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Risk Mitigation of Post-Earthquake Fire in Urban Buildings 

 
ABSTRACT 

Post-earthquake fire (PEF) is considered one of the most high risk and complicated problems 

affecting buildings in urban areas and can cause even more damage than the earthquake itself. 

However, most standards and codes ignore the implications of PEF and so buildings are not 

normally designed with PEF in mind. What is needed is for PEF factors to be routinely 

scrutinized and codified as part of the design process. 

A systematic application is presented as a means of mitigating the risk of PEF in urban 

buildings. This covers both existing buildings, in terms of retrofit solutions, and those yet to 

be designed, where a PEF factor is proposed. To ensure the mitigation strategy meets the 

defined criteria, a minimum time is defined - the Safety Guaranteed Time Target (SGTT) - 

where the safety of the inhabitants in a building is guaranteed. 

Keywords: Post-earthquake fire, Risk identification, Risk assessment, Risk management, Reinforced 

concrete structures, Performance based design 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1080/13669877.2014.910686


1. Introduction  

Risk is defined as a virtual threat that either restrains the ability of a community from 

accomplishing a defined operation or reduces the level of safety in a complex (Dorfman 

2005). Most risks are unpredictable events such as the destruction of structures following an 

earthquake, a fire or an earthquake followed by a fire (McGhie 2007). Yet, the unpredictable 

events do not necessarily reflect the meaning that they are unknown; rather, almost all of 

them are realistic and can be listed (Kowert and Hermann 1997). Risk management, is then 

defined as a sequential process consisting of identification and assessment of the risks, 

followed by setting up a series of priorities to decide which ones are more crucial as an 

approach of dealing with the situation (Crouhy, Galai et al. 2006). In other word, risk 

management is a systematic approach to consider the possibilities of unpredictable but 

realistic crises or disasters before they occur such that the threats could be avoided or the 

impact minimized (Pliefke, Sperbeck et al. 2007). Risk management involves several steps 

such as setting the scopes and the boundaries, defining the project time, and establishing the 

objectives and the resources required (Keey 2003). The strategies to handle risk are typically 

classified to transfer the risk from one situation to another or to avoid the risk if possible. An 

alternative is to mitigate the negative impact while accepting some risk (Kowert and 

Hermann 1997). It must be noted that no exact acceptable risk is set because whether a risk is 

acceptable or otherwise is generally dependent on the decision of the policy makers (Carlman 

2005). For most of the time, whether a risk is acceptable or otherwise is depended on its 

associated level of safety required, which is a case-dependent decision. Generally, alongside 

the level of importance of a case, a higher level of safety needs to be provided. For example, 

a higher level of safety is needed for critical infrastructures such as a high-speed train than a 

residential building, because more lives could be endangered in case of a disaster. Therefore, 

every case can be designed based on its importance level (Ferritto 1997). In terms of 
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proposing a strategy for the risk management of post-earthquake fire (PEF) in urban areas, 

this needs to consider both the effect of an earthquake, one of the most risky natural disasters, 

and the subsequent effect of the fire, one of the most problematic urban disasters, on 

structures/inhabitants, to arrive at the decision to either overcome the risk or minimize the 

risk (Behnam and Ronagh 2013). As an example, saving the inhabitants’ life can be 

established as an aim when a risk management strategy is adopted. Earthquakes impose 

significant damage to buildings and infrastructure, resulting in a risky situation for 

inhabitants. A fire with a complicated nature may begin from a few scattered buildings 

causing the post-earthquake situation to worsen and it may eventually lead to a conflagration 

(Taylor 2003, Yaping 2010). Recorded experiences from places such as San Francisco, Kanto 

and Kobe have proved that PEF can be a catastrophe with a devastating effect on urban areas 

(Chen. S., Lee. George C. et al. 2004). 

 

Fig. 1.  Increasing vulnerability of buildings under PEF.  
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It is worth mentioning that there are two types of loads that are permanently applied to 

buildings, dead loads and live loads. Dead loads include the weight of all the materials used 

to construct the buildings, such as the weight of concrete materials, steel profiles and external 

walls. This means that the positions of dead loads do not change over time. Live loads, on the 

other hand, are those that can be quantified but it is difficult to determine their exact position 

in the building such as the weight of furniture, internal light partitions and occupants. While 

fire resistance is defined as the time at which the structural members stop being able to resist 

applied loads, i.e. the dead and live loads (Kodur and Dwaikat 2007), it has been shown in 

numerous studies that the fire resistance of earthquake-damaged buildings is much lower than 

that of undamaged structures. This is mostly because almost no codes provide for PEF 

loading. Additionally, strong earthquakes may cause serious damage to both active fire-

fighting systems such as sprinklers and lifeline structures such as arterial roads and bridges 

resulting in the increased difficulty for suppressing fire. Hence, considerably more time is 

needed to extinguish the fire than in the absence of an earthquake. This time may increase if 

the rescue of those trapped under rubble takes priority. Fig 1 schematically describes how 

earthquake-induced buildings are more vulnerable in a PEF situation. 

2. Risk management process  

The process of risk management, as a general term, includes three steps: risk identification, 

risk assessment and risk response (Merna and Al-Thani 2008). Normally, risk management is 

a hierarchical process, though a continuous loop as shown in Fig 2 is also considered in the 

process. The mentioned process is described hereafter for a PEF scenario in reinforced 

concrete (RC) structures. 
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Fig. 2. Risk management cycle (Merna and Al-Thani 2008). 

2.1 Risk identification 

The first step of performing risk identification is to clarify the boundaries of the system, 

which can be a structural member or a building etc (Pliefke, Sperbeck et al. 2007). All 

sources that can potentially affect on the functionality of the system are then listed. When 

performing a risk identification, two vital questions needs to be answered: what is the effect 

of a risk on a system and where it can occur. In this study, the aim of risk identification in a 

PEF scenario is to collect a list of events that might influence the integrity of an RC structure. 

Thus, the main questions to be answered are: what will be the effect of an earthquake load on 

the building and where it can actually occur. The same questions can be asked for fire-only 

scenario: what will be the structural behaviour if confronted with a fire load and where a fire 

can occur.  

2.2 Risk assessment  

To quantify and to analyse the identified risks is the second important step of performing 
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Fig. 3. Risk assessment procedure for PEF (Pliefke, Sperbeck et al. 2007). 

The procedure for risk analysis is comprised of four sections, hazard analysis, damage 

earthquake analysis, damage fire analysis and loss analysis. Hazard analysis includes the 

probability of an earthquake occurring and its specifications such as the distance to the faults, 

and the magnitude. By means of partial statistics-based approaches, the probability and the 

scale of a PEF can be estimated. It should be pointed out that in a PEF phenomenon, along 

with the probability of the earthquake itself, the influence of man-made factors on the 

intensity of the phenomenon has also to be considered. Earthquake events have a probabilistic 

basis and are normally predicted based on statisitcs and/or historical records. PEFs, on the 

other hand, are important when they occur in urbanised regions, i.e. the man-made regions. 

Therefore, a PEF investigation should consist of two parts, the earthquake investigation as a 

probabilistic-based event and its following fire as man-made-based event. This is why a PEF 

hazard analysis is a partial statistics-based approach. It is evident that the magnitude of a fire 

relies mainly on different factors such as the structural materials, the density of the buildings 

in an area, the quality of infrastructures, etc. These are termed synthetic factors (Chen. S., 

Lee. George C. et al. 2004). There are also other factors called natural influential factors 

such as the wind speed and the wind direction, which may intensify the effect of a PEF 

(Nasirzadeh, Peyghaleh et al. 2009). 
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Damage earthquake analysis includes the assessment of both structures and non-structures 

subjected to the design earthquake. According to performance-based codes, most structures 

are designed to meet a specific level of performance. Thus, the structural and non-structural 

state when subjected to the design earthquake can be assessed. The damage is not measured 

in fiscal units, but is in physical terms such as relative story drift. Damage fire analysis is 

then performed to measure the fire resistance (Kodur and Dwaikat 2007) of the system. The 

results of these analyses, i.e. earthquake and fire, can be expressed in qualitative terms, such 

as ‘no damage’, ‘minor damage’, etc or in a quantitative style, e.g. a fraction between zero 

and one. Sometimes, the qualitative expression is mentioned between two boundaries of 

functionality of the system, e.g. ‘intact’ and ‘non-functional’. For example, in quantitative 

terms, the situation is considered to be high risk when the results of the assessment are larger 

than 0.5. Results between 0.25 and 0.5 are usually considered to indicate a risky situation, 

where serious attention needs to be paid to control or mitigate the risk. Results lower than 

0.25 usually mean that the risk will be under control and thus not requiring any urgent 

mitigation strategy (Roberstson and Mehaffey 2000). In this study, the fire resistance is 

compared with the intact system and is expressed in a quantitative style. It is worth 

mentioning that the correlation between the hazard loading and the resulting damage is 

known as Structural Vulnerability signifying the level of physical sensitivity toward the 

effect of the hazard. In the line with the aims of the study, the damage related to PEF can be 

distinguished in terms of either micro or macro damage. In the micro view, the fire resistance 

in a structural member is compared with two situations of before and after the earthquake. By 

contrast, the macro view describes the effect of the measured local damage on the overall 

structural integrity. For instance, a structure can collapse locally or globally. 

Loss analysis includes economic loss, which may be direct and/or indirect, and life loss. 

While the economic loss can be estimated through the damage analysis, the estimation of life 
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loss is a complicated process as several factors are involved in the analysis. In FEMA228, 

some estimation is given for value of human life from $1,100,000/life to $8,000,000/life 

(Ferritto 1997). It is evident that direct consequences occur at the same time as the event and 

are directly related to the stability of the system in order to resist against forces and to 

provide urgent help. The indirect consequences are resulted from the direct consequences and 

they come later in time. They are pertained to the resilience of the system. The resilience of 

the system is its capability to recover after the event, to keep its functionality. As for RC 

structures subjected to PEF, planning allows the assessment of the at hand condition. While 

the assessment of the economic consequences are also a part of the risk analysis so as to find 

the relation between the cost of the structures during their life with the value of human life, it 

is not considered here as is beyond the scope of this research. 

From a different view, System Vulnerability is defined as the direct correlation between the 

Hazard and the consecutive Loss, showing the overall potential hazard on the structural 

elements which are at risk. To quantify the risk, two definitions of Structural Risk and Total 

Risk have to be calculated. The structural risk is an important factor for structural engineering 

as it aims to predict the structural behaviour and the structural response under a potential 

hazard loading. On the other hand, the total risk may consider the full hazard potential 

including the structural risk and other sensible and nonsensible consequences. For instance, 

the structural risk in two identical buildings hit by the same hazard and the same expected 

damage is identical. Nevertheless, they would have different total risk, if they have different 

type of occupancy, different building material, etc. 

In this study, only the Structural Risk is explored, while the Loss Assessment and the Risk 

Evaluation phases are not incorporated in the analysis. To do that, a series of different RC 

structures are selected designed to meet Life Safety performance based on FEMA356 
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(FEMA356 2000). A damage earthquake analysis as the first step of structural seismic risk is 

performed after the seismic hazard level has been cleared. Based on the resulted seismic 

damage, the PEF structural risk is then accounted for. The results can be useful as a tool to 

make decision whether a mitigation strategy need to be established.  

2.3 Acceptable risk 

In case of disastrous events as such earthquake and fire, a series of acceptable risks can be 

defined as individual and society (Vrijling, van Hengel et al. 1995). For the individual level, 

the acceptable risk can be narrowed down to saving the inhabitants’ life, either in earthquake 

or in fire. Higher level of safety can also be considered as individual acceptable risk, for 

example saving the positions. The second group is the society, bearing in mind the important 

question whether the result of the performed risk analysis is acceptable in terms of its effect 

on the society. While it seems the social acceptable risk can be found by performing a 

sensitivity analysis on the social benefits versus the social costs including risk, it is widely 

accepted that this process of evaluation is not easily made explicit (Vrijling, van Hengel et al. 

1995, Pukeliene 2011). Usually, the concept of risk in a social perspective is declined to the 

number of casualties. Considering the definition of fire resistance in a structural member, the 

acceptable level of risk for the mentioned groups can be defined as saving the inhabitants’ 

life. By defining the risk class, from low- to high-risk, via a process called grading, a 

comparison is then made between the situation of the system faced to the hazard and the 

defined risk class.  

2.4 Risk mitigation  

The last step of any risk management strategy is to assign a rational decision about how to 

handle the risk. It is evident that there is no specific way to deal with the risk, rather different 
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opportunities might be found. The proposed risk mitigation strategy can be economic-based, 

mathematical-based, engineering-based etc, which are derived for prevention, preparedness, 

response or recovery. Both social and individual mitigations can be made to meet the 

mentioned objectives. All the shown opportunities in Fig 4 have a commonality that the 

vulnerability of the system is reduced after the mitigation is employed. The selected strategy 

can be either to decline the vulnerability of the system by increasing the resistance or to 

strengthen the system as a recovery approach. It is evident that time has a vital role to any 

adopted strategy.  

 
Fig. 4. Risk mitigation phase (Pliefke, Sperbeck et al. 2007). 

As is seen in Fig. 4, two types of strategies can be adopted, pre-disaster and post-disaster. 

Pre-disaster strategies include prevention and preparedness. The prevention strategy mostly 
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the disaster occurred. If the system is recoverable, then the recovery activities can be used to 

restore the system.  

3. Case studies  

Here, an application of the described methodology is performed in the selected case studies 

for the assessment of the structural response in PEF. Various solutions are then proposed in 

order to reduce the vulnerability of the cases under the risk management process. The 

following phases are shown in Table 1, which are described hereafter: 

Table 1. The processes of risk management of PEF in cases study 

Hazard Analysis: 
1. Evaluation of the probability of occurrence of earthquake 
2. Evaluation of the probability of occurrence of fire 

Structural Vulnerability: 
3. Seismic vulnerability assessment 
4. PEF vulnerability assessment 

Risk Acceptable: 5.Comparison between the results and the criteria 

Risk Mitigation: 6. Decision making 

 

3.1 Hazard analysis of earthquake  

Hazard earthquake analysis is referred to during the study of expected earthquake in an 

area and its possible effects on man-made structures. The results of the study are normally 

published in national codes as seismic hazard maps; representing the relative ground-motion 

of different areas. It is mentioned in the codes regarding the possibility of an earthquake per 

year and its magnitude. Usually, Peak Ground Acceleration (PGA) is used in hazard analysis 

in moderate earthquakes, while Peak Ground Velocity (PGV) is used in severe earthquakes 

(Calvi, Pinho et al. 2006). 
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3.2 Hazard analysis of fire  

Although there is generally low possibility of fire occurrence, the results are commonly too 

devastating and thus, proper estimation of the potential impact of fire should be conducted 

(Yaping 2010). The main objective of a fire hazard analysis is to ascertain the anticipated 

result of a particular set of conditions, which is termed as a fire scenario. The fire scenario 

should adequately be informative; including the materials of construction, the location of the 

compartment in the building, the position of the openings etc. The fire models are usually 

experimental-based, empirical-based or numerical-based (Hurley and Bukowski 2003). 

Performing a fire hazard analysis requires a number of steps, most important of which are to 

define a target, to select the proper fire model and to calculate the time needed to evacuate 

inhabitants, before any collapse occurs. As fire hazard analysis can be performed as a part of 

the performance-based design, thus a target performance needs to be defined beforehand 

(Hurley and Bukowski 2003). Mostly, the target performance is determined to minimize the 

number of casualties by reducing the potential for the occurrence of the fire and/or reducing 

the threat from hazardous materials. In addition, established facilities inside the buildings, the 

so-called actives measures, such as sprinklers and urban facilities such as fire brigades can 

also successfully reduce the fire hazard. Yet, the possibility of the fire-extinguishment 

facilities not working properly should be considered as well. It is evident that the worst-case 

loss would be when the roles of the facilities are entirely ignored. While this assumption 

during normal conditions is not reasonable, it is a rational assumption that active measures 

would not work properly when the system is encountered with a chaotic situation as such 

during an earthquake. In that case, the role of passive protection systems such as structural 

members should be highlighted to withstand the fire until the inhabitants can be evacuated 

(NFPA 2006). 
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After the objective of the hazard analysis is clarified, the fire scenario and the design fire 

scenario can be defined. A fire scenario includes three parts, building characteristics, 

occupant characteristics and fire characteristics. The building characteristics describe how the 

structural features such as the volume of combustible material inside the building or the 

location of openings that may influence on the fire development. Occupant characteristics 

explain the state of occupants when a fire occurs. Fire characteristics describe the 

development processes of a fire. The design fire scenario is then defined in order to find the 

critical condition. Nevertheless, the critical condition should not include non-plausible 

conditions. Usually, the design fires are established in codes and provisions such as ISO834 

(ISO 834 International Standard 1999) and ASTM E119 (ASTM 2006) as standard fire 

curves, which are widely used in ordinary buildings. Nevertheless, the standard fire curves 

are not adequately accurate, as they do not effectively consider all characters as such building 

characteristic, fire characteristics and occupant characteristics. There are also more precise 

methods such as natural fire curves mentioned in Eurocode 1 (Franssen and Real 2010) and 

iBMB fire curve (Zehfuss and Hosser 2007).  

3.3 Seismic vulnerability assessment 

Estimating losses in earthquakes are of essential importance for proposing any mitigation 

strategy (Calvi, Pinho et al. 2006). It is apparent that the main feature in a loss model is an 

adequately accurate and transparent algorithm in order to evaluate the seismic vulnerability of 

the system. The level of accuracy in the model not only directly affects on the economic 

condition, but can also be important for risk management. It is mentionable that an ideal 

earthquake loss model should comprise all of the possible secondary hazards resulted from 

the earthquake such as liquefaction, landslide and tsunamis, etc. However, it is commonly 

believed that the secondary hazards can be ignored when the size of the model increases 
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(Bird and Bommer 2004). The seismic vulnerability of a structure is mentioned as its 

tendency to be damage by the design earthquake. Thus, the main objective of a vulnerability 

assessment is to determine the possibility of a specific level of damage to a specific type of 

building because of an earthquake scenario. It is worth mentioning that the assessment has to 

be linked with the hazard analysis of earthquake where the intensity of the ground motion has 

already been known. The vulnerability assessment methods are commonly categorised into 

either empirical or analytical. The empirical methods have a root in 1970s (Whitman 1973) 

and termed as damage-motion relationships, which are mainly based on the damage detected 

after earthquake and are not adequately clear (ATC 1985, JPDPA 1990). The analytical 

methods, on the other hand, provide more details and have simple algorithms for calibrating 

different buildings characteristics. This is a unique advantage of the analytical methods and 

cannot be found in the empirical methods. There are a number of analytical-based 

vulnerability assessments some of which are analytically-derived vulnerability methods 

(Dumova-Jovanoska 2000), hybrid methods (Kappos, Stylianidis et al. 1998, Barbat, Carreño 

et al. 2009), collapse mechanism-based methods (D’Ayala and Speranza 2002, Cosenza, 

Manfredi et al. 2005), capacity spectrum-based methods (ATC 2001, Bommer, Spence et al. 

2002) and displacement-based methods (FEMA273 1997, FEMA356 2000, Medhekar and 

Kennedy 2000, Priestley 2003). Among the displacement-based methods, FEMA356 is one 

of the well-known and the well-accepted codes, which describes the functionality of 

structures under the design earthquake in terms of their performance. In FEMA356, buildings 

performance is grouped into Operational (O), Immediate Occupancy (IO), Life Safety (LS) 

and Collapse Prevention (CP). In buildings designed for the O level, no damage either in 

structural members or in non-structural components should be sustained so that the 

functionality of the buildings should be as same as before the earthquake. For buildings 

designed for the IO, while almost no damage is sustained by structural members, there is a 
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possibility of occurrence minor damage in non-structural members such as partitions and 

facades. The functionality of the building may also be interrupted due to elevators not 

working and outages in the electricity power. In buildings designed for the LS levels of 

performance, both structural members and non-structural components have sustained notable 

damage. Nevertheless, the integrity of the buildings is adequate to carry gravity loads and 

should prevent loss of human life. Buildings designed for the CP would sustain extensive 

damage in both structural members and non-structural components and the stability of the 

buildings is extensively under a high-risk condition. The mentioned categorizations are 

mainly pertained to the level of structural importance. It is worth noting that the performance 

level of structures is also pertained to the experienced drift by structural members resulted 

from the design earthquake. At the O level, no permanent drift is experienced by the 

structural members, while at the IO level less than 1% drift is expected to occur. Buildings 

designed for the LS performance level would sustain a drift value about 2%, while at the CP 

level a drift of more than 4% would occur. 

From a different perspective, it has been observed in numerous experimental tests and in 

real structures that the damaged area in RC structures is mostly next to the critical sections, 

while concrete is only slightly damaged away from critical sections, even after the worst 

earthquakes. The critical part is implicitly referred to as the “plastic hinge length” and can be 

calculated via empirical and numerical equations (Park. R and Paulay.T 1975, Bae and 

Bayrak 2008, Roh, Reinhorn et al. 2012). The observations confirm that at the O and the IO 

level of performance, only minor cracking would occur in the structural members so that 

almost no difference can be made between the structural situation before or after earthquake. 

At the LS performance level, however, spalling of the cover of rebars would occur. At the CP 

level of performance, along with spalling of the cover in the plastic hinge regions; splice 
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failure may also be observed (FEMA356 2000, Nakano, Maeda et al. 2004, Meada and Kang 

2009, Umesh Kumar, Pradeep et al. 2012) . 

Fig 5 shows three different RC frames that are subjected to a design earthquake with PGA 

of 0.35g, after which seismic vulnerability assessments are performed upon them. The 

structures are first designed based on ACI318-08 code (ACI318 2008) and in order to meet 

the LS level of performance. The frames are made of normal-strength concrete. The strength 

of concrete is normally categorized into three groups: low strength-concrete, normal-strength 

concrete and high-strength concrete. It is generally accepted that low-strength concrete, 

normal-strength concetre and high-strength concrete have strengths of less than 18 MPa, 

between 18 MPa and 30 MPa and more than 30 MPa to 110 MPa respectively. It is also 

mentionable that producing high-strength concrete requires specific considerations for factors 

such as type and amount of cement, type, size and amount of aggregates and water-cement 

ratio. As the use of high-strength concrete is usually not economic for ordinary urban 

buildings, they are usually designed based on normal-strength concrete. Here, frames are 

designed for combinations of 8.0 kPa for dead load and 2.5 kPa for live load which are 

common loads in ordinary urban buildigns. The rectangular corss-sections of beams and 

columns and their rebars specifications are also shown in Fig 5. The vulnerability assessment 

is then performed using a displacement-based method mentioned in FEMA356 (FEMA356 

2000). Using pushover analysis (Krawinkler and Seneviratna 1998) a simulation for the 

earthquake loads is made and then the structures are pushed to arrive at a specific 

displacement called target displacement (Xue and Chen 2003).  
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a) Case 1 b) Case 2 c) Case 3 

    

    

d) Columns and beams cross-section 

Ci, Bi and Ti stand for column, beam and rebar’s diameter, respectively. Dimentions are in mm.  

Fig. 5. Cases study and pushover curves. 

3.4 PEF vulnerability assessment 

Materials’ mechanical characteristics such as strength and modules of elasticity reduce 

when exposed to fire because of high thermal stresses. These changes consequently affect the 

structural behaviour and the load capacity. Concrete has low thermal conductivity, which 

creates slow transmission of heat inside the cross section (Faggiano and Gregorgio 2010). 

The reinforcement bars have high thermal conductivity, but they are generally protected by 
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the concrete cover. It is apparent that heat penetration can be worse if a member that has been 

previously damaged, say because of earthquake loading, as high temperature on wide cracks 

or spalled cover allow quicker penetration of the heat. In general, along with an increase in 

temperature, the yield strength decreases in both concrete and rebar (Minson 2006, Youssef 

and Moftah 2007); in such a way, the concrete is no longer considered a structurally relevant 

material beyond around 500°C. In rebar, on the other hand, the mechanical properties start 

decreasing significantly between 300°C and 500°C (Youssef and Moftah 2007, Bamonte, 

Gambarova et al. 2008). It is also worth mentioning that the thermal spalling of concrete 

cover under fire exposure is an important issue particularly for high-strength concrete (Hertz 

2003, Hertz and Sørensen 2005, Kodur 2005). 

From a different perspective, for a specific case study, it is not possible to predict where a 

fire exactly initiates. Thus, different scenarios have to be considered. This consideration is 

more important in tall structures where the structural stiffness normally changes with height. 

On the other hand, the observations and experimental tests have confirmed that fires are not 

generally confined to one floor; it spreads to other floors eventually (Fletcher, Borg et al. 

2006). Nonetheless, it is difficult to estimate the rate of fire spreading vertically between 

floors, as it is dependent on numerous factors. Several investigations performed by Röben et 

al. (Röben, Gillie et al. 2010), Sharma et al. (Usmani 2005) and Behnam and Ronagh 

(Behnam and Ronagh 2013, Behnam and Ronagh 2013) have revealed that there is a notable 

difference between the results of applying a concurrently fire to floors with those applied 

with a delay.  

Modeling of PEF in a structure is a complex process, as the structure has to be loaded in 

steps. The first step of modeling is the application of gravity loads, which is followed by the 

loading of the seismic loads and finally by application of the fire loads. It is important to 
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properly transfer the damage resulted from the combination of gravity and earthquake loads 

to the fire analysis. In an RC structure, in addition to defining the degradation in strength and 

stiffness, the physical damages such as the removal of cover have to be modelled as well. 

Nevertheless, there is no known finite element software available capable of performing a 

coupled analysis that combines seismic analysis and its following fire analysis while at the 

same time allows for the variation of material properties at elevated temperature. To deal 

with this limitation, Behnam and Ronagh (Ronagh and Behnam 2012, Behnam and Ronagh 

2013, Behnam and Ronagh 2013) proposed a methodology they called sequential analysis. 

Using a common structural analysis software such as SAP2000 (SAP2000-V14 2002) and 

following the application of gravity loads for which the structure mostly remains in the elastic 

region, the seismic analysis is performed and the equivalent seismic loads are derived. These 

are transported into the second software that is capable of performing the structural fire 

analysis such as SAFIR (Franssen 2011). Based on the proposed methodology by Behnam 

and Ronagh (Ronagh and Behnam 2012, Behnam and Ronagh 2013, Behnam and Ronagh 

2013), the analysed frame in the previous section, i.e. seismic vulnerability assessment, are 

exposed to ISO834 fire curve and based on the scenarios shown in Fig. 6. 

 

 

 

 

 

 

  
a) Case 1 b) Case 2 c) Case 3 

Fig. 6. The fire scenarios of the cases. 
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To draw a comparison between the results, the fire alone analysis is also performed for 

frames. The results are shown in Fig. 7. As can be seen, the resistance of the frames exposed 

to PEF is considerably lower than that of exposed to fire alone. It is understood that the 

majority of reduction in strength under fire arises from the penetration of heat in the areas 

with serious damage. 

 

Fig. 7. The fire and the PEF resistance of the cases studied 

3.5 Risk acceptable  

Most fire codes recommend minimum expected fire resistance in structural elements. For 

example, conventional buildings such as offices and dwellings have to have at least 90 

minutes fire resistance according to the French and the British fire codes (Holicky M, Alois 

Meterna et al. 2005). If the structural members cannot comply with the times mentioned in 

the codes, then other assistants such as sprinkler systems and vertical pipes are employed to 

reduce the fire risk. Based on the results shown in Fig. 7, it is evident that the cases studied 

have adequate resistance against fire alone loads. On the other hand, if the fire 

extinguishment facilities in the buildings are not functioning properly after a strong 

earthquake, it is expected the structural members have to resist against fire loads until the 

rescue teams arrive at the scene. Using the data shown in Fig. 7 and provided there is 
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adequate time for rescue teams to arrive at the scene and to extinguish the fire, the structural 

integrity would still be adequate and thus the risk is acceptable. However, if the PEF 

resistance of the cases is not adequate for the rescue teams, then a mitigation strategy must be 

adopted. It is mentionable that the planed study here does not cover any loss analysis and this 

is why only structural PEF response was assessed.  

3.6 Risk Mitigation 

This section follows the assumption that the PEF resistance of the cases studied before are 

not adequate for controlling and extinguishing the fire. As a result, two types of mitigation 

strategies shall be adopted; a strategy in the macro level to improve the quality/quantity of 

urban infrastructures (Zhao, Xiong et al. 2006) and a strategy in the micro level to improve 

the structural integrity. Generally, when the economic responsibility falls exclusively on the 

government, the impact on the national economy can be paralysing (Bommer, Spence et al. 

2002, Coburn and Spence 2002, Calvi, Pinho et al. 2006). In that case, an alternative solution 

would be privatizing the risk by involving the retail sectors. In addition, it is generally 

believed that improving the quantity and/or the quality of infrastructures are too costly and 

can require a huge budget. Improving the integrity of buildings for extreme loads such as 

PEF, however, seems to be more feasible. Based on these assumptions, two mitigations 

strategy at the micro level, i.e. building level are proposed. Referring to Fig. 4, the proposal 

of prevention mitigations, two types of technical/engineering solutions can be suggested for 

existing structures and for those yet to be designed. The technical suggestions must provide 

the minimum time where the safety of the inhabitants in a building is guaranteed. This time is 

here termed as the Safety Guaranteed Time Target (SGTT). It is evident that the time it takes 

to extinguish the fire or to evacuate the inhabitants safely from the building would depend on 

many factors such as the availability of fire brigades, the size and condition of roads, the 
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robustness of established buildings, etc. All of these factors affect the intensity of the damage 

incurred, and as such, affect the workload on fire brigades as an earthquake scenario unfolds 

(Nasirzadeh, Peyghaleh et al. 2009). Here, without attempting to find (from macro 

considerations) the actual time it takes for fire brigades to arrive, extinguish the fire and 

evacuate the people from the building safely, and then compare it with the required SGTT, 

two methods are proposed for improving the PEF of existing and future buildings. 

3.6.1 A PEF factor for new buildings 

In a normal design using “Equivalent Static” method, the base shear is calculated using: 

V  C.W=                                   (1) 

Where, C is called the earthquake coefficient, which depends on the structural characteristics 

and W is the sum of permanent loads and a portion of imposed loads. This base shear (V) is 

then distributed along the height of the building depending on the mass of every storey. A 

PEF coefficient is therefore proposed which modifies V as depending on SGTT.  

PEFV  C .C.W=                                 (2)  

Fig 8 shows a general systematic approach to evaluate PEF resistance. Clearly, prior to an 

earthquake and its following fire, the buildings should have adequate resistance against 

gravity loads. When subjected to the “Design Earthquake” loads, the defined performance 

level should be controlled. 
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Fig. 8. Flowchart of using CPEF for meeting SGTT (Behnam and Ronagh 2013). 

 The natural expectation is that the structures designed based on the codes using appropriate 

detailing will remain within the boundaries of intended performance levels if subjected to the 

design level earthquake. Now if the buildings designed as such is exposed to fire and is to be 

brought under control or extinguished in a SGTT, it is expected that the collapse mechanism 

will not occur before SGTT. Consequently, if the defined SGTT level is still met, it is not 

necessary to increase the base-shear force. Otherwise, an increase is needed to be considered 

using a CPEF>1.0. This operation is terminated whenever the SGTT level is met. 

Here for the selected cases, it is estimated, for instance, that the SGTT is around 120 minute 

for case 1 and is 150 minute for cases 2 and 3 in the chaotic situation of PEF. Fig 7 confirms 

that the frames do not satisfy the defined SGTT and thus shall be re-designed using CPEF 

>1.0. Using trial and error and following the flowchart shown in Fig. 8, a series of analyses 

SGTT must be found first. This is the time it takes to extinguish the fire or to 
evacuate the building while the chaos of a “large scale” earthquake at the 
design level limits the ability of fire brigades

Evaluating the found SGTT by a sequential analysis; loading the structure 
by gravity loads; followed by a lateral pushover analysis resembling the 
earthquake and then the fire considering the damaged state of sections in the 
thermal analysis and the deterioration of material properties under fire

The found SGTT is not satisfied and 
it is necessary to consider CPEF= 
1.0 + 0.01

The found SGTT is satisfied and it 
is not necessary to consider CPEF

According to new base-shear, the 
building is re-designed and re-
evaluated based on seismic codes

The assumed CPEF is correct and 
the found SGTT is met

STOP

The PEF resistance is re-calculated 
for the re-designed building

The assumed CPEF is not adequate 
and the found SGTT is not met

Increase CPEF 
by a further 1%
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are re-performed in order to obtain a proper value of CPEF to meet the defined SGTT. 

Therefore, the frames are re-designed using CPEF>1.0 and then re-evaluated. Here, after 

several trial and errors, a CPEF of 1.18, 1.12 and 1.13 are found for the frames, which hold the 

frames in the defined SGTT.   

3.6.2 Retrofitting existing structures  

One approach to improve the PEF resistance of structures is to strengthen the structural 

elements such that they remain mostly elastic and undamaged from the effects of a prior 

earthquake. In undamaged and slightly damaged elements, the extent of heat penetration is 

reduced and so is the extent of reduction in strength. Retrofitting against seismic loads can be 

achieved by sizing up the elements as explained in the previous section, but this is only 

possible for structures that are yet to be constructed (Behnam and Ronagh 2013). For 

completed structures, strengthening options are limited. A sensitivity analysis can be 

performed in order to identify which element strengthening is more effective in improving 

the PEF resistance of the frame. In a study, Behnam and Ronagh (Ronagh and Behnam 2012) 

showed that beams are more sensitive towards fire than columns. Therefore, strengthening of 

the beams would be the priority. 

A promising strengthening method used in recent years is that involving the use of fibre 

reinforced polymer (FRP) materials. This option was investigated by Behnam and Ronagh 

(Behnam and Ronagh 2013) for strengthening of the joints to shift potential plastic hinges 

away from the joint towards the beam, and as such increase the lateral load carrying capacity 

of the frame. Strengthening the joints would improving the load carrying capacity of the 

structure and therefore reduce the damage caused by earthquake (Grace, Ragheb et al. 2005). 

However, FRPs are usually too weak under fire conditions (Asaro, Lattimer et al. 2009), 

because they are generally made of non-fireproof materials (Gibson and Mouritz 2006, 
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Williams, Kodur et al. 2008, Keller and Bai 2010). Being fireproof, nevertheless, is not 

important, because it is assumed that when the structure is exposed to PEF, the FRPs would 

be quickly destroyed. As a result, the FRP does not take part in the load carrying capacity 

even a few minutes after the fire has started.  

 

Fig. 9. Flowchart for using FRPs to meet SGTT (Behnam and Ronagh 2013). 

From a different view, the more of the joints are strengthened, the higher would be the 

strength of the structure. The number of joints to be retrofitted with FRP is dictated by the 

defined SGTT. Fig. 9 shows a general systematic approach to evaluate PEF resistance. It is 

clear that prior to an earthquake and its following fire, the buildings should have adequate 

resistance against gravity loads. When the building is subjected to the Design Earthquake 

loads, the defined performance level should be controlled through the procedures in codes. If 

the defined SGTT level is still met, it is not necessary to improve the PEF resistance. 

SGTT must be found first. This is the time it takes to extinguish the fire or to 
evacuate the building while the chaos of a “large scale” earthquake at the 
design level limits the ability of fire brigades

Evaluating the found SGTT by a sequential analysis; loading the structure 
by gravity loads; followed by a lateral pushover analysis resembling the 
earthquake and then the fire considering the damaged state of sections in the 
thermal analysis and the deterioration of material properties under fire

The found SGTT is not satisfied and 
it is to consider to retrofit some 
joints by FRP

The found SGTT is satisfied and it 
is not necessary to improve the 
PEF resistance 

According to retrofitted building 
the PEF resistance is re-evaluated

STOP

The number of retrofitted joints are 
adequate and the defined SGTT 
level is met

The number of retrofitted joints are 
not adequate and the found SGTT 
level is not satisfied  

Increase number 
of retrofitted joints
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Otherwise, an improvement needs to be considered. This operation terminates when the 

SGTT is met. 

 
 

 

  
 

a) Case 1 b) Case 2 c) Case 3 

Fig. 10. FRP configurations in the cases studied. 

Using the procedure explained above and assuming a SGTT of 120 minute for case 1 and 

150 minute for cases 2 and 3, the PEF resistance is re-calculated. The locations for FRP 

retrofitting for the frames are shown in Fig. 10 in which they can meet the defined SGTT. 

Overall, the procedures of mitigating the risk of a PEF at the micro level can be summarized 

into Fig. 11. 

FRP FRPFRP FRP

FRP FRPFRP FRP

FRP FRPFRP FRP FRP FRP

FRP FRPFRP FRP FRP FRP
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Fig. 11. The systematic application of PEF mitigation at micro level. 

4. Conclusion  

Post-earthquake fire (PEF) is one the most devastating direct outcomes of large 

earthquakes, which causes a high-risky situation. Any risk management process, in general, 

requires three stages: risk identification, risk assessment and risk response. In terms of risk 

management of PEF at the building level, the mitigation strategies shall be focused on 

identifying the structural behaviour when subjected to fire and earthquake. The results of risk 

assessment analysis performed on the cases studied showed that the fire resistance of 

damaged structures designed for the earthquake design is considerably lower than that of 

intact structures. Based on a definition termed as Safety Guaranteed Time Target (SGTT) 

when the safety of the inhabitants in a building is guaranteed, the acceptable risk could then 

be controlled. When the PEF resistance of structures is lower than the defined SGTT, the 

Finding SGTT is the first step of any 

PEF mitigation strategy

The structural seismic performance is 

evaluated

Note : the performance level can be defined 

using FEMA codes, as an example, and then 

can be controlled using pushover analysis.

The damage state of the structures is 

found to perform the PEF analysis

Note : it was shown that the extent of 

damage in RC structures can considerably  

affect on the fire resistance.

A proper fire curve for fire analysis 

has to be found

Note : using performance-based  fire codes 

the structural behaviour can be assessed 

under a realistic conditions. 

The PEF resistance is accounted for 

using a simulation process 

Note : in the lack of capable computer tools, 

alternative solutions such as using sequential 

analysis can be used.

New building Existing  building Using retrofitting methods 
(Figure 9)

Using PEF factor
(Figure 8)

Note : the SGTT is mainly dependent on the 

availability of fire brigades, the size and 

condition of roads etc.

The PEF resistance < the SGTT

The PEF resistance ≥ 
the SGTT, thus no 
action need to be 

performed

https://doi.org/10.1080/13669877.2014.910686


mitigation strategies shall be adopted to reduce the risk. The strategies can be at the macro 

level to improve the quality and/or the quantity of infrastructures or can be at the micro level 

to enhance the structural integrity against PEF loads. When the micro level strategies are 

adopted, two different solutions can be proposed for existing buildings and those yet to be 

designed. For new buildings, a factor called PEF factor was used in order to enhance the 

bases shear resulted from the earthquake load. For existing buildings, the theory of plastic 

hinge relocation was used. As both strategies were pertained to the defined SGTT, the 

processes were terminated whenever the defined SGTT was met. Finally, it is important to 

note that the method described here is limited to the situation where there is a known pre-

defined SGTT.  How the actual SGTT value is determined is beyond the scope of this study 

and a matter for future research.  Similarly, further research is needed to provide a practical 

framework for how the method would be used in actual practice by designers and the fire and 

rescue services in order to guide how they would assess the risk of post earthquake fires in an 

actual urban environment, and for those involved in construction to better design buildings to 

reduce such risks. 
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