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Abstract 

This deliverable provides the technical report on the assessment of fragility functions for fire-
fighting system elements. A short review of past earthquake damages on fire-fighting system 
elements is provided in the first part, including the description of physical damages, the 
identification of main causes of damage and the classification of failure modes. The 
vulnerability and seismic loss assessment of fire-fighting system is performed according to 
what is proposed to Deliverable 3.5 (Fragility functions for water and waste-water system 
elements). For fire stations the methodologies proposed in Deliverables 3.1 (Fragility 
functions for common RC building types in Europe) and 3.2 (Fragility functions for masonry 
building types in Europe) could be used.  
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1 Introduction 

Fire is a common consequence of large earthquakes in urban and industrial areas. Fire 
fighting activities can be prevented due to damages in the water or other (e.g. roadway) 
networks after large earthquakes, resulting to serious loss of life and property. Losses from 
such fires can vary from insignificant (e.g. Izmit earthquake 1999, Turkey; ChiChi earthquake 
1999, Taiwan) to disastrous (e.g. San Francisco 1906, USA; Tokyo 1923, Kobe 1995, 
Japan). In the other hand, fire following earthquake is an extremely variable phenomenon, 
due to variability in the number of ignitions and in the extent of fire-spread from each ignition.  

In the following chapters, a short review of past earthquake damages on fire-fighting system 
elements is given, including the description of physical damages, the identification of main 
causes of damage and the classification of failure modes. The methodology for the 
vulnerability assessment of fire-fighting system elements includes the identification of the 
main typologies, the general description of existing methodologies, damage states, intensity 
indexes and performance indicators. Finally fragility functions for the independent 
components proposed. The /vulnerability and seismic loss assessment of fire-fighting system 
is performed according to what is proposed to Deliverable 3.5 (Fragility functions for water 
and waste-water system elements). For fire stations the methodologies proposed in 
Deliverables 3.1 (Fragility functions for common RC building types in Europe) and 3.2 
(Fragility functions for masonry building types in Europe) could be used. 

2 Past earthquake damages on fire-fighting system 
elements 

The fire-fighting system plays a major role in the management of crisis situations, such as 
floods and strong earthquake events. It is comprised not only by the pipeline network and 
fire faucets (either separate or dependent on the water supply system), but also a whole 
crisis management system (special units, fire fighters, etc). 

In case of an earthquake event, the primary role of the fire-fighting system is: 

a) Rescue of people from collapsed buildings. 

b) Rescue of trapped people to non-structural elements due to interactions of the lifeline 
systems with the urban fabric (e.g. loss of electric power supply may cause 
entrapments in elevators).  

c) Suppression of fires caused by the earthquake. 

Interactions between lifelines and infrastructures with the urban fabric affect significantly the 
response of the fire-fighting system. For example, damages to fire stations may lead to 
destruction or blockage of fire vehicles. Fire response may be hampered due to incurred 
damages to tanks, fire pipelines, or fire hydrants, resulting in loss of pressure or water 
supply. Moreover, failures of the road network (roadways, bridges) or collapses of buildings 
in major roads may cause important hindrances in the movements of fire-fighting means.  
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Fire following earthquakes may be the result of: 

• breaks and ignitions of gas or oil pipelines, 

• electric short circuits causing ignition, 

• failure of gas or oil tanks, 

• leakage of dangerous industrial flammable materials.  

Leaks of natural gas pipelines and short circuit damages are the main causes of fire after the 
1994 Northridge and 1995 Kobe earthquakes (Borden, 1996; Ohnishi, 1996). Those factors 
can also lead to the expansion of initially ignited fires, as well as the resulting losses.  

Historical earthquake records show that the subsequent losses due to fires following 
earthquakes may be even more important than the incurred damage due to ground shaking, 
as for example is the case of the 1906 San Francisco and the 1923 Great Kanto 
earthquakes (Chen et al., 2004). During the San Francisco earthquake more than 28,000 
buildings in an area of 12 km2 were destroyed from the conflagration, and more than 3,000 
people lost their lives. The estimated cost is 250 million dollars (in 1906 prices), and the 
losses due to fire were ten times higher than those caused by the earthquake (Charles, 
2003). During the 1923 Tokyo earthquake, more than 140,000 people were killed and 
575,000 buildings destroyed, 77% of which due to fire. The 1995 Kobe earthquake is the 
most representative example of the more recent earthquake events. In the prefecture of 
Hyogo, in total 181 fires occurred between 17~19 January, 96 of which were recorded in a 
single building, while the rest 85 have been expanded to greater regions (Ohnishi, 1996).  

In the following figures some representative examples of major earthquake events followed 
by fire ignitions and considerable losses are provided. The seismic response of fire-fighting 
or/and water systems affected significantly the size of losses. 

 
Fig. 2.1  View of the destruction brought about by the San Francisco Earthquake, 

1906.  
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Fig. 2.2  Fires to San Francisco (Marina area) after the 1989 Loma Prieta earthquake.  

 

 
Fig. 2.3  Conflagration after the 1989Loma Prieta earthquake. 

Fig. 2.4  Extent of fires after the 1995Kobe earthquake. 
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In the majority of the cases, fire-fighting needs of urban areas are covered by the water 
supply system. There are only very few references of separate fire-fighting systems, as well 
as reporting of incurred seismic damages. In general, the assessment of vulnerability and 
seismic losses to fire-fighting systems could be performed according to what is mentioned to 
Deliverable 3.5 (Fragility functions for water and waste-water system elements). For fire 
stations the methodologies proposed in Deliverables 3.1 (Fragility functions for common RC 
building types in Europe) and 3.2 (Fragility functions for masonry building types in Europe) 
could be used. 

Seismic response of fire-fighting systems during strong earthquake events is summarized in 
Table 2.1. 

Table 2.1  Seismic response of fire-fighting systems during strong earthquake events. 

Earthquake Seismic response and induced damage of port facilities Reference(s) 
San 
Francisco, 
18/04/1906, 
Mw=7.9 

It is the greatest earthquake induced fire loss in U.S. history, 
with 492 destroyed city blocks and more than 3,000 deaths.  The 
city had a completely separate fire-fighting system, with tanks 
exclusively for fire-fighting needs. During the earthquake, a 
pipeline broke near the post-office of Mission street, having as a 
result the full outflow of the water from the network in less than 
15 minutes. Since most of the fires and damages occurred at 
areas near the coastline, fireboats were able to pump water from 
the sea at a distance up to 1.6km from the shore.  

www.seismo.u
nr.edu/ftp/pub/l
ouie/class/100/
effects-
kobe.html 
 

Coalinga, 
California, 
2/5/1983, 
Μ=6.5 

After the earthquake several fires have been initiated, including 
a fire at a building in the central commercial district. Despite the 
fact that water supply was not significantly affected, the 
building’s debris hindered the flow of water from the hoses, 
resulting in the expansion of fire to the neighboring buildings.  

EERI, 1984 

Loma Prieta, 
18/10/1989, 
M=7.1 

22 fires occurred in San Francisco as a result of the earthquake. 
The water supply at the densely populated Marina District was 
completely cut off; water from the bay was pumped by a fireboat, 
to engines on the shore and used to douse the burning 
buildings. For this purpose, a special system of large diameter 
hoses was used for the transfer of water.   

EERI, 1990 

Cape 
Mendocino, 
California, 
25/4/1992, 
Μ=7.1 and 
26/4/1992, 
M=6.6 

After the earthquakes, the largest part of the commercial district 
in Scotia city was destroyed by the fire. Breaks incurred to 
pipelines resulted in loss of normal water pressure. At the same 
time, damage to back up power caused the loss of the high 
pressure fire loop. Finally, some delays in response were due to 
damage sustained to a fire station. 

EERI, 1995a 

Hokkaido, 
12/7/1993, 
Μ=7.8 

Fire receptions in the city were not able to work due to 
insufficient capacity of the main water pipelines, resulting in 
inadequate supply and pressure of water for the fire 
suppression.  

EERI, 1995a 
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Earthquake Seismic response and induced damage of port facilities Reference(s) 

Hyogo-ken 
Nanbu 
(Kobe), 
17/1/1995, 
M=7.9 

A total of 148 fires have been reported between 17 and 20 
January causing damage to 6,900 buildings (660,000m2) and 
500 deaths. Fire response was hampered by the numerous 
simultaneous fires in combination with the damages to water 
supply network and the road closures. The main reason was the 
breaks to gas pipelines and ignitions at broken electric lines. Fire 
stations sustained damage, while water pressure at the locations 
of the hydrants was insufficient due to damages to the water 
supply system (approximately 1,750 breaks in the underground 
distribution system).   

NIST, 1996 
 

Northridge 
17/1/1994, 
Mw=6.7 

Approximately 110 fires were reported, 80% of which were 
structure fires. Ignitions were all brought under control within 
several hours of the earthquake, despite the significant damages 
to the telecommunication system and the extensive losses to the 
water supply network (at least six breaks at trunk lines and 
approximately 3,000 leaks) used also for fire-fighting. Fire 
stations sustained slight to moderate damage, while three fire 
stations have been evacuated.   

EERI, 1995b 

 

Special reference should be made to the existence of multiple interactions of fire-fighting 
system with lifeline networks and infrastructures. For example, during the 1995 Kobe 
earthquake, firemen couldn’t reach the locations of fire ignitions caused by gas pipeline 
breaks, due to incurred damages to lifelines and infrastructures facilities. Large parts of the 
city were burnt, increasing human casualties initially caused by the earthquake. A 
classification of these interactions is given in Table 2.3. 

Table 2.2  Interactions of fire-fighting system with lifeline networks and 
infrastructures. 

 Fire ignition Fire-fighting 

Natural gas system   
Electric power system   
Potable water system -  
Waste-water system - - 
Telecommunication system -  
Roadway system -  
Railway system -  
Port facilities -  
Airport -  
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Quick restoration of water supply in cases of fire following earthquake is of major 
importance. Effective mitigation strategies and policies for pre and post earthquake actions 
should be defined and undertaken in order to have efficient water supply in critical nodes of 
the system. If the cost for such techniques is too high, an alternative solution could be the 
installation of a bypass system to allow the rapid restoration of water service using above 
ground flexible hoses (Eidinger, 2004). With this method, a rapid (less than 24 hours) 
restoration of water to large areas could be achieved. Fig. 2.5 shows the actual deployment 
of above ground flexible hoses used to bypass a 24" diameter pipeline that crosses a fault. 
Large diameter hoses can also be attached to fire hydrants as shown in Fig. 2.6. 

 

 

Fig. 2.5  Bypass system using above ground 
flexible hoses (Eidinger, 2004). 

 
Fig. 2.6  Flex hose attachment to fire hydrant (Eidinger, 2004). 
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A representative example of fire-fighting system damages in Europe is the Lefkas 
earthquake (Greece, 14/09/2003, Ms=6.5). Failures were reported to five fire faucets in the 
Marina area and also parts of the fire-fighting system (pipelines connected to fire faucets) 
due to the occurrence of liquefaction phenomena. Damages were also observed to the 
connection points between above ground pipelines and tanks. Fire-fighting tanks 
experienced elephant buckling failures as well as permanent displacements of 10cm.   

 

  
Fig. 2.7  Failures of fire-fighting system in Lefkas, Marina area (Alexoudi, 2005). 

 
Fig. 2.8  Local failures of fire-fighting tanks and connected pipelines (Marina – Lefkas 

2003). (Alexoudi, 2005) 
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3 Methodology for the vulnerability assessment of 
fire-fighting system elements 

3.1 IDENTIFICATION OF THE MAIN TYPOLOGIES 

Usually fire-fighting system is part of water system and the same pipelines and storage tanks 
are used.  

In the case that is a separate network, storage tanks are usually made of steel, and pipes 
are made of PVC. Separate fire-fighting systems are more common to find in harbors, in 
hospitals (small, well- defined area, with known needs) and not in large regions or in urban 
cities.   

For fire-fighting buildings the same typological categories proposed in D3.1, D3.2 can be 
used. 

3.2 GENERAL DESCRIPTION OF EXISTING METHODOLOGIES 

As already mentioned, the fire fighting system is characterized by strong interactions with 
other lifelines such as the water supply, gas, electric power and communication-
transportation networks. However, the supply of water and the functionality of fire hydrants 
employ the major role for the functionality of the fire fighting system. It is possible that the 
water pressure will be reduced after an earthquake due to pipe breaks/leaks or/and tank 
failures, aggravating the fire effects in case of lack or inadequacy of alternative water 
supplies. Fire-station buildings and tanks are also important components, as they house the 
fire fighting vehicles and engines, they provide the necessary water quantities and they 
constitute administrative and management centers in cases of crisis. Consequently, the 
vulnerability of fire fighting system is strongly related to water system. The literature review 
of available approaches for the seismic risk analysis of water system is described in D3.5. A 
short review of available methods for the estimation of fire ignitions and fire spreading is 
presented in the following. 

Cousins et al. (1991) developed a methodology for the assessment of areas susceptible to 
fire conflagrations and estimation of induced losses due to post-earthquake fires in central 
New Zealand. The fire losses are estimated in comparison to losses due to ground shaking 
based on empirical earthquake data from North America. More recently, a model for post-
earthquake fires spreading was elaborated for Wellington City, by Cousins et al. (2002). The 
life-safety risk against post-earthquake fires from the perspective of gas and electricity 
distribution systems was investigated by Williamson and Groner (2000), based on data from 
11 earthquake events.  

A study by Robertson and Mehaffey (2000) recommends that performance based building 
codes should contain a framework to prevent undue reliance on sprinkler and other life 
safety systems that are dependent on seismically vulnerable water and electrical services. A 
two-level design procedure is proposed to be applied to the fire safety design of buildings 
located in areas of high seismicity. The first level assumes normal operational conditions for 
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detection and suppression systems as well as fire service response, while the second level 
is based on impaired lifelines services and fire service response following a major 
earthquake.  

At the individual building level, Chen et al. (2004) proposed a performance-based seismic 
analysis procedure considering earthquake and subsequent fires. It consists of four major 
steps: hazard analysis, structural and/or non-structural analyses, damage analysis and loss 
analysis. Further details are provided in the next section. 

Scawthorn (1986, 1987), Scawthorn et al. (1991, 1997), NDC (1992), ICLR (2001), 
developed different models for simulation of post earthquake fire spread in urban areas. The 
annual expected loss is estimated considering the building density, the wind speed, the 
adequacy of fire fighting response and the seismic intensity. Himoto and Tanaka (2002) 
have been focused on fire spread based on the physics of fire, assuming building- to- 
building fire spread due to thermal radiation and fire-induced plume.  

Several computer codes were developed for the estimation of Burnt Area, such as HAZUS 
(NIBS, 2004), URAMP (2002), SERA (Ostrom, 2003) and RiskLink (2008). HAZUS (NIBS, 
2004) proposed a relationship for the estimation of ignition rate per square meter of built 
area as a function of PGA, based on the study of Eidinger et al. (1995). HAZUS except of 
the prediction of the fire ignitions, estimates the potential dollar loss caused by fires 
assuming wind speed, fire engine response time etc. The URAMP software (Utilities 
Regional Assessment of Mitigation Priorities) estimates losses and incorporates avoid losses 
as benefits in a benefit – cost framework to determine the most effective seismic risk 
reduction program for water utility. URAMP incorporates the functionality of EPANET, a 
hydraulic modeling software package. URAMP analysis modules include modern hazard 
models to facilitate regional network analysis and consider both deterministic and 
probabilistic seismic risk assessment. Moreover, it calculates potential damage and 
economic losses due to fire-following earthquake and other economic impacts on the 
provider utility and community such as lost revenue, business impacts of fire and cost of 
sewage cleanup.  In a simplified way, the procedure provided includes an identification of the 
neighborhoods as high, medium or low density residential, commercial or industrial 
occupancies. Final, the burnt areas are determined using Monte-Carlo simulation. The 
SERA (System Earthquake Risk Assessment) fire model incorporates detailed analysis of 
the seismic vulnerability of the water system, time dependent hydraulic performance of the 
water system after an earthquake, and a detailed fire ignition, fire spread and fire 
suppression model. The RiskLink fire following earthquake model estimates probability of fire 
loss at the city/ward level, calibrated extensively against the Tokyo fire department estimates 
of fire ignitions 

A recent monograph (Scawthorn et al., 2005) details the current state of the art in modeling 
fire following earthquake. Post – earthquake ignitions for a particular locality can be 
calculated as a random Poisson process with mean probability determined as a function of 
MMI or PGA and building inventory (i.e. millions of building floor area). 

All previous post-earthquake fire spread models are based on the use of empirical 
approaches. Recent efforts combine physical laws and empirical data, attempting to simulate 
separately the different modes of fire spread (Lee et al., 2008). 

In several studies a detailed examination of the causes of ignitions is also illustrated based 
on the building contents, type of use, usage hours, structural types and time of day. Tokyo 
Fire Department (1997) has developed a set of curves (six) considering the building 



D3.11 - Fragility functions for fire fighting system elements 

22  

 

occupancies (residential, commercial, industrial) and materials (wood and non-wood). These 
curves have been calibrated against recent US earthquakes such as San Fernando (1971), 
Morgan Hill (1984), Whittier (1987), Loma Prieta (1989) and Northridge (1994). Moreover, 
four ignition curves were produced considering the effect of time and season based on fuzzy 
approach.  In addition, Tokyo Fire Department developed the TOSHO model that determines 
the fire spreading speed in four directions as a function of time. It requires a specific 
description of the exposure at risk and is therefore location independent.  

3.3 DAMAGE STATES 

As in potable water system (D3.5) and buildings (D3.1, D3.2). 

3.4 INTENSITY INDEXES 

As in potable water system (D3.5) and buildings (D3.1, D3.2). 

3.5 PERFORMANCE INDICATORS 

As in potable water system (D3.5) and buildings (D3.1, D3.2). 
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4 Fragility functions for fire-fighting system 
elements 

4.1 STATE-OF-THE-ART FRAGILITY CURVES PER COMPONENT 

A reporting of the deliverables from where information on fragility functions for the 
components of fire fighting systems (i.e. fire-station buildings, pipes, storage tanks, fire-
faucets) can be obtained is presented, for two cases:  

a) Fire-fighting systems which are not separate from the water supply network (Table 
4.1). 

b) Fire-fighting systems which are separate from the water supply network (Table 4.2). 

A comment should be made here that the fragility of fire-fighting system is closely connected 
with the possible fires just after the earthquake. The interaction between the road closure 
and the serviceability of water network with fire-fighting system (if it is not separate from 
water system) is essential. 

Table 4.1  Fire-fighting systems (not separate from water network) 

Component Reference Methodology Classification Earthquake 
descriptor 

Damage 
States and 

Index 

Fire-station 
buildings As common buildings in D3.1, D3.2 

Pipes As in potable water system 

Storage 
tanks As in potable water system 

Fire-faucets  Calculation of the functionality taking into account the connectivity with water 
system failures Connectivity can be estimated based on the functionality of 
direct or indirect water pipes links. Thus, the fire-faucet functionality is 
calculated based on the followings: water system topology, systems condition 
after the earthquake (failure modes), pressure and supply of water, using e.g. 
quantitative methods. 
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Table 4.2  Fire-fighting systems (separate from water network) 

Component Reference Methodology Classification Earthquake 
descriptor 

Damage 
States and 

Index 

Pipes As in potable water system 

Storage 
tanks As in potable water system 

Pumping 
Station As in potable water system 

Fire-faucets  Calculation of the functionality taking into account the connectivity with fire-fighting 
pipes. Connectivity can be estimated based on the functionality of direct or indirect 
water pipes links. Thus, the fire-faucet functionality is calculated based on the 
followings: water system topology, systems condition after the earthquake (failure 
modes), pressure and supply of water, using e.g. quantitative methods.  

4.2 VALIDATION / ADAPTATION / IMPROVEMENT 

As in potable water system (D3.5) and buildings (D3.1, D3.2). 

4.3 FINAL PROPOSAL 

As in potable water system (D3.5) and buildings (D3.1, D3.2). 
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