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Abstract

With the increasing threat of terrorism and the rapid development of tech-
nology, the probability of accidental explosions such as incident blasts, mine
explosions and terrorist attacks has increased. So, protecting important
structures against terroristic attacks is a very important topic as terrorist at-
tacks have increased and developed a lot these days especially using blast
loads. This study is Carried out to cover the historical background and exten-
sive literature review of the available previous research works focusing on the
blast environment characteristics, fundamentals of blast loading and descrip-
tion of the methods used to predict blast loadings. Moreover, the research al-
so covers a literature review on the response of structures subjected to blast
loads and material behavior considering high strain rates. Hence blast loading
effects can be predicted and utilized in improving the design of important
structures.

Keywords
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1. Introduction

Structural buildings can be exposed to blast loadings including accidental gas
explosions or terrorist attacks during their service life, which might cause heavy
human and economic losses. Over the last several decades, there has been great
interest shown by the military and other governmental agencies in designing
structures to withstand blast loadings. A variety of protective techniques are de-
veloped against increasing accidental explosions and terrorist attacks [1] [2].

The entire chain involved in the design and construction of structures has

shown keen interest in the performance assessment of existing as well as new ci-
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vilian structures when subjected to blast loading due to the increase in the num-
ber of intentional and accidental blast events throughout the world.

Blast events produce short-duration high-magnitude loadings which can
greatly influence structural blast response. When compared to conventional
loads, the frequencies of explosive loads are usually much higher. The action ap-
plied to a structural member when subjected to an explosive detonation is in the
form of an impact shock wave. The parameters that define the shock wave are
the reflected pressure and the duration of the positive phase. The time integral of
the reflected pressure over the duration of the positive phase is known as the re-
flected impulse. Public buildings, such as railway stations, embassies and air-
ports, should be designed to ensure as much safety of the occupants as possible.
Furthermore, counter-measures need to be taken to reduce the severity of the
explosion; indirect means such as using blast barriers to protect important infra-
structures and people inside them are widely used [3] [4] [5]. Therefore, there is
an urgent need to directly enhance the blast resistance of important structures
by using new structural types or new materials.

Newly developed mobile and lightweight materials such as aluminum foam
are very attractive for use as protective layers in many applications because they
have lightweight, are cheaper, and have greater energy absorption capacities
than traditional technologies [6] [7] [8] [9] [10].

The metallic foam consists of a matrix of aluminum filled with pockets of air.
Because of its long, plastic plateau in compression, metallic foam allows high
energy absorption at a nearly constant stress level, making it an ideal material
for mitigating the effects of explosive loads on a structural system [11] [12].

Metallic sandwich structures are widely used in various fields, such as aero-
space, marine and railway systems because using metallic structures provides
low density, high strength and good energy absorbing capability [13] [14]. When
an explosion occurs near a foam-cladded reinforced concrete member, the foam
layer compresses and absorbs a large amount of energy and offers protection for
the members against blast loads [15].

Another means of protecting important structures against the intensive pres-
sure of the explosions which causes critical damage to the nearby buildings and
human beings in the perimeter of the explosion [4] [16] [17] is using different
sizes and shapes of Barriers to diffract the blast wave, leaving behind it a com-
plex flow field that changes the load exerted on the target [9] [10] [18] [19].
Numerous researchers have studied the effects of shock waves on different geo-
metric configurations theoretically, numerically and experimentally [20]-[27].

Ordinary concrete, which is one of the most widely used construction mate-
rials, is well-known to be unsuitable to be used for protection against extreme
loading such as blast loading because of its poor energy absorption capacity,
poor tensile strength and brittle nature. Several methods have been introduced
by many researchers, including the addition of discontinuous fibers [28] [29]
[30], the use of continuous textile reinforcements to overcome the drawbacks of

ordinary concrete [31] [32].
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Although high-strength concrete (HSC) and high-performance concrete
(HPC) are generally used in military and civil constructions to withstand blast
and impact loads, they still lack sufficient strength under a high loading rate.
Therefore, there is a growing demand for new construction materials with supe-
rior performance to withstand such extreme loading conditions.

Ultra-high performance concrete (UHPC) is a promising construction newly
developed material that contains fibers, a low water-binder ratio and a high mi-
cro-silica content with the replacement of coarse aggregate with fine aggregate
[33]. Compared with conventional concretes, UHPC is known for its outstand-
ing strength, toughness, durability, ductility, serviceability and safety [34] [35]
[36] [37] [38], so these characteristics enable it to withstand high-strain loads
such as impact and blast loading.

When an explosion is in close range or contact with a concrete structure, the
surface facing the detonation experiences compression and may fail under high
compressive force and generate cratering. While the distant face experiences
tensile forces when the compressive shock wave propagates in the structure and
interacts with the free surface, it reflects and converts to a tensile wave. Due to
the low tensile resistance of concrete, if the net stress exceeds concrete dynamic
tensile strength cracks will be formed. Furthermore, if the trapped impulse is
large enough to overcome the resistant forces such as the bond, and shear
around the perimeter of the cracked portion, the cracked-off parts will displace
from the backside of the structure.

When a single isolated building is loaded by the blast wave produced by the
detonation of a quantity of high explosives, calculation of the pressure-time his-
tory experienced by the building is generally relatively straightforward, particu-
larly for the side of the building directly facing the blast. However, if the geome-
try of the scenario becomes more complex (e.g. when an explosive device is de-
tonated in an urban environment where there are many buildings), assessment
of the loading experienced by a particular building becomes more difficult. Such
assessment becomes even more complicated should the facades of some build-
ings partly or completely fail, allowing the blast to enter the building.

This paper aims to explain the different properties of the explosion process
and summarize the different approaches to predict the different effects of blast
loads especially on structures and also illustrate the response of structures to
these loads.

2. Explosion and Blast Phenomenon
2.1. Explosion

Explosion is defined as a very rapid release of a large amount of energy within a
limited space [39]. An explosion is typically categorized as a nuclear, physical or
chemical event. Eruptions of a volcano, catastrophic failure of pressure vessels or
violent mixing of liquids at different temperatures are considered physical ex-

plosions. The energy released from the formation of different atomic nuclei
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during the redistribution of protons and neutrons within different interacting

atomic nuclei forms an explosion. Most practical explosives in a solid or liquid

state are also known as condensed explosives [39].

When an explosion initiates in air the following sequence of events happens

[39] [40]:

e High temperature and pressure are released from the center of explosion.

e Gas expands violently and high pressure released pushes surrounding air out
of the volume that it occupies.

e Most of the energy released by the explosive is transmitted to the air pushed
out (now in a compressed state) and forms a blast wave in front of the gas
from the explosive reaction.

e The blast wave moves outward from the source of explosion and air pressure
at the blast wave decays with distance.

e The air pressure drops and falls below atmospheric pressure before it return
to a state of equilibrium where there is no gas or air being pushed away from

the source.

2.2. Blast Loads

Blast loads can be classified into confined and unconfined explosions. Confined
explosions occur when the blast initiates inside a structure and the shock load
initiated from the explosion is amplified with reflections of the internal surfaces.
When the explosive is detonated in an open source and the blast waves propa-
gate away from the source towards the structure, this is considered an uncon-
fined explosion. Unconfined explosions can be classified into three types: free air
burst explosions, air burst explosions, and surface burst explosions. This classi-
fication is based on their locations relative to the surrounding surfaces [41].
Calculating TNT equivalence, written as ( Winrw), is the first step in the quan-
tification of blast waves. When determining the blast wave parameters generated
by an explosive other than TNT, the initial step is to convert the mass of the ex-
plosive to an equivalent mass of TNT. For calculating the equivalent mass of
TNT ( Wrnrep the mass of the explosive (W) is scaled by a conversion factor that

is based on its specific energy (Q.) and the specific energy of TNT(Qzwz) [40]:
WTNTeq = (Qe /QTNT )We (1.1)

A list of conventional explosives used in military and commercial applications
can be seen in Table 1, along with values for mass specific energy and the TNT

equivalent.

2.3. Prediction of Blast Parameters

The parameters of the blast wave in a free air burst explosion are important for
characterizing the loads that will be used to design a structure. Figure 1 illus-
trates the free air burst wave front. Numerical analysis by Brode [43] produced
the relationships (i.e. Equations (1.2) and (1.3)) between peak side-on overpres-

sure, P, and scaled distance ~Z.
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Table 1. Conversion factor for explosives [42].

. Mass Specific Energy TNT Equivalent
Explosive
P Q. (K/kg) (QJ Qmir)
TNT 4520 1.00
C4 - 1.19 - 1.37
Nitroglycerin dynamite 2710 0.60
Comp-B 5190 1.15
Semtex 5660 1.25
RDX 5360 1.19
ANFO 3930 0.87
_— Angle of incidencey a
Slant distance, R +~—_| ,/J‘\“\ w //
) , A~ =Tk, Normaldistance, R,
Path of sheck propagatlon 4 r~L I
to point Other than P b o= =
the normal fpoint NN : —— Path off'shoCk propdgation
N = normal to surface /
i _
1Horizontal ' | _Qhelter
i distance ! j=—
1 ! _~ Ground surface
1 ! g
) ; ¥
Figure 1. Free air burst wave front [44].
6.7
Ps, :Z_+1 ( >10 bar) (1.2)
0.975 1. 445 5.85
Po=—"3+t—=3 -0.019 (0.1bar <P, <10 bar) (1.3)
Z YA Z
The scaled distance (2) is given by:
R,
z- (1.4)

where, R. is the distance from the center of the charge (spherical) and Wis the
TNT equivalent charge weight (W, ) defined by Equation (1.1).

Newmark and Hansen [45] introduced Equation (1.5) to calculate the maxi-
mum blast pressure (P,), in bars, for a high explosive charge detonates at the

ground surface as:
= 67847 +93( jz (1.5)

Another expression of the peak overpressure in KPa was introduced by Mills
[46], given in Equation (1.6), in which (W) is expressed as the equivalent charge
weight in kilograms of TNT, and Zis the scaled distance:
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A typical pressure-time history plot for a blast wave in air is shown in Figure
2. At the time of arrival (£,), the rise from ambient pressure (2,) to the incident
overpressure (P,,) is assumed to be instantaneous. The pressure decays to a
minimum under pressure ( P, ) before returning ambient conditions. The dura-
tion of the positive phase (#,) occurs in the time span where the pressure remains
greater than ambient. The pressure remains decaying until it falls below ambient
pressure, during the negative phase duration (¢,). The exponential pressure de-

cay was described using the Friedlander equation [39] [40], as:

&)
P(t)=P, [1—ije o (17)
t0
where bis the waveform parameter.
Another parameter important to the analysis of blast waves is specific impulse
(4;), which is the area under the positive phase of the pressure-time curve and

this is defined using:
s tp
=R (t)dt (1.8)

For simplified analysis, the decay may be approximated as linear from ¢, to z,

the impulse may be written as:

1t P. (1.9)

is :E p'so
The duration of the blast wave profile when the pressure dips below than am-
bient pressure is called the negative phase. According to Brode [40], the mini-

mum under pressure, P, of the negative phase can be determined utilizing:

0.35
P, =———(bar) (1.10)
z
where the pressure is in bar and the scaled distance is greater than 1.6. The im-
pulse of the negative phase is denoted i~ and can be calculated using:
A
pSO—-
(o1
&
=
2
2
Ay
iS
b, >
_ tﬂ tMn
P, +

Time, t

Figure 2. Pressure-time history for blast wave in free air [47].
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. 1
I~ = {1—5} (1.11)

The parameters of the negative phase are often unimportant in the design of
structural components because the positive phase pressures and impulses for
threats of interest are significantly higher and have a more significant effect on
the structure response. Other important parameters of the blast wave are the
shock front velocity (U) the wave length of the positive phase (L), reflected
pressure (2,), and reflected impulse (Z,).

Graphical methods are convenient for determining the blast wave parameters
described above. Several references such as TM-5 [44], provide plots of the dif-
ferent parameters for a free air burst (Y-axis) versus the scaled distance (X-axis)
as plotted in Figure 3, where this figure can be used to determine the different
blast wave parameters in the free air during the positive phase only using the
scaled distance.

The magnitude of the reflected pressure (2, and impulse () will be greater
than the over peak pressure and impulse. This enhancement occurs because in
addition to the potential energy stored as a pressure differential in the blast
wave, the air particles that comprise the blast wave have velocity and thus, ki-
netic energy. In the case when the wave encounters an infinitely large rigid wall
wherein the particles are brought to rest and are compressed at the surface re-

sulting in an increase in pressure [47]. An idealized pressure-time history on a

1E+6
Pr, psi
w— = P50, psi
1E+5 wesesssses Ir, psi-ms/lb'?
s = == |5 psi-ms/Ib”
w— =t ms/Ib13
10000 \. o o= 10 ms/Ib3
- U, ft/ms
\ >
Q\ e W, /1613
o 1000
=
)
>
2 100
]
a
2
a
= 10
.2
v
2
A 10
—"" i
— .
0.1 ~
B
»”
0.01 -
0.001
0.1 1.0 10 100

Scaled Distance Z = R/W'?

Figure 3. Positive phase free air burst blast wave parameters vs. scaled distance [44].
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structure is shown in Figure 4, denoting the incident overpressure (7;) and the
reflected blast wave overpressure (2,).
When the angle of incidence is zero the peak reflected pressure (7,) can be

calculated by the Rankine-Hugoniot prediction [39] using:
P =2P, +(7+1)q, (1.12)

where, y is the specific heat ratio of a real gas and ¢, is the dynamic pressure
which can be determined using:

G =%psusz (1.13)

where, p; is the density of the air, and u; is the particle velocity behind the wave

front. The particle velocity (u;) can be computed utilizing:

1
P P |2
u, :&{1{&}_5} (1.14)
7R 2y IR,
where, a, is the speed of sound at ambient conditions. Substitutions of Equations
(1.12) and (1.13) into (1.14) gives:

7P +4P
p=2p| ot (1.15)
7P.+P

When y = 1.4 for air. The reflected pressure will be twice the incident side-on
pressure for the case when 2, is small relative to 7, ; which arises when the ex-
plosion is small and at long range. The reflected pulse can be as much as eight
times the incident side-on pressure for the case when the P, is large compared to
P, which arises when the charge is large and close in. It should be noted that
these equations are only applicable when Z is greater than 0.134 ft/Ib"* (0.053
m/kg'®) which represents the radius of a spherical TNT explosive and the sur-

face of the explosive [39].

/A

P+

Reflected overpressure
Incident overpressure

S
1
+

Pressure, p

Time, t

Figure 4. Pressure-time history of reflected airburst [47].
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2.4. Methods for Prediction of Blast Effects

The following methods are available for prediction of blast effects on building
structures:

1) Empirical methods are related to experimental data. Most of these ap-
proaches are limited by the extent of the underlying experimental database. The
accuracy of all empirical equations diminishes as the explosive event becomes
increasingly near field [48].

2) Semi-empirical methods are based on simplified models of physical phe-
nomena. The attempt is to model the underlying important physical processes in
a simplified way. These methods depend on more extensive data and case study
than that of empirical methods. Thus, the predictive accuracy is generally better
than that provided by the empirical methods [48].

3) Numerical (or first-principle) methods are based on mathematical equa-
tions that describe the basic laws of physics governing a problem. These prin-
ciples include conservation of mass, momentum, and energy. In addition, the
physical behavior of material is described by constitutive relationships. These
models are commonly termed computational fluid dynamics (CFD) models
[48].

There are other attempts to predict the blast effects, among them, Khadid [49]
who studied the fully fixed stiffened plates under the effect of blast loads to de-
termine the dynamic response of plates with different stiffener configurations.
This study included the effect of mesh density, time duration and strain rate
sensitivity. The author used the finite element method and the central difference
method for the time integration of the nonlinear equations of motion to obtain
numerical solutions.

Blance et al [50] presented an empirical approach for the external blast load
on structures. The authors used models based on TM5-1300 in pure Lagrange
approach for blast evaluation leads to more precise and conservation load.

Pandey [51] studied the effects of an external explosion on the outer rein-
forced concrete shell of a typical nuclear containment structure. The analysis
was performed using non-linear material models till the ultimate stages. An
analytical procedure for nonlinear analysis by adopting the used model was im-
plemented into a finite element code DYNAIB.

Ngo et al. [52] gave an overview on the analysis and design of structures sub-
jected to blast loads for understanding the blast loads and dynamic response of

various structural elements.

3. Air-Blast Modeling

The shock of the blast wave is generated when the surrounding atmosphere is
subject to an extreme compressive pulse generated outward from the center of
the explosion. Transient pressure greater than ambient pressure is defined as
overpressure. The peak overpressure Ps+ is the maximum value of the over-

pressure at a given location [53].
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3.1. Blast Scaling Law

Characteristics of the blast wave generated in an explosion depend on both the
explosive energy release and the nature of the medium through which the blast
propagates. These characteristics are measured under controlled conditions in
experiments (providing a reference set of explosion data) that can be used to ob-
tain data on other explosions using scaling laws. The most common form of
blast scaling is Hopkison according to ref. [39] or cube root scaling law. This law
states that when two charges of the same explosive and geometry, but of differ-
ent size are detonated in the same atmosphere, the shock waves produced are
similar in nature at the same scaled distances. The scaled distance Z, is defined
as:
z :i,m/kg‘V3 (1.16)
w

where R is the distance from the center of the explosion to a given location and
W is the weight of the explosive. In addition to this, the explosive yield factor A,
is useful in blast scaling. This is defined as:

W
35—

W,

r

A= (1.17)

where W, is the weight of the reference explosion. Thus similar shock effects are

seen at similar scaled distances:

Z=—" = (1.18)

where R, is the distance of the reference explosion, and is related to R through:

R=AR, (1.19)

Scaling can be applied to time parameters. The scaled time 7, for a time £is

defined as:

T = (1.20)

3.2. Blast Wave Reflections

When a blast wave strikes a surface, which is not parallel to its direction of
propagation, a reflection of the blast wave takes place. The reflection can be ei-
ther normal reflection or an oblique reflection. There are two types of oblique
reflection, either regular or Mach reflection; the type of reflection depends on
the incident angle and shock strength [53] [54].

3.2.1. Normal Reflection

A normal reflection takes place when the blast wave hits perpendicular to a sur-
face, as shown in Figure 5. The medium has a particle velocity, U,, before the
incident shock wave, U, passes the medium.

After passage, the particle velocity increases to U, Furthermore, the overpressure
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Incident Shock at M Reflected Shock at M,
py = potPst, Ty, ay py =potPs’, Ty, ay

AU
. I I

Px = po, TX’ ax, szo pr = p0+Pr+, Tr, ar

UL

Figure 5. Normal reflection in air from a rigid wall [54].

increases from Py to P, (P, refers usually to atmospheric overpressure), the tem-
perature increases from 7, to 7, and the sonic speed increases from a, to a, (ayis
approximately 340 m/s in air).

When the blast wave hits a rigid surface, the direction will be shifted rapidly,
and, as a consequence, the particles at the surface possess a velocity relative to
those further from the surface that are still in motion. This relative velocity is
equal in magnitude and opposite in direction to the original particle velocity and
gives the effect of a new shock front moving back through the air; the reflected
shock, U, However, since the air conditions have changed, the reflected shock
will have different properties. The reflected overpressure increases to P, tem-
perature increases to 7, and sonic speed will be a..

For shock waves it is common to describe the velocity as a Mach number,
which is defined as the actual velocity (of the shock front) in the medium di-
vided by the sonic speed of the undisturbed medium. For example, the shock
front will have a velocity with a Mach number A/, into air that had a velocity
with M, at the incident shock. The properties of the reflected blast wave can be
described in terms of a reflection coefficient, defined as the ratio of reflected
overpressure to the overpressure in the incident blast wave. It can be shown that
for an ideal gas with a specific gas constant ratio of 1.4, the reflection coefficient
C,is, according to ref. [55].

P—P, 8M,+4

C =1t _x= 1.21
" P,-P, M,+5 (121

From Equation (1.21), it can be seen that for a shock front moving with A,
equal to one, Ze. at sonic speed, the reflection coefficient will be two. This means
that the overpressure is twice in the reflected blast wave. With increasing speed
for the shock front, M, the reflection coefficient approaches eight. However,
that is for ideal gas with a specific gas constant ratio of 1.4. In a real blast wave,
the specific gas constant ratio is not constant, and the coefficient is pres-

sure-dependent; the reflection coefficient increases with increasing pressure.

3.2.2. Regular Reflection
In a regular reflection the blast wave has an incident shock at A, with an angle
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of f and reflection takes place. The reflected shock at A, has an angle of & as
shown in Figure 6. The angle of reflection is not generally equal to the angle of
incidence. The air conditions in front of the incident shock (region 1) are still
at pressure Py and temperature 7. Behind the incident shock (region 2), the air
conditions are the same as for free air shock, with pressure P, and temperature
T, The air conditions from the reflected shock (region 3), have the pressure 7,

and temperature 7.

3.2.3. Mach Stem Formation

There is a critical angle that depends on the shock strength, where an oblique
reflection cannot occur. According to Baker [54], Ernst Mach showed that the
incident shock and the reflected shock coalesce to form a third shock front. The
created shock front is termed the Mach stem or Mach front, which is moving
approximately parallel to the ground surface, as shown in Figure 7, with in-
creasing height of the shock front. The point where the three shock fronts meets

is termed the triple point.

3.3. Prediction of Blast Wave Characteristics

3.3.1. Peak Overpressure Prediction

The most destructive effect of a blast wave is generally characterized by the peak
overpressure. The magnitude of the peak overpressures is a function primarily of
the weapon vyield, the height of burst, and the distance from the burst. There are
several sets of overpressure equations developed using both numerical and expe-

rimental techniques [56]. The Brode equations are:

670

P, :?+100[KPa] for P, >1000 KPa (1.22)
P =9;—'5+1‘;$+%—1.9[Kpa] for 10<P, <1000 KPa  (1.23)

Reflected Shock at Incident Shock at My

O
O o O

pr Px
A

Figure 6. Oblique reflection [54].

Reflected Shock Incident Shock

Triple point
Y >
.. ..’

Mach stem

Figure 7. Mach stem formation [8].
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The equations presented by Henrych divide the analysis into three fields, a
near middle and far field:

1407.2 554 35.7 0625

P = T.|. 7 23 [KPa] (for 5<Z <30) (1.24)

p - 619.4 3226 2132[Kpa] (for 30<Z <100) (1.25)
Z Z z°

p - 6‘;2+4Z°f’ 3288[Kpa] (for 100<Z <1000) (1.26)

where Zis the scaled distance and is determined from Equation (1.16).

The Brode equations give good correspondence to experimental peak over-
pressure results in the middle and far field, but not in the near field. The He-
nrych equations give good correspondence in the near and far fields, but not in
the middle field.

The peak overpressure P, (in psi) of nuclear explosion, according to [57] giv-

en:

10.47 b(z)+ d(z)-

€
P(r.z)= + +h(z,r, (1.27)
( ) ra(z) I,c(z) 1+ f (Z) a(z) ( y)

where:

3.908z
1+810.27°

a(z)=1.22-

6.195z°  0.03831z" . 0.6692
1+1.113z® 1+0.024157Y 1+41647°

b(z)=2321+

1.149z° 1.1
1+1.6412% 1+2.7712%°

c(z)=4.153-

25.767"" N 8.257z
1+1.382z"%  1+3.219z

d(z)=-4.166+

0.0046422'°
1+0.0038867*°

e(z)=1-

2.8797°*  17.157°
1+2.3597*% 1+71.662°

9(z)=1.83+

f(z)=0.6096 +

5.361z2
1+0.3139z°

and

—(64.672° +0.2905) 13807 8.8087%5
1+441.57°  1+49.037° +1+154.523'5
N 0.0014r?
(1-0.158r +0.0486r"° +0.00128r° (1+ 2y)

h(z,r,y)=

where x is the scaled ground range, and y is the scaled height of burst,

r=4yx*+y’ inkft/kt>and z=y/x.
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If x;, yand rare in km/kt'?, the peak overpressure 2 (in kPa) is

1047 b(z) . d(z)-e(z)

P(r.z)=p - = - +h(z,r,y)|,kPa (1.28)
(2) (ar)®  (ar)® 1+ f(2)(ar)? (z1y)
In which
—(64.6725 + 0.2905) 1.3897 8.8087°
h(z,r,y): 1 5 - 5+ 35
+441.5z7 1+49.03z> 1+154.5z
0.0014(ar )’

+
(1-0158(ar)+0.0486(ar)'* +0.00128(ar )’ (1+2)

a=(0.3048)7", (kft - km), B= (100/14.504), (kPa).

The above expressions are appropriate for calculation of peak overpressures
over a range from 1 to 10,000 psi (7 kPa to 70 MPa), and for a reference weapon
yield (1 kt or 1 Mt), and can be determined for other yields by scaling law.

The duration of the positive phase, #, is a function the total energy yield of the

explosion. Typical value of # for high explosives can be found from [58].

¢ 980(L+(2/0.54)" )

0= - : — (1.29)
W 14 (2/002)" |1+ (z/0.74)" |14 (2/6.9)° |
where £ in milliseconds and zin m/kg"?.
For nuclear explosions:
y2
180(1+(z/100)’
L _ ( ( ) ) (1.30)

1/6

w [1+(2/40)"* |[1+(2/285)" || 1+ (7/50000)’ |
where # in seconds and zin m/kt'?.

3.3.2. Dynamic Overpressure Prediction

In many cases, depending on the structure geometry’s, the strong transient
winds behind the shock front can be of greater significance. These drag forces
are a function of the size and shape of the structure [55] and the peak value of
the dynamic pressure resulted from the wind behind the shock front. To predict
the peak value of dynamic pressure, several wave-front parameters are needed.
These were first identified by Rankine and Hugoniot in 1870 [55] and include Ps,
peak overpressure; p,, static density; and u,, the blast wave front velocity. There
are two possible approaches to determining these parameters: the use of a set of
pre-computed blast curves, Or the use of a set of equations for normal reflec-

tions given P

-1)2
C,P +1\P
u, =—>-2° 1+(7“—J—5 (1.31)
vh 2y, )R
+1)P, +2y, P
0. = Py (7/h ) s T<Vhho (1.32)
(7h _l)Ps +2y,R,
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where G, is the sound speed, P, is the ambient pressure, p is the density of air
and y; is the ratio of specific heat of air.
The peak dynamic pressure, Py is then defined as:

1
Pd :Epsus2 (1'33)

The arrival time of dynamic pressure is considered to be the same as that of
the peak overpressure. The dynamic pressure positive phase duration, #; is ex-

pressed in seconds for 1 megaton surface nuclear burst as:

~ 4 ,_ 0077P,  0.02662P,
1+0.085P, +0.0075P? = 1+0.00042P? ~ 1+0.011P,

t, }W” (1.34)
In which Wis the explosion yield in megatons. Values for other yields can be

obtained by the scaling law.

3.3.3. Reflected Overpressure Prediction

The ratio of reflected to incident overpressures is called the reflection factor,
which is a function of the peak overpressure in the incident wave and the angle
at which the wave strikes the surfaces. When the blast reaches an object at right
angles, or nearly so, the resulting reflection produces a peak-reflected overpres-
sure, P, given by [57] [59] [60]:

P =2P, +(1+y,)P, (1.35)

Considering the ideal gas conditions (y; = 1.4) and substituting for P, from

Equation (1.33), the peak reflected overpressure is expressed as:

E:2+& (1.36)
PR TR

Equation (1.35) is valid for ideal gas when the overpressure, 7, is less than 10
bars. The peak reflected overpressure can approach a value of twice the peak in-
cident overpressure for weak shocks in which the peak dynamic pressure is neg-
ligible, but may approach a value of eight times the peak overpressure for strong
shocks in which the peak dynamic pressure is dominant [53].

It is suggested [53] that one can roughly estimate the reflected impulse, i, if the
side-on impulse is known, by assuming similarity between the time histories of

side-on overpressure and normally reflected overpressure. This assumption gives:

:—':—r (1.37)

The actual positive duration is replaced by a function duration expressed as:
t=2i /P (1.38)

4. Structural Responses to Blast Loading

Studying the response of blast-loaded structures involves the effect of non-linear
inelastic material behavior, high strain rates and the time-dependent deforma-

tions. Such study is very complicated in analyzing the dynamic response of a
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structure [48].

Therefore, to simplify the analysis, a number of assumptions related to the
response of structures and the loads were assumed [48]. A structure is idealized
as a single degree of freedom (SDOF) system to achieve the principles of this
analysis [61]. The elastic SDOF systems and the elasto-plastic SDOF systems are

presented in the following subsections.

4.1. Elastic SDOF System

The simplest discretization of transient problem is achieved by using of the
SDOF approach. The actual structure is replaced by an equivalent system of one
concentrated mass and one weightless spring representing the resistance of the
structure against deformation [48]. Figure 8 illustrates the idealized spring mass
system. The structural mass (M) is under the effect of an external force (K?))
and the structural resistance(XR,,) is expressed in terms of the vertical displace-
ment () and the spring constant (%).

The blast load can be represented as a triangular pulse having a peak force

(F») and positive phase duration (#;). The forcing function can be identified as:

F(t)=F, (1—%} (1.39)

0

The blast impulse is defined as the area under the force-time curve, and is
given by:
1

i= > F.t, (1.40)

The equation of motion of the un-damped elastic SDOF system for a time

ranging from zero to positive phase duration (%), is given by Biggs [62] as:
My + Ky = F, (1-%) (1.41)

where, ¥ isthe acceleration.

Solving this equation of motion, the general solution can be expressed as:

F F. (sinwt
t)=—"(1-coswt)+—"| ———t 1.42
y() K( ) th( 0] ) ( )
Force
Q)
M R
v
Stiffness, K <, Dlspl;l(ctt;ment

Figure 8. Idealized SDOF system.
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F .

y(t)=-2| wsin cot+i(coswt—1) (1.43)
K t

where, y(t) is the displacement function, while y(t) is the velocity function.

The natural circular frequency of vibration of a structure (w) can be calculated as:

o=2r_ |K (1.44)
T \w™m

where, T'is the natural period of vibration of a structure.

The maximum response is defined as the maximum dynamic deflection ( ¥ax)
which occurs at time tm. This deflection can be evaluated by setting y(t) in
Equation (1.43) equals to zero, when the structural velocity is zero. The dynamic
load factor (DLF) is defined as the ratio of the maximum dynamic deflection
(Ymax) to the static deflection (Y;) resulted from the static application of the peak
load () [48] and it is defined by

Y

Y
DLF = & — M — t,)=w| = 1.45
Yo o Fu/K v(ats) W( j (149

4.2. Elasto-Plastic SDOF System

Structural elements are expected to experience large inelastic deformation under
blast load or high velocity impact [48]. Exact analysis of dynamic response is
then only possible using step-by-step numerical analysis requiring nonlinear
dynamic finite-element software.

The maximum displacement is presented in chart form TM 5-1300 [44], as a
family of curves for selected values of R./F, showing the required ductility g as a
function of #/7Tin which R, is the ultimate or maximum resistance of the struc-
ture and 7'is the natural period. The maximum response of elasto-plastic SDOF

system subjected to a triangular load is shown in Figure 9.

5. Materials Behavior at High Strain Rate

Blast loads ideally produce very high strain rate in the range of 10? - 10* s™*. This
rate would change the dynamic mechanical properties of target structures and,
accordingly, the speculated damage mechanisms for different structural ele-
ments. For reinforced concrete structures subjected to blast effects, the strength
of concrete and steel reinforcing bars can be increased significantly due to strain
rate effects. The approximate ranges of the expected strain rates for different
loading conditions [63] are shown in Figure 10. It can be observed that qua-
si-static (ordinary) strain rate is located in the range: 107 - 107 s™!, while blast
loads are associated with strain rates ranging from 10* - 10* s. The dynamic
properties and the behavior of concrete and steel reinforcing bars are described

in the following subsections.

5.1. Dynamic Properties of Concrete at High Strain Rates

The mechanical properties of concrete subjected to dynamic loading are quite
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different from those due to static loading. While dynamic stiffness does not vary
a lot from the static stiffness, the stresses that are preserved for a certain period
of time under dynamic conditions may gain values that are remarkably higher

than the static compressive strength as shown in Figure 11 [52]. In compression

100 i)'.l 0.2 ,0"3 91.4 BI.S 0.6 0.7 31.8
y 4 III y - - = —
30 7717 0.9
L/ » /S A M /
/ y4v4 P ~
4 rd
Vs // < pe
10 = ya 1 — 1.0
I’ 4 A 1’ ~— 4
> 5 II 4 il /I - +T
;e yd ,/ yd ’ = 1 12
7 A
ZZ L L5
1 = 2.0
0.5
/
>
= Numbers next to curves are R /F_
0.1 LI 1 | I .
0.1 0.5 1 5 10 20
t/T

Figure 9. Maximum response of elasto-plastic SDOF system.

Quasi-static I I Earthquake | Impact | Blast |

10¢ 10° 10* 10* 10> 10" 10° 10" 10> 10> 10° 10°
| 1 1 1 1 1 1 1 1 ] ] 1

»

Strain rate (s!)

Figure 10. Strain rates associated with different types of loads [63].

250 :
=264
200 4 £=233
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0 - . : -
0 0.002 0.004 ~0.006 0.008 0.01
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Figure 11. Stress-strain curves of concrete at different strain rates.
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Figure 12. Dynamic increase factor for peak stress of concrete [63].

strength magnification factors as high as 4 in compression and up to 6 in tension
for strain rates in the range: 102 - 103/sec have been observed [64].

For the increase in peak compressive stress ( f), a dynamic increase factor
(DIF) is introduced in the Euro International Committee for Concrete- Interna-
tional Federation for Pre-stressing (CEB-FIP) model [65] as shown in Figure 12

for strain-rate enhancement of concrete as follows:

. \1.026a
DIF = [ij for £ <305 (1.46)
&

S

. \3
Dley[_i] for ¢ >30s™ (1.47)

&

where, the strain rate is denoted by ¢ and the quasi-static strain rate &, equal
30 x 107" s7'. Also the coefficients (y) and (a) can be computed from:

log y =6.156c — 2 (1.48)
a=1/(5+9f//1,) (1.49)

where f_ =10 MPa =1450 psi .

5.2. Dynamic Properties of Reinforcing Steel at High Strain Rates

Metallic materials subjected to dynamic loading have an elastic and inelastic re-
sponse that can easily be monitored and assessed due to their isotropic proper-
ties. Norris et al [66] tested steel with two different static yield strengths of 330
and 278 MPa under tension at strain rates ranges of 10~ to 0.1 s™'. Strength in-
creases of 9% - 21% and 10% - 23% were reported for the two steel types, respec-
tively. Dowling and Harding [67] conducted tensile experiments using the ten-
sile version of Split Hopkinton’s Pressure Bar (SHPB) on mild steel using strain
rates varying between 107 s™! and 2000 s™*. It was concluded from their experi-
ments that materials of Body-Centered Cubic (BCC) structure, such as mild
steel, showed the greatest strain rate sensitivity. It was also found that the lower
yield strength of mild steel can almost be doubled; the ultimate tensile strength
can be increased by about 50%; and the upper yield strength can be considerably
higher. In contrast, the ultimate tensile strain decreases with increasing strain
rate. Malvar [68] studied enhancing the strength of steel reinforcing bars under

the effect of high strain rates. This was described in terms of the Dynamic In-

DOI: 10.4236/0jsst.2023.132002

45 Open Journal of Safety Science and Technology


https://doi.org/10.4236/ojsst.2023.132002

A. K. Tahaetal

crease Factor (DIF), which can be evaluated for different steel grades and for
yield stresses ( f,) ranging from 290 to 710 MPa as represented by Equation
(1.48) [63].

(é‘ a
DIF = 1.50
(104 ) (1.50)

where, for calculating yield stress a =a;, and
ay, =0.074-0.04( f, /414) (1.51)

For ultimate stress calculation « =« and

a;, =0.019-0.009( f, /414) (1.52)

6. Conclusion

The progressive development of military destructive weapons demands the im-
provement of the construction materials and techniques used in order to im-
prove the blast resistance of fortified structures. Hence, protecting important
structures against terroristic attacks is a very important topic as terrorist attacks
have increased and developed a lot these days especially using blast loads.
Therefore, this study is performed to cover the historical background and exten-
sive literature review of the available previous research works focusing on the
blast environment characteristics, fundamentals of blast loading and description
of the methods used to predict blast loadings. Moreover, the research also covers
a literature review on the response of structures subjected to blast loads and ma-
terial behavior considering high strain rates. This is followed by exploring mate-
rials used to protect reinforced concrete structures subjected to blast loads. It is
concluded that studying the blast phenomena, parameters, and methods of pre-
diction is very important in order to design mitigation systems against explosion

and blast loads for various types of applications.
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