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ABSTRACT
Smoke barriers control the movement of fire effluent within a construction works in the event of
a fire and become a critical element when used within a Smoke and Heat Control System
(SHCS). According to the post-earthquake investigations in Taiwan and Japan, the glass-type
static smoke barriers can be damaged severely, and in the fires following an earthquake the
performance of the SHCS may be reduced and make the smoke spread quickly. In this study,
there are 5 specimens subjected to out-of-plane shaking table test. According to the result
of shaking table test, a SAP2000 analytical model is established, and the out-ofplane dynamic characteristics of the glass-type static smoke barriers are obtained.
The preliminary conclusion of this study could provide a guideline to assess the seismic
performance and conduct the seismic design of glass-type static smoke barriers.
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ABSTRACT
Smoke barriers control the movement of fire effluent within a construction works in the event of a
fire and become a critical element when used within a Smoke and Heat Control System (SHCS).
According to the post-earthquake investigations in Taiwan and Japan, the glass-type static smoke
barriers can be damaged severely, and in the fires following an earthquake the performance of the
SHCS may be reduced and make the smoke spread quickly. In this study, there are 5 specimens
subjected to out-of-plane shaking table test. According to the result of shaking table test, a
SAP2000 analytical model is established, and the out-of-plane dynamic characteristics of the
glass-type static smoke barriers are obtained. The preliminary conclusion of this study could
provide a guideline to assess the seismic performance and conduct the seismic design of glass-type
static smoke barriers.

Introduction
Smoke barrier is a critical element when used within a Smoke and Heat Control System (SHCS).
It controls the movement of fire effluent within a construction works in the event of a fire,
provides people more time to escape and let the fire fighters to fight with the fire safely.
According to the ISO 21927-1[1], there are two types of smoke barriers, one is the Static Smoke
Barrier (SSB) which is permanently fixed in its fire operational position and the other is the
Active Smoke Barrier (ASB) which moves from its retracted position into its fire-operational
position automatically when called upon to do so.
A wide range of different materials can be used to create smoke barriers. Typical
materials used for static smoke barriers include glass, metal and fire-resisting board or any
impermeable material capable of resisting smoke at temperature required by the design[1]. Under
the aesthetics consideration, architects usually use the glass-type smoke barriers in commercial
and public buildings in Taiwan.
According to the post-earthquake investigations in Taiwan[2] and Japan[3], the glasstype static smoke barriers can be damaged severely as shown in Figure 1 and Figure 2. In the
event of fires following an earthquake, the effectiveness of the SHCS will be reduced and the
smoke will spread quickly. The sharp fragment of the fallen glass will hurt the people under
when escaping from the building. Therefore, the seismic performance of the static smoke barrier
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is highly critical to the life safety following the earthquake.
This paper demonstrates the tests of the glass-type static smoke barrier. There are 5
specimens subjected to shaking table tests. The description of the test specimens, instrumentation
and test procedure is introduced, and the experimental results will be discussed and analyzed in
detail.

Figure 1 Glass panel of the glass-type smoke
barrier collapsed in the Meinong[2]

Figure 2 Glass panel of the glass-type smoke
barrier broken severely in Japan
earthquake[3]

Experimental Setup
Series of tests were conducted to evaluate the out-of-plane seismic performance of the glass-type
static smoke barriers. Dynamic tests of the glass-type static smoke barrier were performed on the
shaking table at the National Center for Research on Earthquake Engineering (NCREE) in
Taiwan. The test assembly were installed in a 2m high and 8m x 3m steel frame as shown in
Figure 3. The natural frequencies of the steel frame along the long side (denoted as X direction)
and short side (donated as Y direction) are 35Hz and 10 Hz respectively [4].
In order to study the performance of the glass-type static smoke barrier in conjunction
with the ceiling, the glass-type static smoke barrier were installed on the ceiling assembly as
shown in Figure 4. Two types of ceiling assemblies were constructed by using the exposed grid
system and flush system provided by Armstrong as shown in Figure 5 and Figure 6. Totally five
specimens tested in the two above-mentioned ceiling systems with two configurations as shown
in Table 1. The glass-type smoke barriers(model: A-B-G19) were provided and installed by the
Taiwan manufacturer, Prefeco-Johnsontech Air Control Inc., and Figure 7 demonstrates the
construction details. Acceleration meters were installed on the test frame, ceiling and glass panel
of the glass-type smoke barriers to record the acceleration time-history for the further study as
shown in Figure 8 and Figure 9.

Figure 3 Elevation view of the test frame

Figure 4 Specimen assembly

Figure 5 Flush ceiling system

Figure 6 Exposed grid ceiling system

Figure 7 Elevation of the glass-type smoke barrier

Figure 8 Accelerometer installed on the glass Figure 9 Accelerometer installed on the
panel
ceiling assembly

Table 1 Ceiling type, configuration and layout of specimen

*Specimen S3-1, S3-2 and S3-3 were installed on the ceiling at the same time.

Experimental Protocol
Shaking table tests were performed to investigate the out-of-plane seismic performance of the
glass-type smoke barrier in this study. At the beginning of the test, a white noise test was
conducted to evaluate the natural frequency of the specimen. In order to investigate the seismic
damage observed at a department store in Tainan, there are two excitation waves used in shaking
table test. One is a real earthquake record obtained from the nearest acceleration station to the
observed earthquake damaged location at the Meinong Earthquake, and the other is a sine wave
excitation of panel’s natural frequency of 4Hz obtained from the white noise test of the specimen
(denoted as EQ2). The earthquake record was modified following the AC 156[5] (denoted as
EQ1), as shown in Figure 10. The corresponding parameters of ARIG-H=0.84g, AFLX-H=1.12g
were considered as the target spectrums for the horizontal excitations, and the spectrum is shown

as Figure 11. Basically, four different horizontal acceleration (300gal, 600gal, 800gal and
1000gal) level were tested in sequence of experiments. The test will be terminated when the
specimen was severely been cracked or collapsed.

Figure 10 Comparison of the Original
Earthquake Record and EQ1

Figure 11 Spectrum of EQ1

Experimental Observations
In Table 2, a summary of damage observations at different excitation levels is given. In the
shaking table test, there are two types of damage concluded as follows:
1. Silicone detached
The silicone will be used for connecting the glass to the steel rod bar, the steel rod bar to
the adjacent wall or the other element of the smoke barrier assembly. During the shaking table
test, the silicone will provide the adhesion force to tie the element of the smoke barrier assembly
together. When the out-of-plane force is strong enough to tear the connection of the silicone, the
silicone will be detached. In this test, silicone detachment only occurred at the specimen S2
which is the L-shaped configuration at the excitation level of 600gal as shown in Figure 12.
2. Glass breakage
The glass is a brittle material. When the internal principal stress exceeds the allowable
stress of glass, it will crack. The glass of the specimens start cracking at the excitation level from
600gal to 1000gal. The pattern of the glass breakage during the shaking table test usually shows
crack initiated from the bottom of the rod and extend diagonally at approximately 45 degree of
elevation angle to adjacent element or edge. The patterns as shown in Figure 13 and Figure 14
are very similar to the investigation result of the glass-type smoke barriers after earthquake.

Figure 12 Silicone detached

Figure 13 Glass panel breakage
at the corner of the
glass panel

Figure 14 The whole glass
panel breakage

Table 2 Damage observation of the specimen
Acceleration (gal)
Excitation
Y
X
Wave
Direction Direction
300
300
600
600
EQ1
800
800
1000
1000
600
800
EQ2
0
1000
1200
□
■
▲

Specimen No.
S1

S2

S4

S5

□
□
□
▲

□
□
□
■
□
□
■*
□
▲
■*
▲
▲*
▲
▲*
▲*
▲*
Damage Definition
No damage
Silicone detached
Glass panel breakage

□
□
▲
▲*

S3

* No advanced damage occurred

Numerical Analysis
According to result of the shaking table test, the glass of smoke barrier started to break at the
excitation level of 600gal and the crack pattern of all the specimen were similar, the crack
always goes by an angle of elevation about 45 degree. In order to investigate the seismic
performance of the glass-type smoke barrier, a SAP 2000 analytic model was established on the
tested specimen S3 as shown in Figure 15. The frame element was used to simulate the edge of
the test frame, upper channel, steel rod bar and lower support of the glass-type smoke barrier.
The boundary of the upper channel connect to the ceiling was simulated by pin support with a
spacing of 30cm. The gap between the steel rod bar and the edge of the test frame, the steel rod
bar and the edge of the glass panel was simulated by filling the area element of the silicone. The
area element was also used to simulate the glass panel. In order to investigate the internal
principal stress of the glass panel, the area element of the glass panel was divided to several
finite elements. In order to clearly and effectively study the corner stress of the glass panel, the
element was finer at the corner of the glass panel and coarser away from the corner of the glass
panel. The material property of the elements used in the glass-type smoke barrier are as shown in
Table 3. Because the shape of the upper channel is very complicated to be modelled in SAP 2000,
we simplify it to a simple tube with the section property obtained from Autocad according to the
actual upper channel section. The interface between the steel rod bar and lower support was set
to be moment released to simulate the actual structural behavior.
The SAP 2000 analytic model was verified according to the weight of the specimen,
natural frequency and acceleration obtained from the shaking table test. The weight of each glass
panel is 9.5kgf and is similar to the axial force of the steel rod bar which support the glass panel
from the bottom corner edge. The summation of the vertical reaction of the pin support of the
SAP2000 model is 77.25kgf and it is very close to the actual weight estimation of the specimen.
Table 4 demonstrates the modal periods and frequencies obtained from the SAP2000 model. The
frequency of the first mode is 3.6Hz. That is very close to the natural frequency, 3.2Hz, obtained
from the white noise test at the beginning of the shaking table test of specimen S3. Finally, this
study input the acceleration record obtained from the shaking table test on the ceiling of
specimen S3. The damping ratio of the model is 2.6% which is determined by Logarithmic

Decrement Method from the acceleration time-history record under the condition of ambient free
vibration. The Figure 16 and Figure 17 are similar to each other, except for the peak acceleration
time-history result of the SAP2000 model is 3.09g and the other is 3.97g. In general, the
SAP2000 model demonstrates the accuracy of the numerical settings.

Figure 15 SAP2000 model of the glass-type smoke barrier
Table 3 Material properties of the model
Element

Material

Weight
3

(N/cm )

Upper channel

Aluminum

0.0266

Steel rod bar
Lower support

Steel
Aluminum

0.077
0.0266

Glass panel

Glass
Silicone

0.0245
0.1154

Silicone

Modulus of
Elasticity

Poisson

(N/cm4)
6,963,705
19,994,798

0.33
0.3
0.33

,6963,705
7,170,000

0.22
0.48

3,000

Table 4 Modal periods and frequencies of the model
Output Case

Step Type

Step Num

Modal
Modal
Modal
Modal
Modal
Modal

Mode
Mode
Mode
Mode
Mode
Mode

1
2
3
4
5
6

Figure 16 Acceleration record of testing
specimen

Period
(sec)
0.275
0.143
0.096
0.072
0.057
0.045

Frequency
(cyc/sec)
3.64
7.01
10.44
13.91
17.42
22.03

Figure 17 Acceleration record of the
analytical model

Out-of-plane Behavior Study
The SAP2000 model was used to study the internal principal stress of the glass panel and the
natural frequency of different length and configurations of the glass-type smoke barrier. Figure
18 demonstrates the internal principal stress contour diagram, when inputs is the EQ1 timehistory acceleration record, at the upper channel. It shows the maximum stress located at the
corner edge of the glass panel adjacent to the intersection of the steel rod bar and lower support.
Table 5 demonstrates the maximum principal stress at the above-mentioned locations at different
excitation levels. That shows the principal stress of the glass panel will exceed 40MPa at 600gal
excitation level and the maximum principal stress will exceed 60MPa at 1000gal. Due to the
modulus of rapture of the wired glass is 40.0MPa determined by the small samples in accordance
with ASTM C158-02[6], the glass panel may break when the excitation level exceeds 600gal.
Figure 19 demonstrates the axis of the principal stress and it fits the breakage angle observed in
the shaking table test as shown in Figure 20 which was induced by out-of-plane deformation.
This study also changed the total length of the glass-type smoke barrier and obtained the
new natural frequency of the first mode. Table 6 demonstrates the natural frequency related to
the different length of the glass-type smoke barrier. An equation obtained by the Method of
Regression Analysis according to those data in Table 6 can be drawn,
24
𝑓=
(1)
𝐿
where f and L are the natural frequency(Hz) and the total length of the glass-type smoke
barrier(m), respectively. Figure 21 shows the equation fits the frequencies obtained from the insitu ambient free vibration measurements at different length of glass-type smoke barrier to
validate the numerical model.
Furthermore, this study changed the configuration of SAP2000 model to be L-shaped as
shown in Figure 22 and the relationship of the natural frequency to the longitudinal length as
shown in Figure 23. It demonstrates the L-shaped configuration will decrease the natural
frequency of the glass-type smoke barrier obviously when the longitudinal length is less than
10m. According to this finding, the natural frequency could be adjusted by arranging the whole
assembly length the configuration of the glass-type smoke barrier.

Figure 18 Internal principal stress contour of glass panel

Table 5 Maximum principal stress at different locations of the assembly
The Maximum principal stress at different locations (MPa)
Excitation
wave(gal)

1

2

3

4

5

6

7

8

7.6

16.9

1

9

10

11

12

13

14

600

47.5 11.4 55.4 19.1 41.5

0.6 15.5

6.7

39.8 42.1 22.1

800

63.2 15.1 73.2 18.7 47.8 12.2 23.9 1.1 1.3 22.3

12

48.4 56.2 30.1

1000

78.4 18.6 93.3 23.5 60.8 15.3 30.6 1.4 1.6 29.2 14.8 61.5 70.8 37.3

Breakage direction

Breakage direction

Figure 19 The axis of maximum principal
stress

Figure 20 The breakage pattern of the glass
panel

Table 6 Natural frequencies of the model related to the whole assembly length
The whole length of the
assembly(m)
2
4
7.35
10
15
30

Natural frequency
(Hz)
12.9
6.18
3.66
2.54
1.57
0.7

Figure 21 Natural frequency related to the length of the whole assembly by ambient vibration
measurement and SAP 2000 model

L-shaped
Line-shaped
24/L

Figure 22 L-shaped SAP 2000 model

Figure 23 Natural frequency related to the
length of the whole assembly by Lshaped and straight-lined
configuration
Conclusion

A series of shaking table test were performed at NCREE in Taiwan and a SAP 2000 model was
established to study the seismic performance of glass-type smoke barrier in accordance with the
specimen construction and test results. The test results showed the glass panel of the glass-type
smoke barrier will be broken when the excitation level at ceiling exceeds 600gal. According to
the test results, a SAP 2000 model demonstrates a good accuracy with natural frequency and the
simulation result on the fracture mechanism which was determined due to out-of-plane
deformation. The SAP 2000 model was also modified to investigate the relationship between the
natural frequency and the assembly length and generated an equation by the regression analysis.
Furthermore, the natural frequency could be adjusted by arranging the whole assembly length the
configuration of the glass-type smoke barrier. The preliminary conclusion of this study could
provide a guideline to assess the seismic performance and conduct the seismic design of glasstype static smoke barriers.
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