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ABSTRACT
Inelastic dynamic analysis of structures under blast loading involves complexities that limit its usage for
practical purposes. Therefore, developing simplified analysis methods is of great interest for many researchers.
In the present research, a simplified method is developed to approximate the inelastic drifts of one-story steel
moment-resisting frames subjected to blast. First, a methodology is proposed based on nonlinear dynamic finite
element analysis. The proposed method is then applied to 1600 one-story steel moment-resisting frames to
derive the nonlinear drifts. Abaqus/Explicit solver is utilized for this purpose. After analyzing 1600 frames with
various properties, regression analysis is performed and some empirical equations and graphs are developed.
After developing the empirical equations, the accuracy and applicability of the equations are evaluated through
8 additional cases. The results show that the developed equations have relatively good accuracies and can be
used in practical applications. Using the developed method, inelastic drifts can be approximated without the
need to perform any structural analysis.
KEYWORDS: Blast, Inelastic drift, Dynamic analysis, Curve fitting.

INTRODUCTION

investigate the behavior of structural members under
blast (Nassr, 2012; Li et al., 2019). However, due to high
required costs and other restrictions, the number of
experimental studies is limited. Therefore, researchers
and practicing engineers generally prefer to use other
available methods to deal with their problems. The use
of analytical methods is also limited to very simple
problems. In contrast, numerical modeling and analysis
often provide a strong tool to study more advanced
problems, while the total costs are much lower
compared to experimental studies. Among the numerical
methods, nonlinear dynamic finite element methods,
due to their relative high accuracy, have been widely
used by many researchers to investigate structures under
blast (Jayasooriya et al., 2011; Elsanadedy et al., 2014;
Iannitti et al., 2018; Taha et al., 2020). Instead of
considering a building frame as a whole, many studies
have considered the effect of blast on structural
members like beams, columns and slabs (Chen et al.,
2015; Yao et al. 2016; Zhang et al., 2019). However,
especially in recent years, good studies have been
conducted, considering the whole building structure
(Khaledy et al., 2019; Sevim & Toy, 2020; Tolani et al.,

Building structures should perform effectively under
various events that they may experience during their
lifetime. One of these events is an explosive event that
can exert significant loads on the structure. In recent
decades and after terrorist attacks like the Oklahoma
City Bombing (1995) and 9/11 attacks on the World
Trade Center (2001), more attention has been paid to
study the analysis and design of structures under
explosion (Saleh & Adeli, 1998; Krauthammer, 1999;
Morrill et al., 2004). Also, with the increase of terrorist
attacks over the world, there has been a growing trend to
conduct more research in recent years (Ostadhossein &
Lotfi, 2018; Ashkezari, 2018; Khaledy et al., 2018;
Ahmed et al., 2019; Tetougueni et al.; 2020).
Without any doubt, the most exact way to study
physical and real-world problems is to conduct
experimental studies and observe real-world behavior.
There are some experimental studies conducted to
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cannot be used to analyze a given building structure as a
whole. Thus, it is important to do more research and
develop simplified methods to predict or take into
account the nonlinear behavior of building structures
subjected to blast, since complex finite element
modeling or experimental studies do not always provide
practical solutions. In this regard, a novel and simplified
method is developed in the present study to predict the
inelastic dynamic drift of single-story moment-resisting
frames subjected to blast. By using the developed
equations, the inelastic drifts can be predicted without
the need to perform any structural analysis. For
developing the empirical equations, 1600 single-story
frames with different stiffness, mass and lateral effective
tributary widths are analyzed under various explosive
loads. The analyses are performed based on nonlinear
explicit dynamic scheme and strain rate effects are also
considered in the structural models to achieve more
realistic results. A new parameter is also introduced and
some curves are plotted based on the nonlinear curve
fitting. Eight numerical examples are also considered to
evaluate the applicability and efficiency of the
developed equations.

2020). Although considering the whole structure results
in more accurate and realistic simulations, the
complexity of such models is also high and they cannot
be used easily for practical purposes.
It should also be noted that the analysis and design
of structures under explosion involve many
uncertainties. Therefore, various scenarios can be
considered in the problems. The consideration of the
scenarios depends on multiple factors, including the
importance of structure, the type of probable blast,
available costs and the significance of the scenarios
compared to each other. There is a wide range of
probable scenarios, including the occurrence of fire in
combination with explosion (Forni et al., 2017), various
charge mass and location of the explosion (Hashemi et
al., 2016) and the occurrence of progressive collapse
(Kiakojouri et al., 2020).
Reviewing the literature reveals that up-to-date,
good studies have been conducted on the structural
behavior, analysis and design, under explosion. Various
aspects of the phenomenon have been studied by
researchers. However, there are still many problems to
be solved and investigated.
Compared to earthquake seismic analysis and
design, there are a lot of simplified methods and
concepts available in seismic analysis and design codes
and manuals to predict or take into account the nonlinear
responses of building structures. For instance,
equivalent static analysis method, response modification
factors and deflection amplification factors are available
in the seismic analysis and design codes and manuals
(IBC, 2006; ASCE 7-16). Good studies have been
conducted in this regard for years by many researchers
(Maheri & Akbari, 2003; Kim et al., 2009; Keykhosravi
& Aghayari, 2017). Some researchers also developed
empirical equations to predict inelastic characteristics of
structures under earthquakes (Karavasilis et al., 2007;
Azadi Kakavand et al., 2019). However, similar
simplified methods for predicting the nonlinear
responses of building structures are not yet available in
the blast analysis and design manuals, nor studied by
researchers. The main reason is that the blast and
explosion studies are much younger compared to
earthquake studies. It should be noted that SDOF
methods are available for the analysis of structural
members under blast. However, their application is
limited to local structural members and generally, they

The Numerical Model
Blast Loading
When an explosion occurs, large amounts of energy
are released in a very short period of time. Condensed
air travels with supersonic speed and exerts significant
forces on obstacles in its way. The effective pressure of
an explosion acting on a structure is shown in Fig 1. The
most important parameters are peak reflected pressure
𝑃𝑟 , positive phase duration 𝑡 and positive impulse
𝑖 , where the positive impulse is the area under the
positive phase time-history diagram. In conventional
explosive events, the negative phase can be neglected
and the positive phase can be approximated with a
triangular load, as shown in Fig 2. The peak pressure in
the triangular loading is also 𝑃𝑟, but the loading duration
𝑡 is calculated by equating the positive impulse in
both graphs. In the present study, this model is used and
the blast loading is considered as a triangular timehistory load.
The blast loading is considered as uniformly
distributed over the front face of the structure. Since the
front side experiences much higher pressures due to
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reflection effects, the blast pressures on the roof and rear
side of the structure are neglected in this study. Such

assumption is also considered in some other studies
(Motley & Plaut, 2006; Monir, 2013; Löfquist, 2016).

Figure (1): Blast loading time history (UFC 3-340-02, 2008)

Figure (2): Equivalent blast loading time history used in the present study (Dusenberry, 2010)
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distance is calculated using Eq. (1).
𝑅
𝑍
Eq. 1
𝑊 /
where W is TNT equivalent mass and R is standoff
distance.
In the present study, the blast loading parameters are
derived from the charts presented by UFC 3-340-02
(2008). According to the calculated peak reflected
pressure 𝑃𝑟 and positive impulse 𝑖 , the loading
functions are then simplified as triangular diagrams as
shown in Fig 2.

The main loading parameters related to an explosion
can be obtained using equations or graphs, like the graph
shown in Fig 3. This graph which is from UFC 3-340-02
(2008) is the basis of the blast loading calculation in the
present study. Such equations and graphs are derived
through extensive experimental tests. In order to use these
graphs, an important parameter called “scaled distance” is
required. The scaled distance, which is usually shown by
𝑍 , is a parameter that relates the explosion mass and the
standoff distance between the charge and the structure.
The other loading parameters, like peak pressure or
positive impulse, can be calculated based on 𝑍. The scaled

Figure (3): Diagrams for calculation of blast loading parameters (UFC 3-340-02, 2008)
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Structural Model
The material model is considered as elastic-plastic
steel with Mises plasticity. Mises plasticity can be
defined as shown in Eq. (2).

∆

𝑓

∆

𝑓

𝐸𝑞. 7

where M is the global mass matrix and 𝑓 and 𝑓
are the external and internal force vectors, respectively.
By substituting Eq. (5) in Eq. (6), the following equation
can be written:

Eq. 2

1
𝑀𝑢
∆𝑡

where 𝜎 is yield stress and 𝐽 is deviatoric stress
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Eq. 8

invariant. The deviatoric stress is expressed as in Eq. (3).
1
𝜎1
6

𝐽

𝜎2

𝜎2

𝜎3

𝜎3

This equation can be solved for displacement in 𝑡

𝜎1

∆𝑡:

Eq. (3)

𝑢

where 𝜎1, 𝜎2 and 𝜎3 are the principal stresses in the
element. The strain rate effects are also considered in the
dynamic analysis through dynamic increase factors
(DIFs) to have a more realistic dynamic simulation. The
Cowper-Symond model is used for this purpose. For a
given strain rate 𝜀 , the Cowper-Symond equation can
be written as shown in Eq. (4):
𝑓
𝑓

𝐷𝐼𝐹
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𝜀
𝐷

∆
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∆
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∆

2𝑢

𝑢

∆

Eq. 9
By calculating 𝑢 ∆ , the displacement increment is
𝑢 . The strain increment ∆𝜖
calculated as ∆𝑢 𝑢 ∆
and stress increment ∆𝜎 are then calculated according to
kinematic relation and constitutive equations. The stress
is then updated as:
𝜎

Eq. 4

∆

𝜎

∆𝜎

Eq. 10

The internal force vector is then calculated as:
where 𝑓

is dynamic yield stress, 𝑓 is static yield

stress and 𝐷 and 𝑞 are constants of the Cowper-Symond
equation. The values for 𝐷 and 𝑞 are considered as 40.4
and 5, respectively (Jones, 2012).
The inelastic dynamic analysis is performed using
Abaqus/Explicit solver. The explicit method is
computationally very effective in blast and impact
problems. Abaqus/Explicit uses the central difference
method to solve the equations. In this method, velocity
and acceleration are calculated based on the
displacements as in Eq. (5) and Eq. (6) (De Borst, 2012):
𝑢

𝑢

∆

𝑢

∆

𝑢

∆

∆

𝑢
2∆𝑡
2𝑢
∆𝑡

𝑓

𝐵 𝜎𝑑𝑉

Eq. 11

where 𝑛 is the number of elements, 𝑍 is the
element incidence matrix and 𝐵 is the element gradient
matrix that relates the strains within an element with the
nodal displacements.
In the explicit analysis, the size of time increments
should be limited to ensure the stability of the analysis.
In the present study, time increments are calculated
based on the element-by-element estimation scheme
available in Abaqus/Explicit (Simulia, 2019), which is
as in Eq. (12):

∆

Eq. 5
𝑢

𝑍

∆

Eq. 6

∆𝑡

where 𝑢, 𝑢 and 𝑢 are the displacement, velocity and
acceleration vectors, respectively. ∆𝑡 is the time step
size. The semi-discrete balance of momentum can be
written as in Eq. (7):

min 𝐿

𝜌
𝜆

2𝜇̂

Eq. 12

where ∆𝑡 is time step size and 𝜆 and 𝜇̂ are effective
Lamé's constants of the material. 𝐿 is a characteristic
length of a given element and is calculated as shown in
Eq. (13):
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“Pressure” load in the “Loads” module. A positive
pressure load has a direction opposite to the direction of
the normal vector of the subjected surface or line. In the
present study, the blast pressure is converted to
equivalent line loads by multiplying the blast pressure
by the lateral tributary width of the frame. Thus,
equivalent time-dependent line loads are applied in
Abaqus.
It should be noted that in real-world problems, the
effective lateral tributary width of a given frame under
explosion is associated with the lateral span between the
frames as well as the type and material of the walls. For
example, for a given structure with an equal lateral span
of 4 meters between the frames, the effective blast
tributary width for a middle frame is 4 m, when the rigid
wall assumption is made. However, if the wall is a
reinforced concrete wall, a smaller value can be
considered due to ductility of the wall which dissipates
a part of the blast energy. However, rigid wall
assumption is conservative and such assumption
increases the related safety factor of the frames.

Eq. 13

where 𝐴 is the element area and 𝐵 is the element
gradient operator.
In the finite element model of the frames, the beams
are considered as rigid members using rigid body
constraint and columns are modeled using Timoshenko
B21 beam elements (Abaqus, 2019). The size of
elements is chosen as 0.1 of the members’ length. The
equivalent mass resulting from gravitational loads is
considered as a distributed mass which is uniformly
distributed on the beam. The supports of the frames are
considered as fixed supports. Fig 4. shows a graphical
representation of the finite element model.
When a real-world building structure is subjected to
blast, the blast pressure acts mainly on the exterior front
wall (or exterior facade). Then, based on the effective
lateral tributary width of the frames, this pressure is
transmitted to the frames as a distributed lateral line load
acting on the front column, as shown in Fig 4. In
Abaqus, pressure loads can be defined using the

Figure (4): A graphical representation of the finite element model
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To ensure the accuracy of the finite element model,
an experimental work is considered to compare the
results. Nassr (2012) studied the response of beams and
beam-columns subjected to blast loading. A schematic

drawing of their test setup is shown in Fig 5. Two cases
are considered to validate the finite element model the
properties of which are summarized in Table 1.

Figure (5): A schematic drawing of the experimental test setup (Nassr, 2012)
Table 1. Properties of the selected tests for the validation study

Section

Member
length (m)

Axial load
(kN)

Standoff
distance (m)

Charge
mass
(kg)

Scaled distance
“Z”
𝒎/𝒌𝒈𝟎.𝟑𝟑𝟑

1

AISC
W150x24

2413

0

9

150

1.69

2

AISC
W150x24

2413

270

9

150

1.69

Case
No.

The Abaqus models are developed based on the
assumptions described earlier. As it was pointed out,
B21 Timoshenko beam elements are used and the mesh
size is 0.1 of the member’s length. Mid-height
displacement of columns are compared in Figs. 6 and 7.
According to these figures, it is clear that in both cases,
the numerical model developed in the present study is in
good agreement with the work of Nassr (2012). The

maximum differences between the results of the present
study and the experimental model for cases 1 and 2 are
2.2% and 3.4%, respectively. The history of the
responses is also in good agreement with the
experimental results. According to this comparison, the
accuracy of the finite element model utilized in the
present study is considered acceptable.
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0.0
0.0

2.0

4.0

6.0
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‐5.0
‐10.0

Time (ms)

Figure (6): Comparison between the results of the present study and Nassr (2012) in case 1

to the inelastic drifts. According to preliminary analyses
and previous experiences, the inelastic dynamic
responses are mainly sensitive to the changes in the
scaled distance (Z), lateral stiffness (k), total mass (M)
and effective lateral tributary width of the frame (T).
Among the input parameters, it was found that the scaled
distance and the lateral tributary width are the governing
parameters, since they are related to the intensity of the
applied blast load on the frame. A sufficient number of
frames with different scaled distances of explosion,
stiffnesses, masses and lateral tributary widths should be
considered to cover various cases. After doing this,
regression analyses are made trying to develop empirical
equations.

Development of the Empirical Equations
A methodology is proposed to develop the empirical
equations to predict the dynamic inelastic drifts of
structural frames under explosion. The flowchart of the
proposed method is shown in Fig 8. According to this
flowchart, first, a set of structural frames subjected to
blast loadings is developed. Also, various scaled
distances (Z) should be considered. The blast loading
parameters, including maximum peak pressure 𝑃 and
effective duration 𝑡 are calculated based on the scaled
standoff (Z). Then, the explicit dynamic analysis is
conducted and the inelastic drifts of the frames are
derived. In the next stage, the aim is to develop empirical
equations to relate the most important input parameters
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Mid‐height displacement of columns (mm)

30.0
25.0
20.0
15.0

Experimental (Nassr)
LS‐DYNA (Nassr)

10.0

Abaqus (Present Study)

5.0
0.0
0.0

2.0

4.0

6.0

8.0

10.0

‐5.0
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Figure (7): Comparison between the results of the present study and Nassr (2012) in case 2

Figure (8): The flowchart of the proposed method for a given tributary width
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into four groups of 200, where each group belongs to a
specific tributary width. Four tributary widths of 1, 2, 3
and 4 meters are considered.
The considered ranges for the input parameters are
summarized in Table 2. It is tried to cover a wide range,
including practical and conventional ranges for the input
parameters. Since the beams are assumed as rigid, the
lateral stiffness of each frame can be simply calculated
as 𝑘 2
12𝐸𝐼/ℎ , where “E” is the elastic modulus
of steel, “I” is the moment of inertia of each column and
“h” is the story height.

The proposed method is utilized to develop the
empirical equations for single-story steel momentresisting frames. A total of 1600 different cases with
different scaled distances, stiffnesses, steel grades,
masses and effective tributary widths are considered to
derive the empirical equations. These 1600 cases are
divided into two groups of 800, where the difference
between these two groups is the considered steel grades.
ST 37 (S 235) and ST 52 (S355) steel grades are
considered and as pointed out, 800 cases are analyzed
for each steel grade. Each of these 800 cases is divided

Table 2. Minimum and maximum ranges of the input variables
Input Parameter

Minimum

Maximum

(Z): Scaled distance, m/kg

1.26

2.26

(k): Frame stiffness, kN/m

625

160000

(M): Total mass, ton

6.63

30

1

4

(T): Tributary width, m
For the studied frames, the static yield stress values
of the columns are assumed as 235 MPa (ST-37 Steel)
and 355 MPa (ST-52 steel) and the steel density is
assumed as 7850 𝑘𝑔/𝑚 . Also, Young modulus and
Poisson’s ratio are considered as 2e5 𝑀𝑃𝑎 and 0.3,
respectively. It is useful to mention that the bilinear
stress-strain curve is considered for one-dimensional

steel behavior, as shown in Fig 9. The bilinear curve is
an approximate model, but it is conservative. However,
a bilinear curve only represents the material behavior in
a one-dimensional stress problem. Two-dimensional
yielding behavior is based on Mises plasticity, as
previously pointed out.

Figure (9): Bilinear model for the assumed one-dimensional behavior of steel in the present study
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The lower value for scaled distance is 1.26 𝑚/𝑘𝑔
related to the explosion of 500 𝑘𝑔 of TNT at 10𝑚

curve fitting.

standoff and the maximum value is 2.26 𝑚/𝑘𝑔
corresponding to the explosion of 500 𝑘𝑔 of TNT at
18𝑚 standoff. Considering the explosive mass as
500 𝑘𝑔 is a reasonable assumption. According to Fema
452 (2005), this explosive mass corresponds to an
explosion due to a bombed van car. The gravity
acceleration is assumed as 10 𝑚/𝑠 .
When there are several parameters and the behavior
is nonlinear, usually it is hard and complex to make a
good regression analysis with good accuracy. Therefore,
two strategies are adopted to reduce the number of
variables in the regression analysis. The first strategy is
considering separately four lateral tributary widths of 1,
2, 3 and 4 m as pointed out earlier. The second strategy
is defining a new parameter called “the effective
explosive parameter”, as constructed upon “z”, “k” and
“M”. In other words:

𝑢

𝑍 . 𝑘. 𝑀

Eq. (15)

For convenience, the unit of “Z” is chosen as
, “k” is in
and “M” is in 𝑡𝑜𝑛 . For lateral
.
tributary widths of 1, 2, 3 and 4 meters, lateral drifts are
plotted versus effective explosive parameters, as shown
in Fig. 10 (a to h). For convenience, the horizontal axis
of these graphs is shown on a logarithmic scale. By
considering various mathematical models, it was found
that Weibull mathematical model fits the points with
good accuracy. This mathematical model can be written
as in Eq. (16).
𝐷𝑟𝑖𝑓𝑡

𝑎

𝑏𝑒

Eq. (16)

where “a”, “b”, “c” and “d” are constant coefficients
for a given curve fitting and “e” is the Napier number.
Also, “Drift” represents maximum inelastic roof
displacement and “u” is the “effective explosive
parameter” as described earlier. Weibull fitted functions
are shown in Fig. 10 (a to h) with red lines. The Weibull
model coefficients for all considered tributary widths
and steel grades are summarized in Table 3 and Table 4.

For a given tributary width of “T”: u=f (z, k, M) Eq. (14)
where “u” is the effective explosive parameter. By a
number of trials and errors, it is found that defining “u”
as in Eq.15 leads to achieving a good accuracy in the

Figrue (10):

(a)

(b)
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(c)

(d)

(f)

(e)

(g)

(h)

Figure (10): Maximum drift versus effective explosive parameter (u)
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Table 3. Weibull model coefficients for different tributary widths for cases with ST-37 steel
Weibull model

𝑫𝒓𝒊𝒇𝒕

𝒂

𝒃𝒆

T

a

b

c

d

e (Napier number)

1 (m)

5.0399E+05

5.0399E+05

1.7643E-01

-6.4643E-01

2.71828

2 (m)

2.5204E+05

2.5203E+05

6.6968E+00

-8.1602E-01

2.71828

3 (m)

1.9851E+03

1.9699E+03

4.9490E+03

-9.0067E-01

2.71828

4 (m)

2.5724E+03

2.5581E+03

3.9461E+03

-8.5939E-01

2.71828

𝒄𝒖𝒅

Table 4. Weibull model coefficients for different tributary widths for cases with ST-52 steel
Weibull model

𝑫𝒓𝒊𝒇𝒕

𝒂

𝒃𝒆

T

a

b

c

d

e (Napier number)

1 (m)

2.6297E+05

2.6297E+05

8.5054E-02

-5.2494E-01

2.71828

2 (m)

1.1621E+06

1.1621E+06

4.6583E-01

-7.3478E-01

2.71828

3 (m)

3.0532E+03

3.0398E+03

5.6726E+02

-7.7838E-01

2.71828

4 (m)

2.0055E+03

1.9891E+03

2.2727E+03

-8.1673E-01

2.71828

𝒄𝒖𝒅

From Figs. 10 (a) to 10 (h), it can be seen that the
quality of fitting is very high and the Weibull curves
are in very good compliance with the structural
analysis data.

Numerical Study
Deformation of a Sample Frame
To get a deeper insight into how the frames deform
under blast load, a sample frame is studied in this
section. The model assumption is as described in the
previous sections. S235 steel is also assumed as the
columns’ material. The properties of the sample frame
and applied blast are summarized in Table 5.

Table 5. The properties of the sample frame and considered blast
Scaled distance,
Z (m/kg0.333)

Moment of
inertia of each
column 𝒎𝒎𝟒

Lateral stiffness
of the frame, k
𝐤𝐍/𝐦

Total mass, M
𝒕𝒐𝒏

Effective tributary
width, T 𝒎

Steel static
yield stress
𝑴𝑷𝒂

1.51

1.333E8

10000

6.512

3

235

Roof displacement (drift) history is plotted in Fig. 11
for 0.5 second. For this example, as can be seen in this

figure, the maximum displacement is reached in the first
cycle of oscillation at approximately 𝑡
0.07 𝑠 .
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Figure (11): Drift history of the sample frame for 0.5 second
front columns in addition to story drift. This is why some
design manuals like UFC 3-340-02 also limit the relative
support rotation in addition to story drift. Relative
support rotations are directly related to the mid-height
deflection of the members, as described in UFC 3-34002.

The deflections of the frame at different times are
plotted in Fig. 12 (a to c). In Figs. 12 (b) and 12 (c), it
can be seen that in addition to roof displacement, the
front column is also deflected significantly. The midheight deflection of the front column is even greater than
the story drift. Thus, in practical problems, it is
recommended to check the mid-height deflection of the

(a)

(b)

(c)

Figure (12): Deformed shape of the sample frame at (a) t=0, (b) t=0.01 s and (c) t=0.07 s
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cases are calculated using nonlinear dynamic finite
element analysis and the developed equations. In this
figure, “exact” drifts are calculated using the finite
element model and “predicted” drifts are calculated
using the developed empirical equations.

Comparing the Predicted and Exact Drifts
To evaluate the accuracy and applicability of the
developed empirical equations, 8 additional cases are
also evaluated and the results are summarized in Table
6. To complete this table, the inelastic drifts of these 8

Table 6. Additional cases to evaluate the accuracy of the developed equations
M
𝒕𝒐𝒏

u

Drift
(exact)
𝒎𝒎

Drift
(predicted)
𝒎𝒎

Rel. Error
%

16400.0

15.1

705744.4

21.16

18.76

-11.34

1.418

16400.0

15.1

705744.4

20.70

19.98

-3.48

2

1.313

27647.2

10.9

681939.0

42.64

39.94

-6.34

S355

2

1.313

27647.2

10.9

681939.0

42.35

37.98

-10.32

5

S235

3

1.576

27647.2

10.2

1101367.7

55.69

50.12

-9.99

6

S355

3

1.576

27647.2

10.2

1101367.7

53.39

47.41

-11.20

7

S235

4

1.839

6408.8

13.2

524978.0

134.03

134.00

-0.02

8

S355

4

1.839

6408.8

13.2

524978.0

111.40

110.34

Case
No.

Steel
Grade

T 𝒎

1

S235

1

1.418

2

S355

1

3

S235

4

Z

𝒌𝒈
𝟏
𝒎𝟑

k

𝒌𝑵
𝒎

‐0.95

was used to perform the nonlinear dynamic analyses. To
achieve more realistic results, strain rate effects were
also considered in the dynamic analyses. To reduce the
number of input parameters to perform regression
analysis, a variable change was made and a new variable
called “the effective explosive parameter” was defined.
By performing regression analyses between the
effective parameter and inelastic drifts, some empirical
equations and curves were developed for various lateral
tributary widths. It was shown that the Weibull
mathematical model is a good choice to use as the curve
fitting function. This mathematical model showed very
good compliance with the analysis data. By reviewing
the deformed shape of a sample frame, it was shown that
in addition to story drift, there can be significant midheight displacement in the front column. Thus, as it is
stated by UFC 3-340-02, relative support rotations
should be checked and limited in addition to story drifts.
Limiting the columns’ support rotations will
subsequently result in the limitation of the mid-height
deflection of the front column. The results of the
numerical study also showed that the developed

From Table 6, it can be seen that the maximum
relative error is 11.34% (case 1), while the minimum
prediction error is 0.02% (case 7). These results prove
the relatively good accuracy of the proposed equations
for the approximation of inelastic drifts. Also,
comparing the results of the frames made of S235 and
S355 steel shows that there is no significant difference
in their maximum drift. Although in cases 7 and 8 the
difference between the drifts related to S235 and S355
is about 16.8%, in the other cases, the maximum
difference related to S235 and S355 steel grades is 0.4
% (cases 5 and 6). Thus, it can be concluded that using
higher grade steel does not significantly reduce the
inelastic story drift under blast.
CONCLUSIONS
New empirical equations and curves were developed
to predict the inelastic drifts of one-story steel momentresisting frames subjected to blast. To develop these
equations, a large number of single-story frames were
analyzed under blast loadings. Abaqus/Explicit solver
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empirical equations can predict the inelastic drifts with
relatively good accuracy. However, changing steel
grade from S235 to S355 did not show significant
changes in the maximum drifts. In future research, the
procedure adopted in the present study can also be used
to develop similar equations for buildings with a higher

number of stories or with other structural systems under
blast loading. Also, the procedure can be utilized to
develop empirical equations for other nonlinear
responses, like relative support rotation of the front
column.

REFERENCES

Elsanadedy, H. M., Almusallam, T.H., Alharbi, Y.R., AlSalloum, Y.A., and Abbas, H. (2014). “Progressive
collapse potential of a typical steel building due to blast
attacks”. Journal of Constructional Steel Research, 101,
143-157. https://doi.org/10.1016/j.jcsr.2014.05.005
FEMA 452. (2005). “Risk assessment: How-to guide to
mitigate potential terrorist attacks against buildings”.
Forni, D., Chiaia, B., and Cadoni, E. (2017). “Blast effects
on steel columns under fire conditions”. Journal of
Constructional
Steel
Research,
136,
1-10.
https://doi.org/10.1016/j.jcsr.2017.04.012
Hashemi, S.K., Bradford, M.A., and Valipour, H.R. (2016).
“Dynamic response of cable-stayed bridge under blast
load”. Engineering Structures, 127, 719-736.
https://doi.org/10.1016/j.engstruct.2016.08.038
Iannitti, G., Bonora, N., Curiale, G., Muro, S. De, Marfia,
S., Ruggiero, A., …, and Testa, G. (2018). “Analysis of
reinforced concrete slabs under blast loading”.
Procedia-Structural
Integrity,
9,
272-278.
https://doi.org/10.1016/j.prostr.2018.06.035
IBC 2006. (2006). “International building code”. Country
Club Hills, Illinois, USA: International Code Council,
Inc.
Jayasooriya, R., Thambiratnam, D.P., Perera, N.J., and
Kosse, V. (2011). “Blast and residual capacity analysis
of reinforced concrete framed buildings”. Engineering
Structures, 33 (12), 3483-3495. https://doi.org/10.1016/
j.engstruct.2011.07.011
Jones, N. (2012). “Structural impact (second edition)”.
Cambridge University Press.
Karavasilis, T. L., Bazeos, N., and Beskos, D.E. (2007).
“Estimation of seismic drift and ductility demands in
planar regular X-braced steel frames”. Earthquake
Engineering & Structural Dynamics, 36 (15), 22732289. https://doi.org/10.1002/eqe.728

Ahmed, B., Dinu, F., and Marginean, I. (2019). “Damage
characterization in building structures due to blast
actions”. Jordan Journal of Civil Engineering, 13 (4).
American Society of Civil Engineers. (2017). “Minimum
design loads and associated criteria for buildings and
other structures”. In: (ASCE 7-16). “https://doi.org/10.
1061/9780784414248
Ashkezari, G.D. (2018). “A performance-based strategy for
design of steel moment frames under blast loading”.
Earthquake and Structures, 15 (2), 155-164.
https://doi.org/10.12989/eas.2018.15.2.155
Azadi Kakavand, M.R., and Allahvirdizadeh, R. (2019).
“Enhanced empirical models for predicting the drift
capacity of less ductile RC columns with flexural, shear
or axial failure modes”. Frontiers of Structural and
Civil
Engineering,
13
(5),
1251-1270.
https://doi.org/10.1007/s11709-019-0554-2
Chen, W., Hao, H., and Chen, S. (2015). “Numerical
analysis of prestressed reinforced concrete beam
subjected to blast loading”. Materials & Design (19802015), 65, 662-674. https://doi.org/10.1016/j.matdes.
2014.09.033
Dassault Systèmes. (2019). “Abaqus 2019 documentation”.
© Dassault Systemes.
De Borst, R., Crisfield, M.A., Remmers, J.J.C., and
Verhoosel, C.V. (2012). “Non-linear finite element
analysis of solids and structures”. John Wiley & Sons,
Ltd. (Vol. 25). “https://doi.org/10.1002/978111837
5938
Dusenberry, D.O. (2010). “Handbook for blast-resistant
design
of
buildings”.
https://doi.org/10.1002/
9780470549070

- 360 -

Jordan Journal of Civil Engineering, Volume 15, No. 3, 2021

Keykhosravi, A., and Aghayari, R. (2017). “Evaluating
response modification factor (R) of reinforced concrete
frames with chevron brace equipped with steel slit
damper”. KSCE Journal of Civil Engineering, 21 (4),
1417-1423. https://doi.org/10.1007/s12205-016-10557.
Khaledy, N., Habibi, A., and Memarzadeh, P. (2018). “A
comparison between different techniques for optimum
design of steel frames subjected to blast”. Latin
American Journal of Solids and Structures, 15 (9).
https://doi.org/10.1590/1679-78254952
Khaledy, N., Habibi, A., and Memarzadeh, P. (2019).
“Multi-objective optimization of steel moment frames
subjected to blast”. International Journal of Structural
Engineering,
10
(1),
77.
https://doi.org/
10.1504/IJSTRUCTE. 2019.101436
Kiakojouri, F., Sheidaii, M.R., De Biagi, V., and Chiaia, B.
(2020). “Progressive collapse assessment of steel
moment-resisting frames using static and dynamic
incremental analyses”. Journal of Performance of
Constructed Facilities, 34 (3), 04020025. https://doi.
org/10.1061/(ASCE)CF.1943-5509.0001425
Kim, J., Park, J., and Kim, S.-D. (2009). “Seismic behavior
factors of buckling-restrained braced frames”.
Structural Engineering and Mechanics, 33 (3), 261-284.
https://doi.org/10.12989/sem.2009.33.3.261
Krauthammer, T. (1999). “Blast-resistant structural
concrete and steel connections”. International Journal
of Impact Engineering, 22 (9-10), 887-910.
https://doi.org/10.1016/S0734-743X(99)00009-3
Li, Z., Zhang, X., Shi, Y., and Xu, Q. (2019).
“Experimental studies on mitigating local damage and
fragments of unreinforced masonry wall under close-in
explosions”. Journal of Performance of Constructed
Facilities, 33 (2), 04019009. https://doi.org/
10.1061/(ASCE)CF.1943-5509.0001272
Löfquist, C. (2016). “Response of buildings exposed to
blast-load method evaluation”. MSc Thesis (Lund
University). Retrieved from: http://www.byggmek.
lth.se/fileadmin/byggnadsmekanik/publications/tvsm5
000/web5216.pdf
Maheri, M.R., and Akbari, R. (2003). “Seismic behaviour
factor, R, for steel X-braced and knee-braced RC
buildings”. Engineering Structures, 25 (12), 15051513. https://doi.org/10.1016/S0141-0296(03)00117-2

Monir, H. S. (2013). “Flexible blast-resistant steel
structures by using unidirectional passive dampers”.
Journal of Constructional Steel Research, 90, 98-107.
https://doi.org/10.1016/j.jcsr.2013.07.025
Morrill, K. B., Malvar, L. J., Crawford, J. E., and Ferritto,
J. M. (2004). “Blast-resistant design and retrofit of
reinforced concrete columns and walls”. Structures
2004, 1-8. https://doi.org/10.1061/40700(2004)154
Motley, M.R., and Plaut, R.H. (2006). “Application of
synthetic fiber ropes to reduce blast response of a portal
frame”. International Journal of Structural Stability and
Dynamics, 6 (4), 513-526. https://doi.org/10.1142/
S0219455406002131
Nassr, A.A. (2012). “Experimental and analytical study of
the dynamic response of steel beams and columns to
blast (McMaster)”. PhD Thesis. Retrieved from:
https://macsphere.mcmaster.ca/handle/11375/12249
Ostadhossein, H., and Lotfi, S. (2018). “Performance of
infill stiffened steel panel against blast loading”. Latin
American Journal of Solids and Structures, 15 (2).
https://doi.org/10.1590/1679-78254429
Saleh, A., and Adeli, H. (1998). “Optimal control of
adaptive building structures under blast loading”.
Mechatronics, 8 (8), 821–844. https://doi.org/10.1016/
S0957-4158(98)00025-7
Sevim, B., and Toy, A. T. (2020). “Blasting response of a
two-storey RC building under different charge weight
of TNT explosives”. Iranian Journal of Science and
Technology, Transactions of Civil Engineering, 44 (2),
565-577. https://doi.org/10.1007/s40996-019-00256-0
Taha, A. K., Zahran, M. S., and Gao, Z. (2020). “Mitigation
of the blast load effects on a building structure using
newly composite structural configurations”. Defence
Technology. https://doi.org/10.1016/j.dt.2020.03.002
Tetougueni, C. D., Zampieri, P., and Pellegrino, C. (2020).
“Structural performance of a steel cable-stayed bridge
under blast loading considering different stay patterns”.
Engineering
Structures,
219,
110739.
https://doi.org/10.1016/j.engstruct.2020.110739
Tolani, S., Bharti, S.D., Shrimali, M.K., and Datta, T.K.
(2020). “Effect of surface blast on multistory
buildings”. Journal of Performance of Constructed
Facilities, 34 (2), 04020015. https://doi.org/10.1061/
(ASCE)CF.1943-5509. 0001415
UFC 3-340-02. (2008). “Structures to resist the effects of
accidental explosions”. In: Unified Facilities Criteria
Program, U.S. Department of Defense.

- 361 -

Empirical Equations to …

Nima Khaledy

Yao, S., Zhang, D., Chen, X., Lu, F., and Wang, W. (2016).
“Experimental and numerical study on the dynamic
response of RC slabs under blast loading”. Engineering
Failure Analysis, 66, 120-129. https://doi.org/10.1016/
j.engfailanal.2016.04.027

Zhang, C., Gholipour, G., and Mousavi, A. A. (2019).
“Nonlinear dynamic behavior of simply-supported RC
beams subjected to combined impact-blast loading”.
Engineering Structures, 181, 124-142. https://doi.org/
10.1016/ j.engstruct.2018.12.014.

- 362 -

