oE—*“ {‘, .

F Time (s) Time (s)

B T T R BT 100 1_(;8 - _2-(‘)0_ - _3(‘)0

(a) K-NET Sendai 25% (No. 25)  (b) K-NET Sendai 50% (No. 27)

x105¢ x10fe
1500 0= o e e e e e — - - €, 1500 = 2948 .h ------------- g,
A "
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(c) K-NET Sendai 80% (No. 30)  (d) K-NET Sendai 100% (No. 32)

Figure 14: Time histories of roof brace strain (XS101, SC-specimen)
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Figure 16: Tensile yielding order of roof brace (SC-specimen)
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5 CHANGE IN DAMPING RATIO AND MODE SHAPE

5.1 Change in damping ratio

Damping ratio of the test specimen is obtained by the FDD method [3]. A band pass filter
of 0.9 to 1.1 times the peak frequency of the singular value curve is applied [6], and the auto-
correlation function is calculated by inverse Fourier transformation. The autocorrelation func-
tion is applied to the theoretical curve of free vibration, and the damping constant is estimated.
Figure 17 shows the autocorrelation function (solid line) obtained by FDD method and the
theoretical curve of free vibration (broken line). From Figure 17, it is understood that the the-
oretical curves of free vibration in the span and ridge directions agree well with the autocorre-
lation function. Even if the specimen were damaged, it was possible to perform the
identification with high accuracy. The estimated damping ratios are shown in Figure 18. From
Figure 18, it can be confirmed that the damping ratio in the span direction rises after K-NET
Sendai 50%, where the decrease of natural frequency is confirmed. The damping ratio in the
ridge direction was confirmed to rise after K-NET Sendai 50% (No. 27), and the damping ra-
tio increased after K-NET Sendai 80% (No. 30), where the natural frequency was greatly re-
duced. Much like the natural frequency shown in Figure 8, the damping ratio of the vertical
direction slightly changes.

—— FDD method - - - Theoretical curve

LSE+05  Autocorrelation function LSE+05 [ Autocorrelation function LSE+05 yAutocorrelation function

0 0 0

-1.5E+05

-1.5E+05 : : : -1.5E+05
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

(a) No. 18-20

1.SE+05 [ Autocorrelation function 1.5E+05 - Autocorrelation function 1.5E+05

0 0

0

-1.5E+05

-1.5E+05 : - ‘ -1.5E+05 L - : !
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
(b) No. 21

1.SE+05 - Autocorrelation function 1.5E+05

0 0

-1.5E+05

! ' ' -1.5E+05 : : : :
0 1 2 3 4 0 1 2 3 4
(c) No. 28

1.SE+05 - Autocorrelation function 1.5E+05

0 0

-1.5E+05 -1.5E+05

o 1 2 3 4
(d) No. 31
Figure 17: Autocorrelation function (From rest side: span, ridge, and vertical directions)
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Figure 18: Identification results of first damping ratio of SC-specimen

5.2 Change in first mode shape

The first mode shape is identified from the singular value vector. First, by using the exper-
imental results with no damage (No. 21), the identification accuracy of the FDD method of
mode shape is verified. The mode shape is standardized in each direction using the RA 18 lo-
cated at the center of the specimen (Figure 4(b)). The identified first mode shapes in each di-
rection are shown in Figures 19(a)—(d), respectively. From Figure 19, it was confirmed that
the identification result by the FDD method roughly agrees with the mode shape of the eigen-
value analysis result of the analytical model that was performed in advance.

Next, comparisons of the mode shapes identified from the experimental results before (sol-
id line, No. 21) and after damage (broken line, No. 37), in each direction, are shown in Figure
20, respectively. The acceleration data points at the position where the accelerometer is not
installed were found by linear interpolation using the peripheral acceleration data points. The
tensile yield occurred on the wall and roof braces, and the first natural frequency decreased by
19% on the span direction and 64% on the ridge direction (Figure 8). However, as shown in
Figure 20, it can be confirmed that the first mode shape in each direction does not change sig-
nificantly.

g
R

RO

T PO BE 8O ©06666 0

(a) Span direction (b) Ridge direction

O 00 M O 8 0 W00 Mo 8 0
(c) Vertical direction (Y1-Y4) (d) Vertical direction (Y4-Y7)

Figure 19: Identified first mode shapes in each direction (No. 21, SC-specimen)
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No.21 (Before damage) No.37 (After damage)
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(a) Span direction (X4) (b) Ridge direction (Y1-Y4) (c) Vertical direction (Y1-Y4)

Iml

Figure 20: Comparison of identified first mode shapes in each direction (SC-specimen)

6 CONCLUSIONS

In this study, we analyzed the change in natural frequency resulting from the decrease in
rigidity due to the damage of material in continuous excitation. Experiments were performed
on a full-scale steel gymnasium test structure using E-Defense. In addition, the relationship
between the scope of the damage to the wall and roof brace of the specimen and change in the
first natural frequency was evaluated. Changes in the first damping ratio and mode shape of
the specimen were also studied using the FDD method.
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