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a b s t r a c t

This paper presents the application of a hybrid finite-discrete element method to study blast-induced
damage in circular tunnels. An extensive database of field tests of underground explosions above tun-
nels is used for calibrating and validating the proposed numerical method; the numerical results are
shown to be in good agreement with published data for large-scale physical experiments. The method is
then used to investigate the influence of rock strength properties on tunnel durability to withstand blast
loads. The presented analysis considers blast damage in tunnels excavated through relatively weak
(sandstone) and strong (granite) rock materials. It was found that higher rock strength will increase the
tunnel resistance to the load on one hand, but decrease attenuation on the other hand. Thus, under
certain conditions, results for weak and strong rock masses are similar.
� 2014 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by

Elsevier B.V. All rights reserved.
1. Introduction

Underground excavations in rock (e.g. civil road tunnels, mine
drifts) can be subjected to blast loads associated with excavation
methods, or may be even subjected to blast loads caused by
external sources. Blast damage includes both cracking of the rock
mass material and induced damage to structural reinforcing ele-
ments (concrete liner). Even in the case where the blast may not
necessarily reduce the load capacity of the engineered excavation,
there is the potential for fragments of rock material and/or struc-
tural elements to be ejected with large velocities, thus imposing a
significant hazard to either humans or equipment.

Due to the complexity of the mechanisms involved, blast design
in construction projects and mining largely relies on simplified
empirical approaches. Most commonly, peak particle velocity (PPV)
attenuation is estimated based on field tests, and compared to PPV
based damage thresholds (Dowding, 1996). Different authors used
numerical simulations to study the response of underground
structures to blasting (e.g. Jiang and Zhou, 2012; Deng et al., 2014),
and rock mass damage is defined based on the observation of the
plastic zones created by the blast and/or by measuring PPV results
(Wei and Zhao, 2008).
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In this paper, a fracture mechanics based finite-discrete element
approach (FEM-DEM) is adopted, using the proprietary code ELFEN
(Rockfield, 2007). In the models, blast-induced cracking and spal-
ling of the rock material are simulated using a Rankine rotating
crack failure criterion. The hybrid FEM-DEM approach allows for an
immediate and explicit simulation of the damage caused to the
tunnel walls. Blast load generated by the explosive detonation is
initially estimated using the ANSYS Autodyn software (ANSYS,
2013) and subsequently inserted into ELFEN.

For calibrating and validating the proposed numerical method,
observations and results from extensive field tests conducted by
Engineering Research Associates are used, hereafter referred to as
the ERA tests (ERA, 1953). In these tests, single delay charges in the
range of 145e145,000 kg of TNT were detonated above unlined
tunnels with diameters of 2e10 m in sandstone and granite. All
charges were buried and fully coupled to the ground. Four damage
zones from total collapse to light damage were empirically defined
as a function of the scaled distance of the charge to the tunnel.

The influence of rock mass strength on tunnel durability to
withstand dynamic loads is debated amongst authors. For instance,
Rozen et al. (1988) proposed an empirical correction factor to the
empirical guidelines established in the ERA tests based on the Rock
Quality Designation (RQD) (Deere and Miller, 1966) of the rock
mass. They found that for lower RQDs the PPV induced by blasting
increases. In contrast, Wu et al. (1998) emphasized the role of
discontinuities in the rock mass onwave attenuation, implying that
a weaker and heavily jointed rock mass is favourable in terms of
tunnel dynamic resistance. Once the proposed method of numeri-
cal simulation is found to be consistent with the ERA tests, the
method is then extended to attempt to determine the overall
impact of rock mass strength on tunnel dynamic strength.
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2. The finite-discrete element method

As discussed in Hamdi et al. (2014), two main approaches are
used for the numerical modelling of rock mass behavior, based on
the concept that the deformation of a rock mass subjected to
applied external loads can be considered to be either continuous or
discontinuous. The main differences between the continuum and
discontinuum analysis techniques lie in the conceptualization and
modelling of the fractured rock mass and the subsequent defor-
mation that can take place in it. A continuummodel reflects mainly
material deformation of the system, while a discontinuum model
reflects the movement component of the system. The continuum
approach may circumvent some of the difficulties associated with
the discrete method, in terms of complexity of the model and
impracticality of modelling every fracture in a deterministic way.
However, an intrinsic limitation of the equivalent continuum
approach is that the stress acting on a specific fracture is usually not
the same as that deduced from the overall stress, because it de-
pends on the stiffness of the fracture itself and on the stiffness of
the fracture’s surrounding matrix (Cai and Horii, 1993).

Hybrid finite-discrete element (FEM-DEM) codes combine the
aspects of both finite elements and discrete elements, and also
allow for the incorporation of fracture-mechanics principles to
allow for the realistic simulation of brittle fracture-driven processes
and a full consideration of the failure kinematics (Pine et al., 2006;
Mahabadi et al., 2012; Hamdi et al., 2014). In FEM-DEM model, the
finite element-based analysis of continua is merged with discrete
element-based transient dynamics, contact detection, and contact
interaction solutions (Munjiza, 2004). FEM-DEM based numerical
analysis of fracturing processes in rock considers that such prob-
lems are often highly dynamic, with rapidly changing domain
configurations, thus requiring sufficient resolution and allowing for
multiphysics phenomena. Such problems are typically simulated
employing time-integration schemes of an explicit nature (Owen
et al., 2004). Application of dynamic explicit time-integration
schemes to multifracturing solids, particularly to those involving
high nonlinearity and complex contact conditions, has increased
notably in recent years (e.g. Owen et al., 2004; Jaini and Feng, 2011).

There are advantages in employing a hybrid FEM-DEM approach
to model blast-induced damage, including:

(1) A better description of the physical processes involved, ac-
counting for diverse geometrical shapes and effective handling
of large numbers of contact entities with specific interaction
laws.
Fig. 1. Yield surface and softening curve for the Rankine rotating crack in ELFEN (from ELFE
elastic limit, snn and εnn are the principal stress and strain, and E and Ed are the elastic and
(2) The implementation of specific fracture criteria and propaga-
tion mechanisms allows the simulation of the progressive
fracture process within both the finite and discrete elements.

Among the different hybrid FEM-DEM codes currently available,
the code ELFEN (Rockfield, 2007) incorporates a coupled, elasto-
plastic, fracture-mechanics constitutive criterion that allows real-
istic modelling of the transition from a continuum to a
discontinuum, with the explicit generation of stress-induced
cracks.

As an FEM/DEM code, ELFEN has the capability of modelling pre-
existing discontinuities. In the current paper, the rock mass is
modeled as an equivalent continuum. The effect of joints on wave
propagation has been investigated by different authors (Cai and
Zhao, 2000; Chen et al., 2000). Work is being carried out to test
the proposed approach with the addition of discontinuities pre-
inserted in the model.

Within the ELFEN code, the constitutive behavior used to
simulate multi-fracturing of brittle materials is achieved by
employing a fracture energy approach controlled by designated
constitutive fracture criteria. In this paper, the rotating crack model
is used to simulate crack formation under tensile conditions within
the initially continuum-meshed geometry.

The Rankine rotating crack failure criterion is based on the
concept of Mode I fracturing studied in fracture mechanics. Once
the maximum principal stress reaches the tensile strength limit,
tensile softening is initiated and the elastic modulus is degraded in
the direction of the major principal stress invariant. Finally, the
mesh topology is updated and when new surfaces and/or bodies
are formed they interact with each other according to the discrete
contact properties assigned (Rockfield, 2007). The yield surface and
softening curve for the Rankine rotating crack failure criterion are
shown in Fig. 1.

3. Assessment and characterization of blast load

To the authors’ knowledge, there is no available software pro-
gram that can model all stages of blast-induced damage (i.e.
explosive detonation, wave propagation, fracturing and spalling).
Therefore, it was decided to simulate the load generated by the
explosive detonation using ANSYS Autodyn (ANSYS, 2013), similar
to the work carried out by Chen and Zhao (1998). Autodyn is a
finite-difference software, specially designed to solve a wide vari-
ety of non-linear problems including the resultant stresses
emanated from explosive materials using the empirical Jones-
Wilkins-Lee (JWL) equations.
N user’s manual (Rockfield, 2007)), where s1 and s2 are the tensile strengths, ft is the
residual Young’s moduli.



Table 2
Sandstone averaged intact properties from the ERA tests.

Density
(kg/m3)

Young’s
modulus (GPa)

Uniaxial compressive
strength (MPa)

Poisson’s
ratio

2300 17.2 86 0.2

Table 3
MohreCoulomb fit to HoekeBrown failure criterion for the sandstone material.

HoekeBrown
parameters

Equivalent MohreCoulomb parameters (s3max ¼ 0.75 MPa)

GSI mi D Friction angle (�) Cohesion (MPa) Em (GPa)

80 17 0 64 3.3 15.1
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Three material models are used for this stage: TNT, air, and the
rock material. The TNT material properties are based on the in-
house Autodyn material library and presented in Table 1. The
input parameters for the air material are also obtained from the
Autodyn material library. The equation of state (EOS) for air is the
ideal gas equation. The internal energy corresponding to the at-
mospheric pressure is assigned to the air material as an initial
condition.

The mean values of the rock material properties from different
sites of the ERA tests are listed in Table 2. The sandstone properties
from the ERA tests refer to intact rock material. It is interesting to
note that no rating of the rock mass with respect to the presence of
discontinuities is available from the ERA tests since the tests were
conducted before the development of the rock mass classification
systemsmost commonly used today, i.e. RMR (Bieniawski, 1989), Q-
index (Barton et al., 1974), GSI (Hoek et al., 1995). Considering that
rock mass conditions for the ERA tunnels were such to allow for
unsupported tunnels to be excavated and that the presence of joints
results in a reduction in rock mass strength, the massive rock mass
conditions were assumed for the test conditions (e.g. GSI and/or
RMR greater than 80). The GSI index has the advantage of being
related to the HoekeBrown failure criterion for rock masses, which
is widely accepted in geotechnical and rock engineering applica-
tions. In the current analysis, the HoekeBrown parameters and the
fitting MohreCoulomb parameters are initially estimated
(assuming GSI of 80 for the rock mass) and then converted to the
generalized DruckerePrager strength model that is available in
Autodyn. The HoekeBrown andMohreCoulomb parameters for the
sandstone material used for the Autodyn analysis are listed in
Table 3.

The EOS for a material defines the relationship between the
hydrostatic pressure, density, and internal energy. This relationship
is affected by the strain rate of the load applied, implying that the
bulk modulus increases with increasing strain rate (Chen et al.,
2000; Zhao, 2000). As there is no information regarding the dy-
namic properties of the rock from the ERA tests, the bulk and shear
static moduli from Table 3 are inserted into the Autodyn model and
gradually increased in order that PPV results are consistent with the
ERA tests. An increase by a factor of 25% is found to be appropriate
for the EOS of the sandstone material.

The model geometry is shown in Fig. 2. In the axisymmetric
model, the TNT material is located in proximity of the model origin
(bottom-left corner in Fig.1). History points Nos.1, 5 and 9 are set at
a distance of 2.4 m from the TNT location to provide the necessary
stress input for the ELFEN models. The integrated Autodyn-ELFEN
modelling approach is designed to take advantage of the
strengths of Autodyn for blast modelling. The large deformations
that the supersonic region undergoes due to the extreme pressures
generated by blast are accommodated by the Autodyn coupled
Euler-Lagrange solver. In the supersonic region, the shock wave
conforms to the RankineeHugoniot relations which are calculated
by Autodyn. Therefore the stress input for the ELFEN model is
defined using the history points at some distance away from the
blast location rather than using the stress history of the TNT-rock
material boundary. The procedure is schematically illustrated in
Fig. 3. The remaining history points are used to confirm that the
simulated PPV attenuation results are in agreement with the field
tests.
Table 1
TNT material properties.

Density (kg/m3) Detonation velocity (m/s)

1630 6930
Kuhlmeyer and Lysmer (1973) found that in order to obtain
realistic results in dynamic simulations, the mesh size must be no
larger than one-eighth of the minimal wavelength. This criterion is
used for selecting the mesh size for both the Autodyn and ELFEN
models. The hypothesis is also validated by performing a mesh
sensitivity analysis and results converge at a mesh size of 12 cm.

Extensive tests of ground shock effects in soils carried out by
Drake and Little (1983) found that the pressure-time histories
consist of a compressive pulse with a short rise time followed by a
negligible negative tensile pulse. Dominant frequency has been
found to be an additional important parameter for assessment of
blasting impact (Dowding, 1996). In the current analysis, a trian-
gular shaped pulse with the frequency and peak compressive stress
determined by the Autodyn model is selected for the subsequent
ELFEN modelling. The load function used in the ELFEN model is
shown in Fig. 3, based on the Autodyn results. The averaged peak
stress of the compressive pulse and pulse duration from the
Autodyn results are 320 MPa and 0.8 ms, respectively.
4. Modelling of damage zones based on ERA test results

4.1. ELFEN modelling methodology and set-up

As introduced in Section 2, ELFEN is a hybrid FEM-DEM code for
2D and 3D modelling and is extensively applied to modelling of
Fig. 2. Model geometry and history points layout for the Autodyn model.



Fig. 3. Procedure for blast load function estimation from Autodyn to ELFEN models.
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rock mechanics problems (e.g. Cai and Kaiser, 2004; Stead et al.,
2004; Elmo et al., 2008). Note that in the literature, generally the
coupled Rankine-MohreCoulomb failure criterion is used in ELFEN
to simulate quasi-static rock behavior. However, the Rankine
rotating crack failure criterion is sufficient as spalling failure caused
by tensile reflection from the tunnel roof is governed by the tensile
strength alone.

The parameters required for this criterion are the tensile
strength of the rock and the fracture energy. The tensile strength of
the sandstone material used is taken from the intact strength
measured in the ERA tests. The fracture energy GF is the integral of
the stress over the strain in the softening portion of the stresse
strain curve, and is related to the critical stress intensity factor KIC
(or fracture toughness) and elastic modulus E (Rockfield, 2007):

GF ¼ K2
IC
E

(1)

The fracture toughness KIC can be estimated using an empirical
relationship with the rock tensile strength (Zhang, 2002):

st ¼ 6:88KIC (2)

Therefore it is possible to estimate the fracture energy using Eqs.
(1) and (2) solely based on the knowledge of the rock elastic
Table 4
The input parameters for Rankine rotating crack failure criterion.

Tensile strength st (MPa) Fracture energy GF (J/m2)

4 22
modulus and tensile strength. The Rankine rotating crack input
parameters used in the ELFEN models for the sandstone material
are listed in Table 4.

Four damage zones are identified in the ERA test results based
on the scaled distance from the exploding charge (the scaled dis-
tance is defined as the distance from the exploding charge divided
by the cube root of the charge weight). The four zones are cate-
gorized as follows:

(1) Zone 1: total collapse of the tunnel;
(2) Zone 2: heavy damage;
(3) Zone 3: moderate damage;
(4) Zone 4: light damage.

Each zone is characterized by the damage area, defined as the
difference in cross-section before and after the blast, and the
maximum velocity of the broken rock fragments (spalls) ejected
into the tunnel. Tunnels in distances greater than Zone 4 exhibited
no damage at all.

Waves that propagate through a medium attenuate due to
geometrical spreading and material damping. PPV attenuation is
commonly simplified to the form of:

PPV ¼ K
�

R
Wb

��n

(3)

where R is the radial distance from the blast,W is the weight of the
explosive, b in the case of a spherical charge refers to the cube root,
and K and n are site-specific constants. There is no analytical
method of prediction of these constants based on the material



Fig. 4. Model geometry for the Zone 4 model.
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properties; therefore for the numerical simulations artificial global
damping must be applied in order to obtain the attenuation rates
measured in field. As shown in Fig. 4, two damping regions are
defined in the ELFENmodels. Region 1 is the area around the loaded
arc. According to the modelling results, when cracking is simulated,
thewave attenuates rapidly. Therefore a lower damping percentage
is required within Region 1 to yield a wave attenuation that agrees
with the physical measurements from the ERA tests.

The following procedure is implemented in the ELFEN models:

(1) An initial ELFEN model is created that corresponds to a specific
distance of the damage zones in the ERA tests.

(2) The model above is calibrated so that the damping percentage
for Regions 1 and 2 in the model yields PPV results that are
consistent with the PPV results measured in the ERA tests.

(3) The other models (Zones 2 and 3, and model of no damage) are
then assigned the same damping percentage as the calibrated
model.

(4) Results of damage area and velocity of the spalled rock in all
models are then compared to those of the ERA tests.

The distance of the center of the charge to the blast for the
different models is listed in Table 5. Themodel set-up for the Zone 4
model used for calibration is shown in Fig. 4. Note that Zone 1
damage, defined as the distance in which complete collapse of the
tunnel occurs, is not considered in the current analysis, since the
complex phenomena that occur in the supersonic zone may not be
properly captured by the current modelling procedure. An
Table 5
Vertical distance of blast charge to tunnel roof for models of the ERA damage zones.

Zone Scaled distance from
blast ðkg=m1=3Þ

Distance from
blast (m)

2 1.26 10
3 1.76 14
4 2.89 23
No damage 3.28 27
additional model representing a zone with no damage is included
as well in the analysis.

A tunnel subjected to a spherically propagating blast wave is
essentially a 3D problem. However, it is assumed that 2D plane
strain modelling is acceptable. The 2D simplification is probably
somewhat conservative as it implies that the maximum blast load
acts infinitely. Works done by others (Chen et al., 2000; Deng et al.,
2014) have shown that 2D models can be successful in predicting
blasting outcomes tested in field.

The tunnel diameter is 10 m. The model boundaries are set to a
distance sufficiently large to avoid wave reflections. Deng et al.
(2014) found the initial stresses to have little influence in depths
of up to 200 m. The tunnels in the ERA tests were located at shal-
lower depths; therefore the effects of initially induced stresses
associated with the tunnel excavation are not included in the
models.
4.2. Simulated results of damage zones

A qualitative description of explosive interaction with rock was
given by Brady and Brown (2004), who stated that subsequently to
blasting, the region surrounding the blasthole would experience
expansion and dense fracturing, while farther away from the blast,
radial cracks would appear. Finally, if the wave is reflected from a
free face, additional fractures in the form of spalling may appear.
Fig. 5 shows the fracture pattern generated in the calibrated ELFEN
model for Zone 3, which matches the qualitative description given
by Brady and Brown (2004).

Simulated results of the damaged area above the tunnel roof and
the velocity of the spalled rock fragments from the threemodels are
presented in Table 6 along with the corresponding results
measured in the ERA tests.

For the Zone 4 model, fracturing occurs above the tunnel
boundary and does not cause the rock to detach and fly into the
tunnel space. This is consistent with the ERA observations, as in
Zone 4, pieces of rocks were found to fall into the tunnel with no
initial velocity, and the detachment of these pieces is attributed to



Fig. 5. (a) Rock fracturing due to an explosive charge, modified from Brady and Brown
(2004). (b) Results of Zone 3 model.

Fig. 6. Progressed spalling in Zone 3 model.
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pre-existing joints. No fracturing occurred in the model at a dis-
tance greater than Zone 4.

In the ERA tests it was observed that, at closer distances to the
blast, rocks are ejected radially, and, as the distance increases, the
spalling tends to occur only above the tunnel roof. In addition, it
was found in the ERA tests that spalling begins with small particle
size with high velocity ejections from the tunnel perimeter. The
subsequent deeper ejections involve comparatively larger particle
size with low ejection velocity. Both these phenomena are captured
in the results of the ELFEN models and can be observed in Figs. 6
and 7.

Note that the models are simulated for a duration of 10 ms
which is sufficient for capturing the complete kinematics of the
failed blocks. In order to display spalling in a vivid manner such as
the image displayed in Fig. 6, relatively long computing times are
required so that the detached pieces gain distance from their initial
location.
Table 6
Comparison of results for damage zones from the ERA tests and ELFEN models.

Zone Maximum spall velocity (m/s) Damaged area (%)

ERA ELFEN ERA ELFEN

2 18 21 6e16 7
3 6e9 8 1e6 4
4 0 0 0e1 0
5. Effects of varying rock materials and properties on tunnel
durability

5.1. Modelling set-up

When considering the influence of rock strength properties on
the problem of tunnel subjected to blast loads, it is important to
consider the interrelated effect of strength properties on both
tensile failure (cracking) and wave attenuation. According to Zhou
(2011), for massive rocks the attenuation will be less rapid than
in weak and fractured rocks. Typical values of the attenuation co-
efficient n from Eq. (3) are 1.5 for hard and strong rocks and greater
than 2 for weak and soft rocks.

In an elastic analysis, the wave will attenuate only due to
geometrical spreading, independent of the material properties.
When the Rankine fracturing failure criterion is used, different rock
types (with different tensile strengths and fracture energy) will
respond differently to the load and the resultant attenuation will
vary due to energy dissipation through fracturing.

Wave attenuation is considered to be site-specific, and even for
tests undertaken at the same site, a large scatter in results is often
encountered (Dowding, 1996). Due to these limitations, it is
assumed that true wave attenuation rates cannot be predicted by
means of numerical simulation alone. An attempt is herein made to



Fig. 7. Results for models of the damage zones: (a) Zone 2; (b) Zone 3; (c) Zone 4; and (d) Zone with no damage. The distance of the tunnel roof to the center of the charge is
denoted as r.
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determine whether the simulated results in ELFEN are consistent
with typical attenuation values encountered in field and published
in the literature. Subsequently, a preliminary comparison between
rock types with different strength properties is made.

Models with material properties typical of limestone, basalt and
granite are considered in the analysis, as listed in Table 7. These
types of rocks were chosen as their strength spans from weak to
strong, and the objective of the modelling is to capture the overall
influence of rock strength on the durability of the tunnel subjected
to blast loading.

All models are set-up in an identical configuration to themodels
calibrated to the ERA tests discussed in the previous section, and
with a distance of charge to tunnel of 14 m corresponding to “Zone
3” type damage.

5.2. Simulated results for different rock types

Observing the simulated results of fracturing presented in Fig. 8,
it can be seen that there is onlyminor decrease of the fractured area
above the tunnel as the rock material is stronger. On the other hand
it can be noted that for the stronger rock types, less fracturing oc-
curs in the area of the blast.

These results are in agreement with the ERA tests for sandstone
and granite, where the extent of damagemeasured in the tunnels in
Table 7
Properties used in the models investigating the effects of varying rock types.

Rock type Tensile strength (MPa) GF (J/m2) Density (kg

Limestone 3 23 2600
Sandstone 4 22 2300
Basalt 10 83 2700
Granite 15 78 2700
granite compared to those in sandstone was found to be only
slightly more favourable for the granite. The discrepancy between
the difference in tensile strength of the granite and sandstone to
the similar amount of damage can therefore be attributed to the
difference in attenuation: for the stronger rocks attenuation is less
rapid, and the arriving pulse is larger. Fig. 9 shows the best fit
curves for the peak stress as a function of the scaled distance from
the charge for recorded from the different models.

The two contrasting effects of the rock strength, i.e. wave
attenuation and rock resistance to fracturing even out each other. It
is apparent that tunnel durability subjected to blast loads cannot be
estimated in a straightforward manner and both effects should be
weighed carefully.

PPV is recorded for varying distances for each of the different
rock types and the attenuation constants n and K are found by curve
fitting. The results are presented in Table 8 and show that, as the
rock material is weaker, the attenuation is more rapid. The nu-
merical explanation for this is that the larger extent of fracturing
that occurs around the area of the blast for the weaker rock dissi-
pates more energy.

Results show that the models using the Rankine fracturing
failure criterion in ELFEN yield attenuation rates for that follows the
trend encountered in field measurements. As is stated, this is not to
say that numerical modelling is capable of predicting actual
/m3) Em (GPa) Shear modulus (GPa) Poisson’s ratio

8.3 3.3 0.25
15.1 6 0.25
25.6 10.2 0.25
61.1 24.4 0.25



Fig. 8. Fracturing results for a 10 m diameter tunnel in different rock types: (a) limestone; (b) sandstone; (c) basalt; and (d) granite.
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attenuation rates, as these are highly site-specific. However, it is
believed that the ELFEN models capture the general trend of the
different rock types and can be used for gaining an initial estima-
tion and understanding of the tunnel response to blasting in
Fig. 9. Stress decay with distance for the modeled rock types.
different rock types. In-situ measurements can later be used to
modify the damping percentage, so the attenuation rate is better
fitted to the actual field behavior.
6. Conclusions

An integrated approach is used in this paper to simulate the
response of a tunnel subjected to blasting. The code Autodyn is
used to estimate the blast load, and the hybrid FEM-DEM code
ELFEN is used to simulate the fracturing of the rock resulting from
the blast wave. Observations and results from field tests are used to
calibrate the wave attenuation and to compare the results of the
damaged area and rock spall velocity. Altering the distance of the
charge to the tunnel, the simulated results are found to be
Table 8
PPV attenuation constants for the rock type models.

Rock type Attenuation constants

K n

Limestone 15.8 2.5
Sandstone 16.4 2.6
Basalt 15.5 2.4
Granite 9.9 1.9



A. Mitelman, D. Elmo / Journal of Rock Mechanics and Geotechnical Engineering 6 (2014) 565e573 573
consistent with the test measurements. Overall, the modelling re-
sults show that the proposed method is a reliable tool for analyzing
spalling damage to tunnels induced by blasting.

The modelling shows that a tensile failure criterionwith explicit
fracturing simulation is capable of capturing the rock response to
blasting in terms of the fracture pattern. Varying rock material
properties shows that fracturing simulation yields attenuation rates
that are consistent with measurements encountered in field.
Furthermore, the modelling results show that due to the con-
trasting effects of the rock strength (i.e. tensile strength and wave
attenuation) the tunnel response to a given blast load in weak and
strong rocks is similar.

This method can be further extended to investigate the influ-
ence of other varying conditions such as tunnel shape, in-situ
stresses, tunnel support, and multiple blast loads. The proposed
numerical approach has the capability of modelling pre-existing
discontinuities. Although this is not considered in the current pa-
per, the effect of joints on wave propagation is the subject of
ongoing research.
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