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Abstract 
 
 

Dynamic Response Characteristics of 

Ceilings on Shaking Table Test 
 
 

Cho, Jung-eun 

Department of Architecture and Architectural Engineering 

College of Engineering 

Seoul National University 
 

 

In moderate seismic site, when earthquake occurs, nonstructural 

components may be damaged without the loss of structure. Seismic damage of 

nonstructural components can cause significant loss property and function in 

important buildings such as hospital and bank. 

 

The failure of suspended ceiling is one of the most widely reported types 

of nonstructural damage in building structures. Suspended ceilings have been 

vulnerable to damage from earthquake, sustaining panel loss and grid failure 

in moderate earthquake, even in absence of major structural damage. Also, the 

seismic damage of suspended ceilings gives the largest contribution to the 

economic loss and function loss to prohibit the building from remaining 

operational after an earthquake. In some cases, it may endanger the life or 

safety of its occupants. 

 

For these reasons, seismic design for suspended ceiling is needed. Though 

the study of the Korean suspended ceilings was barely performed, it is hard to 

understand the seismic behavior of the suspended ceilings. To investigate the 

seismic behavior of the suspended ceilings, the study on the vibration 

behavior and seismic capacity of Korean suspended ceiling system, M-bar 

system ceiling and T-bar system ceiling were presented. 

 

In this study, the static tests were performed in chapter 3 and the dynamic 

tests were performed in chapter 4. In chapter 3, to investigate the capacity of 

suspended ceiling components, the static tests were performed dividing by 
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three stages; component level, joint level and module level. In chapter 4, 

shaking table tests were performed to examine the dynamic behavior of the 

suspended ceilings with horizontal excitation using El-Centro earthquake and 

Mexico City earthquake. The dynamic performance, such as acceleration 

response, displacement response, deformation, natural period etc. was 

evaluated. 

 

In the shaking table tests, there was no system failure of ceiling in 1g level 

ground acceleration. Further experiments should be performed for seismic 

design for ceilings. Vertical excitation on shaking table tests, more than 1g 

level ground acceleration excitation, and ceiling with weight such as lights or 

air conditioner have to be considered for further experiments. 
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Chapter 1. Introduction 

1.1 General 

Nonstructural components are those systems and elements attached to the 

floors, roof, and walls of a building that are not part of the main or intended 

load-bearing structural system. Typical examples of nonstructural components 

include suspended ceiling, cladding system, mechanical and electrical 

equipment, piping system and access floor. 

 

In the past earthquakes, the failures of nonstructural components are 

observed. There were widespread failures of ceiling systems and mechanical 

equipment in the 1971 San Fernando Earthquake [1], and failures in piping 

systems and sign of hospital in the 1994 Northridge Earthquake [2]. The 

damage of nonstructural such as partitions felled and cladding system failed 

were also observed in 2006 Hawaii Earthquake [3], 2010 Chile earthquake [4], 

and 2011 off the Pacific coast of Tohoku Earthquake [5].(Fig 1-1 and Fig 1-2) 

 

The failure of suspended ceiling is one of the most widely reported types 

of nonstructural damage in building structures. Failures can be summarized: 

Falling of ceiling panels, buckling of ceiling grid members (bars and 

channels), failure of ceiling grid members, and damage near ceiling perimeter. 

 

Suspended ceilings have been vulnerable to damage from earthquake, 

sustaining panel loss and grid failure in moderate earthquake, even in absence 

of major structural damage. Also, the damage of suspended ceilings gives the 

largest contribution to the economic loss due to an earthquake. Suspended 

ceiling are used in commercial and residential buildings, and damage to them 

can prohibit a building from remaining operational after an earthquake and, in 

some cases, may endanger the life or safety of its occupants. 

 

For these reasons, seismic design of suspended ceiling is essential. The 

seismic design of suspended ceilings is prescribed in KBC 2009, but it is hard 
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to trust owing to it came from IBC 2006 without any revising. Seismic design 

criteria for Korean ceiling system is needed. Before revising criteria for 

suspended ceilings, tests for ceilings should be conducted such as the capacity 

of the ceiling components and the dynamic response characteristics of ceilings. 

 

 

Fig 1-1 Damage of sign of hospital due to earthquake (1994 Northridge 
earthquake) 

 
 

 

Fig 1-2 Damage of suspended ceiling due to earthquake (2010 Chile earthquake) 
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1.2 Scope and Objectives 

In this study, the seismic behavior of suspended ceilings is investigated.  

There are two parts of study, one is to find capacity of ceiling components in 

three steps. The static tests were conducted according to component level, 

joint level and module level. The certifications of the suspended ceiling were 

used to compare the results to allowable value.  

The other one is to investigate dynamic response characteristics of ceilings. 

The shaking table tests were performed according to the real earthquake 

excitation level. The acceleration response, displacement response and 

deformation response were investigated. The main objectives of the study are 

summarized as follows; 

 

1) To find capacity of ceiling components and failure mode on static 

tests 

2) To investigate dynamic response characteristics of suspended ceiling 

on shaking table tests. 
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Chapter 2. Literature Review 

2.1 Introduction 

There are design codes for nonstructural components such as ceiling, 

access floor and cladding. There are also certification about ceilings, in Korea 

and in UK. In this chapter, design codes for nonstructural components are 

introduced, and certifications for ceilings are introduced, internal and external. 

 

2.2 Design Codes 

2.2.1 KBC 2009 

The Korean Building Code, KBC 2009 [6], includes seismic design of 

nonstructural components in 0306.9 Seismic load. However there is no 

detailed instructions in case of each nonstructural element. Equivalent static 

load,    is presented. Horizontal equivalent static load is recommended, but 

vertical equivalent static load isn’t presented.  

 

In the horizontal seismic forces, the equivalent static load,    as: 

 

  =
0.4       

 
  

  
 

 1 + 2
 

ℎ
  

 
(1-1) 

 

   is not required to be taken as greater than 

 

F (maximum) = 1.6S  I W  (1-2) 

 

And    shall not be taken as less than 

 

  (       ) = 0.3        (1-3) 
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2.2.2 ASCE 7-10 

The American Society of Civil Engineers, ASCE 7-10 [7], includes seismic 

design of nonstructural components in Chapter 13. Seismic Design 

Requirements for nonstructural components. Horizontal equivalent static load 

and vertical equivalent static load are presented. 

 

In the horizontal seismic forces, the equivalent static load,    as: 

 

  =
0.4       

 
  

  
 

 1 + 2
 

ℎ
  

(2-1) 

 

   is not required to be taken as greater than 

 

  (       ) = 1.6        (2-2) 

 

And    shall not be taken as less than 

 

  (       ) = 0.3        (2-3) 

 

In the vertical seismic forces, the equivalent static load,     as: 

   = ±0.2      (2-4) 

 

2.2.3 ASCE 41-13 

The American Society of Civil Engineers, ASCE 41-13 [8], includes 

seismic design of nonstructural components in Chapter 13. Architectural, 

mechanical, and electrical components. Horizontal equivalent static load and 

vertical equivalent static load are presented. 

 

In the horizontal seismic forces, the equivalent static load,    as: 

 

  =
0.4       

 
  

  
 

 1 + 2
 

ℎ
  

(3-1) 
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   is not required to be taken as greater than 

 

  (       ) = 1.6        (3-2) 

 

And    shall not be taken as less than 

 

  (       ) = 0.3        (3-3) 

 

In the vertical seismic forces, the equivalent static load,     as: 

   = ±0.2      (3-4) 

 
Where,  
   = Component operation weight; 

   = Component amplification factor; 

   = Component seismic force applied horizontally at the center of 
gravity; of the component and distributed according to the mass 
distribution of the component; 

    
(   ) 

= Spectral response acceleration parameter at short periods for any 
Seismic Hazard Level and any damping determined; 

ℎ = Average roof elevation of structure, relative to grade elevation; 
   = Component response modification factor; 

  = Elevation in structure of the average point of attachment of the 
component to the structure. The value of x shall never exceed h; 

   = Component importance factor; 

    = Component seismic force applied vertically at the center of 
gravity. 

 

In 13.6.4 Ceilings, Definition and scope of ceiling are presented and 

acceptance criteria such as Life safety, Position retention Nonstructural 

performance level and Operational Nonstructural performance level are also 

presented. For the situation that acceptance criteria aren’t satisfied, retrofit 

methods are recommended. The spectral response acceleration is considered 

in case of ground acceleration or in case of story acceleration.  
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Table 2-1. Design Codes for nonstructural components 

 KBC 2009 ASCE 7-10 ASCE 41-13 

Chapter system 
Included in Chapter 3 

-0306 Seismic load 

Independent system 

Chapter 13. Seismic 
Design Requirements 

for nonstructural 
components. 

Independent system 

Chapter 13. 
Architectural, 

Mechanical, and 
Electrical 

Components.  

Seismic 
qualification 
classification 

Not exist Not exist 

Performance 
objective 

Classify 

Acceleration-
sensitive and 
Deformation 

sensitive 

Horizontal load 
  =

0.4       

 
  

  
 

 1 + 2
 

ℎ
  

Vertical load Not exist    = ±0.2      

 

Table 2-1 summarizes the codes, KBC 2009, ASCE 7-10 and ASCE 41-13. 

Korean code, KBC 2009 is just included in parts of seismic load, and it is hard 

to trust because it came from IBC code 2006 as it is. Unlike ASCE 7-10 and 

ASCE 41-13, it doesn’t have performance objective and there is no 

consideration of vertical load effect. So Korean design code for nonstructural 

components is need to revise adequate for Domestic Circumstances in Korea. 
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2.3 Ceiling certification 

2.3.1 KS Certification 

In KS Certification [9] (KS D 3609:2015 Steel furrings for wall and 

ceiling in buildings), steel furring of ceiling’s performance tests are 

represented. According to KS certification steel furring’s performances need 

to be suitable for below regulation. 

 

Table 2-2. Steel furring of ceiling’s performance 

Item 
Sort 

Application 
test item 

Performance 
19 type 25 type 

Form stability of 
component 

Lateral 
bending Less than 2L/1000 Fig 2-1 

Bending 

Loading 
Strength 

Down-
load 

Bar 
Max deflection : less than 10mm 
Remaining deflection : less than 2mm Fig 2-2 

 
Fig 2-3 Carrying 

channel 
Max deflection : less than 5mm 
Remaining deflection : less than 2mm 

Up-load Max deflection : less than 5mm Fig 2-4 

 

(1)  Form stability test of ceiling components. 
Tests are composed of lateral bending test and bending test (Fig 2-1(a) and 

Fig 2-1(b)) Components should be measured on a horizontal plane. 

 

 
(a)                               (b) 

Fig 2-1 Test method of lateral bending (a) and bending (b) 
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(2)  Loading strength test of steel furring of ceiling. 
∙Tests of down-load: Down-load tests composed of bar test and carrying 

channel test. 

 

The down-load test of bar : Put on the plywood sized 450mm X 450mm X 

15mm, in the middle of the M-bar and loading 5 minutes, with 294.20N(19 

type) or 290.33N(25 type). Check the middle of the bar’s max deflection and 

remaining deflection  

 

The down-load test of Carrying channel: Put on the plywood sized 

1200mm X 400mm X 24mm, in the middle of the Carrying channel and 

loading 5 minutes, with 735.50N. Check the middle of the channel’s max 

deflection and remaining deflection  

 

Fig 2-2 Test of down-load (bar) 

 

Fig 2-3 Test of down-load (Carrying channel) 
 

∙Test of up-load 

The up-load test: Assemble the ceiling, and put the gypsum board with a 

9mm thick, on the ceiling. Put the plywood sized 450mm X 450mm X 15mm, 

in the middle of the bar and loading 5 minutes, with 294.20N. Check the 

middle of the bar’s max deflection. 
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Fig 2-4 Test of up-load 
 

2.3.2 BS Certification 

The British Standard in UK [10], certification about ceiling is represented. 

(Suspended ceilings – Requirements and test method (BS EN 13964:2014)). 

The specimen to be tested shall include all the characteristic of those products 

as used on site. The test results allow determination of the deflection and the 

admissible loading of the substructure components. 

 

(1)  Bending test of metal substructure profiles 

 

∙Procedure for testing  

For preliminary tests, each of 3 sections (i.e. 3 in positive and 3 in negative 

position) shall be tested as beams on two supports with a point load at mid-

span at the maximum design span (max. L) moreover, at a minimum span of: 

min L = max L / 2; for lengths shorter than 2.0 m, min L > 1.0 m (1) Where 

perimeter channels are to be tested, a smaller span may be used if this results 

from the designed distance of the fixing elements 

 

 

Fig 2-5 Principle of bending test 
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Both the deflection at mid-span measured with gauges with an accuracy of 

1/100 mm and at least up to a value equal to the intended deflection class of 

Table 6 and the corresponding test load (F) shall be determined. 

-Test load (F): corresponding intended deflection class of Table 2-3 

Table 2-3. Classes of deflection – Substructure profiles 

Class Deflection(mm) 

1 L/500 and not greater than 4.0 

2 L/300 

3 No limit 

Where L is the span in millimeters between the suspension points 

 

The load shall be temporarily relieved when the deflection reaches the 

designated class. After removing the load, the permanent deflection shall not 

exceed 0.2 mm. If this value is exceeded, the designated deflection and the 

corresponding load shall be reduced. This is to ensure that the load 

deformation curve is linear-elastic. The maximum load (Fu) and the 

corresponding maximum bending moment (Mu) shall be determined. 

 

∙Assessment of test results 

The bending rigidity (El) and the admissible bending moment admM shall 

be determined from at least 10 tests. The bending rigidity (El) for a single 

span beam with a point load in the center shall be calculated using the 

following formula: 

 

EI =     /48     (F is the average load of 10 individual tests) 

 

Where  

   = the average load of 10 individual tests corresponding to the 
deflection class, in N 

  = span of the specimen, in mm; 

     = deflection at center span, in mm 

E = elasticity modulus, in N/mm2 

I = moment of inertia, in mm4 

 

 

The admissible bending moment results from two criteria:  
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  =    =    /4	  

   	= average value of bending moment 

 

(2)  Testing of metal suspension and connecting components 

 

∙ Static test 

The test conditions shall express standard laboratory conditions. Load rate: 

A preliminary test shall take place until failure or intended deformation. The 

load determined shall then be divided by 20. The value established in this way 

shall then be considered as steps to increase the load in the official test. 

Measurements taken and recorded shall be load and displacement. Number of 

test samples subjected to testing shall be 3 per connector type. 

 

∙Assessment of test results 

The Admissible load shall be determined from the results of not less than 3 

individual tests using the Formulae: 

admF =
  
 %

 
 

  
 % =    −   ∙   

 

Where 

    = average value of ultimate load    ,in N; 

   = statistical factor; 

  = the standard deviation, in N; 

  
 % = the 5 % fractile; 

v = safety factor=2.5. 
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Fig 2-6 Principle set up of suspension test 
 
 
 

 

Fig 2-7 Principle set up of connector test 
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Chapter 3. Capacity Evaluation of Suspended 
Ceiling Components 

3.1 Introduction 

In this study, to investigate to capacity of suspended ceiling components, 

the static tests were performed dividing by three stage; component level, joint 

level and module level. 

Component level and joint level experiments were designed based on BS 

certification in the United Kingdom, and Module level was designed based on 

KS certification in Korea. The experiments were also performed with 

reference to formal experiment [11]. The structural performance, such as load-

displacement relationship, failure mode and deformation, etc. was evaluated. 

    

3.2 M-bar System Ceiling  

The M-bar system ceiling is the most common using system in Korea. The 

M-bar system is consist of M-bar, M-bar clip, Carrying channel, Minor 

channel, Minor clip, hanger, hanger bolt. Fig 3-1 shows the example of 

construction of M-bar system, and Fig 3-2 shows the details of M-bar system 

ceiling. In this study, M-bar system ceiling is used to investigate to ceiling 

capacity of Korean ceiling system.  

 

  

Fig 3-1 Example of construction of M-bar system  

Fig 3-2 Composition of M-bar system 
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3.3 Component Level 

3.3.1 Specimens and Test set-up 

Component level test involves to tensile test and bending tests. In tensile 

test, hanger bolt was used to experiments, and in bending tests, bars and 

channels of ceilings (such as M-bar, carrying channel, Minor channel) were 

used to experiments. 

 

 Tensile tests of Hanger bolt 3.3.1.1

Hanger bolt’s tensile tests were performed in this study to obtain the 

tensile strength of ceiling hanger bolt. The specimen’s length is 600mm, on 

the center of the hanger blot, 1 strain gauge was used to measure deformation 

of hanger bolt. 3 tests were conducted using UTM. Fig 3-3 to Fig 3-5 show 

the test set up of tensile tests and location of a strain gauge. 

 

Fig 3-3 Test set up 
 
 
 

   
Fig 3-4 Instrumentation of hanger         Fig 3-5 Test set up 

Fig 3-4 Instrumentation of hanger 

Fig 3-5 Test set up 
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 Bending tests of ceiling bars and channels 3.3.1.2

The bending tests of the bars and channels of ceiling were performed to 

estimate the bending capacity and each 3 tests were conducted using an 

actuator. Because all of the parameters (M-bar, Carrying channel and Minor 

channel) have open sections, three kinds of loading direction were performed 

in bending tests. 

On the center of the test specimen, 1 LVDT (Linearly Variable Differential 

Transducer) and 1 strain gauge were used to measure the displacement and 

deformation of ceiling components. The length of specimen is 900mm 

because it is the span between the suspension points. Fig 3-6 and Fig 3-7 

show the test set up of bending tests. 

 

 

Fig 3-6 Test set up 
 
 
 

 

 

Fig 3-7 Test set up
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Table 3-1. Test specimens of component level 

Direction 
M-bar 

50mmX25mmX0.5mm(t) 

Carrying Channel 

38mmX12mmX1.5mm(t) 

Minor Channel 

19mmX10mmX1.2mm(t) 

X-1 
 

 
 

Y-1 

 
 

 

X-2 
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3.3.2 Test Results 

 Tensile tests of Hanger bolt 3.3.2.1

The tensile strength test of hanger bolt (9mm) was performed. The tensile 

strength of hanger bolt is 406MPa. Fig 3-8 shows Stress-Strain curve of 

hanger bolt and Fig 3-9 shows failure of hanger bolt. 

 

 

Fig 3-8 Stress-Strain curve of hanger bolt 
 

 

 

Fig 3-9 Failure of hanger bolt 
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 Bending tests of ceiling bars and channels 3.3.2.2

The bending tests of ceiling bars and channels were performed to measure 

the capacity of ceiling components. All of the Specimens, M-bar, Carrying 

channel and Minor channel have fully ductility in every direction. The bar and 

channels were bent in the loading direction. The Failure of M-bar is shown in 

Fig 3-10. 

 

 

Fig 3-10 Failure of M-bar 

 
Table 3-2 shows the comparison of maximum load according to three 

direction of components. All three components have maximum load at Y-1 

direction compare to X-1 and X-2 direction. Fig 3-11 to Fig 3-13 show the 

graph of load-displacement relationship compare with three directions in each 

parameters. 

 

Table 3-2. Maximum Load [kN] 

Direction M-bar Carrying Channel Minor Channel 

X-1 0.36 0.25 0.17 

Y-1 0.47 0.45 0.25 

X-2 0.36 0.25 0.17 
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Fig 3-11 Load-displacement relationship of M-bar 
 

 

Fig 3-12 Load-displacement relationship of Carrying channel 
 

 

Fig 3-13 Load-displacement relationship of Minor channel 
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To invest the strength allowance of ceiling bar and channels for demand 

strength, the maximum bending moment demand have to calculate, first. The 

M-bar have to consider distributed load of textiles. The unit weight of textile, 

length of M-bar, uniformly distributed load and M-bar spacing were 

calculated and the values are shown in the followings. 

-Unit weight of textile,	   = 41.9×10-6 N/mm2  
(4.22 kgf/m2) 

-Length of M-bar, L = 900mm 

-Uniformly distributed load, W = 
= 

2×   ×b  
25.14×10-6 N/mm2 

-M-bar spacing, b = 300mm 

-Maximum bending moment demand,	      = 
= 

W×L2/8  
2545 N∙mm 

 

As a final outcome, demanded maximum bending moment in BS 

certification is 2545 N∙mm. The strength allowance of ceiling components can 

find out using the results of tests. Table 3-3 show the results of bending tests 

for M-bar, Carrying channel and Minor channel. The directions installed on 

the ceiling, were evaluated. 

Table 3-3 Results of bending tests  

Components Direction 
Specimen 

No. 

Max. load 

Fu (N) 

Displacement at max. 

load, Δ (mm) 

M-bar 

X-1 

(Positive) 

1 355 9.8 

2 342 9.52 

3 333 9.77 

Average 340 9.7 

X-2 

(Negative) 

1 355 15.85 

2 363 20.17 

3 364 20.56 

Average 360 18.86 

Carrying 
channel 

Y-1 

1 446 10.67 

2 381 12.02 

3 438 9 

Average 420 10.56 

Minor 
channel 

Y-1 

1 246 16.02 

2 248 15.48 

3 253 17.18 

Average 250 16.23 
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Table 3-4. The ratio of the bending moment 

 

    = average value of ultimate load    ,in N; 

Mu,adm = Mu /v; 

v = safety factor,2.5; 

Mu = FuL/4 

 

The ratio of the value of the admissible bending moment to demand for 

maximum bending moment (Mu,adm/Mmax) has to have high value to 1. In all of 

the tested components, ratio of value is higher than 1. It means that the ceiling 

components evaluated in tests satisfy the standard of permission.  

Components Direction     (N) 
Mu,adm  

(N∙mm) 
Mu,adm/Mmax 

M-bar 

X-1 
(Positive) 

340 30,600 12 

X-2 
(Negative) 

360 32,400 12.74 

Carrying cannel Y-1 420 37,800 14.85 

Minor cannel Y-1 250 22,500 8.84 
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3.4 Joint Level 

In general, joint design in structure is critical to escape collapse and 

stability. Similarly, in ceiling systems, joint level is the most important part. 

Joint has to have enough strength and ductility capacity in order to prevent 

brittle fracture of ceiling system.  

 

3.4.1 Specimens and Test set-up 

Tensile test was conducted on each joint level to find which joint 

components were vulnerable. There are three types of joining member in M-

bar system: Hanger, M-bar clip and Minor clip. 

Following Joining member, there are three Joint types. 

J1: Hanger, Hanger bolt and Carrying channel 

J2: M-bar Clip, M-bar and Carrying channel 

J3: Minor Clip, Minor channel and Carrying channel 

 

Table 3-5. Test parameter of joint level 

Specimens 

J1 J2 J3 

Composition 
Hanger bolt, hanger, 

carrying channel 
M-bar, M-bar clip, 
carrying channel 

M-bar, Minor clip, 
carrying channel 

 
 

LVDT (Linearly Variable Differential Transducer) and strain gauges were 

used to measure the displacement and deformation of ceiling components. Fig 

3-14, Fig 3-16 and Fig 3-17 show the instrumentation of specimens. Fig 3-15 

shows test set up of J2 and J3 
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Fig 3-14 Instrumentation of J1 and test set up of J1 
 

 

Fig 3-15 Test set up of J2 and J3 
 

 

Fig 3-16 Instrumentation of J2 
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Fig 3-17 Instrumentation of J3 
 

3.4.2 Test Results 

The three joint types of joint level were tested to find the strength of 

connecting components and to observe the failure mode of the each joint types. 

First to evaluate the joint strength, the maximum demand force was calculated 

with the weight of the textile and M-bar. The maximum demand force is 

26.23N. 

M-bar + textile load (W, ⅹ10-6 N/mm) = 29.14 

Max, demand load of joint (Fmax, N) = 26.23 

 

Table 3-6 show the results of the joint level. The maximum loads and 

displacements at maximum load of each specimens were listed. Using these 

results, the ratio of the joint strength were obtained. If the components have 

enough strength, the ratio of the admissible load to demand load (Fu,adm/Fmax) 

has to be higher than 1. In all of the tested components, ratio of value is higher 

than 1 (Table 3-7). These results mean that the connecting components 

evaluated in tests satisfy the standard of permission 
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Table 3-6. Test results of the joint level 

 
Specimen No. 

Max. load 
Fu (N) 

Displacement at max. 

load, Δ (mm) 

J1 

1 1519 3.66 

2 1331 3.57 

3 1096 4.14 

Average 1315 3.79 

J2 

1 211 2.26 

2 277 3.39 

3 494 4.73 

Average 327 3.46 

J3 

1 1058 10.36 

2 1355 10.42 

3 1624 11.6 

Average 1346 10.8 

 

Table 3-7. The ratio of the joint strength 

 

    = average value of ultimate load    ,in N; 

Fu,adm =     /v; 

v = safety factor,2.5; 

 

In the joint level, the failure modes were observed. In J1, there was no 

separation of components. But the joining member, hanger, was bended. (Fig 

3-18) In J2, bottom of the M-bar clip was deformed and separated to M-bar. 

(Fig 3-19) Unlike other cases, there was no deformation of joining member, 

Minor clip. Minor channel was bended and deformed (Fig 3-20). As 

mentioned earlier, the joint has to enough strength and ductility capacity in 

order to prevent brittle fracture of ceiling system. In case of J2, the M-bar clip 

was dropped out the M-bar causing brittle failure. 

 

System    (N) 
Fu,adm  
(N) 

Fu,adm/Fmax 

J1 1315 526 20.01 

J2 327 130.8 4.99 

J3 1346 538.4 20.53 
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Fig 3-18 Deformation of hanger (J1) 
 

 

   

Fig 3-19 Failure of M-bar clip (J2) 
 
 

   

Fig 3-20 Bended Minor channel (J3) 
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3.5 Module Level 

3.5.1 Specimens and Test set-up 

A 1.5m X 1.5m X 1.53m rectangular steel frame has been constructed in 

order to test the ceiling module systems. Each column was welded to 

thickness 30mm plate enough to stand the fame. On the top of frame, there are 

two beams with diameter 10mm holes, span 900mm. These holes enable to 

suspend ceiling module systems. Fig. 3-21 and Fig. 3-22 present detailed 

information of the frame. 

 

 

Fig 3-21 Test frame of Module Level test (front view and side view) 
 

 

Fig 3-22 Test frame of module level test (top of frame plan view) 
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Fig 3-23 Module level specimen unit 
 

Module level’s specimen is 1200mm X 1200mm size (Fig 3-23). The 

hanger and hanger bolt’s spans are 900mm. Table 3-8 show the composition 

of unit specimen of module level, Table 3-9 represent the test parameter of 

module level. 

Table 3-8. Module level specimen composition 

 
Number of 
component 

Length Space 

Hanger bolt 4 450mm @900mm 

Hager 4 - @900mm 

M-bar 4 1200mm @300mm 

M-bar clip 8 - - 

Carrying Channel 2 1200mm @900mm 

Minor channel 1 1200mm @3000mm 

Minor clip 2 - - 

 

Table 3-9. Test parameters of module level 

Specimens Type of ceilings 
Height of 
ceilings 

Minor channel 
Direction of 

loading 

M 1-A M-bar system 

0.3m 

With minor 
channel 

y-direction 

M 1-B M-bar system 
Without minor 

channel 
y-direction 

M 2-A M-bar system 
With minor 

channel 
x-direction 

M 2-B M-bar system 
Without minor 

channel 
x-direction 
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The four specimens were used to module level test. All of the specimens 

are M-bar system ceiling and heights of ceiling is 0.3m. Test parameters were 

minor channel’s being and direction of loading. In M-bar system ceiling 

construction, the minor channel is installed space 3000mm, supporting to 

stand carrying channel. Loading was vertical load and loading range was all 

600mm x 1200mm, the directions were x-direction and y-direction. Fig 3-24 

show the picture of Specimen M 1-A and M 2-A(with minor channel), Fig 3-

25 show the picture of Specimen M 1-B and M 2-B(without minor channel). 

 

 

Fig 3-24 M 1-A and M 2-A 
 

 

Fig 3-25 M 1-B and M 2-B 
 

LVDT (Linearly Variable Differential Transducer) and strain gauges are 

used to measure displacement, deformation of ceiling module systems. Fig 3-

26 to Fig 3-29 show the specification for location of measurement according 

to specimnes. 
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 Elevation view                          Section A-A 

 

Fig 3-26 Instrumentation of M 1-A 
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Elevation view                          Section A-A 

 

Fig 3-27 Instrumentation of M 1-B 
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Elevation view                          Section A-A 

 

Fig 3-28 Instrumentation of M 2-A 
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 Elevation view                          Section A-A 
 

Fig 3-29 Instrumentation of M 2-B 
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Fig 3-30 Test set up 
 
 

 

Fig 3-31 Test set up 
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As shown in Fig 3.30, specimen was suspended on the frame, and actuator 

was installed at the up to the loading point. Fig 3.31 show test set-up and 

loading method of module level of ceiling system. Test was performed by 

using actuator whose maximum capacity is 1000kN. The actuator was loaded 

through the test frame. 

 

3.5.2 Test Results 

Prior to the mainly tests, the tests qualified KS certification were 

performed. In the test frame, the test ceilings were installed. Instead of the 

weight, actuator was used with constant load, 290.33N for M-bar and 735.5N 

for Carrying channel. The results of tests is shown in Table 3-10. The 

deflections are smaller than criteria. These results mean the M-bar system 

ceiling used in experiments satisfy the KS certification. Fig 3-32 show the KS 

certification tests for down-load test, M-bar and Carrying channel. 

 

Table 3-10. Results of KS certification test 

System Member 
Deflection (mm) 

KS Certification 
Service load, Δ

SL
 Residual, Δ

RES
 

M-bar 
System 

Carrying 
channel 

2.15 0 
O.K. 

M-bar 5.4 0.01 

 
 

   
(a) (b) 

Fig 3-32 Test set up of KS certification tests  

(a) Test of down-load (M-bar) (b) Test of down-load(Carrying channel) 
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The four specimen ware tested. M 1-B and M 2-B (without minor channel) 

have the large maximum load, 1.8kN and 2.26kN compare to M1-A and M1-

B (with minor channel), 1.65kN and 2.13kN. Also loading x-direction (M1-B 

and M2-B) have the large maximum load compare to y-direction. 

 

 
(a) 

 
(b) 

Fig 3-33 Load-displacement curve  

(a) loading plate with y direction (b) loading plate with x direction 
 

Table 3-11. Maximum Load [kN] 

Specimen M1-A M1-B M2-A M2-B 

Max Load [kN] 1.65 1.8 2.13 2.26 
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All the four specimens were observed ceiling system failure. The failure 

procedure are introduced each specimen. 

 

 

Fig 3-34 Failure of M 1-A 
 

  

Fig 3-35 Bended Minor channel and M-bar clip failure 
 

Fig 3-34 shows failure of M 1-A, failure procedure is as in the following. 

Minor channel was bended – Carrying channel was bended – Top of the 

M-bar clip was loosed - Carrying channel fell forward - M-bar clip fell down 

– Ceiling system failure. (Fig 3-35)   
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Fig 3-36 Failure of M 1-B 
 

  

Fig 3-37 Bended hanger and Top of M-bar clip loosed  
 

Fig 3-36 shows failure of M 1-B, failure procedure is as in the following. 

Hanger was bended – Carrying channel was bended – M-bar bended - Top 

of the M-bar clip was loosed - M-bar clip fell down. – Ceiling system failure. 

(Fig 3-37) 
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Fig 3-38 Failure of M 2-A 
 

  

Fig 3-39 Bended carrying channel and bended hanger 
 

Fig 3-38 shows failure of M 2-A, failure procedure is as in the following. 

Carrying channel was bended and at the same time hanger was bended – 

Top of the M-bar clip was loosed – Minor channel was bended - M-bar clip 

fell down– Ceiling system failure. (Fig 3-39) 
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Fig 3-40 Failure of M 2-B 
 

  

Fig 3-41 Carrying channel fell down 
 

 

Fig 3-40 shows failure of M 2-B, failure procedure is as in the following. 

Carrying channel was bended - Top of the M-bar clip was loosed – Hanger 

was bended – Carrying channel fell forward- M-bar clip fell down– Ceiling 

system failure. (Fig 3-41) 

 

Specimen’s failure procedures have differences such as sequence of failure 

or failure mode but ultimately all the specimens were failure because M-bar 

clips fell down. 
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3.6 Discussion 

Static tests for the ceiling components were performed to investigate 

capacity of ceiling components and to check failure mode of the ceilings. 

Three levels of ceiling (component level, joint level and module level) were 

presented, the tests were performed according to each level. 

The main conclusion of the experiments are reported in the following. 

 

1. In component level, hanger bolt, bars and channels were tested and 

confirmed their strength and ductility. The tensile strength of hanger 

bolt is 406MPa. In the bending test, the ratio of the bending moment 

(Mu,adm/Mmax) was calculated. In all of the tested components, ratio of 

value is higher than 1 (the ratio of M-bar is 12, Carrying channel is 14 

and minor channel is 8). The ceiling components evaluated in tests 

satisfy the standard of permission 

 

2. In joint level, ceiling’s joint members are introduced and the ratio of 

the joint strength (Fu,adm /Fmax) was calculated. In all of the tested 

components, ratio of value is higher than 1 (the ratio is 20, 4 and 20). 

These results mean that the connecting components evaluated in tests 

satisfy the standard of permission. Also the failure modes were 

observed according to joint members. The cause of failure in the 

followings. 

∙J1: Hager’s bending deformation 

∙J2: M-bar clip’s lower part is deformed and failure 

∙J3: Minor channel is bended 

In experiments, joints of each parameter have enough strength and 

ductility, except J2. The joint member of test J2 M-bar clip was failure 

 

3. In module level, the module of M-bar system ceilings is introduced. To 

qualified KS certification, the tests were performed before the main 

tests. The M-bar system ceiling used in experiments satisfy the KS 

certification. The four specimen ware tested. M 1-B and M 2-B 

(without minor channel) have the large maximum load, 1.8kN and 

2.26kN compare to M1-A and M1-B (with minor channel), 1.65kN 

and 2.13kN. Also loading x-direction (M1-B and M2-B) have the large 

maximum load. In the module tests, the ceiling system failures were 



 

 43

observed caused M-bar clip’s fail. 

 

Each ceiling components has fully ductility. But in Joint level and module 

level, M-bar clip was failure caused brittle fracture. The joint member, M-bar 

clip need to improve in order to prevent to ceiling system’s brittle failure. 
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Chapter 4. Shaking Table Test 

4.1 Introduction 

In this chapter, shaking table tests were performed to examine the dynamic 

behavior of suspended ceilings. The experiments were conducted according to 

the frame’s natural period, height of ceiling, lateral displacement control and 

type of ceilings (M-bar system ceiling and T-bar system ceiling). The dynamic 

performance, such as acceleration response, displacement response, 

deformation, natural period etc. were evaluated. 

 

4.2 Shaking table test on rigid frame 

4.2.1 Test frame 

A 3.5m x 3.5m rectangular steel frame has been constructed in order to test 

the ceiling systems. Fig. 4-1 to 4-3 present detailed information of the frame. 

Fig. 4-3 is a plan view of the roof of the frame. 

Test frame columns are H bar steel section whose web flange width is 

175mm whose section total height is 350mm, test frame beams are H steel 

section having flange width equal to 150mm and section total height equal to 

300mm. This frame became strongly stiffen the structure with braces. 4 C-

shape steels were welded in upper frame and punched at intervals of 900mm, 

in order to suspend ceilings. The total weight of the test frame is 19.2kN. 

Test frame is attached to simulator platform using 48mm diameter bolts. A 

rectangular steel plate whose dimensions are 800 x 800 mm and 30mm thick 

constitutes the basement where test frame columns are welded. (Fig. 4-1) The 

test frame was designed with reference to former experiments of suspended 

ceilings. [12][16] 
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Fig 4-1 Test frame of shaking table test (front view) 
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Fig 4-2 Test frame of shaking table test (side view) 

 

Fig 4-3 Test frame of shaking table test (plan view – top of frame) 
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4.2.2 Earthquake simulator 

The earthquake simulator in the KOCED [13] (Korea Construction 

Engineering Development) of Pusan University at Yang-san was used to 

evaluate and qualify the suspended ceilings. The 5m x 5m earthquake 

simulator, or shaking table, has three controlled degrees of freedom, a 

maximum payload of 300 KN and a working frequency range of 0 to 50 Hz. 

Table 4-1 show further information of earthquake simulator. The simulator 

(Table A) can move horizontal axis, x-axis and y-axis. Table A can excite 1[g] 

at nominal payload and move maximum ±300mm. 

 

Table 4-1. Earthquake simulator specifications 

Items Table A 

Table Size (m) 5.0 X 5.0 

Type Moveable 

Degree of Freedom 3 

Full Payload (kN) 300 

Nominal Payload (kN) 200 

Acceleration at Full Payload (g) 0.85 

Acceleration at Nominal Payload (g) 1 

Maximum Stoke (mm) ±300(±200) 

Operation Frequency Range(Hz) 0.1-60 

 

4.2.3 Input and testing protocol 

According to ICBO-AC156 [14] code “Acceptance criteria for seismic 

qualification testing of nonstructural components”, the required response 

spectrum is obtained as a function of the design spectral response acceleration 

at short periods, SDS, depending on the site soil condition and the maximum 

earthquake spectral acceleration at short period. 

In this experiments, because Korean ceiling system is evaluated, SDS 

assumed the site that represented in KBC 2009. The SDS of normal rock is 

0.36 g and the SDS of worst site (soft soil) is 0.65g.  

In this study, the tests were performed using the real earthquake, not 

artificial, to investigate vibration nature in the earthquake. Two kinds of 

earthquakes condition were considered. One is El-Centro earthquake, and the 

other one is Mexico City earthquake. El-Centro earthquake is short period, 

and peak acceleration is 0.34g. The El-Centro earthquake has similar 

acceleration response spectrum in code. Mexico-city earthquake is long period, 
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and peak acceleration is 0.01g. To investigate the effect of long period 

earthquake, Mexico City earthquake was chosen.  

The excitation was performed with the level of seismicity in moderate, SDS 

=0.36g to in high, SDS =3g. The SDS of 0.36 g can connect with El-Centro 30% 

excitation, and the SDS of 0.65g can connect with El-Centro 50%. Considering 

the acceleration excitation, the maximum shaking table specification, SDS =3g, 

is used. This value can connect with El-Centro 300% excitation. Thus the 

excitation level is decided 30% to 300% on El-Centro earthquake and 30% to 

120% on Mexico City earthquake. 

Fig 4-4 and Fig 4-5 show the acceleration of El-Centro and Mexico City. 

Fig 4-6 show the acceleration response spectrum of El-Centro and Mexico 

City. Design response spectrum in KBC 2009 is show in the Fig 4-7. The El -

Centro 30% response spectrum is similar to KBC 2009. The experiment was 

performed horizontal excitation (x-direction). 

 

Fig 4-4 El-Cento earthquake acceleration 
 

 

Fig 4-5 Mexico City earthquake acceleration 
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(a) 

 
(b) 

Fig 4-6 Acceleration response spectrum (a) El-Centro (b) Mexico City 
 
 

 

Fig 4-7 Acceleration Response Spectrum of KBC 2009 and El-Centro 30% 
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4.2.4 Test parameter 

The experimental program was designed to investigate the dynamic 

characteristic of suspended ceilings. The three parameters studied in this 

investigation, which influence the excitation of suspended ceilings. 

  

1) Height of suspended ceilings. The two heights of suspended ceilings, 

0.3m (short height) and 1.0m (normal height), were performed to 

experiments. 

2) Lateral-displacement control. Using square-shape steel pipe, lateral 

displacement of ceiling was controlled. With square-shape steel pipe, 

the effect of wall can be available. Without it, the experiment can find 

the natural characteristic of ceiling. 

3) Type of suspended ceilings, M-bar ceiling system and T-bar ceiling 

system. M-bar ceiling system and T-bar ceiling system are usually 

used in Korea. One of the difference of two ceilings is way to attach 

the textile to bars. In M-bar system, textile and M-bar are connect 

with screw.(Fig 4-8) In T-bar system, textile just put the T-bar 

without any connection.(Fig 4-9) 

 

 

 

 

Fig 4-8 M-bar system ceiling 
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Fig 4-9 T-bar system ceiling 
 
 

Using the rigid frame, four for shaking tests were performed. Table 4-2 

shows test parameters. (1) M-bar ceiling system without walls (1m), (2) M-

bar ceiling system without walls (0.3m), (3) M-bar ceiling system with walls 

(1m), (4) T-bar ceiling system with walls (1m). In Chapter 4, the experiments 

of Specimen 3A, M-bar ceiling system with walls (1m) and with mass, will 

introduce. The Specimen 3 and Specimen 4 were constructed with the same 

boundary condition of the ceilings constructed in real building. The ceiling 

area was 3m by 3m in Specimen 1 and Specimen 2, 3.325m by 3.316m in 

Specimen 3 and Specimen 4. The measured mass of the whole ceiling was 

1.32kN. The weight per unit area was 15kg/m2. 

 

Table 4-2. Test parameters 

Specimens 
Type of 
ceilings 

Height of 
ceilings 

Lateral-
displacement 

control 
Ceiling area 

Type of 
Frames 

1 
M-bar 
system 

0.3m X 

3m X 3m 

Rigid Frame 

2 
M-bar 
system 

1m X Rigid Frame 

3 
M-bar 
system 

1m O 
3.325m X 
3.316m 

Rigid Frame 

3A 
Added mass  

(Acc. 
excitation) 

4 
T-bar  

system 
1m O Rigid Frame 
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4.2.5 The instrumentation for monitoring the response of the 
specimen 

 

Fig 4-10 Accelerometers and LVDTs on the test frame (a) Front view of test 
frame, (b) Side view of test frame 
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Fig 4-11 Accelerometers and LVDTs on ceilings 
 

 

      

Fig 4-12 Strain gauge location (S1) 
 
 

 

Fig 4-13 Strain gauge location (S2) 
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Fig 4-14 Strain gauge location (S3) 
 

 

Accelerometer, Line LVDT (Linearly Variable Differential Transducer) and 

strain gauges are used to monitor the response of the test frame and suspended 

ceilings (M-bar system and T-bar system). First, Total 5 accelerometers were 

used, one accelerometers was located at the roof of the test frame, and other 4 

accelerometers were in placed on the ceiling. Among the ceiling 

accelerometers, one is located in the center of the ceiling, and another three 

accelerometers are located edge of the ceiling. Second, 4 Line LVDT were 

used to measure displacement of frame and ceilings. Lastly, strain gauges 

were attached of ceiling components such as Hanger, Hanger bolt, Carrying 

channel, M-bar, M-bar clip etc. 

In Fig 4-10 to 4-14, the position of the installed accelerometers, LVDTs 

and stain gauges is depicted. And Fig 4-15 and Fig 4-16 show the picture of 

installation in experiments. 

 

    

Fig 4-15 Accelerometer on ceiling and frame 
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Fig 4-16 LVDT on ceiling 
 

4.2.6 Installation 

Fig 4-17 shows the picture of installation of ceilings (M-bar system ceiling 

and T-bar system ceiling). The ceilings were installed same as the site. The 

edge of ceiling have an interval that enables to move the ceilings. The top of 

the ceilings, the hanger bolts are connected with the beams using nuts. 

 

  
(a)                                    (b) 

 

  
(c)                                    (d) 

Fig 4-17 Installation of ceilings (a) M-bar system ceiling (b) T-bar system ceiling 
(c) edge of ceilings (d) |Connection with hanger bolt and beam. 
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4.2.7 Test result 

The four test set-ups were: (1) M-bar ceiling system without walls (1m), (2) 

M-bar ceiling system without walls (0.3m), (3) M-bar ceiling system with 

walls (1m), (4)T-bar ceiling system with walls (1m).(Fig 4-17) The dynamic 

performance, such as acceleration response, displacement response, 

deformation response etc. was evaluated. (Fig 4-18) 

 

 

Fig 4-18 Shaking Table Test set up 

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4 
 
 

 Response acceleration 4.2.7.1

Fig 4-19 and Fig 4-20 shows the earthquake simulator’s input and output 

acceleration data. By its nature, simulator can’t represent just input data. 

Compare to input data and output data, there is a little difference on maximum 

acceleration, but output data has almost similar shape of input data. Hence, 

earthquake simulator simulates well both El-Centro earthquake and Mexico 

City earthquake. Before the seismic excitation, to investigate the natural 

frequency of the specimen, random shaking test was performed, 0.05[g], and 
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range 0~50 Hz. Table 4-3 shows natural period of specimens. 

The fundamental period of frame is 0.03 sec. In case of without square 

shape steel, the ceiling period of specimen 1(0.3m) is 0.23 sec, and it of 

specimen 2(1m) is 1.01 sec. In case of lateral displacement controlled, 

Specimen 3 and Specimen 4, ceiling periods are 0.03 sec. Specimen 3, 

Specimen 4 and frame have same value of natural period. Because Specimen 

1 and Specimen 2 are not controlled lateral displacement, they response 

separately with frame. Whereas Specimen 3 and Specimen 4 are controlled 

lateral displacement, they may response along with frame. [15] 

 

 

Fig 4-19. Input and output acceleration of earthquake simulator (El-Centro) 
 

 

 

Fig 4-20. Input and output acceleration of earthquake simulator (Mexico City) 
 
 

Table 4-3 Natural Period (sec) of specimen  

Natural Period (sec) 

Specimen 1 2 3 4 

Ceiling 0.23 1.01 0.03 0.03 

Frame 0.03 
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Fig 4-21 to Fig 4-26 show comparison of acceleration response as test 

parameter, height of ceilings (Fig 4-21 and 4-22), lateral displacement control 

( Fig 4-23 and Fig 4-24), type of ceilings (Fig 4-25 and 4-26) in case of El-

Centro earthquake and Mexico City earthquake. In case of El-Centro 

excitation, the acceleration response result of the experiments are reported in 

the following 

 

1. Heights of ceiling : Specimen 1 and Specimen 2 

Specimen 1(0.3m)’s maximum acceleration is 0.6[g], 3[g], 4.27[g] and 

Specimen 2(1m)’s maximum acceleration is 1.12[g], 1.19[g], 1.67[g] 

in El-Centro 70%, 100%, 120% excitation. Except El-Centro 70% 

excitation, the Specimen 1(0.3m)’s maximum acceleration has large 

amplitude compare to Specimen 2(1m). 

2. Lateral displacement control using square shape steel : Specimen 2 and 

Specimen 3 

Specimen 2(without wall)’s maximum acceleration is 1.12[g], 1.19[g], 

1.67[g] and Specimen 3(with wall)’s maximum acceleration is 0.85[g], 

1.33[g], 2.23[g] in El-Centro 70%, 100%, 120% excitation. The 

maximum acceleration of Specimen 3 (with wall) is larger than 

Specimen 2. But looking at overall acceleration response, Specimen 2 

has large amplitude compare to Specimen 3. 

3. Types of ceiling, attachment types of textile : Specimen 3 and 

Specimen 4 

Specimen 3(M-bar system)’s maximum acceleration is 0.85[g], 1.33[g], 

2.23[g] and Specimen 4(T-bar system)’s maximum acceleration is 

0.43[g], 2.2[g], 3.45[g] in El-Centro 70%, 100%, 120% excitation. 

Through the Fig 4-24, Specimen 3 and Specimen 4 were record similar 

acceleration response, except that Specimen 4 has large amplitude 

several points. 

 

In Mexico City excitation, the acceleration response results can’t show the 

big differences according to the parameters. These results maybe cause that 

Mexico City earthquake has very small acceleration and has long period by 

comparison with test frame’s natural period is too small. 
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Fig 4-21. Acceleration response of specimen 1 (0.3m) and specimen 2 (1m) 
in El-Centro 70%, 100%, 120% 
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Fig 4-22 Acceleration response of specimen 1 (0.3m) and specimen 2 (1m) 
in Mexico city 70%, 100%, 120% 
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Fig 4-23 Acceleration response of specimen 2 (without wall) and specimen 3  
(with wall) in El-Centro 70%, 100%, 120% 
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Fig 4-24 Acceleration response of specimen 2 (without wall) and specimen 3  
(with wall) in Mexico City 70%, 100%, 120% 
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Fig 4-25 Acceleration response of specimen 3 (M-bar) and specimen 4 (T-bar)  
in El-Centro 70%, 100%, 120% 
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Fig 4-26 Acceleration response of specimen 3 (M-bar) and specimen 4 (T-bar)  
in Mexico City 70%, 100%, 120% 
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Table 4-4. Maximum recorded accelerations[g] on the specimen (Ceiling), test 
frame top (Roof), and at the shake table level (Base) of Specimen 1 

 
 Ceiling 

Roof Base 

 Position A1 A2 A3 A4 

El-
Centro 

30% 0.23 0.33 0.42 0.28 0.29 0.17 

50% 0.38 0.54 0.5 0.36 0.38 0.24 

70% 0.4 0.6 0.88 0.62 0.47 0.33 

100% 2.69 3 3.18 4.04 0.83 0.51 

120% 12.37 4.27 4.15 7.01 0.99 0.62 

150% 6.09 3.41 3.53 10.67 1.2 0.8 

200% 5.75 4.87 4.39 15.41 1.65 1.1 

250% 11.1 6.78 7.85 11.24 2.25 1.4 

300% 11.14 8.04 6.2 10.85 2.46 1.66 

Mexico-
city 

30% 0.11 0.14 0.13 0.12 0.22 0.04 

50% 0.30 0.24 0.33 0.25 0.30 0.11 

70% 0.18 0.20 0.18 0.21 0.22 0.09 

100% 0.18 0.25 0.20 0.23 0.26 0.13 

120% 0.26 0.24 0.21 0.21 0.24 0.16 

 

 

Table 4-5. Maximum recorded accelerations[g] on the specimen (Ceiling), test 
frame top (Roof), and at the shake table level (Base) of Specimen 2 

 
 Ceiling 

Roof Base 

 Position A1 A2 A3 A4 

El-
Centro 

30% 1.9 0.54 0.34 0.58 0.3 0.2 

50% 1.27 2.13 0.35 2.04 0.54 0.33 

70% 0.95 1.24 0.73 1.12 0.8 0.45 

100% 1.5 1.19 0.71 1.41 1.21 0.67 

120% 0.92 1.67 1.46 1.46 1.27 0.83 

150% 3.27 5.89 3.29 4.2 1.14 0.68 

Mexico-
city 

30% 0.07 0.85 0.06 0.11 0.11 0.03 

50% 0.12 0.69 0.14 0.16 0.19 0.04 

70% 0.17 0.33 0.20 0.87 0.20 0.05 

100% 0.21 0.20 0.19 0.39 0.18 0.07 

120% 0.30 0.20 0.20 0.50 0.20 0.09 
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Table 4-6. Maximum recorded accelerations[g] on the specimen (Ceiling), test 
frame top (Roof), and at the shake table level (Base) of Specimen 3 

 
 Ceiling 

Roof Base 

 Position A1 A2 A3 A4 

El-
Centro 

30% 0.26 0.33 0.31 0.28 0.33 0.14 

50% 0.36 0.6 0.58 0.54 0.5 0.24 

70% 0.5 0.85 0.67 0.73 0.77 0.33 

100% 0.9 1.33 0.98 1.08 0.96 0.5 

120% 1.07 2.23 1.44 1.33 1.07 0.62 

150% 1.14 2.14 2.32 1.64 1.31 0.79 

200% 2.1 3.26 3.47 2.14 2.08 1.1 

250% 2.72 5.12 3.71 2.5 2.06 1.39 

300% 3.47 7.39 5.02 3.79 2.49 1.65 

Mexico-
city 

30% 0.15 0.14 0.17 0.20 0.24 0.07 

50% 0.19 0.17 0.18 0.17 0.27 0.11 

70% 0.18 0.17 0.20 0.18 0.21 0.09 

100% 0.17 0.15 0.17 0.15 0.20 0.13 

120% 0.21 0.29 0.23 0.20 0.20 0.15 

 

Table 4-7. Maximum recorded accelerations[g] on the specimen (Ceiling), test 
frame top (Roof), and at the shake table level (Base) of Specimen 4 

 
 Ceiling 

Roof Base 

 Position A1 A2 A3 A4 

El-
Centro 

30% 0.22 0.16 0.31 0.2 0.27 0.14 

50% 0.37 0.4 0.46 0.43 0.32 0.23 

70% 0.5 0.43 0.62 0.4 0.42 0.3 

100% 0.95 2.2 1.05 2 0.6 0.43 

120% 1.34 3.45 1.2 2.24 0.72 0.52 

150% 4.82 4.33 1.81 4.19 0.86 0.66 

200% 8.72 6.41 3.19 7.06 1.07 0.89 

250% 13.78 11.66 5.32 10.73 1.46 1.13 

300% 18.97 11.38 7.16 14.05 1.8 1.36 

Mexico-
city 

30% 0.17 0.10 0.22 0.09 0.23 0.08 

50% 0.18 0.13 0.23 0.11 0.21 0.10 

70% 0.19 0.16 0.22 0.18 0.21 0.14 

100% 0.20 0.24 0.33 0.24 0.21 0.19 

120% 0.26 0.24 0.33 0.28 0.22 0.22 
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In Tables 4-4 to 4-7 the maximum recorded values of acceleration on the 

ceilings and on the test frame roof are listed and compared to the maximum 

acceleration registered at the base of the shaking table. This comparison is 

done all of the specimens. On ceiling, there were 4 accelerometers to record 

the acceleration. Accelerometers of A1 to A3 was installed in the edge of 

ceiling, and A4 was installed in the center of the ceiling. The unit of 

acceleration is [g].  

 

To check the ceiling amplification when earthquake occurs, acceleration 

response ratios (response Acc. / Input Acc.) were calculated. Fig 4-27 to Fig 

4-30 show acceleration response ratios of ceiling and top of the frame. In El-

Centro earthquake, response ratios of frame are almost 2, have a slight change 

of value, all the cases. On the other hands, response ratios of ceiling increase 

as excitation level increase. In case of specimen 3, maximum response ratio of 

ceiling is almost 5 and In case of specimen 4, maximum response ratio of 

ceiling is 14. (El-Centro 300% excitation) These mean ceiling acceleration 

was amplified 5 times input acceleration in specimen 3, and 14 times in 

specimen 4. Fig 4-31 to Fig 4-33 show the comparison with acceleration 

response of ceiling, top of the frame and input data in El-Centro 300%, 

Specimen 3 and Specimen 4. 

In Mexico City earthquake, response ratio of frame and ceiling decrease as 

excitation level increase. Except Mexico City 120%, response ratios of frame 

are higher than response ratio of ceiling. Also the gab of response ratio 

decrease as excitation level increase. Fig 4.32 and Fig 4.34 show the 

comparison with acceleration response of ceiling, top of the frame and input 

data in Mexico City 120%, Specimen 3 and Specimen 4. 

 

As mentioned earlier, Mexico City earthquake has low-frequency, long 

period seismic waves of the lakebed soil and thus can quite dramatically 

increase their amplitude. Because of these characteristics of Mexico City, the 

results of Mexico City excitation have low amplification and seem to not 

effect compare to El-Centro (Short period) excitation.[17] 
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Fig 4-27 Acceleration response ratios  
Specimen 3 (M-bar) El-Centro 

 

 

Fig 4-28 Acceleration response ratios  
Specimen4 (T-bar) El-Centro 
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Fig 4-29 Acceleration response ratios  
Specimen3 (M-bar) –Mexico City 

 

 

Fig 4-30 Acceleration response ratios  
Specimen 4 (T-bar) – Mexico City 
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Fig 4-31 Acceleration response of input data, top of frame and ceiling  
Specimen 3(M-bar) - El Centro 300% 

 

 

Fig 4-32 Acceleration response of input data, top of frame and ceiling  
Specimen 3(M-bar) –Mexico City 120% 
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Fig 4-33 Acceleration response of input data, top of frame and ceiling  
Specimen 4(T-bar) – El Centro 300% 

 

 

Fig 4-34 Acceleration response of input data, top of frame and ceiling  
Specimen 4(T-bar) –Mexico City 120% 
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 Response displacement 4.2.7.2

In this tests, the displacements of ceilings and frame were recorded using 

LVDTs. Specimen 1 and Specimen 2 were not controlled with lateral 

displacement, so these specimen are suitable for comparing to displacement 

response according to heights of ceiling(or natural periods of ceiling). 

Because Specimen 3 and Specimen 4 were controlled lateral displacement by 

square-shape steels, maximum displacement is very small compare to 

Specimen 1 and Specimen 2 both El-Centro excitation and Mexico City 

excitation. The maximum displacement values of the ceilings are listed on the 

Table 4-8. 

Table 4-8. Maximum recorded displacement (mm) on the specimen (Ceiling), 

Displacement(mm) 
Ceiling 

1 2 3 3A 4 

El-Centro 

30% 4.82 46.36 2.27 16.76 2.03 

50% 5.74 76.56 2.66 29.04 2.22 

70% 5.86 108.86 2.90 38.08 2.95 

100% 23.90 162.58 3.22 - 4.18 

120% 33.43 193.71 4.05 - 5.36 

150% 42.00 235.90 4.33 - 6.17 

200% 48.25 - 5.34 - 7.40 

250% 58.95 - 7.05 - 10.43 

300% 118.47 - 8.76 - 12.71 

Mexico-
city 

30% 3.51 10.24 3.43 36.70 1.47 

50% 3.88 15.01 4.50 60.58 3.29 

70% 3.94 19.42 4.87 77.51 5.32 

100% 4.39 28.82 5.14 - 7.12 

120% 4.32 36.35 5.76 - 7.62 

 

The displacement is relative displacement calculated gap frame 

displacement between ceiling displacement. Fig 4-35 and Fig 4-36 shows the 

comparison with the maximum displacement in visually. Maximum 

displacement of Specimen 1(0.3m) and Specimen 2(1m) increase as excitation 

level increase. Fig 4-37 and Fig 4-38 shows the displacement response of 

Specimen 1 and Specimen 2, in El-Centro 100% excitation and Mexico City 

100% excitation. 

In case of specimen 1 (height of 0.3m), the displacement of ceiling was 

recorded small amplitude comparison with the displacement of frame, and 



 

 73

represented regular value. The maximum displacement was linear increase in 

El-Centro, in contrast with El-Centro, in Mexico-City, the maximum 

displacement was barely moved. In case of specimen 2 (height of 1m), the 

displacement of ceiling was recorded large amplitude comparison with the 

displacement of frame, and represented similarly shape of each excitation. 

The maximum displacement was linearly increase both El-Centro and Mexico 

City. 

 

Fig 4-35 Maximum displacement – El-Centro 
 
 

 

Fig 4-36 Maximum displacement – Mexico City
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Fig 4-37 Displacement response of Specimen 1 (0.3m) and Specimen 2 (1m) 
 

 

Fig 4-38 Displacement response of Specimen 1 (0.3m) and Specimen 2 (1m) 



 

 75

 Response deformation 4.2.7.3

In this test, strain gauges were used to measure the strain of ceiling 

components (Hanger, Hanger bolt, M-bar, Carrying channel, M-bar clip, 

Minor channel, and Minor clip). Fig 4-39 (a) show the comparison for values 

of ceiling components strain in El-Centro excitation of Specimen 2. 

Among the ceiling components, hanger and hanger bolt had large 

responses values. It means stress is concentrated on the hanger and hanger 

bolt. In El-Centro 150%, the minor clip had large deformation compare to 

previous excitation (30% to 120%). Fig 4-39 (b) shows the response of strain 

of hanger blot, hanger and minor clip, in El-Centro 150%. (Specimen 2) 

 

 
(a) 

 

 
(b) 

 

Fig 4-39 Strain response of ceiling components 
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 Damage of suspended ceiling 4.2.7.4

There was no failure of ceiling system, but when specimen 2 (M-bar, 1m) 

with El-Centro 150%, the minor-clip was dropped out. Also, when specimen 4 

(T-bar, 1m) with El-Centro 300%, edge of texture had some minor damage. 

Fig 4-40 (a) shows minor damage observed at the joints between carrying 

channel and minor channel. Fig 4-40 (b) shows also minor damage observed 

at the textile. The T-bar’s textile is not fixed with screw or something, so 

textile may hit the T-bar during experiments. The textile is vulnerable to 

impulsive load, the edge of textile were damaged.  

 

 

(a)                            (b) 

Fig 4-40 Damage of suspended ceiling (a) Failure of Minor clip in specimen 2  
(b) Damage of textile in specimen 4 
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4.3 Shaking table test on flexible frame 

4.3.1 Specimens and Test set-up 

The previous experiments considered the behavior of suspended ceiling on 

rigid frame. To investigate for behavior of the suspended ceilings on flexible 

frame, additional experiments were performed. For flexible frame, two beams 

(H-beam 200mm X 200mm) were constructed on the top of frame. Beams 

have holes in order to connect to mass. The frame was rotated 180 degree, and 

performed test by weak axis of the frame. Additionally, braces were removed 

for stiffness decrease. In KBC 2009, permissible story drift is provided for 

seismic design on seismic category. In this experiments, permissible 

maximum story drift is 3.38mm. So maximum added mass is 12ton. 

The same earthquake simulator in KOCED was used to evaluate. 6 

Accelerometers (added 1 Accelerometer was installed on the top of beam) and 

4 Line LVDT and strain gauges are used to monitor the response of the test 

frame and suspended ceilings. The experiments were performed horizontal 

excitation (x-direction). The same earthquakes, El-Centro and Mexico City, 

also were used, but the excitation level was adjusted to 30%, 50% and 70% in 

both earthquakes due to simulator’s specifications. 

 

 

 

Fig 4-41 Test set up of specimen 3A 
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Fig 4-42 Plan view of Top of the frame with mass 
 
 

Table 4-9. Test parameters 

Specimens Type of ceilings 
Height of 
ceilings 

Lateral-
displacement 
control 

Type of Frames 

1 M-bar system 0.3m X Rigid Frame 

2 M-bar system 1m X Rigid Frame 

3 
M-bar system 1m O 

Rigid Frame 

3A 
Added mass  
(Acc. excitation) 

4 
T-bar  
system 

1m O Rigid Frame 

 

 

Table 4-9 show the information of test parameter with added specimen, 

Specimen 3A. Specimen 3A is M-bar system and its height is 1m, with 

square-shape steels (acting wall). Specimen 3A is the same condition of 

Specimen 3, except for frame conditions. Fig 4-41 and Fig 4-42 show the test 

set up of the Specimen 3A and plan view of top of the frame with mass.  
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4.3.2 Test Results  

Specimen 3A, M-bar ceiling system with walls (1m) and added mass 

12ton), were performed on shaking table tests. Test results is compare 

specimen3, M-bar ceiling system with walls (1m) to Specimen 3A. Before the 

shaking test, the random waves with various frequencies were conducted to 

evaluated natural frequencies and natural period of specimens. 

Using FFT (Fast Fourier Transform), natural frequency and natural period 

of ceiling and frame (Specimen 3 and Specimen 3-A) are obtained. Fig 4-43 

to Fig 4-46 show the amplification of FFT. The natural frequencies and 

natural periods of Specimen 3 and Specimen 3A were summarized in Table 4-

10. The natural period of ceiling in Specimen 3 was 0.03 Hz and that in 

Specimen 3A was 0.5 Hz. Also, the natural period of frame was similar to 

ceiling, both Specimen 3 and Specimen 3A. The natural period of Specimen 

3A was larger than that of Specimen 3 due to stiffness deterioration of frame 

in Specimen 3 by adding mass and removing the braces of frame 

 

Table 4-10 Natural Frequency and Natural Period of specimen 3 and 3-A 

 
Specimen 3 Specimen 3-A 

Frame Ceiling Frame Ceiling 

Natural 
Frequency(Hz) 

35.79 32.07 1.99 1.99 

Natural 
Period(sec) 

0.03 0.03 0.5 0.5 

 

  



 

 80

 

 

Fig 4-43 FFT of Specimen 3 (Ceiling) 
 
 

 

Fig 4-44 FFT of Specimen 3 (Frame) 
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Fig 4-45 FFT of Specimen 3A (Ceiling) 
 
 

 

Fig 4-46 FFT of Specimen 3A (Frame) 
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Fig 4-47 and Fig 4-48 show the comparison with response displacement of 

top of the frame, in case of El-Centro 70% excitation and Mexico City 70% 

excitation. Compare to Specimen 3, Specimen 3A has large displacement of 

top of the frame both El-Centro excitation and Mexico City excitation, due to 

frame’s flexibility. In Specimen 3, the maximum displacement of top of the 

frame is very small value, 1.2mm (El-Centro 70%) and 3.5mm (Mexico City 

70%). In Specimen 3A, the maximum displacement of top of the frame is 

33.41mm (El-Centro 70%) and 75.9mm (Mexico City 70%). 

 

 

Fig 4-47 Response Displacement of top of the frame (El-Centro 70%) 
 

 

Fig 4-48 Response Displacement of top of the frame (Mexico City 70%) 
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Table 4-11 represent maximum recorded displacement of ceiling and 

Table 4-12 represent maximum recorded acceleration of the specimen 3A. 

 

Table 4-11. Maximum recorded displacement (mm) on the specimen (Ceiling), 

Displacement(mm) 
Ceiling 

1 2 3 3A 4 

El-Centro 

30% 4.82 46.36 2.27 16.76 2.03 

50% 5.74 76.56 2.66 29.04 2.22 

70% 5.86 108.86 2.90 38.08 2.95 

100% 23.90 162.58 3.22 - 4.18 

120% 33.43 193.71 4.05 - 5.36 

150% 42.00 235.90 4.33 - 6.17 

200% 48.25 - 5.34 - 7.40 

250% 58.95 - 7.05 - 10.43 

300% 118.47 - 8.76 - 12.71 

Mexico-
city 

30% 3.51 10.24 3.43 36.70 1.47 

50% 3.88 15.01 4.50 60.58 3.29 

70% 3.94 19.42 4.87 77.51 5.32 

100% 4.39 28.82 5.14 - 7.12 

120% 4.32 36.35 5.76 - 7.62 

 
 

Table 4-12. Maximum recorded accelerations[g] on the specimen (Ceiling), test 
frame top (Roof), and at the shake table level (Base) of Specimen 3A 

 

 Ceiling Roof 
Base 

Frame Beam  Position A1 A2 A3 A4 

El-
Centro 

30% 1.71 0.59 0.54 1.26 0.45 0.3 0.157 

50% 2 1.07 2.48 2.89 0.74 0.53 0.25 

70% 10.57 10.57 9.73 10.57 10.58 10.58 0.34 

Mexico-
city 

30% 0.52 0.30 0.24 0.60 0.18 0.08 0.07 

50% 0.27 0.23 0.23 0.22 0.22 0.10 0.10 

70% 0.81 0.29 0.23 1.56 1.56 0.61 0.14 
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Fig 4-49 and Fig 4-50 show the response acceleration of Specimen 3 and 

Specimen 3A (El-Centro). Fig 4-51 to Fig 4-53 show the response 

acceleration of Specimen 3 and Specimen 3A (Mexico City). 

In El-Centro excitation, compare Specimen 3 and Specimen 3A, Specimen 

3A have large acceleration amplification of top of the frame and ceiling. The 

maximum acceleration of Specimen 3A is 1.71g and 2.89g follow excitation 

30% and 50%. This values are about 5 times big compare to maximum 

acceleration of Specimen 3. 

In Mexico City excitation, compare Specimen 3 and Specimen 3A, they 

have no significant difference at acceleration of top of the frame and ceiling. 

In Mexico City 70% excitation, acceleration response of top of the frame and 

ceiling of Specimen 3A have 5 times large amplification compare to 

Specimen 3. 

Specimen 3A have large results in displacement response and acceleration 

response compare to Specimen 3 due to natural period of frame. 

 
 

 

Fig 4-49 Response acceleration of 3 and 3A (El-Centro 30%) 
 

 

Fig 4-50 Response acceleration of 3 and 3A (El-Centro 50%) 
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Fig 4-51 Response acceleration of 3 and 3A (Mexico City 30%) 
 

 

Fig 4-52 Response acceleration of 3 and 3A (Mexico City 50%) 
 
 

 

Fig 4-53 Response acceleration of 3 and 3A (Mexico City 70%) 
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4.4 Comparison with Criteria of horizontal seismic force 

To investigate the seismic capacity of ceilings, the experimental values 

were compared with the criteria (KBC 2009). The horizontal seismic force 

can calculate using below formula. 

 

The equivalent static load, F   

  =
0.4       

 
  

  
 

 1 + 2
 

ℎ
  

 

   = Component operation weight; 

   = Component amplification factor; 

   = Component seismic force applied horizontally at the center of 
gravity; of the component and distributed according to the mass 
distribution of the component; 

    = Spectral response acceleration parameter at short periods for any 
Seismic Hazard Level and any damping determined; 

ℎ = Average roof elevation of structure, relative to grade elevation; 
   = Component response modification factor; 

z = Elevation in structure of the average point of attachment of the 
component to the structure. The value of x shall never exceed h; 

   = Component importance factor; 

 

In KBC 2009, the component amplification factor and the component 

response modification factor are presented according to nonstructural 

component. In case of suspended ceiling,    is 1 and    is 2.5. Also to 

consider the worst case, the importance factor (  ) is assumed 1.5  

For worst case, the maximum spectral response acceleration is considered 

and the maximum SDS is 0.36g in the normal rock and 0.65 in the soft soil. 

When the length of ceiling is 0.3m, the horizontal seismic force is F = 

0.33kN (SDS=0.36) and F = 0.58kN (SDS=0.65). When the length of ceiling is 

1m, the horizontal seismic force is F = 0.23kN (SDS=0.36) and F = 0.48kN 

(SDS=0.65). So theses horizontal seismic forces are used to compare to 

experimental values. In Fig 4-54, the shear forces of Specimen 1(length is 

0.3m) were shown comparing with the criteria values. And the shear forces of 

Specimen 2, Specimen 3, Specimen 3A and Specimen 4 (all of length is 1m) 

were shown comparing with the criteria values, in Fig 4-55 and Fig 4-56. 
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In Specimen 1 (length is 0.3m), the experimental value is not exceed the 

allowable value (horizontal seismic force) both F = 0.33kN (SDS=0.36) and 

F = 0.58kN (SDS=0.65). (Fig 4-54) 

When the ceiling length is 1m (Specimen 2, Specimen 3, Specimen 3A and 

Specimen 4), the experimental values are exceed the allowable value. 

Especially Specimen 3A, added mass, had the highest value than other 

specimens, and the excess of range is the largest. (Fig 4-55 and Fig 4-56) 

 

 

 

Fig 4-54 Response acceleration of specimen 1 compared with criteria on El-
Centro 30% (up) and El-Centro 50% (below) excitation. 
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Fig 4-55 Response acceleration of specimens(2,3,3A,4) compared with criteria on El-Centro 30% excitation. 
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Fig 4-56 Response acceleration of specimens(2,3,3A,4) compared with criteria on El-Centro 50% excitation. 
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4.5 Analysis 

The analysis for suspended ceilings was performed using the Matlab. First 

for analysis the suspended ceiling, the analytical models were suggested. 

Fig.4-57 shows the analytical models of suspended ceiling. The two models 

were considered, model 1 and model 2. Differences of the models are the 

boundary conditions connecting ceiling and the frame. In model 1, the 

boundary condition was considered as rigid connection and the model 2 was 

considered pendulum model. These models were designed using the 

references [18] and [19]. 

 

              
<Model 1>              <Model 2> 

Fig 4-57  Analytical models of suspended ceiling 
 

Table 4-13 shows the results of natural period of ceilings, comparing 

experimental value and analysis value. Model 1’s natural period is more 

accurate than Model 2’s natural period. 

The analysis values of model 1(stiffness, K=3.09) has the gap between the 

experimental values. To accurate analytical model, the analysis is performed 

changing the stiffness of model 1. The stiffness of model 1 is scaled down to 

30%, 50% and 70%. 

 

Table 4-13. Natural period of ceilings compared with analysis value and 
experimental value 

Natural Period (sec) 

Specimen 

(length) 

1 
(0.3m) 

2 
(1m) 

Experimental 
value 

Ceiling 0.23 1.01 

Analysis value Model 1 0.22 1.31 
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The analysis were performed each stiffness. Below tables show the results 

of the analysis values, maximum displacements (Table 4-14) and maximum 

accelerations (Table 4-15). 

When the stiffness was scaled down 50%, the difference between 

analytical value and experimental value is less than at any other stiffness. Fig 

4-58 shows the displacement response of analysis value and experiment value 

in El-Centro 100% excitation. Also Fig 4-59 shows the acceleration response 

of analysis value and experiment value in El-Centro 100% excitation. 

 

Table 4-14. Maximum displacement[mm] on ceilings compared with analysis 
value and experimental value 

Maximum displacement (mm) 

K(Stiffness) 

Model 1 30% 50% 70% Model 2 
Experimental 

data 
3.09 2.16 1.55 0.93 0.19 

El-
Centro 

30% 21 24 27 47 49 37 

50% 38 41 47 76 79 64 

70% 56 57 69 108 112 94 

100% 80 82 100 158 165 139 

120% 97 97 120 192 205 163 

 

Table 4-15.Maximum accelerations[g] on ceilings compared with analysis value 
and experimental value 

Maximum acceleration [g] 

K(Stiffness) 

Model 1 30%  50% 70% Model 2 
Experimental 

data 
3.09 2.16 1.55 0.93 0.19 

El-
Centro 

30% 0.5 0.38 0.32 0.33 0.09 0.54 

50% 0.89 0.66 0.54 0.53 0.15 2.13 

70% 1.2 0.92 0.8 0.76 0.21 1.24 

100% 1.85 1.32 1.15 1.1 0.3 1.19 

120% 2.24 1.56 1.4 1.34 0.37 1.67 
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Fig 4-58 Displacement of ceilings compared with analysis value and experimental 
value on El-Centro 100% 

 

 

Fig 4-59 Acceleration of ceilings compared with analysis value and experimental 
value on El-Centro 100% 
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4.6 Discussion 

The seismic capacity tests of Korean suspended ceiling system were 

performed using shaking table. Tests were performed according to height of 

ceilings, lateral displacement control and type of ceilings. Dynamic 

characteristics of ceilings such as acceleration response, displacement 

response, deformation response and natural period were evaluated. 

The main conclusion of the experiments are reported in the following. 

 

1. Using FFT analysis, natural periods are calculated. Natural period of 

Specimen 1(0.3m) is 0.23 sec and Specimen 2(1m) is 1.01sec. In case 

of Specimen with square shape of steels acting walls, Specimen 3 and 

Specimen 4 has same period of frame 0.03sec. 

 

2. In case of short height (0.3m) of ceiling’s accelerations were recorded 

large response compare to 1m of ceiling’s accelerations. And the 

ceiling without lateral displacement confinement has larger 

acceleration than with it. Compared the types of ceiling, they have 

similar acceleration response. 

 

3. Acceleration response ratios of the fame are about 2 in every El-

Centro excitation level. But acceleration response ratios of ceiling 

increase as El-Centro excitation level increase. In El-Centro 300% 

excitation, acceleration response ration of Specimen 3(M-bar system) 

is about 5 and Specimen 4(T-bar system) is about 14. 

        

4. In case of lateral displacement is not controlled, displacement response 

is increase as El-Centro excitation level increase. Specimen 2(height of 

1m) has large rate of increase in displacement compare to Specimen 

1(height of 0.3m). 

 

5. In deformation response, among the ceiling components, hanger and 

hanger bolt presented the biggest deformation. And the deformation 

increase as excitation level increase. 

 

6. The results of experiment are small influenced with Mexico City 

excitation, because it has low frequency and small acceleration.  
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7. The ceiling installed frame with mass (Natural period: 0.5sec) has 

large acceleration response and large amplitude compare to the ceiling 

installed rigid frame (Natural period: 0.03 sec). 

 

8. For all tested ceiling systems, there was no system failure of ceiling 

but the minor damages such as dropped out the minor-clips, damage of 

edge of texture were observed 

 

9. The specimen 1(0.3m) is not exceed the allowable value of KBC 2009, 

but the specimens of 1m length are exceed the allowable value. 

Especially, the specimen 3, added mass, has the highest values and the 

largest excess ranges among the specimens. 

 

10. The analytical model 1 is considered for analysis of suspended ceiling. 

When the stiffness of model 1 is 50% scaled down, the analysis value 

has the approximate value comparing with experiment value. 
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Chapter 5. Conclusions 

In this study, static tests and dynamic tests were performed for seismic 

design of suspended ceiling system, one of the nonstructural component. In 

chapter 3, the ceiling components tests were performed to find the satisfaction 

of admissible capacity. Also the failure mode of each components and the 

main cause of ceiling system were founded. In chapter 4, the seismic tests of 

ceiling system were performed to find the dynamic characteristics in real 

earthquake excitation. The dynamic performances, such as acceleration 

response, displacement response, deformation, natural period were evaluated. 

 

In the chapter 3, to investigate capacity of suspended ceiling components, 

static tests were performed in three parts, component level, joint level and 

module level. Through the experiments, the results represents that the 

components of ceiling have fully ductility and enough bending rigidity 

comparing to standard. In joint level, the connecting components evaluated in 

tests satisfy the standard of permission. But M-bar clip, one of the joint 

member, occurs brittle failure of ceiling system and need to improve in order 

to prevent to ceiling system’s brittle failure. In module level, the bar and 

channels were satisfied the deflection provided at the standard. Also, failure 

modes of ceiling systems were founded according to parameters. The ceiling 

system failures were observed caused M-bar clip’s fail. 

 

In the chapter 4, to check dynamic characteristics of suspended ceilings, 

dynamic tests were performed using shaking table. Through the experiments, 

dynamic characteristics of suspended ceiling were represented. Acceleration 

response, displacement response and deformation response were evaluated. In 

El-Centro excitation (short period), the acceleration, displacement and 

deformation response increase as excitation level increase. The results were 

small influenced by Mexico City excitation (long period) due to its 

characteristics. There is no ceiling system failure in this experiments until 1g 

ground acceleration level but the minor damages such as dropped out the 

minor-clips, damage of edge of texture were observed.  
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Through the experiments, the capacity of ceiling components and dynamic 

characteristics of ceilings were founded. In static tests, the failure modes of 

ceiling were also founded. The joint of ceiling is vulnerable when the ceiling 

were failed. The joint needs improvement. In dynamic tests, ceiling system 

failure was not founded. But compare to equivalent load in KBC 2009, the 

ceilings with 1m length is exceed the allowable value. Also the analytical 

models for suspended ceiling are suggested. The analysis were performed 

using analytical program, varying the stiffness of the ceilings. 

 

Further experiments should be performed for seismic design of ceiling. 

Vertical excitation on shaking table tests, more than 1g ground acceleration 

level, and ceiling with weight such as lights or air conditioner have to be 

considered for experiments. 
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진동  실험  통한 천장  동  답 특  
 

 

조  

 

울 학  공과 학 건축학과 
 

 

우리나라  같  약진 지역에 는 지진  인한 구조체

 손상이 경미하 라도 천장과 같  구조재  가 생

할  있 며 지진  인한 구조재  피해는 인명피해뿐만 

아니라 경  손실, 건축  능손실 등 병원, 행 등  

주요 건 에  상 인 역할 행이 어 게 는 2차피해가 

생할  있다. 

 

우리나라에 도 구조재  내진 계에 한 심  증가하

고 있는 추 이나  실험  거  행 어 지지 않고 있다. 

KBC 2009에  구조재  내진 계를 규 하고 있 나 외국 

 그  가지고  에 100%신뢰하는 것  어

우며 국내실 에 맞는 국내 천장  내진 계 이 마

어야 한다. 그러나 국내 천장  내진특 에 한 자료가 

 부족하여 이  인해 내진 계  지진해 에 한 어

움이 있다. 본 연구에 는 국내에  보편  사용 고 있는 

M-bar 시스템 천장과 T-bar 시스템 천장  실험  통해 천

장  부재 능  악하고 실  지진에  동  거동  인

하 다. 

 

본 연구는 3장   실험과 4장  동  실험  진행

었다.  3장에 는 부재단계, 합단계, 모듈단계  이루어
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진  단계   실험  행하 다. KS인증과 BS인증에  

시하는  만족하는지 인하고, 천장  부재 능과 각 

단계  모드를 인하 다. 4장에 는 진동 를 사용한 동

 실험  통해 실  지진에  천장  동  답특  인

하 다. 단주  El-Centro 지진  장주  Mexico 

City 지진 를 사용하여 평 가진 하여 가속도 답, 변 답, 

변  답 등  통한 천장  동  능평가를 실시하 다.  

 

본 실험에  1g  가속도에  천장시스템 는 

생하지 않았지만, 1g 이상  가속도에  평가 , 직 가진 

그리고 등과 같  량  한 실험과 같  추가 인 연

구가 필요하다. 

 

핵심용어 : 구조재, 천장, M-bar system, 진동  실험, 동 답특  

학번 : 2014-20516  
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