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Abstract:

We model blast-induced fracturing and fragmentation processes in fractured rocks using a fully
coupled fluid-solid interaction model. This model links a finite-discrete element solid solver with a
control volume-finite element fluid solver through an immersed-body method. The solid simulator
can capture the deformation of intact rocks, interaction of matrix blocks, displacement of existing
fractures and propagation of new cracks. The fluid simulator can simulate the highly compressible gas
flow involved in the blasting and explosion process, which is assumed to follow the John-Wilkins-Lee
equation of state. We design numerical experiments as follows. First, we generate a series of 1 m x 1
m discrete fracture networks associated with different fracture density and mean length values to
consider various scenarios of distributed pre-existing fractures in rock. We apply isotropic/anisotropic
in-situ stresses to the rock such that the system reaches an equilibrium state. Then we release the
compressible gas associated with a prescribed high pressure in the borehole to simulate explosion,
which engenders stress wave propagation and new crack generation in the system. We observe that
the presence of natural fractures has a significant impact on the blast behaviour of fractured rocks
such that new cracks tend to be arrested by pre-existing discontinuities which however accommodate

wing cracks at their tips linking with other structures. Blast-driven cracks attempt to propagate along
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the maximum principal stress direction if an anisotropic stress condition is imposed. Our research

findings have important implications for the design and assessment of blasting for underground

excavation in fractured formations.

Key words: blast; fractured rock; fluid-solid coupling; fracture propagation; fragmentation

1. Introduction

Fracturing and fragmentation of rock materials via explosive operations is often used in the civil

and mining industry to facilitate underground excavation in geological media (Harrison and Hudson,

2000). In order to predict the blast performance and optimise the explosion design, engineers often

adopt empirically-based rules (Chapman, 1899), which strongly rely on the users’ experiences. Thus,

some semi-analytical formulations supported by experimental data, e.g. the Kuz-Ram model

(Cunningham, 1987), have been developed and incorporated into engineering analysis routines. For

example, a range of fragmentation prediction models that consider the in-situ block size distribution

have been discussed in the context of blasting for coastal engineering armour stone (Latham et al.,

2006). Several analytical formulae have also been derived for calculating blast-driven fracture

propagation in simple geometrical settings (Nilson et al., 1985; Paine and Please, 1994). Although

these approaches provide very efficient solutions to estimating the blast behaviour of rocks, the

understanding of underlying mechanisms and the analysis of complex geometries may require more

sophisticated analysis using numerical models.

Over the past decades, many different numerical models have been developed to mimic

blast-induced fracturing processes in rocks, which may be classified into two major types, i.e. the

parted approach and the complete approach. The former group artificially separates the blast process

into two distinct phases, i.e. the fragmentation phase involving fracture initiation and shock wave
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propagation (Dehghan Banadaki and Mohanty, 2012; Ma and An, 2008), and the burden movement

phase involving fracture extension and fragment transportation (Yan et al., 2016). The complete

approach aims to capture the entire blasting process including detonation, shock wave propagation,

compressible gas flow, fracture and fragmentation as well as solid-fluid interactions in a unified

framework (Mohammadi and Bebamzadeh, 2005; Mohammadi and Pooladi, 2012, 2007; Morris et al.,

2006; Ning et al., 2011b; Yang et al., 2017), rendering more realistic simulations compared to the

parted approach.

To achieve complete blast modelling, three key components are needed, i.e. solid model, gas

model and solid-fluid interaction model. Simulation of solid dynamics including vibration, fracture

and fragmentation has been attempted using continuum-based damage mechanics models in the

context of the finite element method (Hao et al., 2002; Liu and Katsabanis, 1997; Saharan and Mitri,

2008; Wei et al., 2009; Yang et al., 1996; Zhu et al., 2007). However, such continuum representations

of fractures may not permit an easy capture of the important discontinuous behaviour such as fracture

wall separation and gas penetration. To overcome such limitations, discontinuum-based fracture

mechanics models, such as the discrete element method (Donzé et al., 1997; Onederra et al., 2013;

Wang and Konietzky, 2009), discontinuous deformation analysis method (Ning et al., 2011b, 2011a),

meshfree method (Rabczuk and Eibl, 2006), and hybrid finite-discrete element method (Mitelman and

Elmo, 2014; Mohammadi and Bebamzadeh, 2005; Morris et al., 2006; Munjiza et al., 2000), have

been used more frequently in simulating blast-induced fracturing in rocks. Regarding the gas flow

simulation, the simplest way is to impose empirically-defined pressure profiles on the walls of

blasting holes and/or the surfaces of induced fractures (Donzé et al., 1997; Ma and An, 2008; Ning et

al., 2011b, 2011a; Saharan and Mitri, 2008; Zhu et al., 2007), which, however, cannot consider the
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important time-dependent gas pressure variations. Thus, various gas models that solve fluid governing

equations have been implemented in blast modelling, such as an one-dimensional pipe flow (Munjiza

et al., 2000), a non-uniform isentropic gas model (Mohammadi and Pooladi, 2007) and a generalised

inertia-dominated gas flow model (Yang et al., 2017), to more accurately calculate the pressure

imposed on solid walls. With respect to the solid-fluid coupling, the gas flow and solid dynamics may

be solved either based on a single mesh (Munjiza et al., 2000) or two separate meshes (Mohammadi

and Bebamzadeh, 2005; Mohammadi and Pooladi, 2012). To better represent the viscous fluid

behaviour (i.e. shear stress of fluids imposed on solid walls), a third mesh named “shell mesh”

associated with a coupling term may need to be included (Viré et al., 2015; Yang et al., 2017, 2016).

The use of shell mesh can significantly reduce the computational time because force transfer only

needs to be solved on the shell mesh, which generally consists of a much smaller number of elements

compared to the fluid or solid mesh. The shell mesh method also permits to incorporate complex

boundary layer formulations (Yang et al., 2019).

By conducting blast numerical simulations, the influences of explosive charge, detonation style

and boundary confinement as well as nearby faults on the blast-driven fracture development in rock

have been extensively investigated in the literature (Donzé et al., 1997; Ma and An, 2008; Munjiza et

al., 2000; Wang et al., 2009; Yang et al., 2017). However, crustal rocks are ubiquitously embedded

with natural fractures (Bonnet et al., 2001), which may significantly dominate the dynamic response

of the system and strongly affect the blast-driven crack growth, but very little investigation has been

done to understand this problem apart from our preliminary study using regular discontinuity sets

(Latham et al., 2017). Thus, in this paper, we aim to combine the state-of-the-art fluid-solid

interaction simulation (Yang et al., 2017) with the discrete fracture network model (Lei et al., 2017a)
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to gain insights into the role of pre-existing natural discontinuities in blasting processes in fractured

geological media. We consider generic scenarios where a finite-sized fractured rock is confined by

in-situ stresses and study the explosion out of a single borehole, while the communication between

multiple blast holes is not analysed. We will elucidate the important effects of the geometrical

properties of natural fractures (e.g. density and length) in conjunction with geomechanical conditions

(e.g. stress magnitude and ratio). The remainder of the paper is organised as follows. Section 2

describes the governing equations and fundamental principles underpinning the solid, fluid and

solid-fluid coupling solvers. Section 3 presents the setup of numerical models including the fracture

network geometry, stress loading condition, and explosive operation, while the simulation results are

further shown in Section 4. Finally, a brief discussion is given and conclusions are drawn in Section 5.

2. Methodology

We simulate the blast-induced fracturing and fragmentation processes in fractured rocks using a

two-dimensional (2D) fully-coupled fluid-solid interaction model. This model combines a

finite-discrete element solid model (Lei et al., 2017b, 2016; Xiang et al., 2009b, 2009a) with a control

volume-finite element fluid model (Lei et al., 2018; Pain et al., 2001; Pavlidis et al., 2016; Xie et al.,

2016) based on an immersed-body coupling framework (Viré et al., 2015, 2012; Yang et al., 2019,

2017, 2016). Both the solid and fluid models have been validated against laboratory experiments and

analytical/empirical solutions in our past research (Farsi, 2017; Lei, 2016; Lei et al., 2018, 2016;

Pavlidis et al., 2016; Xiang et al., 2009b; Xie et al., 2016). The validity and accuracy of this

immersed-body coupling model has also been examined in our previous work against semi-analytical

solutions, experimental data and other simulation tools (Viré et al., 2015, 2012; Yang et al., 2017,

2016); especially, the conservation of momentum and energy of the numerical model, which is
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important for blast modelling, has been examined (Yang, 2018). In this paper, the computational
domain consists of a fluid subdomain that fully immerses the solid subdomain (Fig. 1). The
fundamental principles and governing equations for modelling solid dynamics, fluid dynamics and
solid-fluid interactions involved in rock blasting processes are described successively in the following
subsections.
2.1 Solid dynamics model

The solid dynamics is modelled using an open-source computational solid mechanics platform
“Solidity” based on a hybrid finite-discrete element method (Xiang et al., 2009b, 2009a), which can
realistically capture the stress evolution in intact rocks, interaction between matrix blocks,
deformation of pre-existing fractures, and propagation of new cracks (Latham et al., 2013; Lei et al.,
2017a). The solid model represents a 2D fractured rock using an unstructured, fully-discontinuous
mesh of three-node triangular finite elements, which are linked by four-node joint elements (Fig. 2).
There are two types of joint elements: unbroken joint elements inside the matrix and broken joint
elements along fractures (Lei et al., 2016). The joint elements (either broken or unbroken) are created
and embedded between the edges of triangular element pairs before the numerical simulation and no
remeshing is performed during later computation.

The governing equation of the solid dynamics is given by:
du,

+F, =M, , (D

Fext —-F
dr

int

where M is the lumped nodal mass matrix, Fj are the internal nodal forces induced by the

deformation of triangular elements, F.q are the external nodal forces including external loads Fi

contributed by boundary conditions and body forces, cohesive bonding forces F, caused by the

deformation of unbroken joint elements, and contact forces F. generated by the contact interaction via
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broken joint elements, Fr is the solid-fluid exchange force dependent on the gas pressure and viscosity,
u; is the solid velocity, and ¢ is the time. The deformation of intact rocks is captured by linear-elastic
constant-strain finite elements with the continuity constrained by the bonding forces of unbroken joint
elements (Munjiza et al., 1999). The interaction of discrete solid bodies is calculated based on the
penetration of finite elements via broken joint elements (Munjiza and Andrews, 2000). The
elasto-plastic fracturing in formation rocks is modelled by a smeared crack (i.e. cohesive zone)
method that can capture the non-linear stress-strain behaviour of the plastic zone ahead of each
fracture tip (Munjiza et al., 1999). The fracture propagation model can consider both tensile and shear
failure in brittle (or quasi-brittle) rocks governed by specific mode I and II energy release rates (Lei,
2016). The equations of motion of the solid model are solved through an explicit time integration
scheme based on the forward Euler method.
2.2 Fluid dynamics model
The compressible gas flow is simulated using an open-source computational fluid dynamics
platform “Fluidity” based on a mixed control volume-finite element method (Pavlidis et al., 2016; Xie
et al., 2016). The continuity equation for the compressible gas flow is written as:
0
ﬂ_{_v.(pfuf):(), (2)
ot
where, prand ur are the fluid density and velocity, respectively. The momentum equation is written as:
o 3
5 (P +V-(pu ®u; + p—1) = piF, +5, ®)
where Fy is the body or internal force per unit mass (e.g. gravity), p is the fluid pressure, T is the shear
stress and the s. is the solid-to-fluid coupling term. The energy equation is given as:
9 4
5 (P E)+V - (pEu; —Tu; +q) = pFug, 4)

where q is the rate of volumetric heat increment per unit mass, £ = e + |u*/2 is the total specific
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energy, and e is the internal energy per unit mass.
The following supplementary equation is introduced to link the solid and fluid governing
equations:
(' —ul) = 5@@ —ud), (5)
where &= p. /Ar, §' =ul +au! =4l +a’, and ar and as denote the fluid and solid volume
fraction, respectively. Note that the subscripts and superscripts indicate the field and mesh,

(1P
S

respectively (“f” is for fluid and is for solid). Hence, the continuity equation for the superimposed
fluid-solid domain is rewritten as:

Voa =v, (6)
where:

(7

f _ —0-
af {uf when o;=1, oa,=0;

u  when @,=0, a =1

We use the John-Wilkins-Lee (JWL) equation of state (Kury et al., 1999; Tarver et al., 1997) to

describe the thermodynamic relationship of fluids that links the fluid temperature, pressure, density

and internal energy to close the fluid governing equations. The JWL equation is written as:

oo A[I—R—a;]e‘R'V +B[1— R“’V}—w L5, ®)
1 2

where 4, B, R, R», w and ¢y are experimentally-fitted material constants, p is the pressure, V = pe/pr is
the relative volume. We assume an isothermal condition such that the internal energy e in the energy
equation, i.e. Eq. (4), remains constant.
2.3 Solid-fluid interaction model

The fluid and solid solvers are fully coupled within the framework of an immersed-body method

(Viré et al., 2015, 2012; Yang et al., 2016). After the gas pressure p and velocity uj are solved from

8
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Egs. (4), (5) and (7) based on the fluid mesh, they are projected onto the solid surface via the shell

mesh (Fig. 3), with the exchange force F; calculated as:

F. = L Nan-(t+Ip)dr, 9)

solid

where T represents the solid surface, V; is the shape function, # is the outward normal, and I is

solid

the identity matrix. We decompose the term I N.n-tdI based on the directions of the 2D velocity
rsol!d

components, i.e. # and v, as:

yx sl yy sl

IV N,.(axxusl+axyvsl)dV and IV Nl.(a u,+a. v )dV, (10)

shell

where Vien stands for the volume of the shell mesh and ug = [us1, va] = us - uris the slip velocity. The

coefficient a = [ax, axy, ayx, dyy] 1S given as:

a, = Arf)tcwa” [n, —n, +nnJ;
v Ar:lcwan =1, gny s (11)
= AVZ;WH [nn, =n S n];

a, = Argl)tc [n.n, +n,—n],

where Ar = (0.1~1)-Axyan the thickness of the shell with Axyan being the fluid mesh size near the solid

surface, and y is the dynamic viscosity.

The exchange force Fy is substituted into Eq. (1) to compute the solid velocity, based on which

the coupling term s. can be eventually derived as:

£ .

Sc,x - axxus + axyvs’ (12)
o _

Sc,y = ayxus + ayyvs,

and further substituted into Eq. (3). The mass conservation between the fluid and solid domains is

achieved through a conservative Galerkin projection-based mesh interpolation (Farrell and Maddison,

2011). The solid-fluid coupling in the context of the immersed-body method is numerically achieved
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by linking the solid simulator Solidity and fluid simulator Fluidity with the governing equations
solved interactively and iteratively in a time-marching scheme (see the flow chart given in Fig. 4).
3. Model setup

We use the discrete fracture network approach (Lei et al., 2017a) to represent the geometrical
distribution of natural fractures in a 1 m x 1 m square domain of rock. We assume that the probability
density function of fracture trace lengths follows a negative exponential distribution (Priest and
Hudson, 1981):

fy=re' (13)

¢

where / is the fracture length and { is the mean length. The negative exponential distribution
characterises the important feature of natural fracture systems that large fractures have low frequency
while small fractures have high frequency (Davy, 1993). The location and orientation of fractures are
assumed purely random. We explore two different cases of fracture density (i.e. number of fractures per
area), i.e. N = 50 and 100 m? (referred hereafter as low and high density cases, respectively), and three
different values of the mean length, i.e. {=0.1, 0.2 and 0.3 m (Fig. 5). To facilitate comparison, the
high density fracture network is created by superimposing new fractures onto the low density pattern;
the high and low mean length cases have the same facture centre locations.

The rock mass properties are given as follows. The bulk density is 2680 kg/m?®, the Young’s
modulus is 60.0 GPa, the Poisson’s ratio is 0.25, the internal friction angle is 31°, the tensile strength
is 15.0 MPa, the cohesive strength is 55.0 MPa, the residual friction angle is 31°, and the mode I and
I1 energy release rates are 74.3 and 88.4 J/m?, respectively.

The fractured rock first reaches to equilibrium under an imposed isotropic (Sx = Sy = 1.0 MPa) or

anisotropic (Sx = 3.0 MPa, Sy = 1.0 MPa) stress loading condition. The in-situ stress level is very low
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compared to the intact rock strength such that no cracks are generated during the model equilibrium
stage. We then release the compressible gas associated with a prescribed high initial pressure (Po = 50
MPa) inside the central borehole (with a diameter of 0.1 m) to initiate explosion, which leads to shock
wave propagation and new fracture generation across the domain. An absorptive layer with increased
density and reduced modulus is placed surrounding the fractured domain to slow down stress waves
such that the simulation is terminated before any reflection waves coming back to the domain.

In the simulations of this work, we choose the maximum and minimum fluid element sizes as 0.02
m and 0.005 m, respectively, and the solid element size as 0.01 m. The mesh setting here is the same as
that in our previous work studying blasting in intact rocks (Yang et al., 2017), which gives simulation
results consistent to other published research in the literature with respect to borehole gas pressure
history (Mohammadi and Pooladi, 2012) and rock fragmentation pattern (Munjiza et al., 2000).
Furthermore, the shell thickness is chosen as 1/10 of the minimum fluid element size, according to our
previous sensitivity analysis results (Yang et al., 2016). The time step for both fluid and solid solvers is
setto be 0.25 x 1077 s, which is smaller than the time step used in our previous work (Yang et al., 2017),
to ensure the model convergence for simulating blasting in prefractured rocks. The runtime of each
simulation is about 650 hours on a desktop computer equipped with an Intel(R) Xeon(R) CPU
E5-2697@2.30 GHz).
4. Results
4.1 Isotropic stress confinement

Figs. 6 and 7 give the distribution of local maximum principal stresses and the variation of fracture
network geometries at different time stages (i.e. ¢ = 0.08, 0.16, 0.24 ms) after the explosion in the

low-density fracture networks of different mean length values subjected to the isotropic stress loading
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condition (Sx = Sy = 1.0 MPa). The stress wave propagates radially with a circular outer front (see ¢ =

0.08 ms). When the mean length is small, the high stress zone around the borehole exhibits a quite

isotropic pattern, like in isotropic, homogeneous materials, because the effect of pre-existing fractures

is minor. The blast-induced new cracks (mainly tension-dominated) initiating from the central borehole

tend to exhibit an isotopically growth manner: some may propagate straight without meeting any

fracture or even cross pre-existing structures, while others link with pre-existing fractures and generate

wing cracks at their far-end tips (Fig. 7). However, as the mean fracture length increases, the influence

of natural fractures on the stress wave propagation becomes significant, as can be seen from the high

stress zone formed on one side of some large fractures (Fig. 6). This is because shear stress cannot be

fully transferred to the opposite side of these fractures that can either open or slip. The distribution of

local stresses thus exhibits strong heterogeneity features. The new cracks, which are mostly

tension-dominated, seem to only develop in the region with less pre-existing fractures, while in other

areas only minor small cracks are generated to link pre-existing discontinuities (Fig. 7). Furthermore,

most new cracks initiating from the borehole are arrested by pre-existing structures. Some localised

fragmentation seems to emerge at the intersection of pre-existing fractures in the networks of a larger

mean length with more fracture interconnections involved.

Figs. 8 and 9 give the distribution of local maximum principal stresses and the variation of fracture

network geometries in the high-density fracture networks subjected to the isotropic stress loading

condition. The influence of natural fractures with a small mean length on the shock wave propagation

(Fig. 8) and blast-driven new crack formation seems to be still minor (Fig. 9), although more fracture

coalescence occurs compared to that in the low-density case. However, if the mean fracture length is

long, the system of natural fractures becomes well connected, allowing only a few wing cracks to

12
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propagate from the tips of some pre-existing fractures under dynamic vibrations. Furthermore, intense

fragmentation tends to locally occur at the junction of some large fractures that intersect with each other

at a small acute angle and also connect to the borehole, where significantly shear and rotation are

accommodated.

Fig. 10 shows the directional distribution of cumulative length of blast-induced cracks in the

isotropically stressed fractured rocks. It seems that with the increase of mean length of pre-existing

fractures, the total length of new cracks decreases. Furthermore, in the high-density fracture networks,

the new cracks propagate more isotropically under the isotropic stress loading, whist the new cracks

in the low-density fracture networks exhibit slight directional preference due to the influence of local

pre-existing fractures around the borehole.

4.2 Anisotropic stress confinement

Figs. 11 and 12 give the variation of local maximum principal stresses and fracture patterns at

different time stages (i.e. £ = 0.08, 0.16, 0.24 ms) after the explosion in the low-density fracture

networks subjected to the anisotropic stress loading condition (Sx = 3.0 MPa, Sy = 1.0 MPa). It can be

seen that the stress wave front is significantly distorted at the location of pre-existing fractures (see ¢ =

0.08 ms) because of the slip movement of these discontinuities (Fig. 11). The blast-induced new cracks,

especially those wing cracks initiating from the tips of pre-existing fractures, tend to propagate aligning

the direction of the maximum principal stress, i.e. x direction (Fig. 12). With the increase of the mean

length of pre-existing fractures, the distortion of the stress wave front becomes more manifest, the

propagation of new cracks is more obstructed by other discontinuities, and more concentrated breakage

emerges at fracture intersections, due to the effects of more interconnected pre-existing fractures.

Figs. 13 and 14 show the variations of local maximum principal stresses and fracture network

13
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patterns in the high-density fracture networks subjected to the anisotropic stress state. The stress wave

field is strongly distorted, especially in the highly connected fracture network of (= 0.3 m where the

wave front becomes very obscure (see ¢ = 0.08 ms) (Fig. 13). The propagation of blast-induced cracks is

strongly inhibited by interconnected pre-existing fractures, which however permit wing crack growing

from their tips and linking with other structures (Fig. 14). In the network of = 0.3 m, an inner crushed

zone of intense fracturing and fragmentation is formed, probably due to the reduced rock mass strength

with highly connected fractures and the enhanced mean stress level. Some shear-dominated cracks also

emerge inside the crushed zone. The crushing zone also tends to be bounded by pre-existing fractures

surrounding the borehole; outside the crushed zone, only some minor wing cracks are accommodated.

Fig. 15 shows the directional distribution of cumulative length of blast-induced cracks in the

anisotropically stressed fractured rocks. When the mean length of pre-existing fractures is small, the

orientation preference of new cracks is evident, i.e. along the x direction where the maximum

principal stress is imposed. With the increase of the mean length, the orientation preference seems to

be attenuated due to the increased control of pre-existing fractures. In the high-density network with ¢

= 0.3 m, much more cracks (mostly located in the crushed zone) are generated but no favourite direction

1s shown.

5. Discussion and conclusions

The effects of fracture network properties such as density, length and connectivity on the

hydraulic and geomechanical behaviour of fractured rocks have been extensively studied in the past

(Davy et al., 2006; de Dreuzy et al., 2001; Lei et al., 2017b; Lei and Gao, 2018). If the system is well

connected, the strength of the system is significantly reduced while the permeability is largely

increased. In this paper, we observe that the connectivity of pre-existing fractures, which can be
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enhanced by increasing either the fracture density or length, plays an important role in blast-induced

fracture propagation and rock fragmentation behaviour. When the fracture network is disconnected,

the blast energy causes new cracks radiating from the blast hole and wing cracks emanating from the

tips of pre-existing fractures. When the fracture network becomes more connected, the blast-induced

radial/wing cracks get arrested by pre-existing structures such that the blast energy is more dissipated

by the movements of fracture walls. In addition to the geometrical effects, we also elucidated the

important geomechanical influence, i.e. in-situ stress condition, on blast performance of fractured

rocks. An anisotropic stress loading tends to guide cracks to evolve preferentially along the direction

of the imposed maximum principal stress, while an isotropic stress loading seems to lead to an

isotropic growth manner. Our observation of stress-induced blast anisotropy shows consistency with

previous work that focused on blast in intact rocks (Donzé et al., 1997; Ma and An, 2008).

Furthermore, enhanced stress level and reduced rock mass strength may promote the formation of a

crushed zone around the blast hole, which has also been observed in many other simulation studies

which also only focused on intact rocks (Donzé et al., 1997; Mitelman and Elmo, 2014; Saharan and

Mitri, 2008; Zhu et al., 2007). Our paper advanced the current understanding of blast in rock materials

by considering the non-trivial interaction effects of pre-existing fractures in conjunction with the

important geomechanical impacts of in-situ stresses. It is worth mentioning that, in this paper, we

focused on the analysis of stress and fracture pattern evolution while the gas pressure field is not

shown although the gas flow is solved in our simulation. The reader is referred to our previous work

for more detailed analysis of the gas field evolution during blast processes (Latham et al., 2017; Yang

etal., 2017).

To conclude, we conduced fully-coupled fluid-solid interaction simulation of blasting processes

15
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in fractured rocks and investigated the mutual effects of natural fractures and in-situ stresses on the

blast-driven fracturing and fragmentation in rock materials. In disconnected fracture networks, blast

causes radial cracks initiating from the borehole and propagating in a quite sustained manner with

support from isolated pre-existing fractures and newly generated wing cracks. With the increase of

density and/or length of natural fractures, blast-induced new cracks tend to be arrested by pre-existing

structures, which only permit some wing crack growth emanating from their tips in order to

coalescence with other discontinuities. New cracks tend to propagate with no directional preference in

the rock under an isotropic stress loading but become more aligned along the maximum principal

stress direction if an anisotropic boundary confinement is imposed. Elevated stress level and increased

fracture network connectivity may also lead to the formation of a crushed zone around the blast hole

and bounded by pre-existing fractures. Our research findings highlight the important role of natural

fractures in transitioning the blast fragmentation behaviour of fractured rocks from radial

cracking-dominated to fracture coalescence-dominated regimes, which have important implications

for the design and assessment of blasting performance of fractured geological formations for

tunnelling and underground excavation.
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504

505  Fig. 1. Left: the computational domain ¥ consisting of a fluid subdomain V;and a solid subdomain Vs;
506  middle: the fluid mesh that adapts to the volume fraction of the shell; right: the solid mesh with

507  discretisation along pre-existing fractures.
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509  Fig. 2. Representation of a fractured rock using an unstructured, fully-discontinuous mesh of
510  three-node triangular finite elements linked by four-node joint elements in the solid model.
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513  part is the solid mesh, the white part is the fluid mesh and the green part is the shell mesh.
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26



N=50m>

N =100 m”

y

516 L) X

517  Fig. 5. The geometry of generated fracture networks (domain size L = 1 m) associated with different

518  fracture density N = 50 m? or 100 m2and different mean fracture length = 0.1, 0.2 and 0.3 m.
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520  Fig. 6. The variation of local maximum principal stresses during the blast-induced wave propagation

519 L ®

521  through the fractured rocks (1 m x 1 m) associated with a low fracture density of N = 50 m™ and
522  different mean fracture length (= 0.1, 0.2 and 0.3 m. The fractured rock is subjected to an isotropic

523  stress loading of Sx =Sy =1 MPa.
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525  Fig. 7. The variation of fracture network geometries during the blast-induced wave propagation
526  through the fractured rocks (1 m x 1 m) associated with a low fracture density of N = 50 m™ and

527  different mean fracture length {= 0.1, 0.2 and 0.3 m. The fractured rock is subjected to an isotropic

528  stress loading of Sx = Sy = 1 MPa.
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stress loading of Sx = Sy = 1 MPa.
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542
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545  different mean fracture length (= 0.1, 0.2 and 0.3 m. The fractured rock is subjected to an anisotropic

546  stress loading of Sx =3 MPa and Sy = 1 MPa.
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Fig. 12. The variation of fracture network geometries during the blast-induced wave propagation
through the fractured rocks (1 m x 1 m) associated with a low fracture density of N = 50 m™ and
different mean fracture length = 0.1, 0.2 and 0.3 m. The fractured rock is subjected to an anisotropic

stress loading of Sx = 3 MPa and Sy = 1 MPa.
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Fig. 13. The variation of local maximum principal stresses during the blast-induced wave propagation
through the fractured rocks (1 m x 1 m) associated with a high fracture density of N = 100 m™ and
different mean fracture length (= 0.1, 0.2 and 0.3 m. The fractured rock is subjected to an anisotropic

stress loading of Sx =3 MPa and Sy = 1 MPa.
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558  Fig. 14. The variation of fracture network geometries during the blast-induced wave propagation
559  through the fractured rocks (1 m x 1 m) associated with a high fracture density of N = 100 m? and
560  different mean fracture length {=0.1, 0.2 and 0.3 m. The fractured rock is subjected to an anisotropic

561  stress loading of Sy =3 MPa and Sy = 1 MPa.
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563  Fig. 15. Rose diagrams of cumulative length of blast-induced cracks in different directions in the

564  fractured rocks subjected to an isotropic stress loading of Sx =3 MPa, Sy, = 1 MPa.
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