
1 INRODUCTION  

A resilient city or community is one that can contin-
ue its functions after an extreme event (Hay et al., 
2014). If a city has to stay functional after a hazard 
and recover from the event, then the performance of 
individual elements, connectivity of critical infra-
structure elements in the system, and cascading ef-
fects on the system should be incorporated in the de-
sign of the community. Meanwhile, as historical 
events show, the likelihood of a fire event is typical-
ly amplified following seismic events due to an in-
troduction of available fuel and ignition sources 
such as ruptured utility lines (Elhami Khorasani & 
Garlock, 2015). On the other hand, active and pas-
sive fire protection system can also be compromised 
by seismic shocks. 

Similar to earthquake engineering, risk of fire 
cannot be avoided, and given the uncertainties, 
probabilistic performance-based guidelines should 
be available as an option for design engineers. There 
have been recent studies by researchers in generat-
ing probabilistic approaches for fire engineering (De 
Sanctis el al. (2011), Guo et al. (2013), Lange et al. 
(2014), Guo and Jeffers (2014)). Despite the steps 
taken to develop probabilistic guidelines, there still 
does not exist a comprehensive, systematic, and 
practical framework to evaluate structures under fire 
and fire following earthquake (FFE), incorporating 
uncertainties in the process and considering various 
performance criteria. In the case of FFE at the com-
munity level, the gap in knowledge is even deeper. 

Previous research on structural performance for 
post-earthquake fires had typically studied the prob-
lem in separate programming environments for 
seismic and thermal analyses (Della Corte et al., 
2003; Zaharia & Pintea, 2009; Ronagh & Behnam, 
2012). The shortcoming in such an approach is that 
switching between programs to complete seismic 
and thermal analyses requires certain idealizations, 
such as disregarding material and structural degrada-
tion after the earthquake, which would reduce the ef-
fectiveness of the modeling results.  

This paper proposes a probabilistic framework 
that can be expanded to evaluate the response of a 
community of buildings to fire following earth-
quake. First, a model to predict the probability of ig-
nition in a building due to an earthquake is discussed 
(PIg). Given an ignition in a building, the probability 
of the structure exceeding certain limit states must 
be evaluated in order to quantify the expected dam-
age (Pdamage | Ignition). The total probability of dam-
age can then be calculated using Eq. 1 and condi-
tional probability.  
 
Pdamage = PIg × Pdamage | Ignition            (1) 

2 IGNITION MODEL 

2.1 Proposed FFE Model 

The authors have developed a probabilistic ignition 
model (Elhami Khorasani et al., 2015c) based on 
seven historical earthquake events, all of which oc-
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curred in California, U.S.A., between 1983 and 
2014: 1983 Coalinga, 1984 Morgan Hill, 1986 North 
Palm Spring, 1987 Whittier Narrows, 1989 Loma 
Prieta, 1994 Northridge, and 2014 Napa. The model 
relates the probability of ignition to the peak ground 
acceleration (PGA), type of building material, and 
the main features of the environment in which the 
buildings are located (i.e. the total square footage 
and the population density). The proposed ignition 
model can be used to estimate the expected number 
of post-earthquake ignitions for a region.  

In order to use the model, an inventory of census 
tracts for the region of study including population 
density (PD), total square footage of the buildings 
(SF), number of wood buildings (NW), number of 
mobile homes (NMH), and number of buildings made 
of non-combustible material (NNC) should be com-
piled. Eq. 2 can be used to calculate the probability 
of ignition in a census tract given the PGA values.  

Fig. 1 shows the probability of ignition in a cen-
sus tract for PGA of 0.5g. Given the probability of 
ignition in each census tract and the number of each 
building types, probability of ignition (PIg) for each 
building type can be calculated from the relationship 
in Eq. 3. Finally, the expected number of ignitions in 
“m” census tracts equals to the sum of probabilities 
of ignitions for all buildings in the census tracts, as 
shown in Eq. 4. 

2.2 Validation 

The proposed ignition model is validated by es-
timating the number of ignitions based on the avail-
able FFE historical events. The number of ignitions 
from the proposed model in Table 1 is compared 
with the actual reported number of ignitions, and 
with a validation study by HAZUS (NIBS, 1999) 
and (Scawthorn et al., 2005). HAZUS provides a 
range for the number of ignitions as the program 
suggests running the analysis a number of times to 
capture uncertainties in the process. Overall, the 
proposed probabilistic model in this work captures 
the number of fire events after an earthquake rea-
sonably well, given the level of uncertainty that ex-
ists in the community response. In addition, the pro-
posed model has the advantage of providing the 
breakdown in the number of ignitions for different 
considered building types.  

Figure 1: Probability of ignition for a census tract based on Eq. 
1 for PGA of 0.5g 

 
Table 1: Validation study for ignition model 

Earthquake 

Number of Ignitions 

Actual HAZUS 
Proposed Model 

Total W MH NC 

Coalinga 3 1 0.5 0.5 0 0 
Morgan Hill 6 N/A 4 4 0 0 
N. Palm Spring 1 N/A 3 2 1 0 
Whittier  20 33-43 32 27 1 4 
Loma Prieta 36 14-38 27 22 2 3 
Northridge 82 72-101 90 75 3 12 
Napa 6 N/A 3 3 0 0 
TOTAL 154 N/A 160 134 7 19 

3 SYSTEM LEVEL DAMAGE STATE 

This section provides a probabilistic methodology to 
evaluate performance of a building subject to fire 
following earthquake. The methodology is applied 
to a case study, a 9-story steel building, and sample 
of results are provided.  

3.1 Methodology 

The following steps to perform post-earthquake 
fire analysis of a Moment Resisting Frame (MRF) 
are performed:  

(1) Select an earthquake scenario,  

PIg_tract =
exp(−6.755+8.463×PGA+98.4×10−6×PD+152.3×10−6 SF )

1+exp(−6.755+8.463×PGA+98.4×10−6×PD+152.3×10−6 SF )  (2) 
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(2) Select a fire scenario,  
(3) Perform seismic structural analysis,  
(4) Change model constraints to allow for ther-
mal expansion, 
(5) Perform structural-fire analysis.  
Steps 1, 2, and 5 involve uncertainties in defin-

ing demand and capacity parameters. Following a 
routine Monte Carlo Simulation (MCS), the process 
can be repeated multiple times to incorporate the un-
certainties.  

Extensive literature exists in earthquake engi-
neering, and previously proposed probabilistic mod-
els for defining ground motions can be used in Step 
1 (Shome & Cornell, 1999), (Pant, 2009). Defining a 
fire scenario is mainly related to the fire load densi-
ty, which depends on the occupancy type. As an ex-
ample, Elhami Khorasani et al. (2014) have devel-
oped a probabilistic fire load density (q) model for 
office buildings based on survey results from a study 
in the U.S.A. The model for q includes the effect of 
room size Af on the fire load density as shown in Eq. 
5, where q is in units of MJ/m2, Af is the room size in 
m2, ε is a random variable that follows the standard 
normal distribution, and the term 0.5712ε is the 
model error. Eq. 5, or similar models, can be used in 
Step 2 to quantify q. Given a fire load density, the 
fire temperature-time curve can be obtained for Step 
2 following procedures such as parametric tempera-
ture-time curves in Eurocode1 (CEN, 2002).  

q = exp[6.591− 0.0047(Af ×10.76)+ 0.5712ε]      (5) 

In performing structural-fire analysis of steel 
structures in Step 5, yield strength and modulus of 
elasticity of steel are two important parameters that 
involve uncertainty at elevated temperatures. Elhami 
Khorasani et al. (2015a) used the available data in 
the literature to develop probabilistic models for 
normalized yield strength and modulus of elasticity 
of steel at elevated temperatures (ky,2%,T and kE,T  re-
spectively). The models (Eqs. 6 to 8) were devel-
oped using a logistic function, where k^

y,2%,T 
 
is the 

normalized value of yield strength from Eurocode3 
(CEN, 2001), T is the temperature in Celsius, and ε 
is a random variable that follows the standard nor-
mal distribution.  

Ky,2%,T =1.7
e[ logit( k̂*

y,2%,T )+0.412−0.81×10−3×T+0.58×10−6T1.9+0.43×ε ]

1+ e[ logit( k̂*
y,2%,T )+0.412−0.81×10−3×T+0.58×10−6T1.9+0.43×ε ]

 

                                                                                (6) 

where in Eq. 6 logit(k̂
*

y,2%,T
) = ln[

(k̂y,2%,T +10−6 )/1.2

1−(k̂y,2%,T +10−6 )/1.2
]
                 (7)

 

KE,T =1.1
e(2.54−2.69×10−3×T−2.83×10−6T2+0.36×ε )

1+ e(2.54−2.69×10−3×T−2.83×10−6T2+0.36×ε )
                  (8)

 

Finally, the structure should be analyzed for dif-
ferent Engineering Design Parameters (EDP) related 
to beams, columns, or connections, and the corre-
sponding limit states such as beam mechanism, col-
umn yielding, or connection failure.  

3.2 Case study 

In this paper, performance of a prototype 9-story 
steel moment resisting frame (MRF) under post-
earthquake fire scenarios are studied, where the 
MRF has gone through nonlinear seismic analysis 
and may have permanent residual deformations be-
fore the fire starts. The MRF is located in downtown 
Los Angeles and has plan and elevations that are de-
signed based on SAC buildings (SAC, 2010) but 
considered only for stiff soil. The frame is designed 
according to ASCE7-10 specifications (2010). Fig. 2 
shows the analytical model for the 9-story frame in 
OpenSees, and includes the design of the MRF. 
OpenSees, with the recently added thermal module 
(Jiang et al., 2015), is used to perform both nonline-
ar seismic and fire analysis. The thermal module 
was modified by Elhami Khorasani et al. (2015b) to 
enhance the thermal analysis by allowing strain re-
versals and including reliability analysis.    

In this study, only one ground motion is selected 
for Step 1 (i.e., deterministic assumption), while 
several fire load scenarios considering uncertainties 
in fire load, and fire location (Step 2) are modeled, 
and variability in material properties at elevated 
temperatures (Step 5) are considered. The selected 
ground motion is the 1989 Loma Prieta, CA earth-
quake, recorded at station 47381 Gilroy (Array #3), 
that is scaled to the Maximum Considered Earth-
quake. Performance of the frame is analyzed under 
four different EDPs related to the beam. For each 
considered EDP, a corresponding limit state is de-
fined as shown in Table 2 and explained as follows:  

 
Table 2. EDPs and the corresponding limit states 

EDP Limit State 

Plastic hinges 3 plastic hinges 
Pseudo-velocity 0.01 in/sec (0.254 mm/sec) 
Tension force 20% Pu of the column 
Deflection L/20  

 
(1) Plastic Hinges:  In a MRF with moment connec-
tions, three plastic hinges in a beam form a mecha-
nism, in which case the beam loses its load carrying 
capacity and its capacity to provide lateral restraint 
to the column.  
(2) Pseudo Velocity: The pseudo-velocity is calcu-
lated as the rate of displacement of the beam. The 
EDP is defined as the pseudo-velocity of the beam at 
the beam mid-span. Based on previous studies (Us-
mani et al., 2003), a limiting value of 0.01 in/sec is 
defined for pseudo-velocity of the beam.  

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Analytical model of the prototype 9-story MRF in OpenSees and a list of design sections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 “o” : cases that the program stops converging during the heating phase of fire  
“+” : cases that the program continues through cooling phase of fire 

Figure 3: Plots of limit states reached for fire following the Gilroy earthquake scenario 
 

(3) Tension Force: Large tension forces can develop 
in the beam during cooling phase of the fire, and 
consequently cause connection failure. The finite el-
ement model in OpenSees does not capture connec-
tion failure. Therefore, based on sample calcula-
tions, a limit state of 20%Pu of the column is defined 
for the maximum tension force in the beam before a 
connection fails. 
(4) Deflections: Excessive deflections can cause in-
stability, damage to non-structural elements, and in-
crease the likelihood of fire spread beyond the com-
partment. The limit state is defined as L/20, (L is the 
span length) (BRE, 2005). 
Note that the adopted pseudo-velocity and deflection 
thresholds are also in line with the European stand-
ards (Dumont, 2016). 

3.3 Results 

Fig. 3 shows a sample of results for 100 MCS vary-
ing fire load density and steel material properties at 
elevated temperatures. Fig. 3 identifies the limit 

states reached under each of the 100 scenarios for 
fire following the Gilroy ground motion. The plots 
group results based on the bay under study (Bay 2 
and Bay 4), and the two considered floors (Floor 4 
and Floor 6). On the right margin of each plot the to-
tal number of cases reaching the limit state is indi-
cated. Also, the plots differentiate between the cases 
that the program stops converging (the analyzing 
software, OpenSees, can no longer advance the 
analysis) during the heating phase of fire (circle 
markers) versus cases that continue through cooling 
phase of temperature-time curve of fire (plus-sign 
markers).  

Comparing Floors 4 and 6, the results show 
that there are more cases that form three plastic 
hinges in Floor 6 when compared to Floor 4. In ad-
dition, results of the simulations showed that the 
time to form three plastic hinges in compartment 
B4-F4 is longer for most cases compared to com-
partment B4-F6. This is similarly true for compart-
ments B2-F4 and B2-F6 (with B2-F4 taking longer). 
This implies that in majority of cases, it takes longer 

   (a) Bay 2     (b) Bay 4  



to form three plastic hinges in the fourth floor com-
pared to the sixth floor of the same bay. This is due 
to the fact that lower floors have stronger beams 
compared to upper floors (design sections shown in 
Fig. 2).  

Fig. 3 shows that there are more cases that 
reach PSV limit state in Floor 6 when compared to 
Floor 4. In addition, the beams experience more ten-
sion limit states in Floor 4 than those on Floor 6. 
This is attributed to Floor 4 experiencing fewer plas-
tic hinge limit states, therefore more analyses con-
tinue to run though the cooling phase in Floor 4 
compared to Floor 6, and it is in the cooling phase of 
the fire that tension failure develops.  

Comparing Bays 2 and 4, the results show that 
there are more cases that form three plastic hinges, 
reach PSV, and the tension limit states in Bay 2 
when compared to Bay 4. This can be explained by 
the extra restraint and larger axial forces in the inte-
rior bays compared to more flexible beams in the ex-
terior bays.  

Another important set of results is from com-
paring the FFE performance of the frame with the 
corresponding fire-only scenarios where the frame 
has not experienced any earthquake damage when 
the fire starts; i.e., the same fire scenarios are intro-
duced to the intact frame. The results for fire-only 
and FFE scenarios are similar, meaning that the 
earthquake does not have a significant effect on the 
considered limit states. However, inter-story drift of 
floors is the one parameter that is intensified when 
fire follows the earthquake, meaning that the inter-
story drift during fire accumulates on the residual 
drifts after the earthquake. The analysis shows that 
the exterior bays experience drifts that are larger 
than the interior bays. In addition, given the less re-
straint at upper floors, fire causes more drift on 
Floor 6 than Floor 4. The maximum drift after the 
earthquake and during the fire may exceed 3% (in 
B4-F6).  Overall, the earthquake does not increase 
the probability of reaching a limit state, but it affects 
the drift values and stability issues during the fire.  

4 FUTURE APPLICATIONS 

Section 3 provided a probabilistic methodology to 
study performance of a building under FFE. The re-
sults from MCS provide the probability of reaching 
different limit states. The proposed methodology can 
be used to quantify the performance of different 
structural types under different fire scenarios and 
categorize the probability of reaching different limit 
states into groups based on the level of damage. This 
leads to the concept of fragility function for fire, 
which is commonly used in seismic engineering. 
The authors have recently applied this concept to 
fire engineering (Gernay et al., 2016) and will ex-
tend the framework to fire following earthquake. 

The next step in this research is to derive fragility 
functions for different building types (steel, con-
crete, etc.) and with different heights (low, medium, 
and high-rise). Different levels of damage, such as a 
beam or column damage state can be investigated. 
This way, Pdamage | Ignition, that was discussed in 
Eq. 1. (Sect. 1. Introduction) can be systematically 
evaluated. Finally, the ignition model, together with 
fragility functions, can be combined to evaluate re-
siliency of a community to FFE.  

5 CONCLUSIONS 

This paper provided a probabilistic methodology to 
(a) measure the probability of fire ignition in a 
community of buildings, and (b) evaluate probabilis-
tic performance of a building under a fire scenario 
after an earthquake. The two parts together can be 
used to assess the performance of a community un-
der fire following earthquake. The developed igni-
tion model was based on historical data and provid-
ed a breakdown in the number of ignitions for 
different building construction types. The results 
from a case study on performance of a 9-story steel 
MRF showed that the earthquake does not change 
the probability of reaching a limit state under fire, 
however, larger drift values should be expected 
when fire follows an earthquake, compared to fire-
only scenarios.  

The case study in this paper focused on the per-
formance of a MRF in a building, assuming that the 
earthquake damage may increase the vulnerability of 
the building to fire. However, the MRF was built up 
of heavy cross sections and the earthquake did not 
change the fire performance of the frame significant-
ly. Given that the ignition may occur anywhere in 
the building, and that the gravity frames are general-
ly designed with smaller cross sections, it is notable 
that the gravity frames can reach limit state much 
faster than the MRF and may experience considera-
ble damage.  
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