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ABSTRACT

This study investigates the dynamic crack propagation mechanism in damaged rocks under blasting excavation in
complex geological conditions. A novel rock fracture analysis method based on pre-compression-induced random
damage is proposed, overcoming the limitations of traditional prefabricated crack models. Innovatively, multi-
level cyclic static pre-compression is applied to simulate the random damage distribution in engineering-scale
rocks, combined with high-resolution computed tomography (CT) imaging to achieve non-destructive 3D visu-
alization of internal crack morphologies under explosive loading. A theoretical model for predicting blast-
induced crack propagation radius in damaged sandstone is established and validated through integrated labo-
ratory blast experiments, CT scanning, and PFC-2D numerical simulations, demonstrating a prediction error
margin below 5%. Key findings reveal a significant positive correlation between sandstone damage levels and the
expansion range of blast-induced cracks as well as crater dimensions. The pre-existing crack network in damaged
rocks effectively guides gas wedging effects, unveiling a “weakening-synergistic fracturing” dual mechanism.
These results provide theoretical foundations and technical support for optimizing blasting parameters and

mitigating dynamic disasters in tunnel engineering under complex geological settings.

1. Introduction

Tunnel excavation predominantly employs integrated mechanized
methods, including shield machines and digging anchor machines [1,2].
However, rock blasting remains essential for excavation in complex
geological conditions where integrated mechanization is impractical
[3,4]. Concurrently, rocks in regions with complex geological conditions
typically sustain varying degrees of damage due to disturbances from
mining and tectonic stresses prior to blasting excavation [5,6]. We gain
an in-depth understanding of crack propagation within damaged rock
subjected to explosive loads and anticipate changes in the stability of the
rock surrounding a tunnel during the blasting construction process. This
work facilitates the identification of potential areas at risk of collapse,
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enabling the prompt implementation of support measures, such as
enhancing anchor rod support and conducting lining reinforcement [7].
Therefore, in this work we assess ways to effectively mitigate the casu-
alties and property losses that might otherwise result from tunnel
collapse incidents.

The rupture of rock under explosive loading is an instantaneous
process that is completed in tens of microseconds to milliseconds [8,9].
This process rapidly generates substantial heat, converting solid explo-
sives into high-temperature, high-pressure gases, accompanied by the
formation of a blast wave [10,11]. These gases are subsequently
consumed in the process of fracturing the rock [12]. The reflected
stretching effect theory posits that the detonation wave induces rock
deformation and fragmentation [13], whereas the explosive gases
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expand and further fracture the rock and eject fragments [14,15].
However, the explosion gas expansion theory suggests that post-
explosion energy primarily forces the joints and fissures of the rock,
widening and deepening them, thus facilitating rock mass rupture; the
detonation wave assists in fracturing and ejecting the rock fragments
[16,17]. The lithology, characteristic impedance, and homogeneity of
the rock mass underpin the distinctions between these theories [18]. The
rupture of highly homogeneous rock masses with characteristic imped-
ance under blast loading is attributed to the reflective stretching effect of
the blast wave [19,20]; conversely, this is attributed to the action of
explosive gas expansion [21]. Furthermore, the combined effects of the
blast wave’s reflective stretching and explosive gas expansion are
considered crucial to rock rupture under explosive loading [22].
Regardless of the theory, cracks are critical in facilitating rock breakage
under explosive loading [23]. Following explosive initiation, fissures in
rock serve as diffusion paths for the pneumatic wedging of explosive
gases [24]. Conversely, the leakage of high-temperature and high-
pressure gases from cracks diminishes their rock-breaking efficacy
[25]. However, such leakage is limited to joints at the free surface or
penetrating fractures, not to cracks unconnected to the free surface.
Constrained by the narrowness of the tunnel’s free surface and the
extensive impact of explosive loading, cracks induced by mining dis-
turbances within the rock mass are less connected to the free surface [7].
Consequently, cracks created by excavation and tectonic stresses serve
as diffusion paths for the pneumatic wedging of explosive gases, thereby
weakening the rock mass’s strength [26].

Defects such as cracks and joints are intricately distributed within the
disturbed rock mass, undeniably affecting the degree of rock fracture
under explosive loading [27]. Numerous scholars have investigated the
dynamic response of jointed rock masses under explosive loading,
yielding valuable research findings [28,29,30]. The number and orien-
tation of joints significantly influence the degree of rock fragmentation
following blasting [31,32]. Quantitatively, a greater number of joints
correlates with increased rock fragmentation after explosive loading
[33,34]. However, the dynamic response of fissured rock under explo-
sive loading is more complex; for example, fragmentation is more uni-
form when joint surfaces are parallel or at an acute angle to the free
surface [35,36]. The shape of the blasting crater and the rock frag-
mentation process are also influenced by the distribution of joints [37].
Indeed, joints and fissures, as weak surfaces, are prone to crack at stress
concentration points under blast loading, and the redistribution of the
stress field inevitably alters crack extension [38]. However, defects
originating from mining disturbances are randomly distributed and not
prefabricated in rock masses—a fact previously overlooked in studies
[39]. Additionally, the ratio of prefabricated fissure size to specimen size
does not align with that in jointed rock masses used in geotechnical
engineering, rendering the results overly conservative [40].

To address the aforementioned shortcomings, this study employs
pre-compression on rock samples to achieve varying degrees of damage,
ensuring that the damage is randomly distributed within the rock, rather
than being prefabricated. A blast load is subsequently applied to the
damaged rock samples to investigate the fracture expansion dynamics
under explosive loading. CT is utilized to observe the internal fracture
expansion patterns in rock, overcoming the limitations of other moni-
toring methods that capture only surface crack expansion. Numerical
simulations are then used to verify crack propagation in rocks damaged
by pre-compression under explosive loads. The findings of this research
are intended to offer more precise blasting parameters, enhanced pro-
tective designs, and effective disaster prevention and control strategies
for blasting construction projects.

2. Theoretical analysis
Shock waves, generated by explosives detonating within rock rapidly

attenuate into stress waves. Upon the application of stress waves,
compressional and tensile deformations are induced separately in the

Ain Shams Engineering Journal 16 (2025) 103302

radial and tangential directions of the rock. According to rock mechanics
theory, the tensile capacity of rock is low. Consequently, cracking occurs
where the tangential tensile stress exceeds the rock’s dynamic tensile
strength. The conditions for rock cracking are detailed in Eq. (1) [41].
Furthermore, the attenuation of pressure from the stress wave as it
propagates through the rock is described in Eq. (2) [41].

Gy > Oqt 1)
P

o > = 2)
T

where oy is the tangential tensile stress, MPa; oy, is the dynamic tensile
strength of the rock, MPa; T = r/ry,, where r is the radial distance from
the source of the explosion, m; r, is the radius of the borehole, m; P; is
the initial radial stress peak, MPa; « is the stress wave attenuation index;
and a =2 - (ug/(1 - pg)) [42],uq = 0.8y, where y is the static Poisson’s
ratio, which is measured as 0.28 in this study. Although the value of y
may vary for rocks with different damage levels, the resulting error in
Egs. (2) and (3) can be negligible. Here, it is assumed that the Poisson’s
ratio of sandstone is not affected by cyclic static loads.

The tensile stress generated in the tangential direction of the rock at r
is oy as shown in Eq. (3) [41].

P,

69 = oy = km 3)
where ) is the lateral pressure coefficient, A = p4/(1 - pq).

Considering the varying dynamic tensile strengths of rocks with
different degrees of damage, the radius of the fracture zone in damaged
rock under blast loading, as defined in Eq. (4), is derived by combining
Egs. (1) and (3).

@

where R; is the radius of the fracture zone, m, and where o4 is the
dynamic tensile strength of the rock at damage level f.

In this study, the explosive stress damage zone is used to predict the
extent of rock damage under explosive loading, considering initial
damage. The blasting parameters, dynamic tensile strength, and dy-
namic Poisson’s ratio of the rock are used to define the explosive damage
zone, which in turn informs blasting engineering practices.

3. Experimental methodology
3.1. Materials and experimental equipment

This study investigated the fracture zone of damaged rock under
explosive loading. The rocks, specifically sandstone, were excavated in
situ from an open-pit mine in Zhoushan city, China. After cutting and
polishing, rectangular samples measuring 220 mm x 220 mm x 50 mm
were prepared, and a borehole with a depth of 30 mm and a diameter of
10 mm was drilled at the geometric center of the end face to facilitate the
blasting tests. Moreover, in contrast to traditional methods of estimating
rock damage by damage factors, this study employs the Split Hopkinson
Pressure Bar (SHPB) to measure the dynamic tensile strength of rocks
damaged by static loads. Consequently, cylindrical sandstone samples
50 mm in diameter and 25 mm in height were prepared for measuring
the dynamic tensile strength. In accordance with guidelines from the
International Society for Rock Mechanics (ISRM), the end face rough-
ness was maintained at less than 0.5 % of the sandstone thickness.

In this study, loading devices capable of applying a range of strain
rates from static (low strain rates) to explosive (high strain rates), along
with other related instruments, were utilized. A mechanical testing and
simulation (MTS-816) apparatus was used to perform the static load
tests. Most notably, the application of static loads serves as one method
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aimed at inducing varying degrees of damage in sandstones. A 50 mm
diameter SHPB device made of high-strength maraging steel with a
Young’s modulus of 210 GPa and density of 7900 kg/m>, was employed
to determine the dynamic tensile strength of the damaged rock. A self-
manufactured compressed Hexogen (RDX) explosive was used in a
detonator for explosive loading tests on damaged rock. Furthermore, a
microfocus CT scanner equipped with a 300 kV/500 W microfocus ray
tube was employed to capture the extension of fractures in the rock
following explosive loading.

3.2. Experimental process

The fracture zone test for damaged rock under explosive loading
sequentially covers low, medium, and high strain rates, progressing
from static loading to impact loading to explosive loading. First, MTS-
816 was used to determine the static compressive strength of the rock
op, and against this background, cyclic loads with upper limits of 0.2 oy,
0.4 oy, 0.6 o1, and 0.8 o}, were applied to the sandstone samples to
ensure diverse damage levels. Importantly, two sizes of rock samples
were employed: a 50 mm diameter by 25 mm thick sample for
measuring the dynamic tensile strength and a
220 mm x 220 mm x 50 mm sample for the blast loading tests. For both
types of samples, the quantity of loading—unloading cycles is precisely 6.
Owing to the large length—to-span ratio of the sandstone samples, the
strength exceeded the loading range during the test, with a side length of
50 mm in the axial direction. Therefore, cyclic loading tests were per-
formed with a side length of 220 mm in the axial direction to accom-
modate damage-induced static loading. The SHPB was subsequently
used to conduct impact loading tests on sandstone samples at various
damage levels to measure their dynamic tensile strength. Homemade
compressed 0.6 g RDX explosives were used for blast mechanics tests on
sandstone at various damage levels, followed by CT scanning to image
and analyze the fracture zones post-explosion. Notably, before plugging
the borehole, the interior impurities must be cleared. The detonator was
vertically fixed without eccentricity via glue. Finally, boreholes are fully
filled with equal amounts of stemming, thus enabling as much explosive
energy as possible to be exerted on the rock. Additionally, numerical
simulations utilizing Particle Flow Code-2 Dimension (PFC-2D) were
conducted to validate the experimental findings. The main experimental
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apparatus and experimental process of this study are shown in Fig. 1.
4. Experimental results
4.1. Basic mechanical parameters of the damaged rock

Understanding the basic dynamic mechanical properties of rocks is
fundamental to studying crack propagation in rocks under explosive
loads. Following impact compression and tensile tests, the dynamic
compressive and splitting tensile strengths of sandstone at varying de-
grees of damage were determined, as detailed in Table 1.

According to the experimental results, the primary wave velocity,
Young’s modulus, uniaxial compressive strength, and both dynamic
compressive and splitting tensile strengths of sandstone decrease with
increasing damage degree. This decrease in strength is attributed to the
attenuation of stress waves caused by weak planes in the rock following
static loading, a phenomenon corroborated by numerous studies [7,43].

4.2. Characterization of the degree of damage to sandstone samples

After pre-loading to various upper limits, sandstone samples exhibit
different degrees of damage. To assess this damage, a non-metallic ul-
trasonic detector is utilized. Five collection points are established along
the edge length on each side of the sandstone sample to measure the
wave velocity, which is subsequently averaged. The final average wave
velocity, which represents a consistent degree of damage across the
samples, is determined and defined as the wave velocity of the damaged
sandstone. The initial longitudinal wave velocity, denoted as Coy, and
the longitudinal wave velocity of the damaged sandstone, denoted as C,
are derived from stress wave theory, as detailed in Egs. (5) and (6). By
utilizing rock damage theory and wave velocity measurements, the
damage factor of sandstone under a pre-applied static load can be
calculated according to Eq. (7). The damage factors for sandstone sub-
jected to various static load applications are presented in Table 2.

C() _ Eo(l - ﬂ) (5)

p(1-2u)(1 +u)

loading device

MTS-816

a) Static load with divers
preloads make rocks in
different damage degrees.

b) A non-metallic ultrasonic
detector is employed to assess
the damage degree of
sandstone atfter static load.

¢) The same explosion load is applied to
sandstone with diverse damage degrees.

e) The numerical simulation based on
PFC-2D verified this study.

d) CT imaging is employed to characterize the fracture
zones in sandstone after explosive loading.

Fig. 1. Main experimental apparatus and experimental process. Note: SHPB tests are employed to measure the dynamic strength of sandstone for the theoretical

study of fracture radius and are not described in Fig. 1.



Q. Zheng et al.

Table 1

Dynamic mechanical properties of rock samples with different degrees of damage.
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Primary wave velocity (m/  Young’s modulus

Uniaxial compressive strength

Dynamic compressive strength Dynamic splitting tensile strength

s) (GPa) (MPa) (MPa) (MPa)
0 3095 21.42 62.68 65.07 8.52
0.2 3050 20.80 61.89 62.90 8.32
b
0.4 2998 20.10 60.71 60.73 7.70
Op
0.6 2889 18.67 58.53 54.12 5.21
b
0.8 2618 15.33 51.05 45.98 3.02
b
bl length and thickness of surface crack propagation under explosive
Table 2 . o o loading also increase. However, the size of the blasting crater on the
Damage factor of sandstone after pre-loading with different upper limits. . .
upper surface of the sandstone remains largely unaffected by explosive
0 020 040y 060p 080y loading. Conversely, significant compression deformation occurs at the
D 0 0.0289 0.0617 0.1283 0.2844 bottom of the sandstone within the blasting crater, and the extent of

©

. (Co
o1 (%) o

where i is the Poisson’s ratio of sandstone; p is the density of sandstone,
kg/m® Eo and E are the elastic moduli of undamaged sandstone and
damaged sandstone, respectively, GPa; and D' is the damage factor of
damaged sandstone.

4.3. Expansion of cracks in damaged rock under explosive loading

The fracture states of sandstones with diverse degrees of damage
after explosion loading are shown in Fig. 2.

Differences in crack propagation on the surface of sandstones with
varying degrees of damage after being subjected to explosive loads are
observed. As the degree of damage in the sandstone increases, both the

fracturing is positively correlated with the degree of damage induced by
pre-static loading, as illustrated in Fig. 3.

The fracture patterns of damaged sandstone under explosive loading
were analyzed via data from Figs. 2 and 3. In non-damaged sandstone,
the upper surface exhibits few cracks, with blast pits as the predominant
feature, whereas the extent of cracks formed at the bottom post-blasting
remains relatively minor. However, with increasing damage to sand-
stone, both the scale and extent of surface fractures on the upper surface
noticeably increased. Additionally, the degree of rock fracturing at the
bottom of the blasting crater intensified. Notably, this study employed
inverse initiation, resulting in significantly greater fragmentation at the
bottom than at the top, due to the columnar charge and thin sandstone
samples, whereas the upper part showed less evident fragmentation.

Additionally, to visually assess the impact range and degree of
compression deformation at the bottom of the sandstone after blasting,
we measured the compression deformation diameter. The final mea-
surement was determined by the maximum diameter of the deformation
and the radius theoretically calculated from Eq. (4), as detailed in
Table 3.

The damage at the bottom of the sandstone following the explosive

(d) 0.60;,

(e) 0.8a;

Fig. 2. Fracture states of sandstones with various degrees of damage after explosion loading.



Q. Zheng et al.

Ain Shams Engineering Journal 16 (2025) 103302

Fig. 3. Fracture shape of bottom blasting craters of sandstone with different degrees of damage under a blast load.

Table 3
Maximum radius of the bottom compression deformation area and the theo-
retically calculated radius of sandstone after blasting (unit: mm).

0 0.2 o, 0.4 oy 0.6 op 0.8 oy
R 56.95 59.60 72.82 112.53 195.86
R 59.28 62.38 76.63 >110 >110

load is documented in Fig. 3 and Table 2. The expansion, scale, and
extent of the fractures in the planar range are clearly visible. The scale of
the protruding fractured rock blocks in the lower sections of the sand-
stone is also observable. We employ the more intuitive average diameter

method to analyze the area affected by compression deformation at the
bottom of the sandstone. Using the average diameter of the compression
deformation area at the bottom of the intact sandstone sample as a
reference, the average diameter increases with the upper limits of the
pre-applied static load at 0.2 ¢, and 0.4 oy, resulting in increases of
5.23 % and 29.27 %, respectively. The errors between the theoretical
calculations and actual measurements are 3.93 %, 4.46 %, and 4.97 %,
respectively. It is apparent that the rate of increase accelerates. Unfor-
tunately, when the upper limit of the static load exceeds 0.6, both the
theoretically calculated and the measured fracture radii exceed the di-
mensions of the sandstone sample, which is influenced by the explosive
charge and the limitations of the CT scan. However, relying solely on the

(@) 0

(d) 0.60,

b) 0.20;

C 0.40'b

(e) 0.80;

Fig. 4. CT images of diverse damaged sandstone samples with diverse degrees of damage under blast loading.
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range of the compression deformation zone at the bottom of the sand-
stone does not allow for a comprehensive characterization of the inter-
nal crack expansion and severity in the damaged sandstone under
explosive loads. In addition to the average diameter, factors such as the
size and extent of cracks must also be comprehensively considered.

4.4. CT imaging of damaged sandstones under explosive loads

CT scans were performed on each sample after blasting to assess the
internal damage and fracture characteristics following the explosive
load. CT images depicting the lateral blasting crater and middle cross-
sections of sandstone samples with varying degrees of damage under
blast loading are presented in Figs. 4 and 5, respectively.

The CT imaging results not only confirmed the accuracy of Figs. 4
and 5 but also revealed fracture ranges that are not directly visible in the
rock. CT imaging demonstrated that the degree of damage, the area
affected, and the extent of fractures in sandstones under explosive loads
increase progressively with the degree of damage. Similarly, the width
and length of longitudinal cracks along the edges increase as the degree
of damage increases. Compared with other damaged samples, non-
destructive sandstone samples exhibit less damage under explosive
loads. Slight damage is evident around the borehole, whereas areas
beyond half the distance to the boundary remain nearly intact. As
depicted in Fig. 4(a), relatively few cracks are generated, with most
spreading radially around the borehole. The interlocking of cracks of
varying orientations is minimal, with only a few narrow cracks
extending towards the boundary. These cracks do not connect or pene-
trate the damaged area around the borehole, and their impact on the
original rock is minimal. Additionally, both the extent of damage and
the radius are the smallest, as shown in Fig. 4.

The primary pores in the sandstone, subjected to a static load upper
limit of 0.2 6}, are compacted and closed, resulting in the formation of
no large cracks. Larger solid mineral particles within this sandstone may
also promote the formation of small cracks due to the tip effect following
static loading. However, the impact of these weak surfaces or cracks on
the explosive load is minimal when they are distant from the borehole.
Even in proximity to the blast hole, the impact remains limited. Figs. 4
and 5 show that the damaged sandstone subjected to a static load upper
limit of 0.2 oy, has a slight increase in damage range and degree under
blasting loading, along with a modest increase in damage radius; how-
ever, these increases are still less significant than those in the final three
stages. In the vicinity of the borehole, the number of cracks and the scale
and number of intersecting cracks both increase. Additionally, two small
cracks propagate outwards, parallel to the edges of the rectangle.

When the static load reaches an upper limit of 0.4 oy, the tip effect of
the mineral particles in the damaged sandstone promotes the formation
of randomly distributed cracks within the cementitious matrix. Unlike
those in the previous stage, the cracks in this stage are randomly

(a)0
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distributed and not influenced by the compaction and closure of larger
pores. The cracks that formed in the previous stage, owing to the
compaction and closure of primary pores, further expand and weaken in
this stage. With the action of the explosive load, the expansion of these
cracks is significantly more pronounced than that in the previous stage,
as depicted in Fig. 4(c), with both the extent of damage and the radius
being greater than those in the initial two stages. As shown in Fig. 4(c),
more cracks have formed, and their widths have increased. Most of the
cracks radiate from the borehole, and the degree of interlocking among
cracks of various orientations is also greater than that in the first two
stages. Additionally, more cracks extend towards the boundary of the
sandstone sample than in the initial stages do, forming connections with
the damaged area at the center of the borehole.

As the upper limit of the static load increases, both the size and
number of cracks in the sandstone increase. Particularly when the static
load exceeds 0.6 oy, the sandstone approaches the plastic stage, with the
number and size of cracks accelerating at a rate surpassing those of the
initial four stages. Consequently, under the action of explosive loads, the
number and size of cracks radiating from the borehole increase, along
with a greater degree of interlocking among cracks of various orienta-
tions, as depicted in Fig. 4(d). Owing to the penetration of larger cracks
around the borehole, the fragmented rock blocks form powder-filled
cavities, as illustrated in Fig. 4(e).

5. PFC numerical simulation
5.1. Particle bonding model

PFC-2D, a well-established discrete element particle flow software,
has been extensively applied in rock mechanics research. It treats rocks
as a set of rigid particles, and the mechanical response of rocks under
load is manifested by changes in the contact state between particles
[44]. The particle state is governed by the equation of motion (which
describes the state of the particles), basic mechanical constitutive re-
lationships (the force-displacement/rotation relationships between
particles), and yield criteria (determines the occurrence and type of
bond failure). In this study, the bonded particle model (BPM) was
adopted [44]. This model combines the contact bonds and parallel bonds
available in PFC, as depicted in Fig. 6 [44].

5.2. Calibration of sandstone micro-parameters

It is necessary to determine the model parameters after establishing
the computational model in PFC-2D. As mentioned in the previous
section, the basic units of the PFC model are the particles and the bonds
between them. Therefore, the calibration of mesoscopic parameters
mainly involves determining the physical and mechanical properties of
these two elements. However, it is extremely difficult to obtain these

(c) 0.4,

(e) 0. 8b

Fig. 5. CT images of the lateral blasting craters of sandstone with diverse degrees of damage under blast loading.
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Bond
stiffness

Bond resist
Shearing

Bond resist
ball rotation

Contact
stiffness

Breakage of
bond stiffness

Parallel bond

Fig. 6. Two types of key forms in the BPM [44].

parameters directly from experiments. Researchers typically select the
full stress—strain curve and corresponding failure mode of a sample as a
reference based on experiments [45]. They then use the “trial-error
method” to continuously adjust the mesoscopic parameters until the
simulated full stress-strain curve and failure mode match the experi-
mental results [45]. At this point, the determined parameters can
accurately reflect the physical and mechanical properties of the actual
sample and can serve as the basic parameters for further research [46].

The basic mechanical parameters of the rock can be determined
based on the sandstone samples and experimental results used in this
study. The mineral composition can be found in Zheng et al. [39]. The
basic structural parameters of the model are established based on the
test dimensions and basic mechanical parameters of the sample. The
same loading method and rate as those used in the actual experiment are
subsequently set, and the “trial-error method” is employed to determine
the microscopic parameters of the calculation model. The mesoscopic
parameters of sandstone obtained through calibration are shown in
Table 4.

5.3. The process and results of the numerical simulation

Based on the determined microscopic parameters of sandstone and
referring to the experimental process in Section 3.2 of this paper, six
cycles of loading-unloading tests with upper limits of 0.2 o}, 0.4 61, 0.6
op, and 0.8 o1, were carried out on sandstone samples to subject them to
varying degrees of damage. For the explosion load test, this study adopts
the particle instantaneous expansion method to simulate the blasting
loading process [47]. The strain rate of particle expansion is set equal to
the strain rate of the explosive used in this study during the explosion.
Explosion load simulation tests were conducted on sandstone samples
with different degrees of damage via this method, and the test results are
presented in Fig. 7.

The numerical simulation results presented in Fig. 7 also validate the

Table 4
Mesoscopic parameters of the PFC-2D medium.
Parameters Value  Parameters Value

Minimum particle size (mm)  0.10 Coefficient of friction 0.66

Maximum particle size 0.30 Parallel bonding tensile strength 26.50
(mm) (MPa)

Density (kg-m~>) 2390 Parallel bonding cohesion (MPa) 32.00

Porosity 0.15 Parallel bonding friction angle (°) 32.50

Contact adhesion modulus 0.50 Parallel bond modulus (GPa) 8.70
(GPa)

Contact adhesion stiffness 1.00 Parallel bonding stiffness ratio 1.00

ratio

accuracy of the theoretical analysis findings. Consistent with these
findings, as the degree of sandstone damage increases, the number, size,
and expansion radius of cracks in the damaged sandstone under explo-
sive loading, as well as the size of the cavity around the borehole, also
increase. The numerical simulation results demonstrate a high degree of
consistency with the experimental outcomes. Specifically, the mecha-
nism of sandstone fracture propagation under explosive loading is found
to be consistent with that of the indoor experiments, as detailed in
Chapter 4.

6. Discussions

This study presents an in-depth theoretical analysis of crack propa-
gation within damaged sandstone subjected to explosive loading and
effectively verified the reliability of the theoretical analysis by inte-
grating indoor experiments and numerical simulations. The results
reveal a significant positive correlation between the degree of sandstone
damage and internal crack propagation after the application of the
explosive load. This finding offers crucial references for various aspects,
including the design of blasting parameters such as borehole arrange-
ment, charge quantity, and detonation sequence, as well as the design
for protecting the stability of rock structures and preventing and con-
trolling dynamic disasters within the mining area.

There is currently no consensus on whether cracks in rock masses
under explosive loads are beneficial or detrimental to the effectiveness
of rock breaking by blasting. Scholars hold differing views on whether
the presence of cracks leads to a premature release of explosive gas,
causing energy loss [48], or whether it contributes to the gas wedge
effect, thereby promoting rock breakage [10]. The fracture of a rock
mass under explosive loading is influenced by lithology, explosive per-
formance, blasting parameters, and occurrence conditions and results
from complex, multifaceted interactions [49].

The application of preloading induced local stress concentrations
within the rock matrix, which promoted the initiation and subsequent
propagation of cracks in the rock. During the crack propagation process,
cracks of varying orientations and spatial locations interact synergisti-
cally, culminating in the formation of a more complex crack network
system [50]. As the upper limit of the static load was incrementally
increased, both the magnitude and amount of crack initiation increased.
Upon applying explosive loads to the damaged sandstone, the existing
cracks functioned via pre-static loading as conduits for disseminating
detonation gas pressure; this enables the high-pressure detonation gas to
exert a more efficacious influence on rock breaking, thereby exacer-
bating the extent of damage inflicted upon the rock [51]. Moreover, the
cracks that emerged within the rock as a consequence of static loading
undermined the overall strength and structural integrity of the rock
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(d) 0.60,

(e) 0.8g;

Fig. 7. Numerical simulation results of sandstone with diverse degrees of damage under blast loading.

[52]. Consequently, when detonation gases were introduced, the rock
exhibited a heightened susceptibility to damage. Although the internal
cracks in the rock affected the propagation of the explosive stress waves,
notably, the thickness of the cracks generated by post-static loading was
relatively small. This characteristic curtailed their overall influence on
the propagation of the stress waves. Additionally, the tensile forces
exerted by the stress waves on the weak planes within the rock were
conducive to the fragmentation of the rock [53]. A particularly favorable
aspect was that most of the cracks that emerged following static loading
were located within the rock interior; coupled with the satisfactory level
of borehole blockage, this ensured that the detonation gas was effec-
tively retained to break the rock, precluding the occurrence of gas
leakage.

It is undisputed that internal rock damage impacts the effectiveness
of explosive loads in breaking rocks, which is the primary focus of this
study. The impacts of loading methods, cycle numbers, and other factors
on the damage level [50], despite their influence, are not considered in
this study. However, as we aim to investigate the dynamic mechanical
properties of damaged rock, why do we not choose the simplest
approach of using static loading to obtain damaged rock? The varying

upper limits of cyclic static loading in this study represent one method to
achieve different degrees of damage in sandstone; however, the influ-
ence of the number of cycles is not addressed. Pre-static loading results
in a random distribution of damage within sandstone, more closely
simulating the condition of disturbed rock masses in engineering ap-
plications. Our method significantly outperforms approaches that use
prefabricated crack samples, where the ratio of cracks to specimen size is
not representative of actual engineering conditions [8]. However, the
direction of pre-static loading plays a crucial role in the penetration of
cracks in rock under explosive loads, as illustrated in Fig. 8. According to
rock mechanics theory, cracks are generated along the loading direction
when a uniaxial load is applied due to friction between the sample end
and the loading device [7]. Exploded gas, generated by the load, ex-
pands outwards along preloading-induced cracks from the borehole,
fracturing the rock, as shown in Fig. 8. Thus, damage to the joints and
fissures within the sandstone facilitates the expansion of explosive gas,
enhancing rock breakage from this perspective. Consequently, greater
damage levels result in more and larger cracks in the sandstone post-
explosion, and correspondingly larger blasting craters.

Our study focused on the fracture range of sandstone with varying

Pre-static-loaded direction
l l Penetrating cracks l

Fig. 8. Influence of the pre-static load direction on crack penetration under explosive loading.
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degrees of damage under explosive loads. Unlike traditional measure-
ment methods, we employ CT imaging to characterize the internal
fracture range of sandstone. Nevertheless, the micro-nano CT scanner in
the laboratory imposes certain size requirements on the scanned sam-
ples. If the maximum side length of the sample is excessive, X-rays will
be unable to penetrate, preventing the completion of scanning. There-
fore, we endeavored to select the largest possible specimen size while
ensuring that the samples could be fully scanned. After various sample
sizes were tested, we ultimately selected sandstone samples with a
maximum side length of 220 mm. Consequently, this limitation results in
cracks penetrating sandstone samples under specific explosive loads
when the static load exceeds 0.4 6, making quantitative characteriza-
tion challenging. Furthermore, we employed inverse initiation in this
study, resulting in significantly greater fragmentation at the bottom than
at the top due to the columnar charge and thin sandstone samples;
however, this has a limited influence on the experimental outcomes and
does not alter the overall trend observed. Future studies should consider
rock thickness and lateral friction forces from preloading to more
accurately evaluate the fracture range of damaged rock under explosive
loading.

According to the theory of rock mechanics, factors such as lithology,
specimen size, and explosive charge can influence the test results of this
study. More crucially, it is vital to address the conflict between specimen
size and CT scanning for specimen size. Consequently, future research
should place greater emphasis on large-scale and even in-situ explosion
load tests. Moreover, high-precision imaging methods have been
developed to explore crack expansion in rock masses after the applica-
tion of explosion loads.

7. Conclusions

We theoretically deduced the fracture radius of sandstone featuring
varying degrees of damage under explosive loads. Subsequently, CT
imaging and numerical simulation were utilized in tandem to corrobo-
rate the outcomes of the theoretical analysis. The main conclusions are
as follows.

(1) A cyclic static loading protocol is developed to induce random
damage distribution, resolving the scale mismatch of traditional
prefabricated crack models. The extent of sandstone fracture
under explosive loads intensifies with the degree of damage.
Specifically, the expansion range, width, and number of blast-
induced cracks on the bottom surface, as well as the size of the
blasting craters, increase as the degree of rock damage increases.

(2) A dual “gas-channeling and stress-synergy” mechanism is iden-
tified, demonstrating that blast gases preferentially propagate
along pre-existing microcracks, enhancing energy efficiency. CT
imaging reveals that the degree of damage, affected regions,
crack size, and depth of penetration—all of which are aligned
with the longitudinal axis of the sandstone—progressively in-
crease with the degree of damage under explosive loads. These
findings were corroborated by PFC-2D-based numerical
simulations.

(3) A mesoscale PFC-2D model coupling damage evolution and blast
dynamics is developed, reconstructing the full process from
“static damage accumulation-stress wave propagation-macro-
scopic crack coalescence” at particle-scale resolution. High con-
sistency between numerical simulations and CT observations
validates multiscale analytical reliability.

(4) The theoretically predicted fracture radius of damaged sandstone
under explosive loads was confirmed by experimental results,
with discrepancies between theory and actual measurements
under 5 % loading.

(5) The proposed damage-sensitive blasting parameter design
framework significantly improves stability prediction accuracy in
complex geological tunnels, offering critical theoretical support

Ain Shams Engineering Journal 16 (2025) 103302

for directional blasting technologies and dynamic disaster pre-
vention systems based on damage control strategies.
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