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In this study, an attempt has been made to adopt a combined finite discrete ele-
ment methodology to couple gas dynamics equations and solid deformation states to
develop a numerical tool for simulation of blast damage in brittle solid media such
as rocks. A standard finite-element method is used, accompanied by strain soften-
ing behavior for modeling initiation and propagation of solid cracks due to high gas
pressures. This variable high pressure is governed by the gas mass and momentum
conservation equations. The gas behavior is fully coupled by the solid deformation
which changes the density and porosity required in the gas dynamics equations and
is based on new modifications to the recently proposed approach by the same au-
thors. The proposed model for the flow of the detonation gas allows for evaluation
of the spatial distribution of pressure and mass of the detonation gas over a com-
plex geometry of cracked/fragmented solid (rock) model. Full geometric and material
nonlinearities are taken into account by using a fully deformable finite-element mesh
and cracked/fragmented discrete elements. Local adaptive remeshing (enrichment)
techniques are used to geometrically simulate the crack propagation.

Key words: rock blasting, explosion, coupled gas–solid interaction, gas flow,
finite/discrete element method.

INTRODUCTION

Explosion is frequently used in mining industry
and tunneling engineering, where large rock masses are
cracked and fragmented into small pieces by detonating
a specific amount of an explosive material poured into
boreholes. Several experiment-based empirical formu-
las have been proposed for estimating the initial bore-
hole geometry and mechanical properties of the explo-
sive material to achieve a specific post-blast outcome.
The Kuz–Ram model for fragmentation is amongst the
frequently used approaches, and several computer codes
have been developed based on this method [1].

On the other hand, several attempts have been
made over the years to develop numerical algorithms for
a more realistic simulation of this highly complex phe-
nomenon. Involvement of various mechanical behaviors
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in different fields, such as plasticity, fracture mechan-
ics, gas dynamics, and chemical/mechanical behavior
of detonation and explosion, however, has made the nu-
merical modeling of an intact or fractured medium sub-
jected to explosive loading as one of the most difficult
engineering simulations.

A strong coupling exists between the gas and solid
phases. Detonation causes a phase change of the ex-
plosive material into a gas with high pressure and tem-
perature. Part of the amount of energy released by the
explosive material is transmitted to the solid mass and
causes subsequent deformation, acceleration, fracture,
and fragmentation of the solid material. Gas expansion
and its flow within the crack openings as well as the
energy consumption for solid deformation reduce the
gas pressure. Therefore, gas explosion and cracking are
strongly coupled phenomena applying the gas pressure
onto the solid body and causing its subsequent defor-
mation and cracking, while changing gas characteristics,
such as pressure and density [2].
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Among several gas pressure-solid deformation mod-
els that have been proposed in recent years [1–5], the
simplest model was based on a user-defined pressure-
time curve [1], lacking any interaction phenomena and
resulting in a user-dependent cracking solution. A sim-
ple but more exact detonation gas model was proposed
by Munjiza [3], which was based on a no-gas-flow model
within a combined finite/discrete element methodology.
More recently, a new class of gas flow models have
been developed, which somehow simulate the gas flow
within the crack opening [4, 5]. They are classified into
two main classes; the first class requires detecting the
gas flow within independent cracks of complex geome-
try and involves rather difficult contact-detection algo-
rithms, and the second class is designed to simulate an
independent flow within a porous medium equivalent to
a cracked solid medium. The main challenge of the sec-
ond class of simulations is how to estimate a realistic
porosity [6–10].

To facilitate the development of an efficient and re-
liable numerical approach for the analysis of explosion,
a relatively complex interaction algorithm is proposed,
which adopts two independent meshes for the analysis
of solid and gas phases. The equations of the gas phase
in the porous medium are used to compute pressure,
mass transfer, energy, and expansion of the gas at each
specified point [11]. The solution for the solid phase is
found, based on the derived gas-pressure loading using a
finite/discrete element (FE/DE) methodology [12–14],
which is capable of analyzing the interaction among a
wide range of discrete bodies/materials. It is necessary
to couple the FE/DE method with the gas dynamics
equations to analyze the dynamic behavior of fractur-
ing rock masses in blasting. When the gas–solid inter-
action model is implemented into the combined FE/DE
method, the model will be able to evaluate the spatial
distribution of the pressure of the detonation gas, the
work done by the expanding gas, and the total mass of
the detonation gas as functions of time, indicating the
ability of the model to respond to changes in both the
mass of the explosive charge and the size of the solid
block being fractured [15].

The proposed algorithm allows for corporation of
new lines/edges/bodies created from fracturing and
fragmentation of the original model. A bilinear Rank-
ine strain softening plasticity model is employed to ac-
count for the fracture energy release during the cre-
ation/propagation of cracks [12].

The present paper provides basics of a novel nu-
merical approach for simulation of the highly complex
problem of rock blasting. The proposed methodol-
ogy is taking only the opening steps to illustrate how
such an engineering problem comprising highly complex

thermo-mechanical phenomena can be efficiently dis-
cretized into better developed modules and then com-
bined to accomplish feasible results. Subject to further
investigations, the method is expected to be bale to pro-
vide some numerical-based guidelines for simulation of
explosive loadings and gas–solid interaction problems
and to introduce a reliable tool for the analysis of com-
plex phenomena of rock blasting. In order to achieve
this long-range goal, however, further studies are re-
quired.

Despite the fact that real blasting situations are
three-dimensional problems, however, in this paper only
2D models are presented. The present 2D approach is
extremely complex, and it is only by proper develop-
ment, verification, and calibration that a move to gen-
eral 3D applications is feasible.

GAS AND SOLID PHASES

Microscopic and macroscopic equations of state
have already been developed to study different phys-
ical behavior of the gas and solid phases of a porous
medium [15]. Each phase may be considered separately
or studied within a multiphase porous medium. Here,
only the necessary two-dimensional equations of conser-
vation of mass and momentum are examined. Similar
equations can be derived and implemented for three-
dimensional multiphase problems.

The microscopic mass-balance equation for the
solid or gas phases can be defined as [11]:

∂ρ

∂t
+ div(ρṙ) = 0, (1)

where ṙ is the velocity of the phase at a fixed point in
space and ρ is the volume-averaged mass density. On a
macroscopic level, the mass-balance equation of the gas
phase can be written as

∂

∂t
(nρg) + div(nρgvg) = 0, (2)

where ρg is the gas-phase averaged density, vg is the
mass-averaged gas velocity, and n is the volume fraction.
The macroscopic linear momentum takes the form [11]

nvgs =
kkrg

μg
[−∇pg + ρg(g − as − ags)], (3)

where μg is the dynamic viscosity, pg is the pressure in
the gas, g is the gravitational acceleration, ags is the
relative acceleration, k is the permeability tensor of the
medium, and krg is the relative permeability parame-
ter. By assuming the solid-phase velocity to be zero
(vs = 0), μg = 1, and neglecting the gravitational ac-
celeration and the relative and solid-phase accelerations
in comparison to very high pressures, Eq. (3) reduces to
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Fig. 1. Two-mesh model for coupling the solid and
gas phases.

nvg = kkrg(−∇pg). (4)

The mass-momentum equation is formed by combining
Eqs. (2) and (4):

∂

∂t
(nρg) + div [kkrgρg(−∇pg)] = 0. (5)

COUPLED GAS FLOW-SOLID
INTERACTION

In this section, an interaction algorithm based on a
two-mesh model is introduced. Two-mesh models have
been previously proposed for solving coupled problems.
Munjiza [3] discussed potential steps for solving a gas–
solid interaction problem but failed to develop and im-
plement the formulation and instead only used a simple
no-gas-flow model to solve several blasting problems.
Mohammadi et al. [15] recently developed a new two-
mesh model by taking into account the gas flow within
the fractured/deformed solid surroundings. Here the
same methodology is followed, with new modifications
to improve the shortcomings of the original approach.

The present algorithm uses one mesh for model-
ing the solid material (S-mesh), and the second mesh
is used for modeling the gas phase (G-mesh), as de-
picted in Fig. 1. Standard procedures are adopted to
map all the necessary data and state variables from the
solid mesh into the gas mesh and vise versa. Mapped
data onto the G-mesh may be used for evaluation of gas
porosity, while the gas mapped data onto the S-mesh
are primarily used to apply the resulting updated pres-
sure on finite elements and/or nodes. The procedure is
continuously updated in successive time steps.

The principles of mechanics of porous media are
adopted to analyze the G-mesh. First, it is assumed
that no solid exists in the gas phase, and only the equa-
tions of mass and momentum are satisfied. The solid
phase contributes to the equilibrium equations only
through the permeability coefficient k. Equation (5)
for the gas phase (n = 1) takes the form

∂

∂t
(ρg) + div [kkrgρg(−∇pg)] = 0 (6)

subject to the following boundary conditions:

ρgkkrg(−∇pg)T · n = 0 on boundary Γq
g (7)

(n = {nx, ny, nz}T is the normal vector; no input mass
flow is considered).

The weighted residual form of Eqs. (6) and (7) can
be written as [15]∫

Ω

W T

{
∇T [k(−∇pg)] +

∂ρg

∂t

}
dΩ

+
∫

Γq
g

W T
[
k(−∇pg)T · n]

dΓ = 0, (8)

where W is a weighted residual function. Applying the
Green theorem, we obtain∫

Ω

(∇W )T kρg∇pgdΩ +
∫

Ω

W T ∂ρg

∂t
dΩ = 0. (9)

The pressure pg can be defined based on the nodal pres-
sures p̄g using the standard finite-element shape func-
tions Np:

pg = Npp̄
g. (10)

In a Galerkin formulation, the weighted residual func-
tions can be assumed to be the same as the shape func-
tions, Np = W ; therefore, Eq. (9) reduces to∫

dΩ

(∇Np)T kρg∇Npp̄
gdΩ

+
1
∂t

∫

Ω

NT
p ∂ρgdΩ = 0. (11)

Equation (11) can be interpreted as representing the
change in mass per unit time, and it can be rewritten
in a more appropriate form

M t+Δt = M t − ΔtHp
t p̄

g
t , (12)

where Hp
t is the permeability matrix defined by

Hp
t =

∫

Ω

(∇Np)T kρg∇NpdΩ. (13)

The simplest possible option for the G-mesh, which is
a square-cell structured grid, is adopted. The shape
function Np and its derivative can then be defined as
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Np = 0.25

× [(1−x)(1−y) (1+x)(1−y) (1+x)(1+y) (1+x)(1+y)] ,
(14)∇Np = 0.25

×
[
−(1 − y) (1 − y) −(1 + y) (1 + y)

−(1 − x) −(1 + x) (1 − x) (1 + x)

]
, (15)

and dΩ = a2dx dy, where a is the size of the square
element.

If the simplest approximation of assuming mean
values of ρ̄g and K̄ over the gas element volume is con-
sidered, a simple matrix can then be computed:

Hp
t =

1
6

a2ρ̄gK̄

⎡
⎢⎢⎣

4 −1 −1 −2
−1 4 −2 −1
−1 −2 4 −1
−2 −1 −1 4

⎤
⎥⎥⎦ . (16)

A more accurate solution is achieved if similar shape
functions are used to approximate the variations of den-
sity and porosity within the element. After lengthy
manipulations, one can derive the components of the
symmetric Hp

t matrix

Hp
ij =

1
360

KT Dijρ, (17)

where

KT = [K1 K2 K3 K4], (18)

ρT = [ρ1 ρ2 ρ3 ρ4], (19)

and Dij are the components of the symmetric D matrix:

D11 =

⎡
⎢⎢⎣

48 18 18 6
18 28 6 8
18 6 28 8
6 8 8 8

⎤
⎥⎥⎦ ,

D12 =

⎡
⎢⎢⎣

−18 −8 −3 −1
−8 −18 −1 −3
−3 −1 2 2
−1 −3 2 2

⎤
⎥⎥⎦ ,

D13 =

⎡
⎢⎢⎣

−18 −3 −8 −1
−3 −14 −1 −2
−8 −1 −18 −3
−1 −2 −3 −2

⎤
⎥⎥⎦ ,

D14 =

⎡
⎢⎢⎣

−12 −7 −7 −4
−7 −12 −4 −7
−7 −4 −12 −7
−4 −7 −7 −12

⎤
⎥⎥⎦ ,

D22 =

⎡
⎢⎢⎣

28 18 8 6
18 48 6 18
8 6 8 8
6 18 8 28

⎤
⎥⎥⎦ ,

D23 =

⎡
⎢⎢⎣

−12 −7 −7 −4
−7 −12 −4 −7
−7 −4 −12 −7
−4 −7 −7 −12

⎤
⎥⎥⎦ ,

D24 =

⎡
⎢⎢⎣

−18 −3 −8 −1
−3 2 −1 2
−8 −1 −18 −3
−1 2 −3 2

⎤
⎥⎥⎦ ,

D33 =

⎡
⎢⎢⎣

28 8 18 6
8 8 6 8

18 6 48 18
6 8 18 28

⎤
⎥⎥⎦ ,

(20)

D34 =

⎡
⎢⎢⎣

2 2 −3 −1
2 2 −1 −3

−3 −1 −18 −8
−1 −3 −8 −3

⎤
⎥⎥⎦ ,

D44 =

⎡
⎢⎢⎣

8 8 8 6
8 28 6 18
8 6 28 18
6 18 18 48

⎤
⎥⎥⎦ .

The solution procedure can now be summarized
into the following steps:

1. Define the initial solid mesh (S-mesh) and gas
grid (G-mesh). A general finite-element unstructured
mesh generator can be used to create an appropriate
mesh, refined around the explosion borehole. A struc-
tured square-element G-mesh is used.

2. Setting the initial values of M 0
n and p0

n for the
G-mesh nodes, followed by the evaluation of the solid
volume associated to each node of the G-mesh. The
solid volume is then updated at a pressure p according
to the equation of state (EOS) for the solid material,
allowing for an accurate estimation of the porosity vol-
ume of the G-mesh nodes.

3. By computing the initial mean density ρ̄ and the
initial permeability of the element K0, the permeability
matrix H0

pe is calculated.
4. New nodal pressures can be determined by a

simple iterative procedure involving an initial assump-
tion for the pressure, calculating its associated work due
to a change in porosity, and predicting the new pressure
from the non-perfect gas pressure law until an allowable
tolerance is reached.

5. After a converged solution is found for the pres-
sure, the S-mesh nodal pressures are interpolated from
the G-mesh nodal values. The solid model is then an-
alyzed using an explicit dynamic FE/DE method, in-
cluding a crack analysis based on the material model
for the solid, and necessary re-meshing and geometric
crack modeling.
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6. Again, new values for porosity in the G-mesh are
computed, and new values for the mass are computed
from the nodal pressures pn: M1

n = M0
n − ΔtH0

pep̄
0
n.

NUMERICAL VERIFICATION

In this section, three numerical simulations are pre-
sented to assess the performance of the method. The
main attention is focused on problems unlikely to be
examined by other available numerical tools, because of
the complexity of the problem and interactions among
various contributing phenomena.

For the sake of simplicity in preparing the initial
geometric data, original models are assumed to be in-
tact continuous solid rocks. The solid phase may then
be cracked and fragmented when subjected to high blast
pressures. This clearly shows the capability of the ap-
proach in dealing with discontinuities, such as discontin-
uous rock media subject to explosive loadings, planned
for future studies. Structured square-element G-meshes
are used for all numerical simulations.

Example 1. The first example is to simulate the
behavior of a solid chamber filled with the explosive
material when subjected to explosion. This problem
has been used in a number of previous works [3, 13, 15]
to verify various gas–solid interaction formulations.

Figure 2 illustrates the initial geometry of the
chamber and defines the basic information required for
the explosive material (mass 148 kg, density 240 kg/m3,
and detonation velocity 1725 m/sec). In this test, any
change in gas pressure is caused by the escaping gas
from the open end of the chamber.

Figure 3 compares the pressure history at the left
end of the chamber, obtained by the present approach,
to the results reported in [3] and experimentally mea-
sured pressure history. This close agreement is an indi-
cation of how the proposed model can be efficiently used
to simulate the variations of pressure due to the escap-
ing gas from the explosive holes, as well as potential
cracks or openings.

Exactly similar results were reported by an algo-
rithm earlier developed by the authors [15], showing
that the gas flow simulations resulting from a changing
gas volume by both approaches are the same and very
close to other available results.

Example 2. An example previously studied by
Munjiza [3] is simulated. A 13 m long borehole close
to an edge of a rock mass is considered. Only nine
meters from the bottom of the borehole are filled with
an explosive material, leaving the top part of the bore-
hole empty. Figure 4 illustrates the problem geometry
and the finite-element model. The following mechan-
ical properties of the rock are assumed: modulus of

Fig. 2. Geometry of the solid container and proper-
ties of the explosive material: mass 148 kg, density
240 kg/m3, and detonation velocity 1725 m/sec.

Fig. 3. Pressure histories of the proposed approach,
Munjiza [3], and the experimental results.

Fig. 4. Geometric definition and finite-element mod-
eling of rock blasting with a single explosive borehole.
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Fig. 5. Crack propagation and fragmentation pat-
terns at successive time steps.

elasticity E = 28,000 MPa, Poisson’s ratio ν = 0.1,
density ρ = 4200 kg/m3, rate of volume reduction
λ = 1.2 · 1010 kg/m3, fracture energy release rate
Gf = 250 N ·m/m2, tensile strength σt = 50 MPa,
and compressive strength σcomp = 2500 MPa. The
properties of the explosive material are as follows: ini-
tial density ρ0 = 276.165 kg/m3, density at an initial
point f ρf = 850 kg/m3, parameter α = 10.99 · 10−10,
imperfect gas constant γ = 2.5, pressure at the point f
pf = 3.4 · 108 N/m2, time of ignition tG = 10−9 sec,
blast specific energy Qe = 3700 kJ/kg, velocity of det-
onation D = 1725 m/sec, volume of the borehole asso-
ciated with the charge 0.3429, and permeability coeffi-
cient k = 3 · 10−8 m2/(Pa · sec).

An adaptive unstructured triangular finite-element
mesh is generated to create a very fine mesh of finite el-
ements around the borehole and where stress concentra-
tion and cracking are expected to occur, while coarser
finite elements are used to reduce the computational
costs and computer time (see Fig. 4). In total, 876 fi-
nite elements are used at the beginning of the analysis.

All boundaries, except for the top free edges are as-
sumed to be constrained in both x and y directions. It

Fig. 6. Effective stress contours at different times.

is assumed that these boundary edges are far enough
from the borehole and do not affect the solution by
reflecting the generated waves. Therefore, no special
non-reflecting or absorbing boundary conditions are re-
quired. It is important to note that such boundary con-
ditions are mandatory for a realistic analysis of explo-
sion in order to simulate an infinite domain by a finite
model.

Figure 5 shows the progressive cracking phenomena
at successive time steps. By detonating the explosive
material, high gas pressures are generated and then ap-
plied to the solid material, causing rock cracks around
the borehole. By increasing the blast gas pressure, the
solid rock is further cracked and fragmented.

Figure 6 illustrates the development of effective
stress bubble contours. It is initially generated symmet-
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Fig. 7. Comparison of the predicted pressure history
with the results obtained by the earlier developed
algorithm [15] and in [3].

Fig. 8. Geometry and finite-element model for the
two-borehole problem.

rically around the borehole base. After the rock crack-
ing, however, the pressure distribution and the gener-
ated effective stress contours mainly follow the cracked
geometry at any time.

Finally, Fig. 7 compares the gas pressure history
at the bottom of the borehole predicted by the present
approach with the one reported by Munjiza [3], where
a simplified no-gas-flow algorithm was used.

Estimation of the fragment size distribution, throw
or muck-pile form, and back-break geometry are of prac-
tical importance. Although qualitative estimations can
be directly derived from the results depicted in Fig. 5,
they may not be directly related to those practical en-
gineering measures. In fact, it has not been a primary
goal of this research at this stage to engage with calcu-
lation of such practical measures.

Example 3. The same rock mass defined in the
previous example is reconsidered to simulate explosions
at two boreholes, as depicted in Fig. 8, which also shows
the finite-element mesh with over 2000 finite elements
adaptively generated to create a fine distribution of ele-
ments around the boreholes while creating only a coarse
mesh of elements elsewhere to keep the total size of the
numerical model as minimum as possible.

First, non-simultaneous explosions are considered.
The left borehole is detonated at the beginning of the
analysis, followed by the explosion of the second bore-
hole at 0.006 sec afterwards.

Figure 9 depicts the general patterns of effective
stress contours at successive time steps from the ini-
tial borehole explosion until the early post stages of the
second explosion. Development of the stress bubble is
contained only around the right borehole, gradually ex-
tending toward the intact left hole. Immediately after
the initiation of explosion at the second borehole, com-
plex effective stress contours are predicted due to a very
complex character of two explosive loadings and a com-
plicated pattern of solid cracking and fragmentation.

Figure 9 also illustrates cracking and fragmentation
patterns at successive time steps. It is clearly seen that
extensive cracking/fragmentation is created around the
first exploded borehole, while the solid material around
the undetonated explosive hole remains almost intact at
the very early stages of the simulation. Later, the crack-
ing pattern reaches the boundaries of the second hole
assumed initially as an empty hole for the solid phase.
In fact, any overpressure or major deformation affecting
the initial configuration or behavior of the second bore-
hole prior to its detonation is neglected. The second ex-
plosion happens when the solid has already undergone
extensive damage from the first explosive loading. It
results in new cracking and fragmentation well beyond
the original extent caused by the first explosion.

Simultaneous initiation of two blast holes directly
behind each other is almost never used in practice; nev-
ertheless, to compare the present algorithm with avail-
able results from other researchers and to study the ef-
fect of finite-element refinement on the final extent of
the damaged material, the model is subjected to simul-
taneous explosions at two boreholes.
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Fig. 9. Crack and fragmentation patterns (left) and development of effective stress bubble contours (right) at
different time steps for non-simultaneous explosions.

Coarse and fine finite-element meshes were used to
simulate the model and to compare the results for var-
ious finite-element models. The coarse mesh consists
of 1000 nodes and 1000 elements, while 2000 nodes and
2100 elements create the fine mesh. In both cases, adap-
tive mesh generators have been used to create a very fine
mesh around the boreholes while generating a coarse
mesh elsewhere to keep the total size of the problem
as minimum as possible. Similar boundary conditions
as those in the previous example are applied for both
meshes.

Figure 10 compares the cracking patterns at succes-
sive time steps for the coarse and fine meshes. They pre-
dict more realistic results than the previously reported
rough results by Munjiza [3] (see Fig. 10b).

Conclusions. In this paper, a two-mesh cou-
pled gas dynamics/solid mechanics interaction model

is developed and implemented into a combined fi-
nite/discrete element methodology to simulate the com-
plex behavior of rock blasting, which involves extensive
fracture and fragmentation within the domain, affecting
the pressure and density of the blast-induced gas. Sev-
eral numerical simulations have been used to assess the
performance of the proposed algorithm. They include
theoretical benchmarks and simulations previously per-
formed by other researches. The method, however, be-
comes numerically expensive as the size of the regular
G-mesh is reduced to enhance the accuracy of the gas-
related computations. Therefore, it is proposed to use
a carefully designed independent adaptive G-mesh or a
mesh similar to the S-mesh for future studies. Also, the
effects of existing rock cracks or joints on the overall
and local gas–solid interaction behavior can be stud-
ied. The present work is still far from a situation where
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Fig. 10. Cracking and fragmentation patterns (a) at different time steps based on a simulation by a coarse
mesh (left) and a fine mesh (right) for simultaneous explosions in comparison to the results by Munjiza [3] (b).

the results could be of practical use in rock engineering;
however, it is a promising framework for future deter-
ministic analysis of rock blasting by a well-developed
finite-element software with direct practical interest and
use.
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