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ABSTRACT: In Japan, the performance of modern seismically designed building 
structures has been good. However, non-structural damage is still significant and several 
people were injured by the collapse of ceiling boards in a 2005 earthquake. Ceiling failure 
can cause significant downtime and economic loss in addition to life safety risk. Previous 
studies have shown that the behaviour of Japanese ceilings can be accurately modelled. In 
this paper, the fragility of a typical Japanese ceiling system is obtained through Monte-
Carlo analysis using 2D finite element analysis and the statistical variation of the strength 
of connections from experimental testing. This information is used to estimate both 
ceiling damage and loss to overall building structures. 

1 INTRODUCTION 

Earthquakes are of concern because they can produce losses. The loss inducing process is simply 
described in Figure 1. Faulting occurs beneath the ground (1). This results in waves being distributed 
within the rock and soil which travel to the base of different structures (2). The shaking at the base of 
the structure, measured by an Intensity Measure (IM) such as peak ground acceleration or spectral 
acceleration, causes the structure to respond. Engineering Demand Parameters (EDPs) such as 
displacements and drifts tend to affect the structural elements and also partitions and cladding 
elements which are in contact with the different floors. On the other hand, EDPs in the form of 
accelerations at different levels can affect contents and other elements. If the EDPs are sufficiently 
large they can produce different types of damage, quantified by a Damage Measure (DM). This 
damage results in loss, which can be measured in terms of the 3 D’s – damage, death (injuries and life 
loss) and downtime (or business interruption). All of these can be expressed in terms of dollars, at 
least by the insurance industry. The probabilistic relationships between the different parameters should 
consider aleatory and epistemic uncertainty, before being combined through total probability theorem, 
to enable the uncertainty in the likely loss to be rationally evaluated. 
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Figure 1. The effects of Earthquake Faulting on a Building 
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Ceilings are the subject of investigation of this paper. These may be attached in different ways to the 
floor above. Traditionally ceilings have not been designed by structural engineers, but have been 
considered to be architectural elements. However, as a result of ceiling damage and collapse, which 
has resulted in injuries and significant loss due to business interruption, it has been realized that a 
proper ceiling design is necessary. Significant ceiling damage has been observed in the 2003 Tokachi 
oki earthquake, the 2005 Miyagi-ken oki earthquake (as shown for a swimming pool in Figure 2), the 
2010 Chile earthquake, and the 2010 Canterbury Earthquake (Dhakal.R.P (2010)). In many of these 
cases the downtime had significant economic consequences. For example, the University of 
Canterbury was closed for 2 weeks because of heavy tile damage and ceiling collapse in several of the 
lecture theatres and libraries as a result of the Canterbury earthquake (Dhakal.R.P (2010)). The aim of 
this paper is to describe and illustrate a method to answer the following questions: 

1. How is a typical Japanese ceiling system constructed? 
2. Which component is the most critical and hence important for a Damage Measure (DM) of a 

typical Japanese ceiling system? 
3. What models are there to compute the demand force of the clips and the ceiling? 
4. What methods are there to determine the capacity of the ceiling? And, what is the capacity of a 

specific ceiling configuration, considering the statistical variation in element capacity, for a 
specified level of shaking? 

2 TYPICAL JAPANESE CEILING SYSTEM 

The typical Japanese ceiling system considered herein is composed of steel members and plaster board 
as shown in Figure 3. The M-bar, which is attached directly to the plaster board is connected to the 
channel with a clip. The clip is a unique metal part. It can be connected either in the front, or back, 
type of configuration as shown in Figure 4. This system is easily constructed and is widely used in 
Japan. 

Figure 3. The typical Japanese ceiling Figure 4. Clip type 
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Figure 2. 2005 Miyagi prefecture earthquake damages 
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3 CEILING SYSTEM BEHAVIOR 

The past earthquake damages and the previous studies (Motoyui et al. (2009)) have shown that the clip 
is the critical element that can cause the ceiling to fail and collapse. For horizontal loading along the 
axis of the channel, the channel can slide through the clip in both directions. There is no maximum 
displacement capacity in this direction. The failures that have been observed are due to horizontal 
loading of the ceiling perpendicular to the direction of the channel in Figure 4. To evaluate this 
behavior, experiments were performed with the setup shown in Figure 5 (Motoyui et al. (2009)). Here 
the ceiling is tested vertically, rather than horizontally, for simplicity in the direction perpendicular to 
the channel. 

Figure 6 shows the cyclic push-pull behavior of the clip connection. It may be seen that the connection 
has two maximum strengths. When the clip moves away from the channel, it opens. As it opens, it 
undergoes plastic deformation and eventually separates from the channel allowing collapse. When the 
clip moves toward the channel, it slides on the m-bar when it reaches the sliding strength. Table 1 
describes the maximum strength in each test. The means and the standard deviation are obtained from 
these strengths. The information is used to create the connection strength in Monte Carlo method. 
Note that the sliding and failure strengths are different for opening and closing loading. This is 
because in one case the clip is on the back of the channel, and in the other case it is on the front. 

Figure 5. Experiment for Clip connection 
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Table 1. Strengths of the clip

Sliding Failure Sliding Failure
1 0.101 0.203 0.098 0.300
2 0.080 0.193 0.104 0.243
3 0.088 0.175 0.088 0.191
4 0.067 0.167 0.083 0.220
5 0.111 0.200 0.079 0.212
6 0.068 0.160 0.101 0.292
7 - 0.174 - 0.256
8 - 0.185 - 0.202
9 - 0.159 - 0.173

10 - 0.165 - 0.205
Mean 0.086 0.178 0.092 0.222
Std 0.016 0.015 0.009 0.034
Cov 0.188 0.087 0.101 0.156

Front BackNumber
of  test

a) The front type of clip 
Figure 6. The behaviour of the clip connection 

b) The back type of clip 
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4 THE ANALYSIS MODEL OF CEILING 

4.1 THE CONNECTION MODEL 

The clip that first reaches its “failure” force, then governs the capacity of the system and determines 
the horizontal force resisted by the ceiling. The force in each clip can be computed with a structure 
analysis. The previous studies have developed numerical models to simulate the behavior of clip 
connections using sophisticated FE models (Motoyui et al. (2010)). This model is complicated and a 
long time is needed to perform the analysis. A simpler model described in Figure 7 is used in this 
paper. The model is composed of several beam elements. Element (1) has the sliding behavior by 
elastoplastic type restoring characteristic. The yield strength is equivalent to the sliding strength. 
Element (2) releases from or contacts with the channel. The gap between the m-bar and the channel 
occurs when the clip is opening. The compressive force in this element does not occur until the gap 
reaches zero. Element (3) has the opening behavior and failure strength, and resists only compressive 
force. Element (4) is the elastic element for supplying the stiffness when the clip is opening. The node 
between element (1) and element (2) (and between element (3) and element (4)), is independent of the 
m-bar element. It may be seen in Figure 8 that the numerical model simulate the clip behavior well 
until the peak opening strength is reached. After this peak, the clip loses the performance of 
connection in the experiment. A more complex model is required to simulate the performance loss of 
connection. However, the model shown in Figure 7 can be reasonable to investigate the limit state of 
the ceiling system which changes from linear to nonlinear. 

4.2 THE CEILING MODEL 

The ceiling configuration selected for this study is one which was set on the roof slab in the 5 story 
full-scale building test on E-defense in 2009 (Motoyui et al. (2009)). The ceiling has the area of 4.5m 
x 6.5m and the mass of 585kg. The m-bars are placed 0.303 meters apart. The ground motions used 
were scaled versions (5%, 20%, 30%, 40%) of the records from the JR Takatori station captured 
during the M6.9 Kobe earthquake in Japan on 17th January, 1995. The analysis model for 
investigating the capacity of the ceiling is described in Figure 9. This model has pin as the boundary 
condition at the points on Channels which have a brace. The direction of loading is parallel to the 
mbar, because the clips can be damaged significantly in this way of loading. Several models can be 
made by considering different combinations of the two types of clip. 

Figure 7. Connection model with overhead view of clip 
b) Clip is closing and slides a) Clip is opening and fails 
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Figure 8. Comparison analysis and experiment 
a)  Front type b)  Back type 
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Figure 10a shows the result for the 5% records was the linear response of ceiling. Figure 10b shows 
the experimental measured response acceleration records of the ceiling when the ground motion was 
scaled to 5% and 20%. The result for the 5% records is scaled up 4 times in Figure 10b. As comparing 
the both results, it is observed in Figure 10b that the ceiling period for 20% records increases. As a 
result of this, it is seen that the ceiling was damaged and became nonlinear. When the ceiling behavior 
became nonlinear, the response acceleration of the ceiling was about 0.4g .  

THE CAPACITY OF CEILING 

The performance of a ceiling can be obtained directly from a suite of floor acceleration records. 
However, this is too complex for most designers. Also, it would be difficult to know if an error had 
been made in the analysis. For this reason two different methods are described below. 

4.3 ELASTIC ANALYSIS 

Computation of either the sliding or failure limit state acceleration is easily conducted using the 
following process. For sliding and failure, the likely strengths of each connection, Fc , can be 
generated by the statistical Monte Carlo analysis. An analysis is carried out to determine the demand 
in each clip, Fd. The analysis model of a ceiling is composed of elastic beam elements and an arbitrary 
horizontal force, FH, is applied to the ceiling model. The demand-to-capacity ratio for all clips, R (i.e. 
R = Fd /Fc), is determined for the limit state considered. The clip with the highest ratio is critical. The 
ceiling horizontal force for the limit state can therefore be computed by scaling the applied horizontal 
force by R, (i.e. FH /R = FH’ ). The acceleration corresponding to this limit state is FH’/m = Aelastic. This 
calculation is then repeated many times with different values of capacity randomly generated from the 
capacity probability distribution obtained from MC analysis. The resulting accelerations therefore 
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Figure 9. A specific ceiling configuration
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form a distribution which can be described by a cumulative density function or fragility curve. The 
ceiling fragility curve from this process is shown in Figure 11. Vertical axis means probability of 
reaching limit state. The ceiling can slide with the floor acceleration, about 0.2g and occurs of about 
0.4g. For a given failure probability, the floor acceleration required to cause failure is about twice of 
that required for sliding. The ceiling fragility is close to the response acceleration of the ceiling 

obtained from the shaking table test; i.e. about 0.4g. 

4.4 PUSHOVER ANALYSIS 

In the pushover method, strengths are generated for all clips based on Monte Carlo approach. A 
nonlinear static analysis is then conducted on the ceiling. Analysis stops when the force (or 
displacement) corresponding to the critical limit state is reached. Because of non-linearity, a new 
analysis must be conducted each time. This analysis is repeated with different sets of randomly 
generated clip strengths until a distribution of failure force is obtained. The failure force then needs to 
be converted into failure acceleration. This may be done in several ways. 

1. At first, the following method was used for simplicity. A conservative estimate of the 
acceleration may be simply determined as the forces divided by the mass, Qmax/m. 

2. Because the structure force-displacement curve is non-linear, alternative methods should really 
be used to determine the acceleration level. The equal displacement assumption and the equal 
energy assumption are used generally to approximate the response displacement of an 
elastoplastic model with the elastic model. The useful range of the natural period of the 
structure is different in each assumption. The equal displacement assumption is useful as far as 
the spectrum of response velocity is constant, and the equal energy assumption is useful as far 
as the spectrum of response acceleration is constant. The period of the ceiling model in this 
paper is about 0.13s and the equal energy assumption can be used in this study. For example, 
the equivalent elastic force, Qe, may be calculated as considering that the area (1) is equal with 
the area (2) in Figure 12(b). The floor acceleration, a, is then given as Qe/m.  

The ceiling model had both clip types alternately. A case of the pushover analyses is shown in Figure 
12. At first, the front type of clip near the boundary condition slid. Next, the back type of clip near the 
boundary condition failed. The Qe in each trial was calculated by using the equal energy assumption 

Figure 12. The case of the pushover analysis 
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with the sliding and failure strengths or displacements of ceiling system; Qs, Qmax. δs, δmax. Figure 13 
shows the ceiling fragility curves from the floor acceleration based on Qmax and Qe with the equal 
energy assumption. The result describes the fragility curves in each direction of the horizontal load. It 
is seen in Figure 13(a) that the connection can slide at a floor acceleration of, about 0.15g, and fail at 
about 0.5g. The sliding values in Figure 13(a) are similar to that in Figure 13(b), because they are both 
related on linear elastic response. The ceiling fragility for the limit state of failure based on Qe is about 
1.5 times that based on Qmax. The ceiling fragility curves based on Qmax have lower values, because the 
plastic energy isn’t completely considered between the sliding event and the failure event. It may not 
be reasonable to compare these results directly with the response acceleration of the ceiling measured 
in the shaking table test, because the horizontal force of the elastoplastic model is approximated by the 
equivalent elastic force. 

5 CONCLUSIONS 

This paper describes studies to determine the level of safety of a typical Japanese ceiling system. It 
was shown that: 

1. The typical Japanese ceiling considered herein is composed of steel members and plaster 
board. The steel members are made of thin plate and have unique shapes. The clips, which 
connect the m-bar with the channels, can be connected either in the front or back type. 

2. The damage of clip can cause the ceiling to fail and collapse. The failures are due to horizontal 
loading of the ceiling perpendicular to the direction of the channel. The clip has two different 
values of maximum strengths in two directions of loading which correspond to the sliding and 
failure strength. 

3. The behavior of clip can be simulated by using a simple model consisting of an elastoplastic 
beam element and contact beam element. 

4. The capacity of ceiling was computed with 2 different methods which include a 2D static 
analysis and a statistical Monte Carlo analysis. These methods have different levels of conser-
vatism and accuracy. However, the dynamic analysis will be required to make sure the accu-
racy of the result from the equal energy assumption in future.  
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a) Ceiling input acceleration based on Qmax a) Ceiling input acceleration based on Qe 

Figure 13. Ceiling fragility with Pushover analysis 
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