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Abstract

This paper presents a new formulation of non-uniform isentropic gas flow during an explosion in solid media. The present form takes into
account additional effects of variations in geometries of voids and crack openings. Variations of mass, density, pressure and internal energy
of the gas are analyzed throughout the explosion process, as a means of assessing the feasibility of the adopted approach and verifying
the results. The solid material is modeled by a combined finite/discrete element method which is capable of modeling progressive cracking
and fragmentation and any potential normal and frictional contacts during the cracking and post-cracking phases. Re-meshing is performed
to geometrically model creation/propagation of new cracks or fragments. The proposed algorithm combines the simplicity of the gas flow
formulation with the generality of the combined finite/discrete element to achieve a coupled solution for interaction of gas flow and fractured
solid in an explosion process. A set of simple classical tests and complex progressive fracturing of a solid domain due to explosion are simulated
to assess the overall performance of the proposed approach.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Engineers have for many years used simplified empirical
formulae and sometimes experienced-based rules to design
explosive material for achieving a specific engineering goal.
These methods have now been replaced by more sophisticated
analytical–experimental-based approaches, such as the Kuz-
Ram model [1], etc., which combine experimentally supported
data within an engineering step by step approach for analyzing
the effects of explosions. These are well developed and widely
used in rock blasting and tunneling industries which have long
been involved with explosive materials and blast effects and
hazards.

Extreme pressure and temperature, shock waves, high ve-
locity fragments, very short duration of a blast reaction and
chemo-physical characteristics of explosives, are among the
important factors that affect both the safety concerns and
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structural response in an explosion. Despite the complexity of
a broad range of effects, fundamental detonation shock wave
formulation dates back to the late 19s century [2,3]. Neverthe-
less, engineering practices have mainly focused on experimen-
tal data collected from designed experiments, and observations
and measurements of real explosions in wars.

Problems of explosive loading on structures and simulation
of the explosion process have recently been re-considered by
including all potential coupling and interaction effects; relying
on the fast development of computational hardware and avail-
ability of efficient numerical algorithms. The long-term goal
is now to simulate the whole process of detonation, gas flow,
solid deformation and cracking and interaction phenomena in
a unified approach.

Continuum mechanics, thermodynamics, gas dynamics,
chemistry and physics of explosive material, generation of
shock waves, cracking and nonlinear behavior of solid ma-
terials, are all coupled in a blast phenomenon. As a result, a
comprehensive modeling of explosion would require a fully
coupled analysis involving a large variety of different engineer-
ing disciplines. This is, however, unlikely to be attainable in



Aut
ho

r's
   

pe
rs

on
al

   
co

py

S. Mohammadi, A. Pooladi / Finite Elements in Analysis and Design 43 (2007) 478–493 479

a single unified numerical approach, and therefore, simplified
solutions are required. Each simplified approach, which can
yet be extremely complex, adopts a numerical approach for
decoupling the system or uses experimentally supported for-
mulae as a priori assumption for solving a specific part of the
approach.

Several blast-induced gas pressure models have been
proposed in recent years for simulating the explosion pro-
cess [4–12]. They include a simple model of a user-defined
pressure–time curve without any coupling effect [5], which
has been proved to be sensitive to the experience of the user.
Munjiza et al. developed a combined finite/discrete element
methodology for simulation of progressive fracture in brittle
media [6,7]. They used a simple no-flow gas model based on
the assumption of a constant pressure in the borehole, which
changes with an estimate of the current volume of the borehole
at each time. This model is a first step towards coupling the
gas flow and solid response.

Other researchers have also reported successful imple-
mentation of simplified gas flow interaction with the solid
media in simulating rock blasting problems during the past
decade using the concepts of hydraulic fracture, discrete
element method, etc. [8–14]. Mohammadi et al. [15] has
recently reported a two-mesh coupled model based on the
flow of gas through an equivalent porous medium. Indepen-
dent gas and solid meshes are used to solve the governing
equations of gas and solid media, respectively. The method
indirectly simulates the flow of gas through the crack open-
ings and voids by using the principles of porous mechanics,
and the main part of the approach is related to the defini-
tion and evaluation of a permeability matrix for the porous
medium.

From a different point of view, Munjiza et al. [16,17] pro-
posed a new approach to simulate the gas flow through a cracked
medium as a gas flow through uniform pipes. According to
the proposed approach, gas characteristics are updated in time
based on a uniform frictional gas flow model. Comparable re-
sults with available experimental data were also reported. In
this method, no independent finite element solution is required
to evaluate the gas flow characteristics. Instead, relevant gas
dynamics equations have to be solved.

In this paper, the original idea of simplified uniform gas flow
[17] is extended to non-uniform isentropic gas flow dynamics
and implemented into a combined finite/discrete element algo-
rithm for simulation of a blast in fractured solid. This improves
the way different joints and crack openings can be treated while
letting the gas flow through. An effective blast zone is also con-
sidered for simulating the gas escape from a contained control
volume. Gas pressure will only be applied if placed inside a
predefined effective zone.

In the following, the main steps of the simulation strategy
will be explained. A brief review of the combined finite/discrete
element method is also provided. The next section deals with
gas–solid interaction models. Then details of the proposed for-
mulation will be provided and discussed. A section of numer-
ical simulations that describes results of the proposed analysis
will follow.

2. Modeling strategy

Assume a rock blasting problem that consists of an explo-
sion chamber, also called the borehole, filled with an explosive
material (Fig. 1). After detonation, the explosive material is
transformed into a high pressure and high density gas. The high
pressure acting onto the borehole walls causes deformation and
cracking of the solid material followed by fragmentation. The
finite/discrete element methodology [9,16–19] has been specif-
ically designed to solve problems involving highly deform-
ing/fracturing media that are accompanied by discontinuities.
The part of solid that is susceptible to cracking and fragmen-
tation is modeled by discrete elements, which are classical
finite elements empowered by crack propagation and re-
meshing techniques and contact detection/interaction algo-
rithms, and the rest of the solid is simulated by standard finite
elements to avoid contact and fracture computations [18].

Simulation starts by detonation of the explosive material
and its conversion to a high pressure and high density gas
(Fig. 2a), which is characterized by an equation of state (EOS).
The next step is to apply the pressure to the solid medium
(Fig. 2b) and to let it deform and fracture (Fig. 2c). This is per-
formed by a combined finite/discrete element procedure. Ex-
pansion of the borehole and creation of potential cracks allow
for gas expansion and flow through the crack openings, which
will consequently reduce gas pressure and density (Fig. 2d).
This coupled procedure of gas flow and solid deformation is
followed until the gas overpressure vanishes.

Simulation of the fracturing solid medium is based on a cen-
tral difference explicit time integration analysis within a fully
nonlinear combined finite/discrete element approach. At each
loading increment, stress states are evaluated from a Rankine
softening plasticity model [15]. It also provides measures for
estimation of crack initiation or propagation and predicts di-
rections for crack propagations. The procedure then uses a lo-
cal adaptive re-meshing approach to geometrically model the
created cracks and fragments. Special algorithms have to be
adopted to transfer state variables from the old mesh to the
new one [18], while maintaining equilibrium and consistency
conditions.

Adopting nonlinear frictional contact mechanisms is the next
step which governs post-cracking interactions among the crack
faces or fragments. It enforces normal impenetrability condi-
tions and frictional stick-slip laws to determine post-contact

Fig. 1. Combined finite/discrete element model.
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Fig. 2. Three phases of a coupled gas–solid solution. (a) Conversion into blast gas, (b) applying gas pressure on solid, (c) solid deformation and cracking,
(d) new gas pressure state on deformed/cracked faces.

displacement and stress states of the interacting bodies. Node to
node, node to face, face to face and multiple contact algorithms
are required to efficiently simulate all potential interactions
between discontinuous objects.

The procedure can be repeated for the remaining load incre-
ments. No restriction exists for the number of cracks or frag-
ments to be created.

3. Coupled gas–solid interaction

During a blast in a solid medium, extremely high pressures
are rapidly applied to the surrounding medium in a fraction of
milliseconds or microseconds, depending on the type of explo-
sive material. Producing extensive deformation and cracking.
Gas produced from the blast will then expand and penetrate
into the openings and cracks, resulting in a reduction in pres-
sure and internal energy. This is a highly complex interaction
phenomenon which has to be addressed.

In earlier approaches, empiric and semi-analytical formu-
lae were embedded within available computational algorithms
and finite element software. Their main disadvantage was in
adopting a predefined pressure–time curve. These methods can
be categorized as non-interaction algorithms. One of the first

practical gas–solid interaction models can be attributed to
Munjiza [6], who used a simple gas expansion model and an
EOS to define variations of pressure in terms of gas density.
Others improved the analysis based on the assumption that
the gas pressure is constant inside and in the vicinity of the
blast hole. It was only a function of hole’s volume and its
associated crack patterns. The pressure is neglected for the
remaining points of the domain. Only one mesh was necessary
for numerical modeling.

Other methods based on the gas flow through a porous
medium are also available. In this class, the cracked medium
is simulated as a porous medium with equivalent properties of
density, porosity and permeability [20]. A second independent
finite element mesh (g-mesh) is then required to solve the
gas flow equation and to couple the results to the solid finite
element mesh (s-mesh). A square element FE model has been
successfully developed for simulation of blasting process in
brittle media [15] (Fig. 3).

The solution is then interconnected to an independent finite
element solution of the solid phase. Correlation of the equiv-
alent medium and the real cracked solid medium requires ex-
tensive numerical studies and comparisons to available blast
data.
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Fig. 3. A two-mesh coupled model. The complex gas chamber is composed
of the borehole and cracked solid medium.

In this paper, a new approach based on the definition of an
“effective zone” is proposed which avoids the complexity of
a coupled two-mesh finite element solutions. It can also be
combined with the full coupled two-mesh algorithm, which is
the subject of an independent report [21].

3.1. Isentropic gas flow

In a large number of applications, the mass of explosive ma-
terial and the gas generated by the explosion remain substan-
tially small in comparison to the extent and large mass of the
solid material. It is then feasible to assume that the mechanical
work of the gas caused by sharp decrease of gas pressure only
happens in a small time from the detonation. As a result, the
main part of the gas flow can be considered to take place in a
region around the explosive borehole.

After detonation, the high pressure gas acting on the walls
of the borehole, creates extensive deformation and cracking
in solid material, accompanied by expansion, propagation and
penetration of the gas into the voids and crack openings. The
gas flow can then be divided into two parts: one is associated
with the gas flow through existing voids and crack openings,
whereas the second part is related to the solid expansion and
cracking, reducing the gas pressure and internal specific energy
due to the mechanical work.

Gas flow through cracks and openings can now be simu-
lated as a unidirectional flow through an arbitrary shaped con-
duit/duct. It is important to note that even though solid walls of
the duct can freely deform with other parts of the solid domain,
however, their motions are relatively slow compared to the rate
at which any transient turbulence of detonation gas yield to
thermodynamic equilibrium. The reason can be attributed to the
much larger mass of the solid than the mass of explosive gas.
Thus, at every stage of the deformation, it is assumed that the
detonation gas remains in the state of thermodynamic equilib-
rium.

In order to study the gas flow dynamics, equations of conser-
vation of mass, linear momentum and energy are derived over
a control volume of the gas in a so-called Eulerian description.
The rate of variation of a typical X variable over the control

Fig. 4. Flow through a control volume.

volume � with the control surface � can be defined as [22]

dX
dt

= �

�t

∫
�

x� d� +
∫
�

x(�V d�), (1)

where x is the value of X per unit mass, � denotes density
and V is velocity. Different equations of mass, momentum and
energy balance can be derived by setting X as mass M, linear
momentum MV and specific energy of the system e, respec-
tively. The specific energy e is defined as

e = u + 1
2 V 2 + gz, (2)

where u is the internal energy, g is the gravity acceleration and
zis the height level from a potential base.

In order to formulate unidirectional gas flow through an
arbitrary shaped conduit, a typical control volume is assumed
as depicted in Fig. 4. The external heat flux qw through the
volume sides is assumed as a constant parameter; a constant
friction �w is also assumed.

The governing mass, momentum and energy conservation
equations for a steady gas flow can be derived from (1) by
omitting the transient terms, resulting in

V
d�

dx
+ �

dV

dx
= −�V

A

dA

dx
,

�V
dV

dx
+ dP

dx
= −�wl

A
,

dP

dx
− c2 d�

dx
= (qw + �wV )l

�V A (�u/�P)|� (3)

or in a matrix form,

⎡
⎢⎣

V � 0

0 �V 1

−c2 0 1

⎤
⎥⎦
⎡
⎢⎢⎢⎢⎢⎣

d�

dx

dV

dx

dP

dx

⎤
⎥⎥⎥⎥⎥⎦=

⎡
⎢⎢⎢⎢⎢⎢⎣

−�V

A

dA

dx

−�wl

A

(qw + �wV )l

�V A(�u/�P)|�

⎤
⎥⎥⎥⎥⎥⎥⎦

, (4)
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where A is the cross section area of the duct, P is the pressure
and c is the speed of sound for an ideal gas

c2 =
(

�P

��

)
s

= �RT . (5)

Eq. (4) can be solved to give

d�

dx
= 1

A

−�V 2dA/dx + �wl + (qw + �wV ) l/�V (�u/�P)|�
(V 2 − c2)

,

(6)

dV

dx
= 1

A

c2�V dA/dx − V �wl − (qw + �wV )l/�(�u/�P)|�
�(V 2 − c2)

,

(7)

dP

dx
= 1

A

−c2�V 2dA/dx+c2�wl+(qw+�wV )lV /�(�u/�P)|�
(V 2−c2)

.

(8)

3.2. Isentropic expansion

Assume an explosion within a thermally isolated chamber
with non-rigid walls. If the chamber is filled with gas, the gas
will expand in a reversible thermo dynamical process. There-
fore, only the mechanical work of gas pressure contributes to
the change of internal energy

d u = −P d� (9)

where �=1/� is the specific volume. By assuming that variation
of the internal energy is only a function of gas temperature,

du = C� dT , (10)

C� =
(

�u

�T

)
�
. (11)

results in,

C� dT = −P d�. (12)

In order to further proceed with the formulation, the following
general form of the EOS is considered:

P = (� + a�b)RT , (13)

where a and b are material constants. No fundamental changes
are required if other forms of the EOS are adopted. Eq. (13)
can also be used to determine the characteristics of gas at an
earlier stage of the explosion where the gas simply expands
to fill the chamber without any deformation of chamber walls.
Eq. (12) can be combined with (13) to give

C� dT = −(� + a�b)RT d� (14)

with the help of d� = −(1/�2)d�,

C�

R

dT

T
=
(

1

�
+ a�b−2

)
d�. (15)

Integrating from an initial state (subscript 0) to the current state
results in∫ T

T0

1

T
dT =

∫ �

�0

R

C�

(
1

�
+ a�b−2

)
d�. (16)

With the final solution using the new definition � = R/C� + 1

T

T0
=
(

�

�0

)�−1

e−(�−1)[(a�b−1
0 )/(b−1)][1−(�/�0)

b−1]. (17)

From (11), it can be concluded that because the internal energy
remains unchanged after the gas expansion, the temperature
would remain constant

T = T0 → P

R(� + a�b)
= P0

R(�0 + a�b
0)

(18)

and

P

P0
= (� + a�b)

(�0 + a�b
0)

. (19)

Then from (17),

P

P0
= �

�0

1 + a�b−1
0 (�/�0)

b−1

1 + a �b−1
0

T

T0

= �

�0

1 + a�b−1
0 (�/�0)

b−1

1 + a�b−1
0

(
�

�0

)�−1

× e−(�−1)[(a�b−1
0 )/(b−1)][1−(�/�0)

b−1]. (20)

3.3. Frictional uniform gas flow

To include the effects of wall friction on gas flow, a simple
friction law is considered [23]:

f = 8�w

�V 2 , (21)

where f is usually defined from the Reynold’s number and the
relative smoothness of the wall. As a special case, a circular
cross section is assumed. It will also be used as an initial esti-
mate for the non-uniform flow model

l = 2�r ,

A = �r2,
l

A
= 2�r

�r2 = 2

r
= 4

D
(22)

and following (11)

u = CV T = R

� − 1
T = 1

� − 1

P

�
(23)

simplified versions of Eqs. (6)–(8) can be derived in terms of
the Mach number M,

M2 = V 2

c2 = �V 2

�P
= V 2

�RT
(24)

so

d�

dx
= f �M2

2D

�

(M2 − 1)
, (25-1)

dV

dx
= −f M2V

2D

�

(M2 − 1)
, (25-2)

dP

dx
= f �V 2

2D

1 + M2 (� − 1)

(M2 − 1)
. (25-3)
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From derivative of (24)

dM2

dx
= V 2

�P

d�

dx
+ 2�V

�P

dV

dx
− �V 2

�P 2

dP

dx
(26)

results in the following differential equation:

(1 − M2) dM2

�(M2)2[1 + M2((� − 1)/2)] = f
dx

D
. (27)

Integrating (27) from 0 to L (points 1 and 2) results in

1

�

(
1

M2
1

− 1

M2
2

)
+ 1

2

(
� + 1

�

)

× ln

[(
M1

M2

)2 2 + (� − 1)M2
2

2 + (� − 1)M2
1

]
− f L

D
= 0. (28)

3.4. Non-uniform isentropic gas flow

To further extend the formulation, a non-uniform isentropic
gas flow model is now developed. For the sake of simplicity,
only non-frictional steady flow within a duct with continuously
changing geometry is presented [23]:

qw = �w = 0. (29)

Equations of mass, momentum and energy conservation (3) can
then be modified to

d

dx
(�V A) = 0, (30)

d

dx
(�V 2 + P) = 0, (31)

d

dx

(
u + V 2

2
+ P

�

)
= 0. (32)

Integrating Eq. (32), and defining Cp = dh/dT = �R/(� − 1),
h = u + P/�, results in the following enthalpy equation for an
ideal gas in terms of the conditions “0” of rest (u0 ≡ 0):

h − h0 = Cp(T − T0), (33)

Cp(T − T0) + V 2

2
= 0 (34)

which, after some manipulation can be written as

T0

T
= 1 + � − 1

2

V 2

�RT
(35)

or in terms of the Mach number,

T0

T
= 1 + � − 1

2
M2. (36)

Therefore, for any two points 1 and 2 along the duct,

T2

T1
= (T0/T )at point 1

(T0/T )at point 2
= 2 + (� − 1)M2

1

2 + (� − 1)M2
2

(37)

and

P2

P1
= M1

M2

[
2 + (� − 1)M2

1

2 + (� − 1)M2
2

]1/2

, (38)

�2

�1
= M1

M2

[
2 + (� − 1)M2

1

2 + (� − 1)M2
2

]−1/2

. (39)

Finally, the solution procedure for each gas flow in a typical
conduit can be summarized as [23]

1. For the first stage where the gas simply expands to fill the
assumed conduit volume, pressureP0, density �0 and tem-
perature T0 are determined from the EOS equation (13).

2. PressureP1, density �1 and temperature T1 are determined
from Eqs. (18)–(20) for the second stage where both the gas
and the chamber expand (isentropic expansion).

3. Non-uniform isentropic gas flow:

(a) Use Eq. (28) with f = 0 to evaluate M2. A numerical
approach may be required.

(b) Use Eqs. (37)–(39) to evaluate P2, �2 and T2 from P1,
�1 and T1.

4. Corrections if there exists some mass transfer out of the
system:

(a) If |P2 − Patm|/Patm < ε, GOTO 5.
(b) Assume a new mach number M2.
(c) Use Eq. (28) with f = 0 to predict M1. A numerical

solution may be required.
(d) Use Eqs. (37)–(39) to evaluate P2, �2 and T2 fromP1,

�1 and T1.
(e) GOTO 4(a).

5. GOTO the next conduit.

Complex 2D spatial problems are simplified to coupled
evolving 1D flow analyses. The 2D solution procedure con-
sists of several 1D analysis of gas flow in each duct (crack or
opening). Crack lengths and openings are determined from the
finite/discrete element solution of the solid domain.

4. Numerical verification

4.1. Example 1

In this example, an explosion occurs inside a solid chamber
and effects of gas flow and variations of the gas pressure are
investigated. Experimental results are available for this simple
example, which can be used to verify the algorithm of calculat-
ing variations of gas pressure due to its escape from the open
end of the chamber. The rigid chamber is built of a metal cylin-
der of length 1220 mm and diameter 25.4 mm as depicted in
Fig. 5. The chamber is filled with m = 0.148 kg ANFO explo-
sive material with an initial density � = 240 kg/m3. The ve-
locity of detonation (VOD) is assumed to be 1725 m/s and the
process releases a gas with 3700 kJ/kg energy.

The analysis is performed by the assumption that the whole
explosive material is detonated at once. As a result, the internal
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Fig. 5. Geometry of the rigid chamber.
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pressure is suddenly increased to a maximum value. The gas
starts to escape from the chamber immediately after the deto-
nation, resulting in sharp decreases in mass, pressure, density
and internal energy (Figs. 6–9). Trend of variation and the peak
pressure are in good agreement with available experimental re-
sults and the approach proposed by [16] (Fig. 6).

4.2. Example 2

The second example is to simulate a simple bullet firing test
in order to verify the proposed algorithm of interaction of gas
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with a changing volume. Such an experiment is basically per-
formed to assess and compare measures of explosive materials,
where a certain bullet with assumed geometry and mass is fired
by the detonation of a specified mass of explosive material. The
experiment is repeated for various masses of explosive mate-
rial, and the maximum velocity and kinetic energy of the bullet
are measured resulting in design diagrams.

This test is considered here to verify the interaction of the
gas with its changing surrounding medium while leaving the
firing container (a variable volume system).

The firing gun, as depicted in Fig. 10, consists of two com-
partments: one for the bullet and the other for the explosive
material. The volume of the explosive compartment is 295 cm3

and the total volume is 1913 cm3. The bullet mass is 18 kg. The
explosive material is Nitro Glycerin with specifications accord-
ing to Table 1. Three different masses of explosive material, as
defined in Table 2, are assumed and the results of simulation
are compared with the experimental results.

An axisymmetric model is constructed and a simple finite
element mesh composed of 41 and 8 elements for the gun and
bullet, respectively, is used for modeling the problem (Fig. 11).
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Fig. 10. A simple projectile firing system.

Table 1
Properties of the explosive material

Texp Qexp � a b

4920 kg 6280e3 J 1.15 10.99e − 10 4.0

Table 2
Specifications of blast, velocity and kinetic energy of the bullet for three
different masses of explosives

Me(g) �exp (kg/m3) Pexp (Pa) Vmax (m/s) EC max (kN m)

5.0 16.9 6.62 × 107 30.6 8.44
10.0 33.9 4.41 × 107 43.3 16.88
15.0 50.8 2.20 × 107 53.1 25.35

By detonation of the explosive material, a mixture of gas
with high pressure and temperature is produced. Under this
pressure, the bullet is accelerated from its resting position
(Fig. 11). By advancing the bullet forward, the gas expands
and fills the space behind the bullet. By expansion and prop-
agation of the gas, density, pressure and internal energy are
reduced. The process is followed until the bullet leaves its
compartment.

The volume increase is proportional to the bullet velocity.
According to Figs. 12–15, although the acceleration is high
at the early stages of explosion, nevertheless, the velocity is
low and the rate of reduction of pressure, density and energy
remain low. However, by increasing velocity (and decreasing
acceleration), the rate of volume increase and then the rate of
reduction of density, pressure and internal energy of gas are
increased; depicted by higher negative slopes.

The largest portion of the pressure on the bullet is induced
immediately after the detonation. This pressure is reduced
as the bullet advances outwards with an increasing velocity
(Fig. 16).

When the bullet is about to leave its compartment, the system
volume reaches its final value. At the same time, density and

pressure are greatly reduced. It is to be noted that in contrary to
pressure and density, the internal energy of the system remains
almost unchanged from the detonation until the bullet leaves
the gun (Fig. 13). Another important point that confirms the
proposed algorithm is that the mass of gas remains constant
until the bullet leaves the gun (Fig. 14).

A sudden drop in system mass is observed as the bullet leaves
the gun (Fig. 14). As a result of rapid mass reduction, pressure,
density and the internal energy are similarly reduced, causing a
sudden change in slope. Finally, all curves converge to the time
axis (zero value). At this stage, the bullet undergoes no further
acceleration, and it continues to travel with the same velocity
(Figs. 16 and 17).

Finally, Fig. 18 depicts the maximum kinetic energy of the
bullet for different amounts of explosive mass, which shows a
very good agreement with available experimental results [5].

An interesting point can be made by qualitatively comparing
the results of this example and the previous one. The first ex-
ample showed faster reduction rates for density, pressure and
internal energy than the present example. The reason is that the
process of gas escape in the first example started immediately
after the completion of the explosion process. This results in
a very fast departure of high pressure and density gas, which
causes fast reduction in density, pressure and internal energy.
In contrary, in the second example, reductions in density, pres-
sure and internal energy before the bullet exits are only related
to the gas expansion within the system, because no mass leaves
the system.

4.3. Example 3

The final example simulates and discusses the fracture and
fragmentation of a square concrete block. The concrete block
is a 2 × 2 m2 with a unit thickness of 1 m, modeled as a 2D
plane strain problem as depicted in Fig. 19. A narrow 1 m height
and 1 cm width borehole exists in the middle of the block. The
combined finite/discrete element approach is used to simulate
the fracture and fragmentation process of the solid material
subjected to extensive detonation gas pressure. Fully nonlinear
frictional contact algorithms and large deformation procedures
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Fig. 11. Projectile (shaded) locations at different times (Me = 0.015 kg).
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Fig. 12. Pressure of gas within the gun for different values of Me.

are embedded within the finite/discrete element methodology
to evaluate and update stress states. The Rankine bilinear soft-
ening model [15] is assumed to govern the cracking behavior
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Fig. 13. Internal energy of gas within the gun for different values of Me.

of the solid material. Re-meshing algorithms are also adopted
for geometric modeling of cracks and fragments. The necessary
parameters including the elastic modulus E, fracture energy
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Fig. 14. Mass of gas within the gun for different values of Me.
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Fig. 15. Density of gas within the gun for different values of Me.
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Fig. 16. Variations of projectile velocity.
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Fig. 17. Variations of projectile kinetic energy.
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Fig. 18. Kinetic energy of the projectile for different explosive masses in
comparison to the experimental results [5].

release rate Gf and the maximum tensile strength ft are taken
similar to un-reinforced concrete properties (Table 3).

An unstructured finite element mesh with 4535 linear tri-
angular elements is used for modeling the concrete block
(Fig. 20). Finer finite elements are used around the borehole
to ensure the necessary quality of the finite element solution.

The explosive material is filled from the bottom of the bore-
hole to a 0.526 m height. The EOS for the explosive material,
Nitro Glycerin, is assumed to follow the P = (� + a�b)RT

equation, with the parameters defined in Table 4.
The gas effective region, illustrated in Fig. 19, is defined

based on various parameters, such as the initial pressure of the
gas produced from the explosion, the mass of explosive mate-
rial, geometry of the borehole, etc. Further study is required to
effectively determine the geometry of this region for general
blast problems.
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Fig. 19. Geometry of the concrete block.

Table 3
Mechanical properties of concrete

E � ft Gf �

2 × 1010 N/m2 0.1 1 × 106 N/m2 110 N m 2400 kg/m3

Fig. 20. Finite element mesh for the concrete block.

Table 4
Properties of the explosive material

Mexp (kg) �exp (kg/m3) Pexp (GPa) Texp (K)

8.416 1600 10.0 3300
VOD (m/s) � a b
7580 1.15 10.99e − 10 4.0
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Fig. 21. Borehole pressure during the detonation of explosion cells.

In order to model the explosion process, the explosive mate-
rial column is divided into smaller parts, called the explosion
cells. The number and geometry of these cells depend mainly to
the size of the finite element mesh in this region and the length
of the explosion column. In the present example, the column
of the explosive material has been divided into 400 equal cells.
Detonation of the first cell, results in advancing the detonation
and explosion phenomena within the explosion column with a
velocity of 7580 m/s. Pressure of the induced gases at the ex-
plosion front is equal to the initial pressure of the explosion.
In another words, a pressure equivalent to 10.0 GPa is applied
to the borehole sides by detonation of each cell. Such an in-
tensive pressure, results in expansion of the borehole volume
and creation of cracks and fractures, which causes the expan-
sion of explosion gas and a reduction in its initial pressure. The
mechanical work done by the gas further reduces its internal
energy.

By advancing the detonation of new cells, further pressure,
equivalent to the initial pressure of 10.0 GPa, is applied to
the borehole sides. The deformation and creation of cracks
from the detonation of previous cells reduce the pressure of
the system, however, the overall pressure of the system is in-
creased due to the propagation of the gas through the complex
geometry of the cracked medium and its mixture by already
created gases from detonation of previous cells. Fig. 21 illus-
trates variations of the pressure of the system during the ini-
tial stages of the explosion process. Remarkably fast pressure
reduction trend can be attributed to the possibility of smooth
gas escape from the borehole, comparable to the relatively
slow pressure decrease in the previous example (Fig. 12) which
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Fig. 22. Variations of pressure within the borehole.
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Fig. 23. Variations of internal energy within the borehole.

was as a result of restriction by the relatively massive bullet
movement.

According to this figure, after detonation of each cell, the
system pressure is reduced due to induced deformation and
cracking. However, it increases immediately after detonation
of a new cell, and the same pattern is repeated until the end of
detonation. It is also observed that the effect of high pressure
gases created from detonation of new cells is decreased by the
increase in deformation and cracking of the solid medium.

There is a difference between the borehole height (1 m) and
the height of the explosive material (0.526 m). Therefore, by the
end of the detonation process, the explosion-induced gases are
suddenly propagated within the whole borehole space, causing a
steep decrease in pressure (Fig. 22). Additionally, by increasing
the extent of cracking to the boundaries of the gas effects, the
gas may escape the effective region, further accelerating the
reduction in density, pressure and internal energy of the gas, as
illustrated in Figs. 22–25. A short time after the explosion, all
curves converge to a small value.

Despite the reduction of gas pressure, fragments of the
solid material continue to move following their acceleration,
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Fig. 24. Variations of mass within the borehole.
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Fig. 25. Variations of density within the borehole.

which results in further destruction of the top half of the block
(Fig. 26a–f).

It is worth noting that although the whole process of ex-
plosion takes place in a very small time, it may have major
effects on fracture and fragmentation patterns. This can be
illustrated by comparing the pressure history and cracking
patterns of the present method to the two-mesh model given
in [15] (Figs. 27–29).

Ref. [15] assumed that any interaction between the gas and
deformation of the cracked media would be enforced only af-
ter the end of blast reactions inside the borehole, keeping the
borehole pressure a constant equal to the initial gas pressure.
This has two adverse effects; one is being physically unreal-
istic, and the other is its excessive deformation of the bore-
hole, while ignoring its effects on pressure and other thermo-
mechanic quantities. According to Fig. 27 the pressure suddenly
reduces to a value much lower than the initial blast pressure
(10.0 GPa). This may cause a sudden negative effect on bore-
hole sides causing extensive cracking and falling the fragments
inside the borehole (Fig. 29). This phenomenon is expected
to be less important for explosive material with lower initial
pressures.
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Fig. 26. Cracking patterns at different times. (a) t = 0.0003 s, (b) t = 0.0005 s, (c) t = 0.00055 s, (d) t = 0.005 s, (e) t = 0.01 s, (f) t = 0.015 s.
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Fig. 27. Borehole pressure according to the algorithm of [15].

Fig. 28 illustrates the rapid pressure reduction predicted by
the proposed approach. A small sudden reduction in the middle
of the curve is associated to the time of full detonation. At this
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Fig. 28. Borehole pressure according to the proposed algorithm.

time the reduction in pressure due to gas expansion is no longer
accompanied by new cell detonations. As a result, a sudden
drop in pressure is anticipated.
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Fig. 29. Blast-induced cracking patterns. (a) Algorithm of [15], (b) present
algorithm.
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Fig. 30. Effective stress contours at t = 0.00005, 0.0001 s.
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Fig. 31. Effective stress contours at t = 0.0002, 0.0003 s.

The final point which has to be mentioned is the way the frac-
ture pattern is affected by the solid material model. According
to Figs. 30–32, compressive stress waves are propagated out-
wards as a front. However, the Rankine strain softening model
assumes a measure of tensile stresses or stains as the govern-
ing measure of cracking. Therefore, for the present problem,
crack initiation and propagation cannot be appropriately mod-
eled around the borehole at initial stages. Afterwards, however,
by propagation of the compressive stress waves and their re-
flection from free edges (Fig. 30), the resultant tensile stress
waves may satisfy the Rankine tensile crack criterion, caus-
ing extensive cracking at free edges of the block. For a more
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Fig. 32. Effective stress contours at t = 0.0004, 0.0005 s.

realistic modeling of practical problems, a more sophisticated
material behavior, capable of modeling both tensile and com-
pressive failure modes, has to be adopted.

5. Conclusion

A non-uniform isentropic gas flow model coupled with solid
mechanics is developed and implemented into a combined
finite/discrete element methodology to simulate the complex
behavior of explosions that cause extensive fracture and frag-
mentation within a solid. The cracking and deformation affects

the pressure and density of the gas induced by blast; a full
coupling phenomenon. Numerical simulations have shown
good agreement with available benchmarks. Compared to
other sophisticated gas–solid interaction models, the proposed
approach avoids using an independent finite element mesh for
solving the gas flow equations which greatly simplifies the
overall solution and the numerical simulation.
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