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Influence of layered joints on zonal
disintegration in deep rock masses under
coupled high in-situ axial stress and
blasting load

P. Yuan'23and Y. Xu!-23

Synopsis

Zonal disintegration is a characteristic failure mode of deep rock masses under coupled high in-situ
axial stress and blasting load. PFC3D numerical simulations were carried out to investigate the influence
of inclination angle of widely spaced, layered joints on zonal disintegration. The results indicate that
after the four-step blasting procedure, nearly circular contact force chains, which are approximately
concentric with the surface of the tunnel, are formed in both intact rock masses and rock masses with
layered joints. The number of tension cracks is much greater than that of shear cracks; hence, tension
failure predominates as the failure mode for zonal disintegration. Corresponding to the four-step
blasting, a time-dependent characteristic is apparent for crack propagation and released strain energy
evolution during the advance of the tunnel. Zonal disintegration can be intensified by extending the
duration of the blasting load, and alleviated by extending the blasting rise time. The inclination angle of
layered joints has a significant effect on zonal disintegration. With an increase of inclination angle, both
the number of cracks and released strain energy first increase and then decrease, which is consistent
with the distribution of contact force chains. When the inclination angle of layered joints is 60°, the
joints present a strong influence on intensifying the zonal disintegration.
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Introduction

With the continuing depletion of shallow mineral resources, deep mining is imperative and has become
a topic of great interest in China (Fairhurst, 2017; Xie et al., 2017). During deep mining, some unique
engineering phenomena, such as zonal disintegration, large deformation, and rockbursts, occur
frequently (Qian and Zhou, 2011; Yang et al., 2017 ).

Due to stress distribution and blasting-induced damage, an excavation disturbed/damage zone
(EDZ) is formed around an underground excavation (Wang et al., 2009). As shown in Figure 1a,

a loose zone, plastic zone, and elastic zone are generally evident around the excavation in shallow
situations (Tsang, Bernier, and Davies., 2005; Tian ef al., 2019). Zonal disintegration is a nonlinear
and characteristic failure mode in deep rock masses, and is quite distinct from failure modes in shallow
situations, being characterized by alternating fracture zones and non-fracture zones (Yuan, 2016; Chen
et al., 2017) as shown in Figure 1b. Zonal disintegration was first identified in Doornfontein gold mine
in South Africa at about the ~2300 m level (Adams and Jager, 1980). In China, zonal disintegration was
detected by borehole video camera in Dingji coal mine of Huainan mining area at the -910 m level (Li et
al., 2008) (Figure 2).

As indicated in Figure 1b and Figure 2, there are several fracture zones around an underground
excavation. Previous researchers (Kurlenya and Oparin, 1996; Chen and Zhang, 2011; Mirenkov, 2014)
have shown that the geometric characteristics of fracture zones in zonal disintegration phenomena are
almost invariant with respect to the initial radius of the underground excavation, and the scale factor
for the radii of the fracture zones can be described as -t with reference to the initial radius of the
excavation, where 7 is the sequence number of the fracture zone (/= 1, 2, 3,...). The scale factor n has
been variously reported to be 1.1 (Chen and Zhang, 2011), v2 (Kurlenya and Oparin, 1996),
and v3 (Mirenkov, 2014). The exact value of the scale factor for zonal disintegration is closely
associated with the in-situ stress and mechanical characteristics of the surrounding rock (Chen and
Zhang, 2011).
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(a) Loose zone, plastic zone and elastic zone

Figure 1—Schematic diagram of failure zones around an underground excavation
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Figure 2—Zonal disintegration phenomenon in Dingji coal mine (Li et al.,
2008)

Based on in-situ monitoring in Dingji coal mine, Zhang,
Xue, and Duan (2018) investigated the formation process of
zonal disintegration by physical model tests and found that
zonal disintegration formed gradually after completion of the
excavation. Qi et al., (2017) developed a strain gradient model
and found two necessary conditions for zonal disintegration -
high initial in-situ stress and softening. Based on strain gradient
theory and continuum damage mechanics, an elastic damage
softening model was established for zonal disintegration, and
the corresponding energy damage failure criterion was also
proposed (Zhang et al., 2017). According to Chen et al, (2017),
the circular fracture is initiated and extends when the peak
stress intensity factor at the elastic-plastic boundary exceeds
the fracture toughness K, and the circular fracture boundary
acts as a new ‘excavation’ for the constant formation of circular
fracturing. Jia, Yang, and Yu (2012) stated that the failure
patterns of the surrounding rock mass were mainly controlled by
the multi-axial stress state, and high in-situ axial stress along
the tunnel axis was essential for zonal disintegration. Yuan et
al., (2014) indicated that the key factor in zonal disintegration
was the predominant radial tension breakage around the deep
tunnel. As the formation of fracture zones in zonal disintegration
is irreversible, the occurrence of irreversible strains led to
incompatibility deformation of the rock mass, which indicated
the internal geometrical structure of the rock in non-Euclidean
geometric space from the mathematical viewpoint (Guzev and
Paroshin, 2001). Based on the deformation incompatibility
condition, the equilibrium equation, and the density of free
energy, a non-Euclidean continuum model was proposed to
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(b) Alternating fracture zones and non-fracture zones

analyse the stress field distribution around the tunnel. Radial
stress and circumferential stress around the tunnel were
obviously fluctuant or wave-like in order for zonal disintegration
to occur (Zhou and Qian, 2013). Physical model tests under
blasting load were carried out (Xu and Yuan, 2015; Yuan, 2016;
Yuan, Xu, and Xue, 2016). Peak radial blasting load was found
to play an important role in the radial thickness of the fracture
zone near the excavation (Yuan, 2016). By considering both
high in-situ axial stress and blasting load, Yuan and Xu (2018)
studied the zonal disintegration using elastic stress field analyses
and the modified Hoek-Brown failure criterion. According to Bi
and Zhou (2015), dynamic load and high in-situ stress are two
dominant causes of zonal disintegration. In summary, both the
high in-situ axial stress along the tunnel axis and blasting load
are essential for zonal disintegration (Zuo et al., 2011).

Joints are important structural features that are widely
distributed in rock masses. The failure and stability of rock
masses are not only related to the strength of intact rock, but
also controlled by joint characteristics (Yang and Liu, 2012;
Yang et al., 2017). Feng et al,, (2018) investigated the effect of
pre-existing fractures on zonal disintegration and found that due
to their the relatively low strength, such fractures within high
excavation-induced in-situ stress concentrations would open and
propagate and generate new fractures nearby. Zhou, Song, and
Qian (2011) established a non-Euclidean model for deep, crack-
weakened rock masses due to the incompatible deformation of
deep rock masses within non-Euclidean geometric space. Zhang
et al., (2014) studied the effect of soft interlayers on zonal
disintegration and found that the smaller the spacing between
soft interlayers, the greater the extent of fracture zones.

Zonal disintegration, with its characteristic alternating
distribution of fracture zones and non-fracture zones, is closely
associated with high in-situ axial stress and blasting excavation
(Yuan and Xu, 2018). To investigate the Influence of parallel
joint sets (also called layered joints) on zonal disintegration
in rock masses, we carried out numerical simulations of zonal
disintegration under coupled high in-situ axial stress and
blasting load by Particle Flow Code in 3D (PFC3D). Then, the
influence of layered joints on zonal disintegration was analysed
from a perspective of contact force chain, crack propagation, and
released strain energy evolution.

PFC3D model for rock masses with layered joints

PFC3D model
Taking the high in-situ stress deep tunnel in Dingji coal mine (Li
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(a) Axonometric view (b) Front view

Figure 3—PFC3D model for intact rock masses

et al., 2008) as the engineering background, PFC3D numerical
simulations were carried out for intact rock masses and rock
masses with layered joints under coupled high in-situ axial
stress and blasting loads. As seen from Figure 2, the tunnel
cross-section is a semicircular arch crown with vertical walls,
3.88 m high and 5.00 m wide. Due to the symmetry of the tunnel
structure, only half of the tunnel is modelled. The dimensions of
the rock mass model are 10.00 m along the tunnel axis, 15.00

m in the transverse direction, and 30.00 m along the vertical
direction.

In numerical simulations, high computational precision
requires a small particle size, which will lead to longer running
times and require a high level of computing capacity. According
to the research of Ding et al., (2014), the influence of particle
size in PFC3D can be ignored when the ratio of model size to the
median particle size exceeds 25. Therefore, the minimum particle
radius was selected as 0.20 m, and the maximum to minimum
particle radius ratio set as 1.66. The PFC3D model for intact rock
masses, with 32 049 particles, is shown in Figure 3. Red particles
in Figure 3 indicate the tunnel.

The inclination angle of the layered joints was varied from 0°
to 90° with an increment of 15°. Seven inclination angles were
considered: 0°, 15°, 30°, 45°, 60°, 75°, and 90°. The spacing
between the layered joints was set at 2.50 m. The PFC3D models

for rock masses with layered joints are shown in Figure 4. Black
areas indicate the positions of the layered joints.

Microscopic parameters of the PFC3D model

In PFC3D, the particles are rigid spherical balls with a finite mass
and they can be bonded together at contact. Bonds between
particles can be envisaged as a kind of ‘glue’ joining the particles.
There are two standard bond models - the parallel bond and
the contact bond. The parallel bond is of a finite size, while the
contact bond is of a vanishingly small size and acts only at the
contact point between adjacent particles (Potyondy and Cundall,
2004; Ttasca, 2008). The parallel bond can transmit both a force
and a moment, while the contact bond transmits only a force.
In PFC3D, slip behaviour is also provided for two contacting
particles and is defined by the particle friction coefficient. The
slip behaviour is always active unless a contact bond is present
(Itasca, 2008). Note that slip behaviour is activated when a
contact bond is broken.

Appropriate micromechanical parameters are vital for PFC3D
(Li et al., 2016). In PFC3D numerical simulations, the parallel
bond model was adopted for rock materials by representing the
rock as a cemented granular material (Cong et al., 2015). A
particle can be defined by three parameters: the Young’s modulus
at each particle-particle contact, normal to shear stiffness ratio
of the particle, and particle friction coefficient. A parallel bond
can be defined by five parameters: Young’s modulus of each
parallel bond, normal to shear stiffness ratio of the parallel
bond, radius multiplier, normal strength, and shear strength.
The parallel bond radius equals the radius multiplier times
the minimum radius of the two bonded particles. Microscopic
parameters for the PFC3D model were obtained by trial and error.
Referring to previous research (Xu, 2011), a series of uniaxial
compressive tests was first carried out by PFC3D considering
various microscopic parameters, then an adaptive neural network
was trained and used to estimate the microscopic parameters.
Finally, the microscopic parameters were adjusted by comparing
the numerically simulated mechanical properties with the
experimentally determined properties. For particles in PFC3D,
the Young’s modulus at each particle-particle contact, particle

(a)0° (b) 15°

(c) 30° (d) 45°

(e) 60°

Figure 4—PFC3D models for rock masses with layered joints at different orientations
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friction coefficient, and normal to shear stiffness ratio were set
as 12 GPa, 0.7, and 1, respectively. For parallel bonds in PFC3D,
the Young’s modulus of each parallel bond, normal to shear
stiffness ratio, and radius multiplier were set as 12 GPa, 3, and
1, respectively. The mean value and standard deviation of normal
parallel bond strength are 70 MPa and 5 MPa. The mean value
and standard deviation of shear parallel bond strength are 65
MPa and 5 MPa. According to previous work (Li et al., 2008),
the experimentally determined uniaxial compressive strength,
Young’s modulus, and Poisson’s ratio of a rock specimen from
Dingji coal mine were 88.55 MPa, 12.97 GPa, and 0.268,
respectively. The simulated uniaxial compressive strength,
Young'’s modulus, and Poisson'’s ratio are 88.33 MPa, 12.09 GPa,
and 0.258, respectively. The uniaxial compressive stress-strain
curve simulated by PFC3D is shown in Figure 5.

In PFC3D, a set of joint planes was created with the ‘jset’
command and the parallel bonds falling on the joint planes
were deleted. Then, contact bonds were assigned to the contacts
between particles falling on opposite sides of the joint planes
(Kulatilake, Malama, and Wang, 2011). The normal and shear
contact bond strength values were set as 7.0 x 106 N and 6.5
x 106 N, respectively. When a contact bond was broken, slip
behaviour was activated. The friction coefficient of particles
falling on opposite sides of the joint planes was set as 0.3.

High in-situ axial stress and blasting load

In numerical simulations, the high in-situ axial stress was firstly
applied to the PFC3D model, then blasting excavation was carried
out in four steps. The advance of each blasting step was set at
2.50 m, and 5000 time-steps were run in each blasting step.
According to Zhang et al,, (2013), an essential condition for zonal
disintegration is that the maximum principal stress is parallel to
the tunnel axis and exceeds 1.5 times the uniaxial compressive
strength of the surrounding rock mass. Hence, the stress applied
on the front and back walls was set as 135.00 MPa. At the depth of
the deep tunnel in Dingji coal mine, gravity stress was 25.10 MPa,
and the coefficient of horizontal pressure was assumed as 1.0.
Therefore, the stress applied on the upper, lower, and side walls
was 25.10 MPa. With the FISH programming language embedded
within PFC3D, the numerical servo control can maintain a specified
wall stress by adjusting the wall velocity (Itasca, 2008). In PFC3D
numerical simulations, servo control was applied to maintain the
high in-situ axial stress during blasting excavation.

During simulated blasting excavation, the particles within the
tunnel were deleted, then a triangular blasting load pulse, shown
in Figure 6, was applied to the particles on the surface of the
tunnel. The direction of blasting load is along its normal direction
(Yan et al., 2013). As seen from Figure 6, the rise time of the

100
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Figure 5—Stress-strain curve simulated by PFC3D
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triangular blasting load pulse is ¢, and its duration is ¢, Referring
to a previous study (Yang et al., 2013), the rise time and duration
of the triangular blasting load pulse can be determined as follows.

L
=2 1
= [1]
JEsen
td:£+ 4 +L1+L2+L1+L2 2]
D Cf Cul CuZ

where L, is the charge length, Z, is the stemming length, S is the
spacing between adjacent blast-holes, D is the detonation velocity
of the explosive, C, is the P-wave velocity of the rock mass, C; is
the average velocity of crack propagation (C,= 0.2 to 0.3C,), and
C, and C,, are the average velocities of rarefaction waves in the
detonation gases.

Referring to the common blasting practice in underground
excavation, the rise time and duration of the triangular blasting
load pulse are 2 ms and 7 ms (Yan et al., 2013). As the charge
length, stemming length and spacing between adjacent blast-
holes vary with various blasting designs, three kinds of blasting
loads are considered. The rise time and duration are 2 ms and 7
ms respectively for blasting load 1, 4 ms and 14 ms for blasting
load 11, and 6 ms and 14 ms for blasting load III.

Another important parameter of blasting load is the peak
equivalent blasting load. According to Yan et al.,, (2013), the
peak equivalent blasting load can be expressed as:

2y 4
_dy(d, A P’

w5la) (] el
where d, and /, are the diameter and depth of the blast-hole, d.
and /. are the diameter and length of explosive, S is the spacing
between adjacent blast-holes, p, and D are the density and
detonation velocity of the explosive, v is the ratio of the specific
heats for the detonation gases, and 7 is the stress intensification
coefficient caused by the detonation gases.

Based on blasting practice in deep rock masses, the diameter
of the blast-hole (d,) is 45 mm, spacing s between blast-holes
is 500 mm. and Z.//, is 0.5. The ratio of the specific heats for the
detonation gases (y) is 3 and the stress intensification coefficient
caused by the detonation gases (n) is 10. The density p, and
detonation velocity D of explosive are 1100 kg/m and 3262

m/s respectively. Hence, the peak equivalent blasting load p, is
calculated to be 36.50 MPa.

Influence of blasting load on zonal disintegration in intact
rock masses

Numerical simulation validation

In PFC3D, contacts exist between two particles or between a
particle and a wall, and forces are transmitted from one particle to

Py
Pef A

\J

0 t 1y t

r

Figure 6—A triangular blasting load pulse
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(a) Before blasting excavation (b) After blasting excavation

Figure 7—Contact force chain structures for intact rock masses

the next via their contacts (Itasca, 2008). Under external loads, a
contact force chain is generated between particles in contact (Sun
and Wang, 2008). A force chain, also called a contact force chain,
is a linear string of at least three rigid particles in point contact
(Itasca, 2008). It represents the external forces distributed
through filament-like particles and the direction of contact force
chains coincide with the principal stress directions of the external
load. Contact force chains in intact rock masses before and after
blasting excavation for blasting load I are shown in Figure 7.

As seen from Figure 7, contact force chains are disordered
before blasting excavation, while after blasting excavation they
have an approximately circular distribution around the tunnel
and degenerate into a disordered distribution at a distance from
the tunnel. As parallel bonds are used in PFC3D, the bonded
particles will transform into granular particles when the parallel
bond is broken. The granular particles flow into the tunnel space
and contacts between granular particles are eliminated. As forces
are transmitted from one particle to the next via their contacts,
circular contact force chains around the tunnel indicate a circular
distribution of load-bearing particles, which implies a non-
fracture zone in deep rock masses. There are two circular contact
force chains around the tunnel. Particles between circular contact
force chains or between circular contact force chains and the
surface of the tunnel are in fracture zones. Quantitative analysis
of the circular distribution of contact force chains is carried out by
measuring the distance between the circular contact force chains
and the designed tunnel surface. After quantitative analysis, the
radii of the two circular contact force chains are approximately
3.26 m and 3.85 m. Hence, the radii of the first and second
fracture zones are 2.88 m and 3.56 m respectively. The average
scale factor for radii of fracture zones is about 1.20, which is
in good accordance with the results of Li ef al, (2008), Chen
and Zhang (2011), and Chen et al, (2017). As the in-situ axial
stress in PFC3D numerical simulations is less than 2.0 times
the uniaxial compressive strength, only two fracture zones are

750
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&}
500}
Z
&
2250 —=— Blasting load I
@ —o— Blasting load II
2 0 ‘ A Blasting load n
0 5000 10000 15000 20000
Timestep

(a) Tension crack

Figure 8—Crack propagation during blasting excavation
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Number of Shear Crack

presented, as opposed to the four fracture zones found by Chen
and Zhang (2011) and Chen et al., (2017). Therefore, the PFC3D
model is shown to be appropriate for the following analyses.

Crack propagation during blasting excavation

Figure 8 illustrates the propagation of tensile and shear cracks
for three kinds of blasting loads during the four-step blasting
excavation.

As seen from Figure 8, the number of both tension cracks
and shear cracks increases with the advance of blasting
excavation, and the number of tension cracks is much greater
than the number of shear cracks. Furthermore, a time-dependent
characteristic is apparent. Four sharp increments in crack
propagation imply four steps of blasting excavation, and the
greatest increment in the number of cracks occurs mainly in the
first 500 time-steps of each blast. Most of tension and shear
cracks are generated in the first blasting step. For instance, the
number of tension and shear cracks for blasting load I after the
four-step blasting excavation is 477 and 98 respectively. There
are already 303 tension cracks and 86 shear cracks after the
first blasting step, accounting for 63.5% and 92.5% of the total
number of tension and shear cracks.

Hence, tension failure is the predominant failure mode for a
deep tunnel under coupled high in-situ axial stress and blasting
load. This is consistent with the findings of Yuan et al,, (2014);
namely, that zonal disintegration is the result of tension failure in
the radial direction. According to Figure 8, extending the duration
of the blasting load will increase the number of tension and shear
cracks, while extending the rise time will decrease the number of
both types of crack.

Released strain energy evolution during blasting
excavation

The released strain energy E, for three kinds of blasting load
during the four-step blasting process is shown in Figure 9.

As seen from Figure 9, the strain energy stored in the
surrounding rock is released during the four-step blasting
procedure. The distribution of released strain energy is similar to
that of crack propagation. A time-dependent characteristic is also
apparent. After the four-step blasting process, the total released
energy is 89.0 MJ for blasting load I, 101.3 M]J for blasting load
11, and 93.3 MJ for blasting load I1I. Extending the duration of
the blasting load will accelerate the strain energy release, while
extending the rise time will reduce the strain energy release.

Influence of layered joints on zonal disintegration

Contact force chains in rock masses with layered joints

Blasting load I was adopted for PFC3D numerical simulations of
rock masses with layered joints. Contact force chains for various

2001
150+ /.,._._._,—H—H—d—m—‘—‘
J
100+
50 —=— Blasting load I
—e— Blasting load II
—4— Blasting load III
0 X

10000
Timestep

(b) Shear crack
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Figure 9—Released strain energy evolution during blasting excavation

inclination angles of layered joints after the four-step blasting
excavation are shown in Figure 10. A black contact force chain
represents compression, and a red chain represents tension.
Most of the contact force chains are compressive, and only a few
tensile contact force chains are located in the layered joints.

As seen from Figure 10, circular contact force chains, which
are approximately parallel to the surface of the tunnel, are
present. In PFC3D, forces are transmitted from one particle to
the next via their contacts. Circular contact force chains around
the tunnel indicate circular distribution of load-bearing particles,
which implies a non-fracture zone. On the contrary, when a bond
between particles is broken, bonded particles are transformed
into granular particles. Contact force chains are eliminated in
fracture zones when granular particles flow into the tunnel space.
Therefore, blank areas between circular contact force chains
correspond to fracture zones. With alternating distribution of
circular contact force chains, rock masses with layered joints
undergo zonal disintegration. Some tensional contact force

chains are generated in the pre-existing layered joints. When the
inclination angle of the layered joints is less than 15°, fracture
zones in the tunnel floor are much more serious than in other
positions. At inclination angles of layered joints greater than 15°,
fracture zones at the tunnel crown are more serious than in other
positions, causing slip failure along the layered joints. With an
increase in inclination angle, the extent of fracture zones around
the tunnel first increases and then decreases. Fracture zones
are at a maximum at an inclination angle of 60° and reach their
minimum at an inclination angle of 90°.

By quantitative analysis of circular contact force chains
in rock masses with layered joints, the distribution of circular
contact force chains is obtained, which is shown in Table 1.

Crack propagation in rock masses with layered joints

After the four-step blasting process, the number of tension and
shear cracks in the PFC3D model varies with the inclination angle
of the layered joints, as shown in Figure 11.

As seen from Figure 11, both tension and shear cracks
are present around the deep tunnel. Tension failure is the
predominant fracture mode for rock masses with layered joints.
With increasing inclination angle, the number of tension cracks
and shear cracks first increases and then decreases. The number
of cracks for rock masses with layered joints is much higher than
that for an intact rock mass. Therefore, the presence of layered
joints substantially accelerates crack propagation.

After the four-step blasting process, the tension to shear
crack ratio (TC/SC) varies with the inclination angle of layered
joints, as shown in Figure 12.

As seen from Figure 12, the tension to shear crack ratio
varies from 2.88 to 3.32 for rock masses with layered joints.
However, the tension to shear crack ratio for intact rock masses
under blasting load 1 is 4.87. Hence, the presence of layered
joints reduces the tension to shear crack ratio, which can be

(a) 0° (b) 15°

(c) 30° (d) 45°

(e) 60°

(f) 75° (g9) 90°

Figure 10— Contact force chain structures for rock masses with layered joints at various inclination angles
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Table |
Distribution of circular contact force chains in rock masses with layered joints (m)
First circular Second circular Third circular
Inclination contact force chain contact force chain contact force chain
angle Crown Side Floor Crown Side Floor Crown Side Floor

0° 0.94~1.22 0.53~1.00 0.55~0.94 1.94 1.88 3.16 — — -
15° 0.21~0.57 0.61~1.05 1.16~1.94 1.36 1.94 3.05 - - -
30° 0.68~1.00 0.53~1.00 0.35~1.00 1.58~2.06 1.53~2.11 1.34~2.12 2.70 - 2.76
45° 1.05~1.50 0.41~0.82 0.53~1.12 2.88~4.00 1.70~2.52 2.06~2.39 5.00 3.05 2.87
60° 0.72~1.88 0.50~1.60 0.29~0.52 3.33~4.22 2.16~2.94 1.17~2.47 4.94 3.88 3.76
75° 0.65~2.05 0.53~1.06 0.44~1.05 3.17~4.05 1.58~2.47 1.94~2.33 4.76 3.11 2.83
90° 0.24~0.64 0.53~1.17 0.77~1.06 1.70 1.29 2.71 - - -

The values indicate the distance in metres between circular contact force chains and the tunnel surface

2000 .
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Figure 11—Variation of crack number with inclination angle of the layered
joints
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Figure 12—Variation of tension to shear crack ratio with inclination angle of
the layered joints

attributed to shear crack propagation by slip failure on the
layered joints.

Released strain energy evolution for rock masses with
layered joints

The variation in released strain energy £, with increasing joint
inclination angle after the four-step blasting excavation is shown
in Figure 13.

As seen from Figure 13, the released strain energy first
increases, then decreases with increasing inclination angle, which
is similar to the trend in the number of tension and shear cracks.
The released strain energy reaches a maximum at an inclination
angle of 60° and is at a minimum at an inclination angle of 90°.

For rock masses with layered joints, the released strain
energy varies from 157.5 MJ to 271.6 MJ. However, it is 89.0 MJ
for intact rock masses under blasting load 1. Hence, the pre-
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Figure 13—Variation in released strain energy with inclination angle of the
layered joints

existing layered joints substantially increase the release of stored
strain energy.

Conclusion

According to PFC3D numerical simulations for intact rock masses
under coupled high in-situ axial stress and blasting loads, two
approximately circularly distributed contact force chains are
generated after the four-step blasting process. The average scale
factor for the radii of the fracture zones is about 1.20.

A time-dependent characteristic is evident for crack
propagation and released strain energy evolution during the
advance of the tunnel. The number of tension cracks is much
greater than that of shear cracks. Hence, tension failure is the
predominant failure mode during zonal disintegration.

Extending the duration of the blasting load pulse generates
more tension and shear cracks and accelerates the strain energy
release. Extending the rise time reduces the number of tension
and shear cracks and slows down the strain energy release.

Nearly circular contact force chains, which are approximately
parallel to the tunnel surface, are formed in rock masses with
layered joints. The extent of the fracture zones is significantly
affected by the inclination angle of layered joints. At an
inclination angle below 15°, fracture zones in the tunnel floor
are much serious than in other positions. At inclination angles
greater than 15°, fracture zones at the tunnel crown are more
evident than in other positions, causing slip failure along the
layered joints.

With increasing inclination angle, both the number of cracks
and the released strain energy first increase and then decrease,
which is consistent with the distribution of contact force chains.
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The fracture zone, number of cracks, and released strain energy
all reach a maximum at an inclination angle of 60°, which
indicates the strong influence of layered joints in intensifying
zonal disintegration.
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