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ABSTRACT In recent decades, many public buildings, located in seismic-prone residential areas, had to grapple with
abnormal loads against which the structures were unguarded. In this piece of research, an ordinary three dimensional
reinforced concrete building is selected as case study. The building is located in an earthquake-prone region; however, it is
designed according to seismic building codes. Yet, it is not shielded against abnormal loads, such as blasts. It is assumed
that the building suffers a blast load, due to mechanical/thermal installation failure during or after intense seismic
oscillations. These two critical incidents are regarded codependent and compatible. So the researchers developed
scenarios and tried to assess different probabilities for each scenario and carried out an analysis to ensure if progressive
collapse had set in or not. In the first step, two analysis models were used for each scenario; a non-linear dynamic time
history analysis and a blast local dynamic analysis. In the second step, having the structural destructions of the first step in
view, a pushdown analysis was carried out to determine the severity of progressive collapse and assess building
robustness. Finally, the annual probability of structural collapse under simultaneous earthquake and blast loads was
estimated and offered.
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1 Introduction

Recently Rong and Li [1] undertook a probabilistic
assessment of the effect of potential blast loadings and
their resultant damage scale on building structures. Using
Monte-Carlo simulation and single-degree-of-freedom
(SDOF) system, they examined the maximum displace-
ment and displacement ductility factor of a reinforced
concrete structure with flexural frames under blast
loadings. Stewart and Netherton [2] developed a probabil-
istic risk assessment (PRA) procedure to predict the risks
of explosive blast damage to build infrastructure. Cizelj et
al. [3] likewise, presented a vulnerability assessment of
blast-loaded structures. Shi et al. [4] also offered a method
to assess progressive collapse in RC frame structures under
blast loadings. Cullis et al. [5] ventured into evaluating the
effects of different explosions and blast loads on buildings.
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Similarly, Fu [6] advanced a new method to estimate a tall
building’s response to blast loadings. He finally offered a
comparison between his proposed method and alternative
path method (APM). By the same token, Parisi and
Augenti [7] assessed the performance of seismic resistant
RC frame structures designed according to Eurocode 8,
under blast loadings. They developed the intended blast
scenarios in accordance with structural site quality and the
amount of explosives required. Then, to evaluate the
robustness of the building, they performed a pushdown
analysis.

Asprone et al. [8] developed a probabilistic model for
evaluating multi-hazard risk in buildings subject to blast
threats in seismic-prone areas. This was achieved by
simulating terroristic attack scenarios. The blast and
seismic fragilities of the intended building were also
calculated which yielded an evaluation of the collapse risk.

In the literature reviewed, it can be observed that all the
scenarios developed to assess the robustness of a building
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against blast loadings; the structure is only exposed to a
blast load, or if it is simultaneously struck by a second
load, such as seismic oscillations, then the structure is
assumed to have the chance for recuperation and
reparation. This means that, in these studies, calamitous
events (e.g., earthquakes, explosions, fire, etc.) were
assumed incompatible. In these cases, calamitous events
are not considered simultaneous so their occurrence is not
assumed to be in short intervals. Moreover, in all these
studies calamitous events are supposed to be independent
from one another; that is the occurrence of one event
cannot possibly or conditionally cause the occurrence of a
second event. In such situations, scenarios are developed
based on blast uncertain parameters. Uncertain parameters
include the explosive type used, its quantity and its
distance from the target. In this study, we intend to
consider seismic load along with blast loads, and as a
result, these two events are considered compatible (they
can occur simultaneously) and codependent (blast occurs if
earthquake occurs). In such a way that during or
immediately after an earthquake, a blast occurs due to
the failure of thermal/mechanical installations and con-
sequent gas leak in the building, without any chance for
recuperation or reparation of the structure. Finally, it is
manifested that under the proposed condition, the time of
the blast would influence the uncertainty of the blast load.

On the other side, one can observe that in most strong or
medium earthquakes along with critical earthquake load,
gas explosive can increase the damages subjected to a
structure due to mechanical and thermal failure of the
installation. This factor highlights the significance of
performing the current study so that one can evaluate the
collapse rate of the structure with an appropriate method
under such condition and also obtain an acceptable and
correct assessment of structures subjected to these two
critical loads.

2 Assessment methodology

If we consider an earthquake as a calamitous event in a
building, the annual probability of structural collapse can
be deduced from the following [9-11]:

P[Collapse]rq = P[Collapse|EQ] x P[EQ], (1)

where P[Collapse]g is the annual probability of collapse
limit state of the building when the structure is exposed to
an earthquake. P[Collapse|EQ] is seismic fragility curve
and P[EQ] is the annual rate of seismic activities in the
structural site. In other conditions, if a blast is considered a
calamitous event in the building, the annual probability of
collapse limit state of the building exposed to a blast
(P[Collapse|gs) Will be:

P[Collapse]p,s = P[Collapse|Blast] x P[Blast], (2)
where P[Collapse|Blast| is blast fragility; and P[Blast] is
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the annual rate of blast in the intended structural site. On
the other hand, if both earthquake and blast are considered
calamitous events in a building, which are incompatible
(that is: P[EQ UBIlast] = P[EQ] + P[Blast]) and without
any conditional relationship (that is: P[Blast|EQ] = 0), and
the building is assumed to have enough time for
recuperation and reparation after the earthquake, the
annual probability of structural collapse under both seismic
and blast loads (P[Collapse];) can be calculated in this way:

P|Collapse]; = P[Collapse|q + P[Collapse|gps-  (3)

It is necessary to remember that Eq. (3) has been used by
Asprone et al. [8] as a model for tow-hazard risk
assessment of structures.

In this paper, it is suggested that a blast occurs when an
earthquake shakes a building, so that:

P[Blast N EQ]
PEQ]

where P[Blast|EQ] is the blast risk when an earthquake
occurs; P[Blast N EQ] is the simultaneous risk of blast and
earthquake. Under these conditions, it is possible to
determine the annual probability of structural collapse as
a result of both earthquake and blast (P[Collapse].) as
follows:

P[Collapse|, = P[Collapse|(Blast N EQ)]

P[Blast|EQ] = 4)

x P[Blast|EQ] x P[EQ]. (5)

In Eq. (5), P[Collapse|(Blast N EQ)] is fragility due to
seismic and blast load simultaneously. The purpose of the
current research is calculation of P[Collapse].. Conse-
quently, it is necessary to develop the fragility curve
P[Collapse|(Blast N EQ)]. To judge this curve, the neces-
sary analysis is presented in two steps and then by
developing scenarios, and taking into account uncertainties
inherent in this study, occurrence or non-occurrence of
progressive collapse is evaluated in each scenario. In
the end, the fragility curve is analyzed. P[EQ] is an
engineering parameter and it is possible to measure this
parameter with the use of Probabilistic Seismic Hazard
Analysis (PSHA) in a site. P[Blast|EQ], however, is not an
engineering parameter. Yet, it is possible to decide on a rate
by taking into account the history of earthquakes in the site
which were followed by blasts.

3 Principal steps towards analysis

3.1 The first step of analysis

3.1.1 Local dynamic analysis of the blast

It is necessary that in each scenario a local dynamic
analysis of the gas blast is carried out. There have been
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studies on getting the chronology of blast pressure and
modeling along with its application in the structure.
3.1.1.1 Gas explosion in confined spaces

Gaseous fuels burn in two different ways in the air. One
type of burning is the usual fire in which fuel integrate with
oxygen immediately before burning. In the other form,
oxygen and fuel blend together without any ignition. Any
spark in this situation will cause a huge burning in a glance
which is called explosion. It is because of higher burning
rate. Explosion is actually extreme and sudden release of
energy. The power of energy during explosion depends on
diffusion velocity of released energy [12,13]. Explosion
can be classified to three categories regarding to the place
in which the explosion occurs: Confined Explosion, Semi-
Confined Explosion and Unconfined Explosion. Confined
Explosions happen in closed places such as tanks, vessels,
closed rooms and underground utilities [14]. Many factors
affect confined explosion, such as shape and size of the
environment, fuel type, fuel to air ratio, initial pressure,
initial temperature, initial turbulence, ignition source
[15,16].

3.1.1.2  Methods for modeling gas explosion and selecting
an appropriate method

Many researches have been conducted for gas explosion
modeling. Generally, modeling of gas explosion can be
categorized in four classes: Empirical Models, Phenom-
enological Models, Computational Fluid Dynamic (CFD)
Models, and Advanced CFD Models. Recently, a study
was conducted on all above-mentioned models, which
explains strengths and weaknesses of each models and also
all their subsets [17,18].

As mentioned above, pressure behavior could be
simulated through CFD techniques. However, the CFD
simulation needs a lot of time, cost and detailed
information about the explosion conditions. Therefore,
the CFD simulation is not suitable for practical safety
management, and analytical approaches are considered to
be useful [19]. In the analytical approaches, the following
differential equation derived by theoretical analysis is used
to estimate the pressure behavior in the confined spherical

vessel [20-22]:
R P\ /7 (P V1 p,—p
3(P,—Py) \ P P) P.-P, dr’
(6)

where S is the burning velocity, R the vessel radius, v the
ratio of specific heats, ¢ the time, and P the pressure in the
vessel. Subscript “0” indicates the initial condition, and “e”
the condition when the explosion is completed. Numerical
integration of Eq. (6) provides the pressure development as

~2/3
dpr
S:
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a function of the time from the ignition. In this study is
used from Eq. (6) to investigate the pressure behavior in
the gas vessels when the gas explosion is happened in each
scenario.

3.1.2 Non-linear dynamic time history analysis (NLTHA)

A complex but a more accurate method to evaluate
inelastic demand of structure is using accelerogram [23-
25]. In this study, NLTHA was used to assess the seismic
damage scale.

3.2 The second step towards an analysis: general pushdown
analysis

For a structure subject to gravitational loads, collapse
mechanism should be assessed by employing a general
analytic method. To this aim, a 3-D model of the building
is required, because a two-dimensional analysis would
produce a bigger quantity for the structure’s load bearing
capacity against abnormal loadings [26,27]. Push-down
analysis is widely recognized as a valuable method to
evaluate the load bearing capacity of structures [28]. Push-
down analysis is a non-linear (static or dynamic) analysis
in which the damaged structure subject to gravitational
loadings, which accumulate due to movements in the
control point, is analyzed up to the moment of collapse or
to the point when numerical convergence rate decreases.
Control point is often assumed to exist in a member which
has lost its bearing capacity (like columns). Collapse,
accompanied by a decisive plastic hinge rotation or brittle
fractures, causes a member to detach from the structural
system. Push-down analysis includes P—A effects, yet
equation for large displacements are not used, because
based on the findings in other pieces of research;
incremental resistance mechanism is assumed negligible
[29-31].

4 Evaluating progressive collapse and
presenting fragility curve

In this study, regarding blast loading uncertain parameters,
some scenarios were developed. Geometric location of the
blast on the ground plan and the blast time are from among
uncertain parameters. So atmospheric dispersion modeling
was employed to produce the scenario of the blast
condition. By meshing the plan and selecting critical
points in each surface element, the blast condition on the
plan surface was finally obtained. It was assumed that the
blast occurred due to installation failure and consequent
gas leak. So the explosive substance is the Compressed
Natural Gas (CNG) confined in the gas pipes. As a result,
parameters of explosive material and quantity are certain.
To determine the latitude of surface elements, a blast
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scenario in the minimum distance to the target point was
considered and changes in the maximum stress on the
surface were studied and the width and length of the
elements were measured. Blast time is considered to be a
part of the duration of intense oscillations or a bit after that.
So each scenario is introduced with a geometric location
and a determinate time of blast. According to the general
services administrations (GSA) code [32], two parameters
(demand/capacity ratio and maximum allowable local
collapse area) are introduced.

4.1 Demand/capacity ratio (DCR)

According to the GSA code (2003), The Demand/Capacity
Ratio (DCR) will be:

DCR = @,

EC

™)

where Qup is the active force (demand); and Qg is the
expected capacity which can be flexural, shear or axial
force. But to calculate DCR these two parameters should
be of the same quality. DCR can be regarded as a failure
criterion in a structural element. In a way that if an element
has an unallowable DCR it would be eliminated from the
structural system. Permissible DCR limit for a normal
building structure is less than 2 and for an exceptional
building structure it is less than 1.5. According to UFC 4-

(a) exterior consideration

l\/

]

elevation /

B

i

removed maximum allowable collapse area shall
column be limited to:

(1) the structural bays directly associated
with the instantaneously removed column|

or
(2) 1800 ft? at the floor level directly

above the instantaneously removed
column, whichever is the smaller area.

Fig. 1
removed [32]

Front. Struct. Civ. Eng. 2018, 12(3): 425437

023-03 [33] code, LS (Life Safety, see Ref. [34]) is the
criterion to accept a column for non-linear dynamic
analysis. So if the plastic hinges on the two sides of the
column exceed the criterion, the member is useless and
will break (the element has an unallowable DCR).

4.2 Maximum allowable local collapse area

If a vertical member (a column) in a structural system has
an unallowable DCR it should be eliminated. By removing
the column, a maximum allowable local collapse area is
created in its vicinity (Fig. 1).

The first step towards an analysis of the phenomenon is
to study both the blast and the earthquake based on
aforementioned uncertainties and with taking into account
diverse conditions in each scenario. Then, DCR should be
measured for each column. If DCR of a column is not in
the allowable area, it should be eliminated and maximum
allowable local collapse area should be estimated for that
removed column. This process would be repeated for all
scenarios and in the second step a push-down analysis of
the damaged structure would be carried out. If after the
second step is taken, a column with an unallowable DCR is
detected which is not within the allowable local collapse
area measured in the first step, it means that in this
scenario, collapse would no longer be local, but has a great
potential to be progressive.

(b) interior consideration

4
plan V\J
L _/A S
A
elevation <
[ N
th)rlr:l(::l/ﬁd maximum allowable collapse area shall be
limited to:

(1) the structural bays directly associated
with the instantaneously removed column

or
(2) 3600 ft* at the floor level directly

above the instantaneously removed
column, whichever is the smaller area.

Maximum allowable local collapse area in a structure where a column is removed. (a) External column removed; (b) internal column
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Progressive collapse in each scenario can be described
with Bernoulli distribution function. In this method, when
progressive collapse happens in a scenario, I (It is an
index), would be 1, and if progressive collapse does not
happen, Ic would be 0. Finally, if the Ng;, has been
considered as the number of all scenarios used, then
fragility curve can be developed as:

Nsim

'/
P[Collapse|(Blast N EQ)] = % (8)

Sim

5 Numerical example
5.1 Explaining structural model

The building studied is a public five-story high RC
building designed based on Eurocode 8 [35]. Figures 2 and
3 show the 3-D structure and the ground plan, respectively.
Column dimensions on the first and second floor are 0.30
x 0.60 m?. On other floors column dimensions vary and
are 0.30 x 0.50 m* Two types of beams are also used, A
and B, which are 0.30 x 0.50 m* and 0.30 x 0.80 m?,
respectively. Column height on all floors is 3 m, but on the
fourth floor it is assumed 4 m. Gravity load includes dead
and live load. Dead load value for floors is 550 kg/m?, the
live load is 200 kg/m?, and finally, the value of the roof
floor has been considered to be 150 kg/m?. Other types of
loading such as wind load and snow load and also soil-
structure interaction have not been considered. Compres-
sive strength of the concrete and the thickness of concrete
slab in the floors were considered 250 kg/m?* and 25 cm.

Fig. 2 A three dimensional model
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5.2 Blast uncertain parameters

As was discussed earlier, scenarios are developed based on
blast uncertain parameters. It is assumed that mechanical
installations are on the first floor, so the blast occurs on the
plan of the first floor. In order to assess the geometric
location of the blast (index points in each surface element)
in an atmospheric dispersion modeling, a blast load
scenario with peak pressure and minimum time and
distance from the target point (the center of the first floor
plan) is enacted. In this situation, changes in the maximum
surface stress which take place as an effect of the blast
pressure wave on the plan of the first floor (Fig. 4) will be
analyzed.

It is clear that a change in the maximum surface stress is
about 1.9 m in length and 4 m in width. Considering the
present situation, the first floor plan is meshed and index
points (the center of each surface element) is assessed
(Fig. 5). Doing this, twenty different blast conditions
(index points) were created and in each condition a blast
scenario took place.

Another blast uncertain parameter is blast time. In this
study, four different blast times are considered. For the first
three models, the blast occurs during intensive seismic
oscillations. To this aim, the duration of these intensive
oscillations is evaluated based on a specific accelerogram.
This time period is divided into three sections. In the center
of each section, a blast occurs simultaneously with an
earthquake. In the fourth scenario, the period of intensive
oscillations has ceased. That means, a short time after the
earthquake, a blast occurs. Regarding the uncertain
parameters mentioned earlier, for each accelerogram,
eighty scenarios (twenty blast conditions each studied in
four different blast time) would be created.

5.3 Evaluation of net explosive quantity (NEQ)

The explosive material is Compressed Natural Gas (CNG).
Seismic sensor installed in gas contours to detect earth-
quakes and shut off of the gas flow during an earthquake
increases security while decreasing the damages caused by
gas explosive during occurrence of an earthquake. The
system of the building under study has a seismic sensor in
the gas contour. Therefore, the sensor will act during an
earthquake and it will shut off the gas flow in the contour.
The volume of the gas trapped in the gas pipes from gas
contour to the mechanical installations during an
earthquake with gas pipes broken is considered as NEQ.
In such condition, NEQ has certainty and can be
calculated. For this purpose, first of all and according to
diameter and length of the pipeline, we should calculate the
volume of the CNG trapped from gas contour to
mechanical installations. Finally, considering CNG density
(0.65 kg/m?), one can obtain the NEQ.
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5.4 Uncertainties in selecting earthquake records

In this piece of research, seven ordinary earthquake records
have been used. These records are obtained from PEER
institute database [36]. The magnitude of the earthquakes
chosen for study ranges from 6.5 to 7.5 and the distance
from the epicenter to the construction site is between 15
and 30 km. Grade C and D soil types with 5 percent
liquefaction also exist. These records have been converted
and then Scaled with SeismoSignal software [37].
According to what Trifunac and Brady [38] achieved in
their study, if the total energy entering the building during
the earthquake is IE (Input Energy), then the beginning of
the seismic activity is when total energy reaches 5% of the
IE and its end is when the total energy hits 95% of the IE.
Intensive oscillation period is then, the time period
between the initiation phase and termination point. For
each earthquake record selected for this study the period of
strong earthquake ground motion is calculated in Seismo-
Signal software. Table 1 presents the earthquake records
selected for this study.

Since 80 scenarios were defined for each seismic record,
we would have 560 scenarios for the 7 accelerograms used.
Figure 6 illustrates the process of developing scenarios for
each earthquake record.

5.5 Push-down analysis

In this study, push-down analysis is a non-linear static
analysis. According to UFC 2009 code [33], push-down
analysis would follow this procedure:

(a) Increased gravity loads for floor areas above
removed column (Gy):

Gy = Qy[1.2DL + (0.5LL or 0.255L)], ©)

where Gy is incremental gravitational force for non-linear
static analysis; DL, LL and SL are dead load, live load and
snow load (which snow load is not considered in this
study), respectively; and Qy is Dynamic Increase Factors
(DIF). In GSA code [32], for dead and live loads, DIF

Table 1 Selected seismic records

equals 2. Ruth and et al. [39] studied the effect of DIF
reduction on non-plastic systems by analyzing steel
moment frame buildings. For RC frame buildings, DIF
ranges from 1.5 as the upper bound to 1-1.4 as lower
bound. In the research carried out by Tsai and Lin [29], it
was shown that DIF for RC moment frame buildings can
be reduced from 2 to 1.2. Yet, UFC code [33] has offered a
new method for determining suitable DIF measures based
on allowable deformation and performance level:

0.45

Oy =1.04 4
N T 0./0, 1 048"

(10)
where 6,,/6, is the smallest ratio of plastic rotation of
structural element to yield rotation.

(b) Gravity loads for floor areas away from removed
column (G):

G = 1.2DL + (0.5LL or 0.25SL). (11)

In keeping with previous discussions, after the first
analytical step in each scenario and removal of columns
with unallowable DCR, the second step is taken. Since a
column is removed in the first phase, it is possible to
practice loading model (a) or (b) in the second step of
analysis. Figure 7 demonstrates how loading in this phase
occurs.

5.6 Progressive collapse and fragility curve

The first and second steps of analysis were performed for
all the 560 scenarios. Sap2000 software, version 18 [40],
was used for analysis. As mentioned, the first step of
analysis relates to the simultaneous effect of earthquake
load and the pressure resulted from the blast experienced
by the structure. It has been applied on the structure
through defining the functions of time history of the
selected records and their nonlinear time history dynamic
analysis and a definition of pressure wave resulted from
explosion and its dynamic-based analysis in the software.
In this stage, the time of starting the dynamic analysis
resulted from explosion during the time history dynamic

No. EQ. name station

peak ground accel- peak ground velo- peak ground displa- start time" (s) end time? (s) difference (s)”

eration (PGA) (g) city (PGV) (cm/s) cemen (PGD) (cm)

Ay Kocaeli, Turkey Atakoy 0.164 16.2
A; Northridge Beverly Hills 0.617 4.8
As Tabas Boshrooyeh 0.107 13.7
Ay Loma Prieta Halls Valley 0.134 15.4
As Landers Morongo Valley 0.188 16.6
Ag Cape Mendocino Rio Dell Overpass 0.385 439
A Imperial Valley Chihuahua 0.270 249

11.59 11.74 24.19 12.45
8.57 0.50 2.01 1.51
10.50 1.04 3.08 2.04
3.30 241 8.88 6.47
9.45 3.51 15.89 12.38
22.03 0.43 1.44 1.01
9.08 0.65 5.07 442

" Initiation phase of strong earthquake ground motion

2 Termination phase of strong earthquake ground motion

% Duration of strong earthquake ground motion
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earthquake records blast positions blast times
A, » P, p T, = first part of duration of strong earthquake ground motion
A, P, B . .
T, = second part of duration of strong earthquake ground motion
P3
T, = third part of duration of strong earthquake ground motion
A
7 T, = after end of earthquake ground motion
P19
Py

similarly for other records & blast position
for example:| in the Ist scenario: A, record, P, position, T, time are used

in the 2nd scenario: A, record, P, position, T, time are used

in the 560th scenario: A, record, P, position, T, time are used

Fig. 6 Developing scenarios
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Fig. 7 The way Gy or G is loaded on the structure [32]
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analysis of the earthquake in each scenario is of great
significance. In the second step of the analysis, one
nonlinear static analysis resulted from times of gravity with
dynamic Increase factor has been applied.

Figure 8 presents the total deformity of the structure in
scenario 13 under the P, blast condition, T; blast time and
A record. In this scenario, it was observed that progressive
collapse and soft-story mechanism [41,42] set in. Soft-
story mechanism is the formation of plastic hinges on the
two sides of the columns, which occurs on the fourth floor
of the intended building, and is regarded as a collapse
mechanism. Likewise, maximum DCR value and the
occurrence of progressive collapse rate in all scenarios
were calculated.

All'in all, for each blast condition, 28 scenarios (changes
in blast time and seismic records) and for each blast time
140 scenarios (changes in blast conditions and seismic
records) and for each seismic record 80 scenarios (changes
in blast conditions and blast time) were developed. Figure
9 illustrates how many progressive collapses existed for
each uncertain parameter.

Figure 9(a) shows that locations closer to the target point

Proposal of a probabilistic assessment 433

(the center of the first floor plan) (that is P4, Ps, Pg, P57, P14,
Pys, P16, P17) exhibit the most intense progressive collapse
in their relevant scenarios. So it can conclude that these
points are critical conditions. Similarly, Fig. 9(b) proves
the same point, showing that when the blast occurred
simultaneously with the earthquake (T;, T,, T3) progres-
sive collapse was more prevalent than in conditions when
the blast only followed the earthquake. From among
different time parameters, T, relevant scenarios (where it is
predicted that PGA (Peak Ground Acceleration) existed in
this range) progressive collapse was more intense. So T,
can be regarded as critical time.

In the end, on the basis of cumulative distribution
function (Eq. (8)), and progressive collapse probability due
to critical DCR changes, fragility curve was developed
(Fig. 10).

A DCR limit state of 2 can be assumed as a criterion for
the failure or collapse of a structure [32]. So, regarding the
fragility curve developed, when DCR equals 2, the
collapse limit state of the structure would be 0.22. General
consequences in a structure should correspond with its
primary event. Robustness in a structure prevents a local

Fig. 8 Structural deformation in scenario 13
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damage to be changed into a comprehensive damage
[43,44]. Robustness depends, on one side, on inner
properties of a structure such as redundancy, ductility,
progressive collapse and key elements, and also on the type
of scenarios in which one unpredicted critical event can
lead to damage or collapse, on the other side [45,46]. The
importance of robustness is known in most modern
structural design codes; however, it has not been addressed
in detail. There is one possibility of collapse in relation to
risky robustness index. In this possibility, there is a basic
relationship between robustness with reduced probability
of P[Collapse|Blast N EQJ [47—49].

According to the fragility amount obtained in the current
study, one suitable robustness of the structure can be
observed. One reason of the obtained result is utilization of
modern structural design code (Eurocode 8) for this
structure. Since in this regulation, the importance and
place of the robustness of the structure has been
recognized, in addition, in regulations relating to structure
designing while considering the inner properties of the
structure the suitable robustness will be obtained. In other
words, it can be expected that the final damage and
consequences of critical events in such structures corre-
spond to the initial damages of these critical events.

5.7 Evaluation of annual rate of earthquake occurrence and
the parameter of P[Blast|EQ]

Another parameter to determine the annual collapse risk of
a structure is to predict the annual occurrence rate of
earthquakes. According to Iranian code of practice for
seismic resistant design of buildings [50], in 50 years of a
structure’s life, there is a 10 percent probability that an
earthquake would occur. That is the return period is 475
years. So annual occurrence rate of earthquakes (P[EQ]) is
about 0.0021.

P[Blast|EQ] is not engineering parameter and precise
parameter. However, several factors are influential in
probabilistic assessment of this parameter. In other words,
it depends on improvements in the building industry and
people's knowledge in using materials with high safety
factor in thermal and mechanical installations, fabric, life
and geometrical configuration of gas pipes in a building on
one side, and on seismicity of the building construction
site, on the other. It can be estimated by Poisson Theory.
The Poisson Theory will be:

atYe M
Py =8

In the Equation (12), P(y) is the probability of occurrence
of the event, A parameter is the occurrence rate of the event,
y parameter is the number of occurrence of the event, ¢
parameter is time period. One occurrence rate of explosion
(as a A) is equal to 5 x 1073 [51]. So, probability of
occurrence of one explosion in 50 years, which is practical
lifetime of structure, (¢ = 50, y=1), will be:

(At)” e M
!

(12)

P(y) =

5% 1073 x 50)!e(~5x107x50)
_5x X 1)e ~0.20. (13)
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Therefore, the probability of occurrence of explosion
can be assessed as 20 percent. Approximately and based on
statistics [52], in the accident region, 65% of the different
blast situations are the ones from gas leak as a result of
earthquake. Hence the possibility of earthquake-related
blast is 13% (that is: 65%x0.20 = 13%).

6 Discussion on the case study

According to the assessment of influential factors in the
annual probability of structural collapse, it can be
concluded that:

P[Collapse], = 0.22 x 0.13 x 0.0021 = 6.006 x 10>,
(14)

To compare the results obtained in this study with those
of Asprone et al. [8], who had assumed earthquake and
blast as two separate and independent events, and thus had
presumed a recuperation chance to exist for the structures
hit by earthquakes before a blast would occur, fragility
in their studied structure was estimated to be 0.18
and collapse rate of structure was estimated to be
5.801 x 107>, Based on what is achieved in this study,
fragility equals 0.22 and collapse rate amounts to
6.006 x 107>, The two parameters in this study have
larger measurements than Asprone’s. There are possibly
two reasons for this difference: the first is that the two
critical parameters were compatible and thus it was
expected that they would result in a more intense damage.
Second, the annual earthquake occurrence rate in Iran,
based on Iranian code of practice for seismic resistant
design of buildings is higher than Italy’s National Institute
of Geophysics and Volcanology, INGV’s report of annual
earthquake rate in this country [53]. As a result, the
construction site in this study was more seismic prone.

7 Conclusions

In the present study, a method for evaluating the annual
probability of collapse of a building structure was
suggested. In this method, the concomitant (the events
are compatible) effects of seismic and blast loads are
studied, and blast occurrence is supposed to be dependent
(a conditional relation exist between the two) on the
occurrence of an earthquake. Atmospheric dispersion
modeling was used to develop scenarios and non-linear
dynamic time history analysis and local dynamic analysis
due to blast load were also employed to produce an
efficient analysis of progressive collapse in structures
subject to gravitational loads.

This investigation provides a case study as well,
producing an estimation of an RC moment frame
structure’s collapse rate:

Due to the inevitable existence of uncertain parameters,
560 scenarios were developed in atmospheric dispersion
modeling. According to the estimations of critical DCR
and progressive collapse rate in each scenario, the fragility
of structure was calculated to be 0.22. In the vicinity of the
target point, critical blast conditions and in the second
phase of the duration of intensive oscillations, critical blast
time was detected. Then the effects of these two events
(earthquake and blast) as concomitant and simultaneous
events were compared to the effect of these events as
independent and incompatible. It was discovered that
collapse rate and fragility were higher in the first instance.

Using modern structural design code (Eurocode-8) for
the structure under study, since the importance and place of
structure robustness has been recognized in this regulation,
a suitable robustness is observed.

Moreover, it should be emphasized that the method
proposed here is practiced on RC structures, yet it can also
be applied to steel frames, masonry buildings, etc. for an
evaluation of structural fragility.
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