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Abstract. Earthquakes may induce severe fire disasters in urban regions. Burnt buildings
may have to be demolished, even if they have merely slight seismic damage, which will dra-
matically increase the recovery time of communities to regain their functionality. As a result,
a rational fire following earthquake (FFE) simulation is important for the resilience assess-
ment of communities after an earthquake. This work proposes a framework for the physics-
based simulation of FFE considering building seismic damage, through which the accuracy,
rationality and usability of FFE simulation are improved. Specifically, the seismic damage of
regional buildings is simulated using multiple degree-of-freedom (MDOF) building models
and nonlinear time-history analysis. A case study of the FFE simulation of downtown Tang-
shan City with 230,683 buildings is performed. The results show that the influence of different
ground motions and building seismic resistances on fire ignition and fire spread can be taken
into account with the proposed method. The proposed FFE simulation method can serve as
important technical supports for FFE prevention and disaster management.
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1 INTRODUCTION

Earthquakes may cause severe fire problems. For example, in the 1906 San Francisco
earthquake, the building damage due to fire following earthquake (FFE) accounted for 80% of
the total damage [1], i.e., the losses caused by FFE was four times of the direct earthquake
losses. Moreover, burnt buildings have to be demolished, even if they have merely slight
seismic damage, which will dramatically increase the recovery time of communities to regain
their functionality. As a result, a rational FFE simulation is important for the resilience as-
sessment of communities after an earthquake.

The existing FFE models are mainly categorized into two types: (1) ignition models, which
simulate the number of ignited buildings in a given zone under a certain seismic intensity; and
(2) fire spread models, which simulate the fire development in an individual building and
among neighborhood buildings.

Most of the ignition models [2] use the regression methods to determine the relationship
between the ignition rate and seismic intensity measures, based on the statistics of historical
FFE events. Generally, the regression models only provide the number of ignited buildings at
a given seismic intensity. However, the exact ignition locations are determined randomly or
arbitrarily assigned by users.

Fire spread models have a tendency towards being physics-based rather than strictly empir-
ical [2]. However, only a limited number of fire spread models consider the influence of
building seismic damage on fire spread. The model proposed by Himoto et al. [3] made a re-
markable progress with respect to these effects. Nevertheless, the seismic damage of buildings
was randomly assigned in the case study of Himoto et al. [3] and there were no further discus-
sions as how to simulate the building seismic damage in urban regions.

Remarkable progress has been achieved in developing a novel seismic damage simulation
method for regional buildings in recent years [4-6]. Using multiple degree-of-freedom
(MDOF) models in conjunction with nonlinear time-history analysis (THA), the dynamic
seismic responses of a number of buildings can be obtained in an efficient and accurate way,
which has the potential to further improve the capacity of the FFE models. Specifically, the
influence of building seismic damage on fire ignition and spread can be considered more rea-
sonably. Therefore, in this work, a framework for the FFE simulation, considering building
seismic damage, is proposed based on the existing models of [4-6]. A case study of the FFE
simulation of downtown Tangshan City with 230,683 buildings is performed. The results
show that the influence of building seismic damage on fire spread can be reliably considered.
The proposed FFE simulation method can provide important technical support for FFE pre-
vention.

2 FRAMEWORK

The proposed framework consists of three parts (Figure 1): (1) seismic damage simulation
of regional buildings; (2) ignition model; and (3) fire spread model.
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Figure 1: Framework of the FFE simulation.

2.1 Seismic damage simulation of regional buildings

Seismic damage simulation of regional buildings forms the basis of the subsequent FFE
simulation. Generally, there are thousands of buildings in an urban region. To obtain an accu-
rate and efficient seismic damage simulation of regional buildings, Xiong et al. [5, 6] per-
formed a series of studies in which the low- and mid-rise buildings were simulated using the
nonlinear MDOF shear models and the tall buildings were simulated using the nonlinear
MDOF flexural-shear models. Using such models, the inter-story backbone curves and hys-
teretic parameters of the MDOF models can be determined based on the basic building GIS
information (i.e., planar area, number of stories, building height, construction period, occupa-
tion and structural type) [5, 6]. As a result, the nonlinear MDOF model of buildings can be
automatically established. After that, the nonlinear THA 1is performed to calculate the seismic
responses and damage of the buildings. The nonlinear THA of a number of buildings can be
greatly accelerated through graphics processing unit (GPU)-powered parallel computing [4, 6].
Xiong et al. [5, 6] validated the rationality and accuracy of these methods via plenty of case
studies.

2.2 Ignition model

In most of the existing ignition models, the locations of ignition are determined randomly
or arbitrarily assigned by the users. To determine the ignition locations more reasonably, Ren
and Xie [7] proposed the following methodology: (1) calculate the number of ignited build-
ings N using the regression model, given a seismic intensity; (2) calculate the igniting proba-
bility of each building using the probabilistic model of individual buildings; (3) sort the
building igniting probability in a descending order; and (4) assign the top N buildings with the
highest igniting probability as the ignited buildings.

Since the regression models rely on the statistical data, a regression model generally per-
forms better when applied to the regions where the historical FFE records are included in the
statistics. As the case study presented in this work is a Chinese city, the model proposed by
Ren and Xie [7], which uses the statistical data of historical FFE events in China, the United
States, and Japan during 1900-1996, is therefore adopted in this work, as shown in Eq. (1):

N =-0.11749 +1.34534 PGA—0.8476 PGA® (1)

where N is the number of ignited buildings per 1 million m* building area. The unit of peak
ground acceleration (PGA) is g.

2007



Xiang Zeng, Xinzheng Lu, Zhen Xu, and Qingle Cheng

Given a PGA, the igniting probability of an individual building P(R| PGA) can be calcu-
lated using Eqgs. (2) and (3) [7]:

P(RIPGA) = P(M)x P(F, | M)x P(D| PGA)x P(G) )
P(DIPGA) =Y [P(D, | PGA)x P(C,1D,)x P(S,1D,)] 3)

where P(D| PGA) represents the influence of building seismic damage on the igniting prob-
ability, given a PGA. The meanings and values of other parameters are listed in Table 1.

Note that the igniting probability given by Eq. (2) may overestimate the ignition risk (i.e.,
the expected number of ignited buildings predicted by Eq. (2) will be greater than the number
of buildings given by Eq. (1)). As aresult, P(R| PGA) should be treated as a measurement of
relative ignition risk of different buildings instead of an absolute ignition risk. To emphasize
this point and to avoid misleading, a new index, i.e., the building ignition risk r, is defined
herein as:

. _ P(RIPGA)

Py X100% @)

where P( R). . =0.867 is the maximum value of Egs. (2) and (3), under the condition that the

building collapses due to an earthquake, the building contains flammable and explosive chem-
ical material, and the weather conditions are unfavorable [7].

Parameter Description

P(M) The probability a building contains or is constructed of flammable
materials

P(F,1M)  The probability that combustibility affects ignition

P(G) The probability that other factors (e.g., weather, season, and environ-

ment) affecting ignition

P(C;1D;) The probability of the leakage and diffusion of combustible materials,
given a damage state D,

P(S;1D;) The probability that earthquake-induced ignition will occur, given a
damage state D,

P(D;1PGA) The probability that the building has a damage state D;, given a PGA

Table 1: Descriptions of the parameters in the equations of the probabilistic model.

Ren and Xie [7] provided the values of most parameters listed in Table 1, but they did not
mention how to calculate P(D; | PGA). Some studies suggested using damage probability

matrices to calculate P(D;|PGA) [8]. However, the damage probability matrices cannot

identify the influence of different ground motion characteristics (e.g., with or without velocity
pulse). Moreover, for the regions lacking historical seismic damage data, the accuracy of
damage probability matrices should be carefully considered [6]. For this reason, the seismic
damage simulation of regional buildings proposed by Xiong et al. [5, 6] is used in this study
to calculate the probability of buildings experiencing different damage states
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2.3 Fire spread model

Fire spread consists of fire development in an individual building and fire spread among a
group of buildings. The fire spread model proposed by Zhao [9] is adopted in this work. In the
Zhao’s model [9], the fire development in an individual building (i.e., ignition, flashover, full-
development, and extinguishment) is simplified by defining the temperature and heat release
rate of the burning building versus time. For the fire spread among a group of buildings, two
main mechanisms that affect the fire spread: (1) thermal radiation, i.e., ejected flames and ra-
diation through openings and heated exterior walls; and (2) thermal plume, i.e., plumes with
high temperature. For a building that has not caught fire, if the received heat flux from the
burning buildings is higher than its critical heat flux, it will then be ignited. Moreover, the in-
fluence of weather conditions, e.g., ambient temperature, humidity and rain, are also consid-
ered. The fire spread model was validated by comparing the simulation and real fire spread of
the fire following the 1995 Kobe earthquake [9].

It should be noted, however, that the building seismic damage is not considered in the
model in Zhao [9]. As a matter of fact, an earthquake may induce damage to walls, fire pro-
tection devices, gas systems, electrical systems, etc., which can further aggravate the fire
spread. To date, only a limited number of existing fire spread models deals with building
seismic damage, among which a representative model was proposed by Himoto et al. [3]. The
principle of the work of Himoto et al. [3] is adopted in this work, i.e., assuming that the fail-
ure of the building exterior facade due to an earthquake will reduce the critical heat flux of
ignition, as shown in Eq. (5).

Qo =04 n +A=0)q, 1 5)
where @ is the failure ratio of the exterior fagade, defined as the ratio of failed area to the to-

tal area of the exterior fagade; q., 4, 4., are the critical heat flux when ¢ =1 and ¢ =0,

respectively. The value of ¢ and ¢, , can be referred to [3] and [9], respectively.

@ is defined as the critical heat flux reduction factor when the complete failure of the exte-
rior facade occurs, as shown in Eq. (6).

o =Lt (©6)
qcr,L

However, the value of & lacks sufficient references; hence, the influence of @ on the fire
spread simulation results will be further discussed in the case study of this work.

Note that Himoto et al. [3] did not provide further discussions on how to determine the
building seismic damage; instead, the damage states of buildings were randomly assigned in
their work. To overcome this limitation, Section 2.1 in this work provides a more reasonable
prediction of building seismic damage simulation.

3 CASE STUDY

3.1 Downtown Tangshan City

Tangshan City is located in North China. On July 28th, 1976, the entire Tangshan City was
ruined by an M7.8 earthquake. In that catastrophe, 2.85 million buildings collapsed, and
960,000 buildings were severely damaged. The earthquake did not cause fire disaster due to
heavy rain. However, there were more than 30 fire ignitions in Tianjin City, 100 km away

2009



Xiang Zeng, Xinzheng Lu, Zhen Xu, and Qingle Cheng

from Tangshan. To evaluate the potential FFE risk, a case study of FFE simulation for down-
town Tangshan City was performed.

A total of 230,683 buildings were considered. The information of these buildings, includ-
ing structural type, construction period, number of stories, etc., was provided by Tsinghua
Tongheng Urban Planning and Design Institute, Beijing. The distribution of building con-
struction periods and structural types are shown in Figure 2.

I 1980 ~ 1989 [ Factory

[ 1990 ~ 1999 Bl Reinforced masonry
I 2000 ~ 2009 Il Unreinforced masonry
[12010~2015 [ Reinforced concrete

[ Tall building

(a) construction periods (b) building types

Figure 2: The information of buildings in downtown Tangshan City.

Due to the fact that the number of seismic observatories in China was very limited in 1976,
the strong near-field ground motions of the main shock were not recorded. One of the ground
motion record with relatively good quality was located in the observatory near Beijing Hotel.
However, this observatory was 157 km away from the epicenter. After a long-distance propa-
gation, the far-field record cannot reflect the characteristics of ground motions near the epi-
center. As a result, in this simulation, 4 typical near-field records (hypocentral distance less
than 10 km) recommended in FEMA P695 report [10] were selected as the input ground mo-
tions. These ground motions were recorded during the M7.6 Chi-Chi earthquake, M7.5 Ka-
caeli earthquake, and M7.9 Denali earthquake. The magnitudes of these 3 earthquake events
are close to that of Tangshan earthquake (M7.8). The normalized ground motion time-history
curves are shown in Figure 3, where H1 and H2 stand for two horizontal components.
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Figure 3: The four selected near-field ground motions (normalized).

Since the studied area is large, ground motion attenuation should be considered. In this
study, the ground motion prediction equation (GMPE) suggested in the 5" generation of seis-
mic ground motion parameters zonation map of China [11] is adopted. The PGA distribution
is calculated using the GMPE, shown in Figure 4.

Figure 4: the PGA distribution calculated using the GMPE in [11]. (unit: cm/s?).

3.2 Fire ignition simulation

The damage states of buildings can be obtained by performing the nonlinear THA for all
the buildings in the case study region, using the 4 ground motions as input. Subsequently, the
ignition risks r under different ground motions and the mean ignition risks r,, can be calculat-
ed using Eqgs. (2) - (5). The number of ignited buildings N = 652, according to Eq. (1). The top
N buildings with the highest r,, are assumed to be the ignited buildings, as shown in Figure 5.
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Figure 5: Ignition risks.

3.3 Fire spread simulation

Based on the 30-year statistics from 1971 to 2000, the weather conditions of Tangshan
City in July are shown in Table 2 [12]. As a result, weather conditions of south-southeast
(SSE) wind (wind speed v = 2.3 m/s), the lowest ambient temperature 7, , = 21.7 °C, the
highest ambient temperature T, = 30.2 °C, and the critical heat flux reduction factor o =0.4
are selected as an example.

Average temperature Average high tem- Average low temper- Average wind speed
O perature (°C) ature (°C) (m/s)
25.7 30.2 21.7 2.3

Table 2: The weather conditions of Tangshan in July (based on the statistical data of 1971-2010) [12].

The fire spread simulation is performed after obtaining the ignition location. Figure 6
shows the damage of the central Tangshan City due to fire following CHICHI_TCUO065
earthquake.

The curves of total footprint area burned subsequent to different ground motions are shown
in Figure 7. The curves are close to each other, indicating that in this case the uncertainty of
ground motions does not affect the fire spread results significantly. The fire spread is found to
speed up at the beginning of the conflagration and slow down after 9 h. After 40 h, the fire is
extinguished completely. When the suppression by the fire departments is not considered, the
mean total footprint area burned is approximately 3.23 km®, accounting for 9.3% of the total
footprint area of the buildings.
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Damage States = =
Intact Burnt

Figure 6: The damage of the central Tangshan City due to fire following CHICHI_TCUOQ65 earthquake.

Due to the lack of sufficient data with respect to the value of critical heat flux reduction
factor &, the influence of this factor on the fire spread is discussed herein. When the weather
conditions and ignition locations remain the same, the total footprint area burned (mean of the
results of 4 ground motions) versus time for different values of & are as shown in Figure 8.
Note that & =1.0 indicates that the influence of building seismic damage on fire spread is not
considered. Figure 8 shows that a smaller @ results in a greater aggravation of the fire spread
due to the building damage. When o =0.4, the total area burned (at 60 h), considering build-

ing damage, increases by 32.5%, compared to not considering building damage.
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Figure 7: Total footprint area burned . Figure 8: The influence of a.

Wind is an important factor affecting fire spread. According to the available statistics, the
wind directions of SSE, WNW, and ESE have a relatively high frequency [13], shown in Fig-
ure 9; while the average maximum wind speed in July and the maximum wind speed in July is

6 m/s and 25 m/s, respectively [14]. When other conditions remain the same (when & = 0.4 ),
the total footprint areas burned versus time for different wind speeds v and different wind di-
rections are shown in Figure 10. The case study shows that the ESE wind may result in a
higher burned area than the direction of WNW and SSE. As for wind speed, when v =2.3 m/s,
the spread speed and the total burned areas are close to v =0 m/s. When the wind speed is fur-
ther increased, both the fire spread speed and the total burned area increase.
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Figure 9: Wind rose plot of Tangshan City, based

on the statistics from 1996-2005 [13]. Figure 10: The influence of wind speed and wind direction.

4 SUMMARY

In this work, a framework for physics-based simulation considering the building seismic
damage is proposed. A case study of the FFE simulation of downtown Tangshan City is per-
formed. The conclusions can be drawn as follows:

(1) The seismic damage of regional buildings is simulated using the nonlinear MDOF
building model and nonlinear THA, which is necessary for FFE simulation. Consequently, the
influence of different ground motions and different building seismic resistances on the fire
spread can be considered, which leads to a more rational and accurate FFE simulation.

(2) The seismic damage to an exterior facade will induce a larger burned area, which is
not negligible.
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