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Abstract

Blast loads create massive damage and reduce the structure’s strength and stability, leading to internal and external damage.
Due to this damage under extreme loads, efforts have been made to improve methods of structural analysis and design to
resist blast loads. The research mainly focuses on the effect of surface blast on low-rise and high-rise buildings. In this study,
five buildings with the same plan configuration are considered and designed according to Indian Standards. These buildings
are modelled in SAP2000 software. The displacement responses are represented in terms of nonlinear time histories for
different charge weights and standoff distances. Strengthening measures can be done to minimize the dynamic effect of the
building due to blast loading. The responses significantly change at lower standoff distances for high-rise buildings and the
same for standoff distances greater than 10 m. No significant effect is observed on the response of building between single

and double bracings.
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Introduction

Nowadays, many countries are facing a severe problem, i.e.
terrorism. These threats are becoming more common and
are very difficult to identify. These are man-made disasters
or tragic accidents, and they can range from household gas
explosion to nuclear explosion. Man-made hazards are dif-
ferent from natural hazards such as earthquakes, floods, and
hurricanes. The major terrorist attacks are with the explo-
sion, or impact or both. A bomb explosion within or around
a building can lead to severe building damages and depends
on building layout, the material used, charge weight, and
standoff distance. The damage of the structure can be
reduced if adequately designed for the extreme dynamic
loads. On the other hand, retrofitting the buildings can be
done to ensure the safety of existing buildings against such
events. The main part of the casualties in the explosions is
due to structural damage.
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After the progressive collapse of the Ronan Point apart-
ment, England, in 1968, structural engineering research
departments worldwide forced to direct their research
towards the progressive failure of high-rise buildings under
abnormal loads. So many guidelines, standards, and criteria
were developed by different government and private agen-
cies in the world [1-4]. These guidelines and criteria would
not have been efficient to prevent the progressive collapse in
recent terrorist attacks if the target buildings were designed
and built for the above guidelines and standards. It is highly
expensive to design each element of high-rise buildings to
withstand an unexpected abnormal load. These guidelines
and criteria may help to prevent progressive collapse for
expected, possible and probable threats on structures. The
structures designed for regular design codes can withstand
to some extent of extreme loads and then lead to collapse.
Over 2000 fatalities happened due to bomb blasts in the
last two decades in India. From Fig. 1, more casualties are
observed due to notable bomb blasts that occurred in the
2002 Akshardham temple (Gujarat) blast, 2006 Mumbai
train blast, and 2008 Hyderabad blast.

A numerical study was done on the internal explosion
of a reinforced concrete (RC) building [6]. A new method
was proposed to evaluate the blast response of the build-
ing. However, the proposed method was time-consuming to

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41062-021-00585-y&domain=pdf

223 Page 2 of 20

Innovative Infrastructure Solutions (2021) 6:223

500

400 | 1

300 |- @ 1

200 + 8

Number of casualties

100 + 1

AINIRTRITN

2000 2005 2010 2015 2020

Year

Fig.1 Statistics of casualties in India due to bomb blasts since
2000 (Source: National Consortium for the Study of Terrorism and
Responses to Terrorism, Global Terrorism Database, Univ. of Mary-
land [5]) Note: The foundation is assumed to be fixed at ground sur-
face level

calculate the response of the multi-storeyed building. Ductile
detailing of framed members reduces displacement response
due to extreme loadings such as blast and progressive col-
lapse [7]. Interaction diagrams were developed between fire
and explosion for steel-framed structures. The study was not
concentrated on concrete-encased steel columns, as these
columns are generally used in multi-storeyed structures [8].
A two-step approach was presented to the building to iden-
tify local damage elements due to blast loading [9]. A two-
dimensional RC frame was analysed using nonlinear dynam-
ics analysis software LS-DYNA to study the response due
to blast loading over the building’s height. It was concluded
that the blast pressure would negatively affect the lower
floors of the building proportionate to the charge weight and
standoff distance [10].

Nonlinear dynamic analysis was done on a steel building.
The study investigated that modelling parameters affect the
progressive collapse of the building [11]. A new method
was developed considering both the nonzero initial condition

and existing damage in structural members for the progres-
sive collapse of RC frames [12]. A study was conducted
on the structural collapse behaviour using the applied ele-
ment method (AEM). Different structures have been ana-
lysed for earthquake ground motion and blast loading [13].
Various empirical equations were reviewed to compute the
blast wave parameter proposed by several researchers [14].
The nature of blast load is different from seismic loads. A
comparative study has been done between earthquake loads
and blast loads on a ten-storeyed building. It was concluded
that the inter-storey drifts resulted from blast loads were
significantly higher than earthquake loads [15]. A building
subjected to blast load was studied due to the removal of col-
umns and the position of shear walls [16]. A methodology
was improved to determine the probabilistic damage of steel
columns due to blast loads. It was found that fixed supports
have severe damage compared to pinned supports, consider-
ing flexural mode [17]. The effect of masonry infill walls on
the response of RC frames was studied under progressive
scenario [18]. A parametric study was done to find out the
blast responses of different buildings. It was concluded that
the blast responses are governed by the air pressure effect
and ground shock effect for low-rise buildings and high-rise
buildings, respectively [19]. Retrofitting techniques using
FRP and polyurea have been proved efficient in blast mitiga-
tion [20]. A study has been done on structural wall of struc-
ture to mitigate blast effect. It was observed that increasing
the thickness of the walls decreases the impulse applied on
four sides of the wall. Reinforcing the walls has an insignifi-
cant effect on the deflection of the walls [21].

Very few studies have been carried out on the effect of
a surface blast on structures. The dynamic effects of an RC
building due to various blast loads have not been addressed
for retrofitting buildings, which can minimize the damage of
the building. The present study focuses on the above prob-
lem and considers G+2, G+5, G+7, G+ 10, and G+ 15
storeyed building subjected to surface blasting with a charge
weight of 10 kg, 20 kg, and 30 kg, where ‘G’ stands for
ground level, and ‘number’ denotes the number of storeys
above ground level. These charge weights are placed at a

Table 1 Building properties Parameter

G+2 building G+5 building G+7 building G+ 10 building G+ 15 building

Material properties

Grade of concrete M,
Grade of steel Feys
Poisson’s ratio (v) 0.30

Geometry properties
Size of beam (mm)
Size of column (mm)
Thickness of slab (mm) 150
Dynamic properties

Fundamental period (s) 0.40

250400
400x 400

Mas M,s Mys Mas

Feys Feys Fey)s Fey)s
0.30 0.30 0.30 0.30
250400 250400 250% 400 250% 400
400400 400400 400x400 400400
150 150 150 150

0.82 1.10 1.54 2.27
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Fig.2 Elevation of G+2,
G+5,G+7,G+10,and G+15
storeyed buildings used in the
analysis. Note: The foundation
is assumed to be fixed at ground

surface level 15 m
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Fig. 3 Building details considered in the analysis a plan, b column reinforcement detailing, and ¢ beam reinforcement detailing
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Fig.4 Blast characteristics: overpressure time history with critical blast parameters
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Fig.6 Blast loads that act on each storey of G+ 7 storey building for various charge weights and standoff distances

standoff distance ranges from 10 to 50 m with an interval
of 10 m. The effect of standoff distance and charge weight
over the height of building cases is expressed in maximum
displacements, inter-storey drifts, and base shear. Later, the
same analysis is carried out for a G+ 7 storeyed building
with a charge weight of 20 kg placed at a distance of 20 m
using strengthening techniques such as jacketing of columns
and bracings.

Numerical modelling of building

Buildings considered in this study are subjected to three
different charge weights ranging from 10 to 30 kg placed
at different standoff distances ranging from 10 to 50 m. A
20 m X 20 m building plan dimension with four bays of equal
dimension and a storey height of 3 m is considered for analy-
sis. The live load acting on the building is assumed to be
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Fig.7 Displacement time histories of G+ 7 storey building along Y

direction subjected to blast of 10 kg and located at 50 m standoff dis-
tance
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3 kN/m? and designed as per Indian Standards [22]. The
geometry, material, and dynamic properties of buildings are
shown in Table 1. The buildings are modelled in the finite
element method (FEM)-based software SAP2000 [23]. The
building’s geometry details and reinforcement details are
shown in Figs. 2 and 3. The foundation reinforcement details
are not considered and are assumed to be fixed at ground sur-
face level. A step-by-step procedure for estimating surface
blast loading that acts on a regular building is summarized
in the next section.

Estimation of surface blast loading

A building of width w, breadth B, and height H is located
at standoff distance R measured from the centre of charge
to the object, and it is subjected to charge weight W (more
precisely mass of explosion expressed in kg); the scaled
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Fig. 8 Maximum displacements at each storey level of G +2 storey building under different charge weights and standoff distances along Y direc-

tion
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tion

distance Z is calculated from Eq. 1 and is expressed in m/
kg3 as [24],

R

The charge weights are taken as 10 kg, 20 kg, and 30 kg
in this analysis. For surface blasts, the equation for the
peak overpressure P.*, initially proposed by Newmark and

Fig.9 Maximum displacements at each storey level of G+ 5 storey building under different charge weights and standoff distances along Y direc-

Hansen in 1961 [25]. Later Kadid et al., 2012; Vijayara-
ghavan et al., 2012 modified the analysis [26, 27]. The P,*
is calculated as,

P =0.6784% 102941/ W @

The peak overpressure has the unit of megapascals (MPa).
On the other hand, the P;r can obtain from unified facilities
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Fig. 10 Maximum displacements at each storey level of G+ 7 storey building under different charge weights and standoff distances along Y

direction

criteria [28]. The coefficient of reflected overpressure (C,),
reflected overpressure (P,), and arrival time of the wave (z,)
are calculated as follows [29-31].

C, = 03P

©)

P, = CP* @)
8.534 _

== 7099 )

[

@ Springer

The units for P,*, P, are in MPa. For a surface burst, t, is
expressed in milliseconds (ms). The parameter a, is the speed
of sound in air 340 m/sec.

The negative pressure P~ (in kPa) located below atmos-
pheric pressure in the negative phase of the blast is given by,

35
Pr=—=;Z>1.
} 7 > 1.6 6)
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Fig. 11 Maximum displacements at each storey level of G+ 10 storey building under different charge weights and standoff distances along Y

direction

The initial pressure reduction can be assumed as a triangu-
lar pressure impulse in this analysis. The positive and negative
phase duration for the surface blast is expressed as [25],

2i

+_ 1/3). - _ s

fy = 10w 15 = = ™)
s

where i, is the total negative impulse that is equal to the

area under the negative pressure—time curve. The total

positive and negative phase duration of blast overpressure
is expressed in milliseconds (ms). The negative peak pres-
sure is considered as 0.25 times of 7,”. A schematic diagram
representing blast parameters is shown in Fig. 4.

The parameters P,*, P, P, ,, 1,7, and t,” are calculated
from either curve suggested by unified facilities criteria or
from Egs. 2, 3, 4, 5, 6, and 7. The above parameters are cal-
culated for all cases considered in this analysis are shown in
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Fig. 12 Maximum displacements at each storey level of G+ 15 storey building under different charge weights and standoff distances along Y

direction

Appendix. The positive and negative pressure time histories
are plotted against time. The blast load is calculated as the
product of blast pressure and a portion of the area where the
blast is subjected to. It is applied at each storey level to get the
displacement response of the building. The blast load time
histories against time for a G+ 7 storey building as shown in
Fig. 5, and peak values are plotted as shown in Fig. 6.
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Discussion

A nonlinear dynamic analysis is done for the buildings
mentioned above with the variation of standoff distances
and charge weights. The results are discussed in terms of
maximum displacement response, inter-storey drift, and base
shear of each building case.
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Fig. 13 Maximum displacement ratios of each building case with respect to charge weight 10 kg. a Charge weight W—20 kg and (b) charge weight W—30 kg

Effect of charge weight

Figure 7 represents the displacement response of G + 7 sto-
rey building along Y direction subjected to blast of 10 kg
and located at 50 m standoff distance. A plot of maximum
displacement response of buildings with a variation of stand-
off distance due to different charge weights can be seen from
Figs. 8,9, 10, 11, and 12. It is observed that the pattern of
maximum displacement responses is similar to that of charge
weight. As the charge weight of blast increases, the displace-
ment responses of the building increase. On the other hand,
it decreases with standoff distance. A three-dimensional plot
is drawn between maximum displacement ratio and standoff
distance shown in Fig. 13. It is defined as the ratio between
maximum displacement of building subjected to charge
weight W—20 kg or W—30 kg and W—10 kg. At lower
standoff distance, the maximum displacement ratio amplifies
1.5 and 1.523 times that of 20 kg and 30 kg charge weights,
respectively. At higher standoff distance, the displacement
ratio amplifies 1.5 times that of 20 kg and 30 kg charge wei
ghts.

Similarly, the responses significantly reduce as the stand-
off distance increases. The maximum displacement at the top
floor of a G+ 7 building subjected to 10 kg charge weight of
blast is around 1.5, and 1.52 times that of 20 kg, and 30 kg
charge weights of the same building at lower standoff dis-
tance. Figures 14, 15, 16, 17, and 18 show the inter-storey
drift of all buildings subjected to blast load with various
standoff distances. Figure 19 presents the base shear of all
buildings subjected to different blast loads and standoff dis-
tances. For G+2, G+5, and G+ 7 storey buildings located
at R=10 m, the base shear is increased to 1.7 times and
2.4 times with charge weight from 10 to 20 kg and 30 kg,
respectively. For the same buildings, it is increased to 1.4
times and 2.0 times at R=50 m. A linear decrease in base
shear is observed with an increase in charge weight.

Effect of standoff distance

Figure 13 represents the maximum displacement ratios of
each building case considering charge weight 10 kg. The
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Fig. 14 Inter-storey drifts of G+ 2 storey building under different charge weights and standoff distances

maximum displacement at the top floor of any building case
subjected to 10 kg charge weight of blast is around 1.5, and
2.5 times that of 20 kg, and 30 kg charge weights of the
same building at 10 m as standoff distance. A sharp decrease
in maximum displacement response is observed with the
standoff distance in the vicinity of the building. After that,
a slight reduction in response is observed with an increase in
standoff distance. The inter-storey drift also follows a similar
trend as that of maximum displacement response. As the
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building height increases, the top displacement of the build-
ing at R=10 m is twice at R=20 m. The top displacement
is significantly more at the proximity of blast, and it reduces
as the standoff distance increases. The base shear also fol-
lows a similar trend as that of maximum displacement with
standoff distance.
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Fig. 15 Inter-storey drifts of G+ 5 storey building under different charge weights and standoft distances

Effect of positive and negative wave pressure

A plot has been drawn on the maximum displacement response
between positive wave pressure and negative wave pressure for
a G+7 storey building in Fig. 20. It is observed that negative
wave pressure has a minimum effect on the peak response at
lower storey levels. A significant effect is observed at higher
storey levels when compared with positive wave pressure.
Hence, it is suggested to include negative wave pressure to
calculate blast load for high-rise buildings.

Validation

The displacement time history responses of a building are
validated with AEM. The objective of the subsection is to
check the correctness of displacement time history results
of the building from FEM and AEM due to blast loads. For
this purpose, a single bay single-storey frame is selected
subjected to 500 kg TNT charge weight and located at 10 m
standoff distance. The building is modelled in FEM-based
software SAP2000. Harinath Babu modelled the building
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Fig. 16 Inter-storey drifts of G+ 7 storey building under different charge weights and standoff distances

frame in AEM to understand the behaviour of frame sub-
jected to blast load [13]. A summary of AEM is described
and is as follows. AEM is a numerical method and capable
of following structural behaviour starting from linear static
analysis, crack propagation in nonlinear analysis, separa-
tion of elements in contact analysis, and even collapse of
structure [32]. In this method, the adjacent elements are con-
nected with normal and shear springs representing internal

@ Springer

deformations, stresses, and strains. It is assumed that the
motion of elements is like a rigid body motion.

The blast loads are calculated according to Technical
Manual 5-1300 by United States of America, Department
of Army [33]. The blast loads obtained from calculations are
916 kN and 683 kN that act on the ground floor and at+3 m
levels. A comparison is made between displacement time
histories of the frame using FEM and AEM. The displace-
ment time histories from both analyses are shown in Fig. 21.
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Fig. 17 Inter-storey drifts of G+ 10 storey building under different charge weights and standoff distances

It is observed that the maximum displacement of the build-
ing obtained from FEM and AEM is 0.173 m and 0.142 m,
respectively. The nonlinear material models used in FEM
and AEM are the Takeda model and Okamura—Maekawa
model [34]. The same displacement response is observed
from both analyses till 1.53 s. After that, the displacement
response of frame changes due to different material models
used from both analyses.

Strengthening of building

Strengthening of buildings can be done to reduce the dis-
placement response of building due to blast loads. It is
defined as reconstructing any part of the building to achieve
the higher strength of an existing building. Strengthening
can be done in two ways, i.e. local and global. The current
analysis considers two techniques to improve lateral resist-
ance capacity of the building, namely, i) jacketing and ii)
providing bracings [35]. These bracings are provided along
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Y-axis as shown in Fig. 22. In this analysis, a G+ 7 storey
building located at 20 m standoff distance subjected to 20 kg
charge weight. The effect of jacketing and bracings on the
overall response of building due to blast load is described
below.

Effect of jacketing

Jacketing of columns improves axial and shear strength of
column, and it is done through an increase in column cross
section. The analysis considers various cross sections rang-
ing from 0.4 mx 0.4 m to 0.6 m X 0.6 m with an interval of
0.1 mx 0.1 m. These cross sections are denoted as 0.4LJ,
0.5LJ, and 0.6LJ, and LJ stands for Local Jacketing. The
blast loads are applied along the Y-axis (perpendicular to the
wall direction), as shown in Fig. 22. Maximum top displace-
ment of 1.235 m, 0.877 m, 0.747 m are observed with an

Charge Weight (W) - 10 kg

50
—e—R=10m
40 R=20m
—e—R=30m
—_ —e—R=40m
E 30 —e—R=50m
=
20
v 20
I
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Fig. 19 Base shear of building cases: a G+2 storey, b G+5 storey, »
¢ G+7 storey, d G+ 10 storey, and e G+ 15 storey under different
charge weights and standoff distances

increase in column cross section. The top displacements of
0.4LJ are reduced to 40.8% and 65.3% for 0.5LJ and 0.6LJ.

Effect of addition of bracings

The analysis considers single and double diagonal brac-
ings at the bottom storey of a G+ 7 storeyed building.
Various cross sections of bracings are used, ranging from
0.1 mx0.1 m to 0.3 mx0.3 m at an interval of 0.1 m. The
displacement responses are calculated at each floor, and
the responses are compared with the open ground storey.
A maximum top displacement of 1.297 m is observed for
open storey building and building with bracings, as shown
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Fig. 18 Inter-storey drifts of G+ 15 storey building under different charge weights and standoff distances
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Fig.20 Effect of positive and negative wave pressure on the maxi-
mum displacement response of G + 7 storey building

in Fig. 22. No significant change in displacement response
is observed with the addition of bracings and cross section
of bracings.

Conclusions
A study has been done on RC buildings of different heights

subjected to various surface blast loads and standoff dis-
tances. The analysis considered five RC buildings with the
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same plan configuration and various heights. The selected
buildings were modelled in standard FEM SAP2000 soft-
ware and located at standoff distances ranging from 10 to
50 m subjected to charge weight ranging from 10 to 30 kg.
The results were discussed in terms of maximum displace-
ments, storey drifts, and base shear. Further, the analysis
was carried out to mitigate the effect of blast response
using strengthening techniques, i.e. jacketing of columns
and addition of bracings with various dimensions.

e The maximum storey displacements, inter-storey drifts,
and base shears were significantly varied at R <30 m
and significant variation was observed beyond 30 m for
low-rise buildings. On the other hand, the displacement
responses were significantly changed at a lower stand-
off distance (R =10 m) for high-rise buildings, and the
responses were the same for standoff distance greater
than 10 m.

e The base shear was increased to 1.7-2.5 times with
an increase in charge weight at R=10 m for low-rise
buildings.

e No significant effect was observed on the response
of building between single and double bracings. The
behaviour of buildings under air blast was not consid-
ered in this study and will be considered for the future

work.
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Fig.21 Comparison of displacement time histories between AEM and FEM due to blast loads: a blast loads and b displacement time history
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