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ABSTRACT 
 

The aim of this study is to derive fragilities of the nonstructural components of hospital from damage 
survey data, and to propose an evaluation sheet for the use of logic-tree analysis in the risk 
assessment. First, after three major earthquakes occurred in Japan in 2003, damage surveys by 
questionnaire were conducted on hospitals near the earthquake observation stations. The damage 
ratios are obtained by correlating the statistical results of damage to the recorded seismic intensities. 
Secondly, fragilities are derived from the damage ratios, by the following 4 steps. (1) Seismic 
capacity of each component is classified into three groups: basic, deficiency 1 and deficiency 2, 
according to the construction conditions. (2) Seismic capacity is expressed by lognormal distribution. 
Based on earthquake damage experience, the acceleration corresponding to damage probability of 1% 
for the three groups are set as the relation: 1A to 0.55A to 0.3A. (3) Existing ratios of the buildings 
having the components of the three groups are set by referring to a survey conducted by the Ministry 
of Health, Labour and Welfare, Japan. (4) The damage ratios are sum of multiplying the nonstructural 
component’s damage probability of a whole building with the existing ratios, thus the acceleration 
corresponding to damage probability of 1% is obtained from the damage ratios by the least square 
method. Finally, with the derived fragilities, an evaluation sheet is developed, in which a table with 
rows of three seismic capacity groups and columns of acceleration levels is shown to read the damage 
probability. Due to the diversities in practice of nonstructural components in different countries, the 
process, from damage surveys to fragilities and evaluation sheets, adopted in this study can be used to 
derive a country’s data that reflect local practice. 
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INTRODUCTION 
 
Post-earthquake functionalities of critical facilities, such as hospitals, can be evaluated by the logic-
tree analysis (Grigoriu and Waisman, 1998). A failure event of functionality is expressed by a logic-
tree, and the probability of loss of the functionality is calculated based on the fragilities of the involved 
components in the logic-tree. The analyzed result enables to identify the weak point of the system and 
make a more efficient seismic retrofit strategy. Fig. 1 shows an example of loss of surgery operation. 
 
Earthquake damage data supply a practical approach to derive fragility. However, fragilities derived 
from damage data of nonstructural components are few due to the difficulties to survey interior 
damage of buildings. The Multidisciplinary Center for Earthquake Engineering Research (MCEER) 
has provided the fragilities for general nonstructural components based on earthquake damage surveys 
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of many countries in the past decades (Johnson et al, 1999). Nevertheless, when considering the 
diversity of facility and the conventional practices are different from country to country, the domestic 
results are always more reliable. The aim of this study is to derive fragilities of critical nonstructural 
components from damage survey data for the hospitals in Japan, and to propose an evaluation sheet for 
use in the logic-tree analysis of hospital’s seismic risk assessment. 
 
In this paper, first the damage ratios of typical nonstructural components in the hospitals are obtained 
from damage survey by questionnaire on three major earthquakes occurred in Japan in 2003. Next, the 
seismic capacity of each component is expressed by lognormal distribution and is classified into three 
groups according to the construction conditions. As the damage ratios are the sum of multiplying the 
fragility with existing ratio of each group, after the existing ratios of the three groups are set, the 
fragilities are obtained by best fitting the damage ratios. Finally, with the derived fragilities and the 
floor response amplification of a building subjected to earthquake, evaluation sheets of nonstructural 
components are developed for the cases of seismic intensity scales of 5-, 5+, 6- and 6+. 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Logic-tree analysis example of loss of surgery operation. 
 

DAMAGE RATIOS BASED ON QUESTIONNAIRE SURVEY 
 
Outline of questionnaire survey 
 
The damage surveys of nonstructural components were conducted by questionnaire on the hospitals 
after three major earthquakes occurred in Japan in 2003: the Off Miyagi Prefecture earthquake, the 
Northern Miyagi Prefecture earthquake, and the Off Tokachi earthquake (Kuo et al., 2004). According 
to the Japan Meteorological Agency (JMA), each of these earthquakes induced strong ground motion 
up to the seismic intensity of 6+, which is about 10-11 of the Modified Mercalli Intensity (MMI) scale. 
 
To relate the damage results obtained by questionnaire to the seismic intensity, the selected hospitals 
are located close to earthquake observation stations that recorded ground motion larger than JMA 
seismic intensity 4 (MMI intensity 6). As the distribution density of earthquake observation stations 
became very high in Japan after the1995 Hyogo-Ken Nanbu earthquake, the amount samples are 
adequate to distribute into each seismic intensity level to obtain the damage ratios. A total of 323 
questionnaire sheets were sent to the hospitals, and 258 were responded.  
 
The basic data, such as the number of stories and completion year, of the hospitals that responded the 
questionnaire are summarized in Fig. 2. This study emphasizes on the reinforced concrete (RC) 
buildings, as 90% of the selected hospitals are RC construction. On the number of stories, more than 
80% are low-to-mid buildings, which means lower than 6 stories. For the completion year, the 
percentages of buildings built before and after 1981 are almost the same, the year when the Building 
Code was greatly revised in Japan. On the distribution ratio of seismic intensity that the hospital were 
subjected to, the ratios of seismic intensity 4, 5 and 6 are about 40, 50 and 10%, respectively. 
 
The contents of the questionnaire consist of two parts:  
(1) Architectural components: damages of structural building components, such as cracked exterior or 
interior walls, as well as nonstructural components, such as fallen ceiling panels, cracked window 
glasses and overturned furniture.  

Loss of Surgery Operation
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OP. room NG.C.S.R. NG. Laboratory NG
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disrupt power/water supply
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Damages of nonstructure
cause safety problem



(2) Equipment components: damages of the power/ water supply related machines or equipment, such 
as cracked water tank, cracked piping with water leakage, and fallen duct.  
The questions are designed for the responders to simply check  “No”, “Yes” or “A lot” (see Fig. 3). 
The answer “A lot” is checked when the damages appeared at more than one place.  
 
 
 
 
 
 
 
 
 
 

 (a)                                      (b)                                         (c) 
Fig. 2 Distribution ratios of the RC buildings in the responded questionnaire by (a) number of stories, 

(b) completion year, (c) JMA seismic intensity scale. (( )= number of the buildings)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Sample of the answer sheets. 
 
Damage ratios of typical nonstructural components 
 
According to Masuda et al. (2002), the JMA seismic intensity scale shows better correlation between 
seismic intensity with the structural damage ratio than other indices, such as PGA or PGV. Therefore, 
the JMA seismic intensity scale is adopted in this study for the damage ratios. Based on the survey 
data, the damage ratios of a nonstructural component are calculated by dividing the number of 
buildings checking “Yes” or “A lot” by the total number of the buildings at the seismic intensity level. 
The seismic intensity levels for the damage ratios involve four levels: 4, 5-, 5+ and 6.  
 
Nonstructure comprises a variety of components in a building. However, this study focuses on two 
main types of nonstructural components: the safety and the functional type. The safety type means the 
damage of the component causes a hazard to life safety, and the functional type means the components 
provide a certain function and damage of them will result in loss of the function. In this study, fallen 
ceiling panel and cracked piping with water leakage are selected as the typical damages for the safety 
and functional types. From the experiences learned from the earthquake damage in the hospital, a 
critical medical room with fallen ceiling panels usually interrupt its operation for the safety concern 
and will result in down of the medical functionality; cracked piping with water leakage will stop the 
operation of emergency power/ water mechanical system, even the main machines, such as generator 
is still intact, and the interruption of power/ water supply also makes the medical functionality down. 
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Fig. 4 shows the damage ratios of fallen ceiling panels and cracked piping with water leakage. In the 
figure, the damage ratios increase with the seismic intensity. It is noteworthy that the damage ratio 
increases largely at the seismic intensity 6, and no apparent difference exists in the hospitals built 
before or after 1981. It is considered that the enforcement of seismic design revised in 1981 for 
nonstructure is much slower compared to building structure, and the inappropriate construction 
methods that cause damage of nonstructural component exist commonly both in the old and new 
hospitals. Therefore, in the next chapter, when deriving fragilities from damage ratios for fallen ceiling 
panel and cracked piping with water leakage, the fragilities that represent the seismic capacity are 
classified based on the construction condition instead of the completion year. 
 
 
 
 
 
 
 
 
 
 
 

(a) Fallen ceiling panel                             (b) Cracked piping with water leakage 
Fig. 4 Damage ratios obtained from questionnaire survey. 

 
FROM DAMAGE RATIOS TO FRAGILITIES 

 
Fragility model 
 
1) Seismic capacity classification 
Damage ratios are the average results of fragilities of components with good and poor seismic capacity. 
Damage occurred at a lower seismic intensity for the components with poor seismic capacity due to 
inappropriate construction or lack of seismic design. Therefore, in this study the seismic capacity of a 
component is classified into three groups: basic, deficiency 1 and deficiency 2. The terms of basic and 
deficiency respectively represents that the component is well constructed by seismic design and by 
inappropriate method, and the deficiency 2 is defined as a lower seismic capacity than the deficiency 1. 
 
The fragility curve to represent the seismic capacity is typically expressed in terms of lognormal 
distribution (Eq. 1). 

)/))((ln()( ςλ−Φ= aaP                                                                                                                               (1) 
where Φ is the standard normal distribution function, and λ and ζ are the mean and the standard 
deviation of  natural logarithm of acceleration. The standard deviation ζ of 0.4 is adopted for all the 
three groups’ fragilities. In the fragility curve expressed by lognormal distribution, the acceleration 
point that corresponds to damage probability of 1% is of particular interest. The point is referred to as 
the High Confidence of Low Probability of Failure (HCLPF) acceleration (Kennedy, 1999), and has 
been defined as the threshold of failure or the acceleration level at which failures begin to occur. 
 
From past damage survey reports of nonstructural components, it is observed that the first peak of 
damage ratio occurs at a 1 lower seismic intensity compared to the main peak. It is exactly due to the 
existence of components with poor seismic capacity that damaged at a lower seismic intensity. 
Therefore, in this study for the components with seismic capacities of basic, deficiency 1 and 2, the 
HCLPF seismic intensities are set as: I, I-0.5 and I-1.  After the seismic intensities are converted into 
PGA and rounded off, the HCLPF accelerations for the three groups become A, 0.55A and 0.3A, 
respectively. The derivation of fragility from the damage ratios is actually to obtain the HCLPF 
accelerations in the fragilities for the nonstructural components with different seismic capacities. 
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2) Existing ratios of buildings with components of insufficient seismic capacity 
In a survey on hospitals’ earthquake preparedness conducted by the Ministry of Health, Labour and 
Welfare (MHLW), Japan in 2003, the results indicated that among the 542 emergency medical center 
hospitals in Japan, around 15% of them were assessed as insufficient in the seismic capacity of 
building structure. Compared with building structures, the practices of nonstructural components are 
more diverse and the enforcement of seismic regulation of nonstructural components is slower, 
therefore, in this study the ratio of buildings with nonstructural component of insufficient seismic 
capacity is set as 30%, doubling that of building structure. Accordingly, the existing ratios of the 
buildings with components classified as basic, deficiency 1 and 2 are 0.7, 0.2 and 0.1, with the ratio of 
deficiency 1 doubling that of deficiency 2. 
 
Table 1 summarizes the aforementioned seismic capacity classification and existing ratio considered in 
the fragility model. 
 

Table 1. HCLPF acceleration and existing ratio of the fragilities classified by the seismic capacity. 
 

Seismic capacity 
group 

HCLPF 
acceleration 

Existing 
ratio 

Basic A 0.7 
Deficiency 1 0.55A 0.2 
Deficiency 2 0.3A 0.1 

 
Fragilities of typical nonstructural components 
 
As the damage ratio of a component is calculated by dividing the number of the hospitals in which the 
damages are observed by the total number of hospitals at the same seismic intensity level, the damage 
ratios are the sum of multiplying the nonstructural component’s damage probability of a whole 
building with the existing ratios. The nonstructural component’s damage probability of a whole 
building, Pfb, is expressed as Eq. 2, as the damage situation, such as fallen ceiling panel, is checked as 
long as one is observed in the hospital. 

( )n
fifb aPaP )(11)( −−=                                                                                                                                (2) 

where n is the number of a certain type of components considered in the logic-tree analysis for the 
whole building, and Pfi is the damage probability of an individual component. Take the case that Pfb 
attains 0.1% at the acceleration of 0.5 G for example, the relation of n and HCLPF acceleration of Pfi  
is shown in Fig. 5. The HCLPF acceleration is 0.5 G, when n equals to one; the HCLPF acceleration 
increases as n becomes larger. For the studied nonstructural components in this research, such as the 
ceiling of a room, the number of the components throughout a whole building is usually not less than 
five. Furthermore, Fig. 5 shows that when n is larger than 10, the HCLPF acceleration becomes stable 
and insensitive to n. Therefore, the number of the components in the logic-tree analysis over a whole 
building is adopted as 10. 
 
Finally, as the damage ratios are the sum of multiplying the nonstructural component’s damage 
probability of a whole building with the existing ratios, the HCLPF acceleration of a component’s 
fragility curve can be obtained from the damage ratios by the least square method. Fig. 6 shows the 
results of fallen ceiling panel. The points in the figure are the damage ratios obtained from 
questionnaire survey. Note that the damage ratios are expresses by PGA, converted from the seismic 
intensity using Eq. 3 (Midorikawa et al., 1999).  

( )PGAI log9.155.0 +=                                                                                                                                 (3) 
where I is the JMA seismic intensity, and PGA is peak ground acceleration in cm/sec2. 
 
Following the aforementioned steps, the fragilities expressed by PGA can be obtained from the 
damage ratios. Fig. 7 shows the fragilities expressed by peak floor acceleration (PFA) for the fallen 
ceiling panel and cracked piping with water leakage, respectively. The amplification of floor response 
to obtain PFA from PGA is described in the next chapter. 



 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Relation of HCLPF acceleration and the number of a certain type of nonstructural component 

considered in the logic-tree analysis. 
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Fig. 6 Estimated damage ratios and the surveyed results for fallen ceiling panel. 

 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Fallen ceiling panel                      (b) Cracked piping with water leakage 
 

Fig. 7 Fragility derived from the damage ratio obtained by questionnaire survey. 
 
For the ceiling panel with seismic capacity of basic group, the HCLPF acceleration is 1.12 G, at which 
the fallen ceiling panel begins to happen. Many seismic performance tests results indicate that if the 
ceiling is constructed appropriately following the seismic design, the ceiling is capable of resisting the 
acceleration over 1 G. The derived fragility shows satisfactory agreement with the test results. While 
for those with insufficient seismic capacity classified into the deficiency 2 group, the fallen ceiling 
panel begins to happen at the HCLPF acceleration 0.34 G. The result also shows good agreement with 
the test results indicating that the panel and T-bar drop at the acceleration of about 0.37 G (Kaneko et 
al, 2005). For the seismic capacity of deficiency 1 and 2 groups, the descriptions of inappropriate 
construction conditions are listed in the evaluation sheet in the next chapter. 
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For the piping with seismic capacity of basic group, cracked piping with water leakage begins to 
happen at the HCLPF acceleration of 0.67 G, which corresponds to the PGA of 0.48 G. In the 
“Seismic design of architectural equipment” published by the Society of Heating, Air-Conditioning 
and Sanitary Engineers of Japan (SHASE) in 1997, the standard seismic loading coefficient for the 
piping is regulated as 0.4 G, thus the derived HCLPF PGA, 0.48 G, for cracked piping with water 
leakage is considered as reasonable. However, more reliable test results are needed for comparison. 
 

DEVELOPMENT OF EVALUATION SHEET 
 
Amplification of floor response in a building 
 
When assessing the seismic risk of loss of medical functionality for the cases of different seismic 
intensity levels, an ease use evaluation sheet that provides a nonstructural component’s damage 
probability according to its seismic capacity and the acceleration it subjected to will facilitate the 
assessment. Accordingly, the nonstructural component’s fragility expressed by PFA, that is, the 
amplification of floor response is required. 
 
Since the surveyed hospitals are mid-to-low buildings, the response acceleration coefficient in the 
spectrum is adopted as two in this study, according to the seismic design code by the Architectural 
Institute of Japan (AIJ). The total seismic loading is assumed to apply at the mid part, i.e. the center of 
mass, of the building height, and is distributed in the top, mid and bottom one third of the building 
height as the relation: 2 to 1.5 to 1. Moreover, Yasui et al. (1998) surveyed the damaged building 
structure damaged in the 1995 Hyogo-Ken Nanbu earthquake and pointed out that considering the 
effective input motion due to the effect of soil-structure interaction will give a more reasonable 
explanation on the observed damage level. Therefore, a coefficient of 0.7 is adopted in this study for 
the effective input seismic loading. Finally, the relations of the PGA and PFA in the top, mid and 
bottom one third of the building height are summarized as follows: 
 
PFATop= (0.7×PGA)× 2× (2/1.5)    
PFAMid= (0.7×PGA) × 2× (1.5/1.5)                                                                                                       (4) 
PFABotom= (0.7×PGA)× 2× (1/1.5) 
 
 
Evaluation sheet for fallen ceiling panel 
 
The considered cases of seismic intensities 5-, 5+, 6- and 6+ are first converted to PGA using Eq. 3, 
and then the PFA for the different locations of building height are obtained by Eq. 4. For ease use in 
the evaluation sheet, the calculated PFA are furthermore grouped into six levels (see Table 2). Then 
the damage probabilities of a component with seismic capacity of basic, deficiency 1 and 2 are 
obtained from their fragility curves. Finally, the obtained damage probabilities are filled into an 
evaluation table, which consists of rows of three seismic capacity groups and columns of acceleration 
levels. Table 3 shows the evaluation sheet for the fallen ceiling panel. 
 
 
Table 2. Peak floor acceleration for ground motion with seismic intensity scales of 5-, 5+, 6- and 6+ 
 

Peak floor acceleration (cm/s2) JMA seismic 
intensity level Average PGA (cm/s2) Bottom Mid Top 

5- 170 160 [A] 240 [A] 320 [B] 
5+ 300 280 [B] 420 [C] 560 [C] 
6- 510 480 [C] 710 [D] 950 [D] 
6+ 900 840 [D] 1260 [E] 1680 [F] 

 
 



Table 3 Evaluation sheet for fallen ceiling panel 
 

Damage probability (%) Seismic 
capacity group Inappropriate construction condition 

A B C D E F

Basic --- 0 0 0 0 3 10

Deficiency 1 
Spacing of the hanging wire is larger than 90 cm. 
Length of the hanging wire is larger than 1.5 m. 
Apparent deflection along the ceiling panel plane. 

0 0 0 11 33 60

Deficiency 2 
Air conditioner and duct directly hang from the ceiling.
Ceiling panels are fixed around the perimeter. 0 1 15 62 86 96

 
 

CONCLUSIONS 
 
This study provides a process to derive the fragilities of nonstructural components from the damage 
survey, and finally develop an evaluation sheet for the use of logic-tree analysis in the risk assessment. 
Due to the diversities in practice of nonstructural components among countries, the process adopted in 
this study enable to derive a country’s data that reflect local practice. However, because the derived 
fragility is influenced by the existing ratios of buildings having component of insufficient seismic 
capacity, the survey on existing ratios as a future topic can improve the reliability of the derived 
fragility curves. 
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