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Abstract - Suspended ceiling systems are among the most frequently reported earthquake-vulnerable nonstructural elements.
Despite their importance, current design standards provide only limited design guidance because of complicated behavior of
suspended ceilings and lack of reliable test data. In this study, their seismic performance and dynamic characteristics were eva-
luated based on a series of shake table tests on large-size suspended ceiling systems. A total of seven specimens having typical
ceiling configurations were tested with including a rigidly braced ceiling specimen as recommended by current design stand-
ards. Based on test results, some of the key engineering parameters such as the acceleration amplification factor and the natural
frequency were identified, and overall seismic performance was evaluated. The test results showed large differences in dynamic
characteristics between ceiling systems hung by hanger wires and hanger bolts because of the difference in boundary conditions
formed by the connection details used in each system. A ceiling specimen strengthened by rigid brace exhibited only slightly im-
proved seismic performance mainly due to the low in-plane stiffness of ceiling grids; the degree of damage observed was com-
parable to non-seismic ceiling specimens. The limitation and side effects resulting from rigid brace were also discussed.
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(c) Indirect-hung M-bar suspended ceiling (continuous)

Fig. 2. Typical suspended ceiling configurations
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Fix (2 adjacent sides)

[Clearance]

Min 3/8 in. (10 mm)
- ‘<—Mm 2 in. (50 mm)

T
/ |«-Min 3/4 in. (19 mm)

[Molding width] o
Min 7/8 in. (22 mm)

“' Min 2 in. (50 mm)

(b) Minimum clearance
and perimeter fixing for
seismic design category D

(a) Minimum clearance for
seismic design category C

2.70 mm
splayed
brace wires

45° or less /

45° or less

N

) 45° or less

Main beam

45° or lessk

Cross runner

\

Lateral bracing (1,800 mm) or
less from wall (3,600 mm) on center

(c) Ceiling brace for seismic design category D

Fig. 3. Seismic requirements for suspended ceilings
according to ASTM E580
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Table 1. Key properties of ceiling specimens
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A= OE A719] A Aol A= AW A 7|zl 9
ot ‘417\11"?—7 o] a-8-/gol tish °‘J—}% AES EEA| X5
o, RE oty W Q) FHoFr F A (fragility analysis)
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o A3 WHEA 7|29 Aol BT Aol
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¢
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N
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3. 38N LR e A

2 AN E A AFE T A g 2o
et & AF Aol ABAE AR AEH ABS Y5
At £ ol AA, Aol 4
2 2] Aol AL P AzIste] Ao thste] 7]
=

M 3] ;q] pS| 74] o] ;q];d—

Table 10] & A glof| AL8-H AFA| 9] F2 P HE g0k}
At AEA= 7 71 A A (12.8 m > 4.87 m) @} T4
7}2] 2B AFH|(3.87 m x 3.87 m) = A =] o] TH(Figs. 4-5).
H]Y &1 AFA|(DTL, ITL, IMC, IMC-M, IMC-C):= ASTM

. * - Ceiling size Input Bounda e Plenum height
Specimen Ceiling type Panel Type ( mg) diregtion (cleargctz)p i) &
DTL Direct hung suspended 3d Free (15 mm) 0.80

DTL-B T-bar ceiling . 3d Braced (25 mm) 0.80

Lay-in 3.79 x3.79
ITL Indirect hung suspended 3d Free (15 mm) 0.65
ITL-R T-bar ceiling 1d Free (410 mm) 0.65
IMC-M 19.8 % 4.85 1d Free (15 mm) 1.00
Indirect hung suspended Continuous 8 X 4.

& M-bar ceiling (screw-attached) 1d Free (15 mm) 1.00
IMC 3.79 x 3.79 3d Free (15 mm) 0.65

"Letters in specimen name specifies (1) panel type (st letter; lay-in/continuous), (2) frame type (2nd character; T-bar/M-bar), and (3) hanger type (3rd

character; direct-hung/indirect-hung).
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: measurements (A: accelerometer, D: LVDTs)

(a) Direct-hung T-bar ceiling specimen (lay-in, DTL)
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(c) ITL specimen with wide clearance (ITL-R)
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3.870

Carrying joint
Anchor & hanger bolt
/ (¢9 mm)/@900
Minor channel
A7 (19%10%1.2)/@2000
I Ceiling panel
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D4

B measurements (A: accelerometer, D: LVDTs)

(b) Indirect-hung T-bar ceiling specimen (lay-in, ITL)

4 3.870 J‘,
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Hanger wire
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Lighting fixture

| Brace (C-stud)
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Ceiling panel
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B measurements (A: accelerometer, D: LVDTs)

(d) Braced indirect-hung T-bar ceiling specimen (lay-in, DTL-B)

Fig. 4. Details of triaxial shake table ceiling specimens
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Fig. 5. Indirect-hung M-bar ceiling specimen for carrying channel direction excitation (IMC-C)
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Fig. 6. Installation of rigid ceiling brace
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for shake table test of suspended ceiling specimens
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(a) Large-size test frame for uniaxial shake table test (b) Small-size test frame for triaxial shake table test

Fig. 8. Overview of test frames for shake table test of suspended ceiling specimens
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Fig. 9. Transfer function measured from resonance tests
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Fig. 10. Comparison of connection details between hanger wire and hanger bolt
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Fig. 11. Deformed behavior of hanger bolt
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4 : * 4 A z
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Fig. 12. Measured acceleration amplification factor
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Fig. 13. Failure pattern of DTL specimen at the end of test
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Fig. 20. Failure pattern of DTL-B specimen at the end of test
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