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Investigation of damage to fire protection systems in buildings due to the 2016 
Kumamoto earthquake: derivation of damage models for post-earthquake fire 
risk assessments
Tomoaki Nishinoa, Jun-ichi Suzukib, Nobuya Nagaoa and Hiroaki Notakec

aDisaster Prevention Research Institute, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan; bDepartment of Fire Engineering, Building 
Research Institute, Tachihara 1, Tsukuba, Ibaraki 305-0802, Japan; cInstitute of Technology, Shimizu Corporation, Etchujima 3-4-17, Koto, 
Tokyo 135-8530, Japan

ABSTRACT
Post-earthquake fire safety is an important functional requirement of seismic-resilient buildings and 
depends on seismic damage to fire protection systems. Probabilistic fire risk assessments are useful 
in ensuring safety and consider the post-earthquake reliability of fire protection systems. This study 
therefore investigated damage to fire protection systems due to the 2016 Kumamoto earthquake 
through a questionnaire survey among hospitals to collect data available for modeling the post- 
earthquake reliability. Ten types of component of a fire protection system were surveyed: emer-
gency generators, fire detectors, water tanks used for firefighting, fire pumps, sprinkler heads, 
indoor fire hydrant boxes, fixed glass smoke curtains, fire doors, fire shutters, and fire exit signs. 
The data show that there was much damage to fire detectors, sprinkler heads, fixed glass smoke 
curtains, and fire doors. Zero-inflated Poisson regression analysis was conducted to derive statistical 
damage models that describe the association of building response quantities with the number of 
instances of damage. Results of a case study using the models show that building shaking exceeding 
a peak response acceleration of 10 m/s2 may reduce the probability of successful functioning to 
below 40% for a sprinkler system and to below 90% for a smoke-activated door system.
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1. Introduction

Ensuring the post-disaster functional continuity of 
buildings has been an important task for disaster- 
resilient cities. Although there are numerous defini-
tions of resilience, a report published by the U.S. 
National Academies defines disaster resilience as the 
ability to prepare and plan for, absorb, recover from, 
and more successfully adapt to adverse events 
(National Research Council 2012). Earthquakes are 
a type of natural hazard that seriously affects buildings 
related to businesses and people’s livelihoods. Even if 
no severe seismic damage to structural components 
occurs, seismic damage to nonstructural components 
including equipment prevents or reduces the function-
ing of various systems of buildings and results in sig-
nificant losses to society. In particular, several studies 
have investigated the post-earthquake functionality of 
hospitals because hospitals play a critical role in treat-
ing casualties as a base for disaster medicine. Studies 
have investigated the physical and functional effects of 
past major earthquakes, such as the 2009 L’Aquila 
earthquake and the 2011 Christchurch earthquake, on 
hospitals (e.g., Nuti, Santini, and Vanzi 2004; Price, 
Sortis, and Schotanus 2012; Jacques et al. 2014; 
Achour and Miyajima 2020); experimentally investi-
gated the seismic performances of nonstructural 

components including medical equipment by con-
ducting shaking-table tests (e.g., Zaghi et al. 2012; 
Cosenza et al. 2015; Nikfar and Konstantinidis 2017; 
Sarno et al. 2019); and proposed methodologies for 
estimating the seismic functional losses and post- 
earthquake recovery process of a hospital (e.g., 
Miniati and Iasio 2012; Khanmohammadi, Farahmand, 
and Kashani 2018; Fallah-Aliabadi et al. 2020). In redu-
cing post-earthquake societal losses, it is important to 
enhance the seismic resilience of individual buildings 
by developing effective business continuity plans.

Fire safety, in addition to structural safety and the 
functional continuity of systems (e.g., a heating, ventila-
tion, and air conditioning system), is an important func-
tional requirement of buildings even after an 
earthquake. In other words, a building needs to have 
at least the minimum required fire safety performance 
even after an earthquake if a building is continuously 
used. The post-earthquake fire safety performance of 
a building greatly depends on seismic damage to fire 
protection systems, such as a sprinkler system and 
a smoke-activated door system. The Kobe earthquake, 
which had a magnitude of 7.3 on the Japan 
Meteorological Agency scale, struck Kobe, Japan and 
the surrounding area in 1995 and destroyed more than 
100,000 buildings through shaking and subsequent 
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urban fires. Additionally, this earthquake, which encour-
aged many studies on urban fires following earthquakes 
(e.g., Cousins et al. 2012; Nishino, Tanaka, and Hokugo 
2012; Nishino, Tanaka, and Tsuburaya 2013; 
Sarreshtehdari and Khorasani 2020; Nishino 2021), was 
the first event in Japan in which several examples of 
damage to fire protection systems were reported 
through on-site investigations of fire-resistive buildings 
(Kakegawa et al. 1995). In particular, the earthquake 
demonstrated that damage to a component can result 
in the failure of a whole system designed to suppress 
fire and prevent the spread of fire. Japan has no legally 
prescribed methods for the seismic design and installa-
tion of components of fire protection systems, and 
components of fire protection systems have thus been 
individually designed and installed while referring to 
various related Japanese guidelines. For instance, the 
guidelines of the Building Center of Japan (BCJ) (The 
Building Center of Japan 1984) specify seismic loads and 

installation recommendations for components of build-
ing systems, including heating, ventilation, air condi-
tioning, electrical, and plumbing systems. However, 
the guidelines mainly focus on heavy components 
(e.g., boilers and water tanks) and piping, and include 
little information on ceiling-mounted components and 
doors, which are commonly found among fire protec-
tion systems. Therefore, components of fire protection 
systems have not been designed and installed accord-
ing to specific codes. Although the Fire and Disaster 
Management Agency (FDMA) (Fire and Disaster 
Management Agency 2011) provided the concept of 
seismic measures for fire protection systems in 2011, 
examples of damage to fire protection systems have 
been continually reported for subsequent large earth-
quakes (Figure 1) (Japan Association for Fire Science and 
Engineering 2016; National Institute for Land and 
Infrastructure Management, and Building Research 
Institute 2016). Furthermore, the vulnerability of fire 

Figure 1. Examples of damage to components of fire protection systems in buildings due to the 2016 Kumamoto earthquake: (A) fire 
door falling off and (B) fire detector deformation. (The photographs were taken by one of the authors after the earthquake).
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protection systems to an earthquake has been high-
lighted outside of Japan in a series of shaking-table 
and fire tests on a full-scale five-story building with 
systems (Meacham 2016). The incorporation of such 
a fire safety perspective into business continuity plan-
ning requires the development of a methodology for 
quantitatively assessing the post-earthquake fire safety 
performance of a building considering potential seismic 
damage to fire protection systems.

A probabilistic fire risk assessment, which is usually 
conducted for typical building fires, is useful also for 
understanding the post-earthquake fire safety perfor-
mance of a building and improving preparedness. The 
concept of fire risk, as the product of the probability of fire 
occurrence and the expected consequence of the occur-
rence of fire (e.g., casualties), is widely used in the field of 
building fire safety engineering and uncertainties affect-
ing the evacuation safety and fire resistance of buildings 
are taken into account in the fire risk assessment (e.g., 
Yung, Hadjisophocleous, and Proulx 1997; Beck and Zhao 
2000; Tanaka 2011; Xin and Huang 2013; Ni and Gernay 
2021). Fire protection systems are typically not perfectly 
reliable even in normal times, and various fire scenarios 
are thus expected for the occurrence of fire depending on 
the success or failure of fire protection systems. The num-
ber of possible fire scenarios can be very large and it is not 
possible to quantify them all, and the most important 
scenarios are therefore selected for analysis as shown in 
Figure 2. Fire risk can thus be calculated by multiplying 
the consequence of each scenario by its occurrence prob-
ability and summing the products, giving the expected 
value of consequences per day or per year. In appropri-
ately assessing fire risk, the probability of the successful 

functioning of a fire protection system needs to be deter-
mined objectively, in addition to the probabilities for 
other uncertain factors such as the occurrence of fire 
(e.g., Lin 2005; Nishino and Hokugo 2020) and the fire 
fragility of members and structures (e.g., Gernay, 
Khorasani, and Garlock 2016; Chaudhary, Roy, and 
Matsagar 2020), while the consequence of each scenario 
is estimated using engineering calculation methods for 
fire behavior, occupant evacuation and the structural 
response. As for typical fires, two approaches are com-
monly taken in estimating the probability of successful 
functioning (Frank et al. 2013): a component-based 
approach that estimates the probability from physical 
survey data on system component reliability using 
a fault tree (e.g., Moinuddin, Innocent, and Keshavarz 
2019; MacLeod, Tan, and Moinuddin 2020) and a system- 
based approach that estimates the probability from fire 
incident data (e.g., Frank, Spearpoint, and Challands 2014; 
Ikehata et al. 2017). In extending this typical fire risk 
assessment to a post-earthquake fire risk assessment, 
how to determine the probability of the post- 
earthquake successful functioning of a fire protection 
system needs to be discussed; that is, the question is 
how the seismic fragility of fire protection systems is 
considered.

Nonstructural component fragility functions have 
been developed for seismic loss estimation (e.g., 
Federal Emergency Management Agency (FEMA) 
2018a,Federal Emergency Management Agency 
(FEMA) 2018b, Garcia and Soong 2003; Konstantinidis 
and Makris 2009; Cremen and Baker 2019; Sarno et al. 
2019; Otsuki et al. 2019), where losses from damage to 
nonstructural components are considered to far 

Figure 2. Example of a probabilistic building fire risk assessment approach based on selected fire scenarios considering the 
uncertainty of a fire room and the reliability of fire protection systems.
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exceed losses from damage to structural components; 
e.g., Taghavi and Miranda (Taghavi and Miranda 2003) 
investigated the cost distribution of three typical build-
ings and found that nonstructural components 
accounted for 48% to 70% of the total cost of the 
buildings while structural components accounted for 
8% to 18% of the total cost. As an example, the Federal 
Emergency Management Agency (FEMA) (Federal 
Emergency Management Agency (FEMA) 2018a, 
Federal Emergency Management Agency (FEMA) 
2018b) provides a database of fragility functions of 
various nonstructural components for the assessment 
of building seismic performance. Such functions 
usually describe the probability of damage as 
a function of the strength of building shaking; e.g., as 
a function of the peak floor acceleration. As for fire 
protection systems, several studies (e.g., Tian, 
Filiatrault, and Mosqueda 2014; Jenkins et al. 2017) 
focused on fire sprinkler piping and developed its 
fragility functions because damage to fire sprinkler 
piping systems has severely limited the post- 
earthquake functionality of critical facilities and often 
resulted in widespread flooding damage in buildings. 
These are experimental fragility functions derived from 
the results of shaking-table tests for full-scale fire 
sprinkler piping. However, fragility functions limited 
to fire sprinkler piping are insufficient for the assess-
ment of the post-earthquake fire risk of buildings 
because the post-earthquake fire risk of buildings 
depends on the fragilities of various other components 
as well as the sprinkler piping, such as sprinkler heads, 
fire pumps, fire detectors, and fire doors. There are few 
fragility functions of these components (i.e., other than 
the sprinkler piping) even in the database of nonstruc-
tural component fragility functions provided by FEMA 
(Federal Emergency Management Agency (FEMA) 
2018a, Federal Emergency Management Agency 
(FEMA) 2018b). Given that the full-scale shaking-table 
testing of many such components is expensive, 
a comprehensive survey that collects data on actual 
damage to fire protection systems during an earth-
quake would be useful for understanding the seismic 
fragility of fire protection systems and developing 
damage models.

The present study therefore conducted a questi 
onnaire survey among hospitals affected by the 
Kumamoto earthquake, which had a moment magnitude 
of 7.1 and struck Kumamoto, Japan and the surrounding 
area on 16 April 2016 (1:25 a.m. local time), to gain an 
understanding of actual seismic damage to fire protec-
tion systems and derive statistical damage models for use 
in a probabilistic post-earthquake fire risk assessment. 
Hospitals were targeted because they alone appear to 
be suitable for collecting data on damage to various fire 
protection systems through a questionnaire survey from 
two perspectives. (1) Hospitals are required to install 
various fire protection systems under the Building 

Standard Law and the Fire Service Act of Japan whereas 
schools and offices are generally not required to install 
sprinkler systems and fire doors, although this depends 
on the building scale. (2) Reliable responses to 
a questionnaire survey are expected from hospitals at 
a higher response rate compared with other uses 
because facilities of hospitals are generally tightly con-
trolled. Statistical modeling was conducted to investigate 
the association of the strength of building shaking with 
the number of instances of damage to a given type of 
component of a fire protection system. A zero-inflated 
Poisson distribution was adopted as a statistical model 
for data analysis to separately estimate the effects of the 
explanatory variable on the probability of damage occur-
ring somewhere in a building and on the rate of damage 
upon the occurrence of damage (e.g., the number of 
instances of damage per 1000 m2 of floor area). A peak 
response acceleration or a maximum displacement ratio 
estimated by reducing each building surveyed to an 
equivalent single degree of freedom (SDOF) system was 
considered as a representative measure of the strength of 
building shaking and was adopted as the explanatory 
variable. Model parameters were estimated using the 
Bayesian inference to cope with the limited amount of 
data. A hypothetical case study was conducted to 
demonstrate how to calculate the probability of the post- 
earthquake successful functioning of a fire protection 
system using the derived damage models.

2. Questionnaire survey

This section describes the method used to collect data 
on damage to components of fire protection systems 
resulting from the Kumamoto earthquake and pre-
sents an overview of the collected data.

2.1. Method

Self-administered questionnaires were mailed to 309 
hospitals on 26 August 2016. Hospitals subjected to 
peak ground acceleration (PGA) of 1 m/s2 or more 
during the Kumamoto earthquake were targeted as 
shown in Figure 3. A distribution of the PGA was 
estimated using a quick estimation system for an 
earthquake map triggered by observation records 
(QuiQuake) (National Institute of Advanced 
Industrial Science and Technology (AIST) 2019) and 
used to determine which hospitals to target. Ninety- 
four completed questionnaires were collected 
before 15 October 2016. The response rate was 
thus approximately 30%. The response rates for 
different PGA ranges were 25% for a range of 1.0 
to 4.0 m/s2, 39% for a range of 4.0 to 8.0 m/s2, and 
29% for a range of 8.0 m/s2 or more. The response 
rates do not appear to vary greatly among the 
different PGA ranges.
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Damage to 10 types of component were surveyed; 
these components were (1) emergency generators, (2) 
fire detectors, (3) water tanks used for firefighting, (4) 
fire pumps, (5) sprinkler heads, (6) indoor fire hydrant 
boxes, (7) fixed glass smoke curtains, (8) fire doors, (9) 
fire shutters, and (10) fire exit signs. To determine 
which components to survey, the causal relationship 
of the functional failure of six types of system, which 
are expected to be activated or effective in fires in 
terms of protecting life, was modeled using a fault 
tree diagram as shown in Figure 4. This fault tree 
model assumes that components are damaged inde-
pendently of each other. As an example, a sprinkler 
system was assumed to comprise a commercial power 
supply backed up by emergency generators, water 
tanks, pumps, piping, and heads and to lose its func-
tion if at least one of these components were to be 
damaged. However, sprinkler piping was omitted from 
the types of component surveyed because (1) it is 
difficult for respondents, who are not experts in 
damage diagnosis, to visually confirm damage to 

piping, which is typically hidden behind walls and 
ceilings, and give accurate responses and (2) fragility 
functions of piping in Japanese buildings have been 
previously reported in the literature (Suwa and Kanda 
2008). As another example, a smoke-activated door 
system was assumed to comprise detectors and 
doors neglecting potential damage to electrical wiring 
and receivers and to lose its function if at least one of 
these components were to be damaged. Smoke- 
activated door and shutter systems and an exit gui-
dance system were assumed to be independent of the 
commercial power supply and emergency generators 
because they are required to have a built-in recharge-
able battery for a loss of power under the Fire Service 
Act of Japan. For simplicity, the fault tree model 
neglected ceiling vibration and damage, which corre-
late with damage to ceiling-mounted components 
such as sprinkler heads and fire detectors. Instead, 
the questionnaires asked about the damage states of 
ceiling-mounted components so that respondents 
could distinguish between the presence and absence 

Figure 3. Distribution of the PGA for the Kumamoto earthquake of moment magnitude 7.1 that struck on 16 April 2016 (1:25 a.m. 
local time) estimated using QuiQuake (National institute of advanced industrial science and technology (AIST) 2019) and locations 
of 309 hospitals to which questionnaires were mailed.
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of ceiling collapse, such as the falling of sprinkler heads 
with ceiling collapse and the deformation of sprinkler 
heads without ceiling collapse, as described below. 
Photographs of the components except water tanks 
used for firefighting were included in the question-
naires as shown in Figure 5 to allow respondents to 
clearly recognize the types of component surveyed 
and avoid misunderstandings.

Four questions were asked for each type of compo-
nent surveyed: (1) whether the given type of compo-
nent was installed, (2) which damage states were 
observed (multiple answers allowed), (3) how many 
instances of damage were observed for each damage 
state, and (4) on which floors the damage was 
observed (multiple answers allowed). However, the 
number of installations was omitted from the ques-
tions because (1) counting the number of installations 
imposes an enormous burden on respondents and 
may reduce the response rate and (2) the number of 
installations can be roughly estimated for some types 
of component surveyed because their installation 
intervals are prescribed by the Building Standard Law 
and the Fire Service Act of Japan. Only the number of 
staircase fire doors was obtained from responses by 
specifying six types of staircase plan that differ in terms 
of the number of doors in the questionnaires and 
allowing respondents to report the number of each 

type of staircase plan. Damage states of each type of 
component surveyed were defined in advance and 
specified in the questionnaires as shown in Figure 6 
to allow respondents to objectively evaluate damage. 
As an example, specified damage states of sprinkler 
heads were that (1) sprinkler heads had fallen with 
ceiling collapse, (2) sprinkler heads had dangled with 
ceiling collapse, (3) sprinkler heads had deformed 
without ceiling collapse, and (4) water had been 
sprayed by false activation. Check boxes were added 
beside damage state descriptions for the respondents 
to check to easily aggregate data. Note that responses 
to the question of on which floor the damage was 
observed were treated as damage occurring on the 
corresponding floor ground for floor-mounted compo-
nents and on the corresponding floor ceiling for ceil-
ing-mounted components. Additionally, surveyed 
building attributes were (1) the construction type, (2) 
the construction year, (3) the total floor area, (4) the 
horizontal projected area, (5) the number of floors, (6) 
the floor-to-floor height, (7) the presence or absence of 
seismic retrofitting, and (8) the presence or absence of 
a base-isolation system. The respondents were speci-
fied to be people knowledgeable of damage to build-
ings and components due to the earthquake, such as 
a person in charge of facility management or disaster 
management. In the case that a hospital comprised 

Figure 4. Simplified fault tree diagram considered for the functional failure of fire protection systems due to an earthquake used in 
determining which components to survey.
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multiple buildings, answers were obtained for one 
representative building or the most seriously damaged 
building.

2.2. Overview of collected data

Results of the survey are summarized for 69 buildings 
without base-isolation systems.

Figure 7 shows the construction types and the num-
bers of floors for the 69 buildings surveyed. 
Construction was classified as steel (S) construction, 
reinforced concrete (RC) construction, steel-framed 
reinforced concrete (SRC) construction, and hybrid 
construction (i.e., the combination of different struc-
tural materials, such as a building having upper steel 
and lower RC structures). Approximately 65% of the 
buildings are RC buildings. Almost all the buildings are 
mid-rise buildings with 3 to 10 floors.

Figure 8 shows the construction types and ages 
for the 69 buildings surveyed. The construction age 
was classified as (1) construction in or before 1984, 
when no seismic measures appear to have been 

implemented for building systems because no prac-
tical guidelines had been published, (2) construction 
between 1985 and 2011, when seismic measures 
appear to have been implemented for environmental 
system components of buildings, such as boilers, 
water tanks, and piping, according to the recommen-
dations of the BCJ (The Building Center of Japan 
1984), and (3) construction in or after 2012, when 
seismic measures may have been implemented also 
for the components of fire protection systems on the 
basis of a report of the FDMA (Fire and Disaster 
Management Agency 2011). Approximately 93% of 
the buildings were constructed in or before 2011. 
The survey data therefore appear to represent 
damage to components of fire protection systems 
for which seismic measures were hardly 
implemented.

Figure 9 shows the PGA and peak ground velocity 
(PGV) at each site of the 69 buildings surveyed as 
estimated by QuiQuake (National Institute of 
Advanced Industrial Science and Technology (AIST) 
2019). The estimated PGAs range from 1 to 10 m/s2 

Figure 5. Photographs of components included in the questionnaires to allow respondents to clearly recognize the types of 
component surveyed and avoid misunderstandings.
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while the estimated PGVs range from 0.1 to 1.0 m/s. 
The collected data include buildings subjected to 
a wide range of ground motions from strong to weak.

Figure 10 shows the observed damage states by 
construction age for the nine types of component 
surveyed. Damage to fire pumps was not observed. 
Damage to fire detectors, sprinkler heads, fire doors, 
and fire exit signs was observed in many buildings. 
Examples of observed damage to sprinkler heads 
were (1) the heads dangling with ceiling collapse, (2) 
deformation of the heads without ceiling collapse, and 
(3) false activation (i.e., water was sprayed unnecessa-
rily). Examples of observed damage to fire doors were 
(1) the doors falling off, (2) failure of the doors to close 
because of deformation, and (3) failure of the doors to 

open/close because of obstacles. There is no charac-
teristic difference in the observed damage between 
buildings constructed in or before 1984 and buildings 
constructed between 1985 and 2011, which have rela-
tively large sample sizes. This result is expected 
because seismic measures of ceiling-mounted compo-
nents and doors, which are commonly found among 
fire protection system components, are not included in 
the recommendations of the BCJ (The Building Center 
of Japan 1984), which are mainly for heavy compo-
nents and piping. In contrast, there being few observa-
tions of damage to emergency generators and water 
tanks used for firefighting suggests an effect of the 
recommendations of the BCJ. Damage to ceiling- 
mounted components and doors was observed in 
buildings constructed in or after 2012, even though 

Figure 6. Example of the questions on damage to the types of component surveyed included in the questionnaires.

Figure 7. Construction types and numbers of floors for the 69 
buildings surveyed.

S RC SRC Hybrid
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Figure 8. Construction types and ages for the 69 buildings 
surveyed.

2130 T. NISHINO ET AL.



the FDMA (Fire and Disaster Management Agency 
2011) provided the concept of seismic measures of 
the components of fire protection systems in 2011.

3. Statistical modeling

This section describes the statistical modeling con-
ducted to investigate the association of the 
strength of building shaking with the number of 
instances of damage to a given type of component 
of a fire protection system. The four types of com-
ponent for which much damage was observed were 
subject to the modeling: (1) fire detectors, (2) 
sprinkler heads, (3) fixed glass smoke curtains, and 
(4) fire doors. However, the models generalized the 
fragility of each type of component as a whole 
without distinguishing damage states because the 
amount of data was not sufficient to derive the 
models for different damage states. A zero-inflated 
Poisson distribution was adopted as a statistical 
model to separately estimate the effects of the 
explanatory variable on the probability of damage 
occurring somewhere in a building and on the rate 
of damage upon the occurrence of damage (e.g., 
the number of instances of damage per 1000 m2 of 
floor area). A peak response acceleration or 
a maximum displacement ratio of an equivalent 
SDOF system was adopted as the explanatory vari-
able considering that it is representative of the 
strength of building shaking. The peak response 
acceleration and the maximum displacement ratio 
were newly estimated using an acceleration 
response spectrum of ground motion for each of 
40 buildings surveyed, excluding buildings with 

hybrid structures and buildings constructed before 
1982 without seismic retrofitting. Model parameters 
were estimated using the Bayesian inference to 
cope with the limited amount of data; that is, 
each of the model parameters was treated as 
a random variable for which a probability distribu-
tion describes degrees of belief in values, and the 
prior distribution was updated using the data on 
the basis of Bayes’ theorem. A program for the 
Bayesian inference was developed using Stan soft-
ware (Stan Development Team 2016), which is 
a state-of-the-art platform for statistical modeling 
and high-performance statistical computation. Note 
that damage models derived from the data do not 
reflect the effect of seismic measures of fire protec-
tion systems because the data hardly include build-
ings constructed after the FDMA (Fire and Disaster 
Management Agency 2011) reported the concept of 
seismic measures of fire protection systems.

3.1. Model formulation

The data used in this study include data for quite a few 
buildings in which no damage to components of fire 
protection systems occurred (i.e., the data include 
excessive zeros), and Poisson regression, which is typi-
cally used in modeling count data, is thus likely to 
underestimate the inherent fragility of the compo-
nents. To overcome this difficulty, zero-inflated 
Poisson regression is applied; that is, it is assumed 
that (1) the event that damage occurs to the j-th type 
of component somewhere in the i-th building follows 
a Bernoulli distribution with a probability of ωij and (2) 
the number of instances of damage to the j-th type of 
component in the i-th building yij follows a Poisson 
distribution with a mean of λij. In other words, we toss 
a hypothetical coin that lands heads up with 
a probability of ωij. If the coin lands heads down, the 
number of instances of damage yij is zero. If the coin 
lands heads up, the number of instances of damage yij 

is generated from a Poisson distribution with a mean of 
λij. A mixture of a Poisson distribution and a Bernoulli 
distribution is called a zero-inflated Poisson distribu-
tion and is usually used to model count data with 
excessive zeros (Lambert 1992). The cumulative distri-
bution function of a log-normal distribution, which is 
typically used in modeling seismic fragility, is applied 
to the relationship between the probability ωij and the 
explanatory variable while the log-link function, which 
is typically used in Poisson regressions, is applied to 
the relationship between the mean λij and the expla-
natory variable.

The probability distribution of the number of 
instances of damage to the j-th type of component in 
the i-th building yij is given by the zero-inflated Poisson 
distribution 

Figure 9. PGA and PGV at each site of the 69 surveyed 
buildings obtained using QuiQuake (National Institute of 
Advanced Industrial Science and Technology (AIST) 2019). 
The dotted lines represent the equivalent predominant peri-
ods of ground motions calculated as 2π times the PGV/PGA 
ratio.

JOURNAL OF ASIAN ARCHITECTURE AND BUILDING ENGINEERING 2131



Falling with
ceiling

collapse

Dangling with
ceiling

collapse

Deformation
without ceiling

collapse

False
activation
(spraying)

N
um

be
r 

of
 b

ui
ld

in
gs

 (
-) 1963-1984

1985-2011
2012-2015

Falling Cracking

N
um

be
r 

of
 b

ui
ld

in
gs

 (
-) 1963-1984

1985-2011
2012-2015

Falling from walls Deformation Failure to open

(
sgnidliubfo

reb
mu

N
-) 1963-1984

1985-2011
2012-2015

Overturning Mounting part
failure

Sliding Connecting
piping failure

(
sgnidliubfo

reb
mu

N
-) 1963-1984

1985-2011
2012-2015

Falling with ceiling
collapse

Deformation
without ceiling

collapse

Failure by leaked
water

N
um

be
r 

of
 b

ui
ld

in
gs

 (
-) 1963-1984

1985-2011
2012-2015

Overturning Mounting part
failure

Sliding

(
sgnidliubfo

reb
mu

N
-) 1963-1984

1985-2011
2012-2015

Emergency generator
(installed in 64 bldgs.)

Fire detector
(installed in 69 bldgs.)

Water tank used for firefighting
(installed in 52 bldgs.)

Sprinkler head
(installed in 55 bldgs.)

Indoor fire hydrant box
(installed in 64 bldgs.)

Fixed glass smoke curtain
(installed in 36 bldgs.)

Door falling
off

Failure to
close by

deformation

Failure to
open by

deformation

Failure to
open/close by

obstacles

(
sgnidliubfo

reb
mu

N
-) 1963-1984

1985-2011
2012-2015

Shutter
deformation

Guide rail
deformation

Operating
apparatus

failure

False
activation

N
um

be
r 

of
 b

ui
ld

in
gs

 (
-) 1963-1984

1985-2011
2012-2015

Fire door
(installed in 67 bldgs.)

Fire shutter
(installed in 36 bldgs.)

Falling from
ceilings/walls

Deformation Failure by leaked
water

N
um

be
r 

of
 b

ui
ld

in
gs

 (
-) 1963-1984

1985-2011
2012-2015

Fire exit sign
(installed in 69 bldgs.)

Figure 10. Observed damage states by construction age for the nine surveyed types of component of a fire protection system. 
Damage to fire pumps was not observed.
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p yij λij;ωij
�
�

� �
¼

1 � ωij
� �

þ ωije� λij yij ¼ 0
� �

ωijλ
yij
ij e� λij=yij! yij � 1

� �

(

i ¼ 1; � � � ;Nj j ¼ 1; � � � ; K;

(1) 

where Nj is the number of buildings with the j-th type 
of component and K is the number of types of 
component.

The probability ωij , which is the probability of 
damage occurring to a given type of component some-
where in a building, depends on the size of the building 
as well as the strength of building shaking because the 
number of installations of the component depends on 
the size of the building. Therefore, a building with 
a total floor area of 1000 m2 is considered as the refer-
ence building and the probability for the reference 
building is modeled as the cumulative distribution func-
tion of a log-normal distribution. The probability ωij for 
a building with a given total floor area AF;i is given by 

ωij ¼ 1 � 1 � Φ
ln xi=θj
� �

βj

 !" #AF;i=1000

i ¼ 1; � � � ;Nj j ¼ 1; � � � ; K;

(2) 

where Φ is the cumulative distribution function of 
a standard normal distribution, xi is the explanatory 
variable, θj is the median (i.e., the value of the explana-
tory variable when the probability for the reference 
building is 50%), and βj is the logarithmic standard 
deviation. Note that the logarithmic standard deviation 
βj is considered to be common to all types of compo-
nent, and its value is fixed at 0.4 by reference to the 
FEMA P-58 fragility function fitting procedure (Federal 
Emergency Management Agency (FEMA) 2018a, Federal 
Emergency Management Agency (FEMA) 2018b).

Let Qij be the number of installations of the j-th type 
of component in the i-th building; however, for some 
types of component of which the number of installa-
tions is not obtained from the survey, let Qij be the 
total floor area of the i-th building. Let rij be the rate of 
damage to the j-th type of component in the i-th 
building upon the occurrence of damage; that is, for 
types of component of which the number of installa-
tions is obtained from the survey, the rate of damage is 
treated as the ratio of the number of instances of 
damage to the number of installations. In contrast, 
for types of component of which the number of instal-
lations is not obtained from the survey, the rate of 
damage is treated as the number of instances of 
damage per 1000 m2 of floor area. The mean λij, 
which is expressed as the product of Qij and rij, is 
modeled using a log-link function: 

ln λij ¼ ln Qijrij
� �

¼ ln Qij exp aþ bjxi
� �� �

¼ aþ bjxi þ ln Qij

i ¼ 1; � � � ;Nj j ¼ 1; � � � ; K;

(3) 

where a is the intercept, and bj is the slope. The above 
equation treats ln Qij as an offset term. Note that the 
intercept a is considered to be common to all types of 
component.

3.2. Bayesian inference framework

The probability of the data D being obtained is given 
as the product of zero-inflated Poisson distributions for 
all buildings and all types of component: 

p D a; b1; � � � ; bK ; θ1; � � � ; θKjð Þ ¼
YK

j¼1

YNj

i¼1

p yij λij;ωij
�
�

� �
:

(4) 

The posterior distribution is expressed by 

Posterior distribution / p D a; b1; � � � ; bK ; θ1; � � � ; θKjð Þ

� Prior distribution

(5) 

based on Bayes’ theorem, and the prior distribution 
thus needs to be specified.

A non-informative prior distribution is specified for 
each of the intercept a and the slope bj, which can take 
any positive or negative value. A normal distribution 
with a mean of zero and a standard deviation of 100 is 
adopted. This distribution is typically used as 
a sufficiently flat probability distribution in Bayesian 
statistics. 

a , Normal 0; 100ð Þ (6) 

bj , Normal 0; 100ð Þ j ¼ 1; � � � ; K (7) 

A non-informative prior distribution is specified also 
for the median θj , which can take any positive value. 
A uniform distribution that ranges from 0 to 1000 is 
adopted. This distribution is also typically used as 
a sufficiently flat probability distribution in Bayesian 
statistics. 

θj , Uniform 0; 1000ð Þ j ¼ 1; � � � ; K (8) 

Therefore, the posterior distribution can be expressed by 

p a; b1; � � � ; bK ; θ1; � � � ; θK Djð Þ

/ p D a; b1; � � � ; bK ; θ1; � � � ; θKjð Þp að Þ
YK

j¼1

p bj
� �YK

j¼1

p θj
� �

(9) 

The Markov chain Monte Carlo method (Metropolis 
et al. 1953) is used to obtain the posterior distribution. 
The method generates samples from the distribution 
of the product of the likelihood and the prior distribu-
tion and adopts samples that are diagnosed as having 
converged to the equilibrium distribution as a substi 
tute for the posterior distribution. Four Markov chains 
are initiated with different combinations of initial con-
ditions to ensure that they converge to similar 
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posterior distributions. The Markov chains are built 
using Hamiltonian Monte Carlo sampling (Neal 2011) 
in Stan software. Each chain generates 4000 samples. 
The first 2000 samples, which appear to depend on an 
initial value, are removed (i.e., these are the burn-in 
sequence of the chain). The remaining 2000 samples 
are used to obtain the posterior distribution (i.e., a total 
of 8000 samples are used). The R̂ statistic (Gelman and 
Rubin 1992) is used for convergence diagnosis. The 
statistic is a measure of the ratio of the average var-
iance of samples within each chain to the variance of 
the pooled samples across chains. It is considered that 
there is convergence to the posterior distribution for 
all values for R̂ below 1.1 according to the recommen-
dation of Gelman and Rubin (Gelman and Rubin 1992).

3.3. Explanatory variables

Engineering demand parameters that quantify the 
structural response at each floor level, such as the 
peak floor acceleration and maximum inter-story drift 
ratio, are typically used to estimate damage to non-
structural components (Applied Technology Council 
(ATC), 2004). However, it is not possible to know such 
detailed structural response quantities for the build-
ings surveyed because little information is available on 
structural response simulations. Therefore, the 
response quantities of an equivalent SDOF system 
were adopted as the explanatory variable by assuming 
that they are representative of the above engineering 
demand parameters and thus are also correlated with 
damage to nonstructural components. Specific 
response quantities used were determined for each 
type of component subject to modeling by taking 
into account the response sensitivity of nonstructural 
components; that is, acceleration-sensitive and/or 
deformation-sensitive components. For fire detectors, 
sprinkler heads, and fixed glass smoke curtains, which 
are mounted on the ceiling, a peak response accelera-
tion of an equivalent SDOF system was adopted 
because suspended ceiling systems typically consist 
of acceleration-sensitive nonstructural elements (Qi 
et al. 2020). For fire doors, of which frames are fixed 
to the wall, a maximum displacement ratio of an 
equivalent SDOF system was adopted because walls 
are typically considered to be deformation-sensitive 
components. These response quantities were esti-
mated using an acceleration response spectrum of 
ground motion for each building analyzed. The estima-
tion procedure is as follows. (1) A building with multi-
ple floors is reduced to an equivalent SDOF system, 
and its equivalent natural period and damping ratio 
are calculated using an existing empirical equation 
(Kambara and Hayashi 2001) that was derived from 

numerical results of a time-history response analysis 
of a multiple-degree-of-freedom system that models 
typical Japanese buildings designed after 1981. (2) 
A hypothetical acceleration response spectrum of 
ground motion is calculated from the PGA and PGV 
considering the equivalent damping ratio for each 
building site based on the recommendations on seis-
mic loads of the Architectural Institute of Japan 
(Architectural Institute of Japan 2015). (3) The value 
of a peak response acceleration is read from the spec-
trum for the corresponding period, and a maximum 
displacement ratio is calculated from the peak 
response acceleration considering the equivalent 
height and natural period.

The height of an equivalent SDOF system He is 
obtained by assuming that the first mode shape fol-
lows an inverted-triangle distribution: 

He ¼
2Nþ 1

3N
H ; (10) 

where N is the number of floors and H is the building 
height.

The natural period Te and damping ratio he of an 
equivalent SDOF system are given for each construc-
tion type by empirical equations (Kambara and 
Hayashi 2001) that consider that the natural period 
and damping ratio increase when a structure plasti-
cally deforms over the elastic limit: 

Te ¼
T0 μ< 1ð Þ
ffiffiffi
μ
p

T0 μ � 1ð Þ

�

ðSÞ ; (11) 

Te ¼

ffiffiffi
3
p
� 1

� �
μþ 1

� �
T0 μ< 1ð Þ

ffiffiffiffiffi
3μ
p

T0 μ � 1ð Þ

�

RC=SRCð Þ ;

(12) 

he ¼
0:02 μ< 1ð Þ

0:12 1 � 1
μ

� �
þ 0:02 μ � 1ð Þ

(

Sð Þ ; (13) 

he ¼
0:07μþ 0:03 μ< 1ð Þ

0:15 1 � 1ffiffi
μ
p

� �
þ 0:1 μ � 1ð Þ

(

RC=SRCð Þ ;

(14) 

μ ¼
T0
2π

� �2
Sa T0; h0ð Þ=He

Ry
; (15) 

where T0 is the elastic natural period, h0 is the initial 
damping ratio (i.e., 0.02 for S construction and 0.03 for 
RC/SRC construction), and Ry ¼ 1=150ð Þ is the yield 
displacement ratio. The elastic natural period T0 is 
obtained using equations adopted for design in Japan: 

T0 ¼ 0:03H Sð Þ ; (16) 

T0 ¼ 0:02H RC=SRCð Þ : (17) 
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The hypothetical acceleration response spectrum of 
ground motion Sa T; hð Þ, which is a function of the 
natural period T and damping ratio h, is given for 
each building site (Architectural Institute of Japan 
2015) as 

Sa T ; hð Þ ¼

1þ 3T=Tcð ÞFhag T < 0:5Tcð Þ

2:5Fhag 0:5Tc � T < Tcð Þ

2:5 Tc=Tð ÞFhag Tc � Tð Þ

8
<

:
;

(18) 

Fh ¼ 1:5= 1þ 10hð Þ ; (19) 

Tc ¼ 1:6πvg
�

ag ; (20) 

where ag is the PGA and vg is the PGV. Note that the 
values of the PGA and PGV are obtained using 
QuiQuake (National Institute of Advanced Industrial 
Science and Technology (AIST) 2019). Figure 11 com-
pares the hypothetical spectrum with observed spec-
tra for the Kumamoto earthquake (National Research 
Institute for Earth Science and Disaster Resilience, NIED 
K-NET, KiK-net 2019), which are derived from 68 wave-
forms recorded at 34 seismic stations (two horizontal 
components for each station) with PGAs ranging from 
0.9 to 11.6 m/s2. Note that, only in this comparison, the 
damping ratio was uniformly set at 0.05 for simplicity. 
The hypothetical spectrum roughly approximates the 
average of the observed spectra, and the peak 
response acceleration is thus estimated roughly for 
each building analyzed because there is no ground 
motion observation record and it is not possible to 
accurately assess the acceleration response spectrum.

The maximum displacement ratio of an equivalent 
SDOF system Re is given by 

Re ¼
δe

He
¼

Sa Te; heð Þ Te=2πð Þ
2

He
; (21) 

where δe is the maximum displacement of an equiva-
lent SDOF system.

3.4. Results and discussion

Figure 12 shows the damage models derived from the 
data and their comparison with the data. The statistics 
of each model parameter are summarized in Table 1. 
All values for R̂ are below 1.1 and it is considered that 
there is convergence to the posterior distribution 
(Gelman and Rubin 1992). The damage models 
shown adopt the median as the value of each para-
meter. Note that the models for the probability of 
damage occurring somewhere in a building, which 
are shown for the reference building with a total floor 
area of 1000 m2, cannot be compared with the data 
because the data include buildings with various total 
floor areas. As for the models for the rate of damage 
upon the occurrence of damage, the data for fire doors 
are plotted by dividing the number of instances of 
damage by the number of installations while the data 
for the other types of component, of which the num-
ber of installations was not obtained from the survey, 
are plotted by dividing the number of instances of 
damage by the total floor area. The damage models 
demonstrate the effectiveness of the zero-inflated 
Poisson regression adopted in this study; that is, the 
regression is reasonably successful in deriving the 
models for the rate of damage upon the occurrence 
of damage without being excessively pulled to the 
zero data because of the separation of the effects of 
the explanatory variable on the probability of damage 
occurring somewhere in a building and on the rate of 
damage upon the occurrence of damage. As expected, 
the probability of damage occurring somewhere in 
a building and the rate of damage upon the occur-
rence of damage increase with the building response 
quantities regardless of the type of component. As for 
the three types of ceiling-mounted component exclud-
ing the fire doors, the models for the rate of damage 
upon the occurrence of damage appear to fit well to 
the non-zero data. Note that the difference in models 
for the rate of damage upon the occurrence of damage 
does not mean the difference in the component’s 
inherent fragility because the number of installations 
per floor area is different depending on the type of 
ceiling-mounted component. This component’s fragi-
lity difference will be discussed in the following para-
graph. The models for the probability of damage 
occurring somewhere in a building shows that the 
probability rapidly increases when the peak response 
acceleration exceeds approximately 6 m/s2 for fixed 

Figure 11. Comparison of the normalized hypothetical accel-
eration response spectrum of ground motion (Architectural 
Institute of Japan 2015) with spectra observed during the 2016 
Kumamoto earthquake (National Research Institute for Earth 
Science and Disaster Resilience, NIED K-NET, KiK-net 2019). 
Note that, only in this comparison, the damping ratio was 
uniformly set at 0.05.
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glass smoke curtains, 8 m/s2 for sprinkler heads, and 
9 m/s2 for fire detectors. This suggests objective criteria 
of structural performance used for design to fully 
maintain the functionality of these ceiling-mounted 
components. For instance, the Japan Structural 
Consultants Association (Kitamura, Miyauchi, and 
Uramoto 2006) proposed the criteria of structural per-
formance to evaluate the level of post-earthquake 
building functionality with respect to several structural 
response quantities, such as inter-story drift and floor 
acceleration, and adopted 2.5 or 5.0 m/s2 as the 

criterion for floor acceleration. The derived models for 
the probability of damage occurring somewhere in 
a building can reinforce these existing recommenda-
tions in the aspect of post-earthquake fire safety. 
Meanwhile, with respect to fire doors, there is a data 
point far from the model prediction of the rate of 
damage upon the occurrence of damage, although 
damage to partition walls and doors is known for hav-
ing a high correlation with the maximum story drift 
ratio, which is a response quantity similar to the max-
imum displacement ratio. The damaged fire doors in 

Figure 12. Damage models for the four types of component of a fire protection system derived from the data and their 
comparison with the data.
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the building for this data point may have been in an 
unusual state before the earthquake. However, the 
model for the probability of damage occurring some-
where in a building shows that the probability rapidly 
increases when the maximum displacement ratio 
exceeds approximately 0.6% rad. This tendency is 
roughly consistent with the results of full-scale tests 
on the seismic performance of partition walls and 
doors (Kato et al. 2006), which showed that a door 
with a drift ratio of 0.5% rad first failed to open or 
close but recovered after unloading whereas a door 
with a drift ratio of 1.5% rad failed to open or close and 
did not recover after unloading. The damage models, 
especially with respect to fire doors, require further 
validation through the collection of more data for 
different earthquakes.

Figure 13 shows rough estimates of the compo-
nent-based rate of damage upon the occurrence of 
damage for the three types of ceiling-mounted com-
ponent. Their installation intervals are prescribed by 
the Building Standard Law and the Fire Service Act of 
Japan, and the model predictions of the floor-area- 
based rate of damage upon the occurrence of damage 
(i.e., the number of instances of damage per 1000 m2 

of floor area) were thus converted into the compo-
nent-based rate of damage upon the occurrence of 

damage (i.e., the ratio of the number of instances of 
damage to the number of installations) by assuming 
the number of installations per unit floor area on the 
basis of the regulations. The assumptions are one fire 
detector per 50 m2 of floor area, one sprinkler head per 
13.5 m2 of floor area, and one fixed glass smoke curtain 
per 500 m2 of floor area. Note that the estimates are 
illustrated as a solid line within the range between the 
minimum and maximum accelerations when damage 
to components was observed and are illustrated as 
a dotted line outside the damage-observed range. 
Within the damage-observed range, fire detectors 
and sprinkler heads appear to have similar fragilities 
while fixed glass smoke curtains appear to be more 
vulnerable. This could be related to the feature of 
component specifications; that is, the sizes, shapes, 
and mounting arrangements of fire detectors and 
sprinkler heads are similar but much different from 
those of fixed glass smoke curtains.

4. Case study on post-earthquake system 
reliability

This section presents a hypothetical case study to 
demonstrate how to calculate the probability of the 
post-earthquake successful functioning of a fire pro-
tection system using the derived damage models. The 
case study focuses on a sprinkler system and a smoke- 
activated door system.

The probability of the successful functioning of 
a fire protection system for normal fires is typically 
expressed as the product of the probability of activa-
tion upon the occurrence of fire p1 and the probability 
of successful functioning under activation p2. In this 
case study, the event of a fire being extinguished is 
considered as the successful functioning under the 
activation of a sprinkler system while the event of 
a fire door closing without being obstructed by uncon-
trolled goods is considered as the successful function-
ing under the activation of a smoke-activated door 
system. These probabilities are typically estimated 
from fire incident data and system inspection data; 
e.g., Ikehata et al. (Ikehata et al. 2017) analyzed 
Japanese fire incident data to quantify the reliability 
of a sprinkler system and estimated p1 and p2 to be 
0.90 and 0.65 respectively whereas Kakegawa 
(Kakegawa 1997) analyzed Japanese system inspection 
data to quantify the reliability of a smoke-activated 
door system and estimated p1 and p2 to be 0.93 and 
0.97 respectively.

The probability of the post-earthquake successful 
functioning pS is therefore obtained by adding the 
probability of the functional failure of a fire protection 
system resulting from seismic damage to compo-
nents pF : 

pS ¼ 1 � pFð Þp1p2 : (22) 

Table 1. Statistics of model parameters obtained adopting 
Bayesian inference.

Parameter Mean SD Median R̂

a −3.6797 0.2936 −3.6700 1.0023
bj Fire detector 0.2684 0.0236 0.2686 1.0015

Sprinkler head 0.3308 0.0212 0.3306 1.0017
Fixed glass smoke curtain 0.1214 0.0378 0.1218 1.0006
Fire door (staircase) 0.7010 0.8123 0.7605 1.0006

θj Fire detector 30.5409 3.2855 30.2037 0.9999
Sprinkler head 21.7405 1.4246 21.6808 0.9997
Fixed glass smoke curtain 17.9829 4.7142 17.6677 1.0009
Fire door (staircase) 1.7477 0.2970 1.7565 1.0007
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Peak response acceleration (m/s2)

Sprinkler head

Fixed glass smoke curtain

Fire detector

Figure 13. Rough estimates of the component-based rate of 
damage upon the occurrence of damage for the three types of 
component of a fire protection system.
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Considering the causal relationship between the func-
tional failure of a system and damage to components 
as shown in Figure 4, and assuming that components 
are damaged independently of each other, the prob-
ability of the functional failure pF is given as 

pF ¼ 1 � 1 � pinterruptionpgenerator
� �

1 � ppump
� �

1 � ppiping
� �

1 � ptankð Þ 1 � pheadð Þ
(23) 

for a sprinkler system and 

pF ¼ 1 � 1 � pdetectorð Þ 1 � pdoorð Þ (24) 

for a smoke-activated door system, where pinterruption is 
the probability of the interruption of the commercial 
power supply while pgenerator , ppump, ppiping, ptank , phead, 
pdetector , and pdoor are respectively the probabilities of 
damage to the emergency generator, fire pump, 
sprinkler piping, water tank used for firefighting, 
sprinkler head, fire detector, and fire door. The prob-
ability of the interruption of the commercial power 
supply can be calculated from seismic intensity mea-
sures using an empirical equation derived from 
Japanese post-earthquake power outage rate data 
(Nojima and Kato 2014). The probabilities of damage 
to the emergency generator and sprinkler piping can 
be calculated using existing empirical fragility func-
tions derived from Japanese earthquake damage data 
(Suwa and Kanda 2008; Deguchi, Kohno, and 
Tsujimoto 2001). The probabilities of damage to the 
sprinkler head, fire detector, and fire door can be cal-
culated using the derived damage models as the pro-
duct of the probability of damage occurring 
somewhere in the building ωij and the component- 
based rate of damage upon the occurrence of damage 
rij. The probabilities of damage to the fire pump and 
water tank used for firefighting are approximated as 
zero for simplicity because such damage was hardly 
observed in the buildings surveyed.

Figure 14 shows an example of calculating the prob-
ability of the post-earthquake successful functioning of 
fire protection systems for buildings with a total floor area 
of 1000 m2 subjected to varying peak response accelera-
tions. The Japan Meteorological Agency seismic intensity, 
which is required for calculating the probability of the 
interruption of the commercial power supply, was 
assumed to be 6.2 considering a very severe but infre-
quent ground motion. The PGV, which is required for 
calculating the probability of damage to the emergency 
generator, was assumed to be 0.8 m/s again considering 
a very severe but infrequent ground motion. The max-
imum displacement ratio was calculated from the peak 
response acceleration by assuming the natural period and 
the equivalent height for simplicity. The calculation exam-
ple suggests that the post-earthquake reliability of fire 
protection systems generally decreases from the normal 
reliability and the decrement greatly depends on the 
strength of building shaking; that is, the probability of 

the post-earthquake successful functioning (shown by 
solid lines) is lower than the probability of the successful 
functioning in normal times (shown by dotted lines), and 
the decrement becomes large with an increase in the 
peak response acceleration. Conversely, the example sug-
gests that seismic measures implemented to reduce the 
building response, as well as seismic measures of compo-
nents of fire protection systems, are effective in maintain-
ing the reliability of fire protection systems and ensuring 
the post-earthquake fire safety of a building. In particular, 
the sprinkler system appears to be more vulnerable than 
the smoke-activated door system to building shaking. The 
probability of the interruption of the commercial power 
supply and the probability of damage to sprinkler piping 
appears to be strongly reflected in the probability of the 
post-earthquake successful functioning of the sprinkler 
system.

5. Conclusions

Damage to fire protection systems due to the 2016 
Kumamoto earthquake was investigated through 
a questionnaire survey among hospitals to gain an 
understanding of actual seismic damage and derive 
statistical damage models for use in a probabilistic 
post-earthquake fire risk assessment. Ten types of 
component of a fire protection system were sur-
veyed: emergency generators, fire detectors, water 
tanks used for firefighting, fire pumps, sprinkler 
heads, indoor fire hydrant boxes, fixed glass smoke 
curtains, fire doors, fire shutters, and fire exit signs. 
The collected data show that much damage 
occurred to fire detectors, sprinkler heads, fixed 
glass smoke curtains, and fire doors whereas few 

Peak response acceleration (m/s2)

Sprinkler system

Smoke-activated door system

p S
(-

)

Figure 14. Calculation example of the probability of the post- 
earthquake successful functioning of fire protection systems 
(solid lines) for buildings with a total floor area of 1000 m2 

subjected to varying peak response accelerations and its com-
parison with the probability of the successful functioning in 
normal times (dotted lines).
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observations were made of damage to emergency 
generators, water tanks used for firefighting, and 
fire pumps. The zero-inflated Poisson regression 
adopted in this study was reasonably successful in 
separately deriving the models for the probability of 
damage occurring somewhere in a building and for 
the rate of damage upon the occurrence of damage 
for the four types of component. The models were 
formulated as a function of a peak response accel-
eration or a maximum displacement ratio of an 
equivalent SDOF system, and their parameters 
were estimated adopting Bayesian inference to 
cope with the limited amount of data. Note that 
a considerable portion of the data was collected for 
buildings constructed when there were no concepts 
of seismic measures of fire protection systems, and 
it is thus considered that the derived models do not 
reflect the effect of seismic measures. The case 
study results show that the post-earthquake relia-
bility of a sprinkler system and a smoke-activated 
door system can be calculated using the derived 
models in combination with existing seismic fragi-
lity functions, and the probability of successful func-
tioning may be reduced from 58% (in normal times) 
to 21%–39% for a sprinkler system and from 90% 
(in normal times) to 51%–89% for a smoke-activated 
door system when a peak response acceleration of 
a building ranges from 10 to 20 m/s2. These results 
highlight an important aspect of the safety of seis-
mic-resilient buildings; that is, fire safety should be 
considered as an important functional requirement 
of buildings even after an earthquake. The results of 
this study are expected to be useful in verifying 
whether a building will have the minimum required 
fire safety performance after an earthquake through 
a probabilistic fire risk assessment. However, the 
derived models generalized the fragility as a whole 
without distinguishing damage states because the 
amount of data was not sufficient to derive models 
for different damage states. This aspect may be 
improved in future work by collecting more data 
on the actual damage from various earthquake 
events. This further data collection will also enable 
a quantification of inter-event variability and model 
updating. This will make an important contribution 
to appropriate probabilistic post-earthquake fire risk 
assessments.
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