
Vol.:(0123456789)

Rock Mechanics and Rock Engineering 
https://doi.org/10.1007/s00603-024-04156-2

ORIGINAL PAPER

Experimental Study of Failure and Morphology of Large Granite 
Specimens Under Confining Pressure and Blast Loading

Jiazheng Gao1,2,3 · Yeqing Chen2,3 · Zhenqing Wang1   · Yongsheng He2,3 · Chunhai Li2

Received: 22 December 2023 / Accepted: 29 August 2024 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2024

Abstract
In this study, we examined the influences of high in-situ stress and blast loading on granite within deep-tunnel excavation 
and mining contexts. A large granite specimen (1200 × 1200 × 200 mm3) was subjected to chemical explosion tests under 
varying confining pressures. The entire granite failure process was visualized using high-speed photography, and a damage 
characterization method based on three-dimensional scanning technology and digital model reconstruction technology was 
developed. The failure mode of the granite was divided into three distinct stages: the crushing failure stage, circumferential 
fracture stage, and stepped fracture stripping stage. Microscale examination of the fracture surfaces revealed the presence 
of sharp, step-like structures with pronounced directional characteristics. A key finding is the significant variability of the 
explosion crater features under different confining pressures. Vertical stress significantly impacted the volume of the crater 
and the area of the damage zone on the granite's surface, exhibiting a positive correlation and elliptical morphology aligned 
with the static stress direction. Under constant vertical stress, the horizontal stress played an inhibiting role in the failure of 
the back surface of the granite, leading to a morphological shift from elliptical to nearly circular in the damage zone. Under 
equal biaxial stresses, a low static stress promoted crushing of the granite, while a higher static stress restrained it. In this 
study, it was found that under different stress states, the equivalent diameter of the crater was much larger than its average 
depth, and the morphology of the crater profile exhibited a flat funnel-like shape with ladder-shaped fracture patterns.

Highlights

•	 Conducts experiments on large granite specimens under complex stresses to study their damage, fracture process, and 
morphological characteristics.

•	 Introduces a novel damage characterization method using 3-D scanning and digital modeling to analyze granite's post-
explosion morphology.

•	 Granite specimens' failure occurs in three stages: the crushing failure stage, circumferential fracture stage, and stepped 
fracture stripping stage.

•	 Extracts and calculates granite crater's post-explosion parameters, revealing morphology changes under complex stresses.

Keywords  Large granite specimen · Confining pressure · Blast loading · Fracture morphology · 3-D laser scanning

1  Introduction

With the gradual exhaustion of shallow resources, the pro-
gress of underground engineering construction technology, 
the development of deep drilling technology, and the differ-
ent needs of researchers in the fields of life sciences, geo-
physics, deep-underground medicine, deep-rock mechanics, 
and other disciplines (Ranjith et al. 2017; Roszkowski et al. 
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2018; Liu et al. 2018), an increasing number of underground 
engineering projects have gradually developed from shallow 
to deep (Chazal et al. 1998; Miuchi et al. 2003; Alner et al. 
2005; Lesko 2009; Hu et al. 2011; Lippmann-Pipke et al. 
2011; Feng et al. 2015; Zhao et al. 2017; Parisi et al. 2017). 
At present, the drilling and blasting method is still the main 
means of rock excavation and is widely used in tunnels, min-
ing, and other projects (Rustan 1998; Yilmaz and Unlu 2014; 
Yan et al. 2015). In contrast to surface rocks, high in-situ 
stress is one of the main characteristics of deep-rock masses 
(Saiang 2010; Kulatilake et al. 2013). Compared with shal-
low engineering, under the influence of the in-situ stress in 
deep engineering, the initial stress field of the surrounding 
rock is redistributed during blasting, resulting in over- or 
under-excavation, collapse, rockburst, and other disasters 
(Gong et al. 2012; Li et al. 2012, 2017; Yan et al. 2015; Zhao 
et al. 2017). These factors significantly affect the effective-
ness of rock blasting. It is of great importance to study the 
blasting fragmentation characteristics of rock masses under 
different confining pressures and blast loads to improve the 
effectiveness of blasting, increase the efficiency of rock 
blasting excavation, and ensure the safety and efficiency of 
production. This problem has attracted the attention of many 
scholars (Kutter and Fairhurst 1971; Jung et al. 2001; Yang 
and Ding 2018).

Research on the characteristics of the rock mass explo-
sion failure process, the morphological characteristics of the 
resulting crater, and the many influencing factors is very 
complex. Some of the most important factors are the non-
linear, dynamic, and transient behavior of the explosion 
load, which have the characteristics of a high amplitude and 
high frequency (Goel and Matsagar 2014). Nordyke (1961) 
was the first to derive the main mechanisms and preliminary 
theories of the formation of explosion craters by summariz-
ing and analyzing the results of four nuclear explosion tests 
conducted at the Nevada Test Site. Sher et al. (2011) studied 
the explosive effect on rock masses near the free surface, and 
based on the theory of linear brittle fracture, they established 
a kinematic calculation model of a crack that initiated at the 
center of the explosion and extended to the free surface. Chi 
et al. (2019a) investigated the fragmentation of six granite 
samples (400 × 400 × 400 mm3) under different blast loads. 
On this basis, Chi et al. (2019b) investigated the influence 
of radial constraints on the expansion and fracture patterns 
of granite columns and determined the relationship between 
the peak pressure of the shock wave and its damping index 
by analyzing data from sensors embedded in the specimen. 
Their results provide an effective reference for verification 
of the numerical rock blasting model. He et al. (2020) stud-
ied the mechanisms of rock rupture caused by single-hole 
to multi-hole blasting using a high-speed camera and strain 
measurements to measure the crack extension and strain field 
in granite materials under the effect of blasting, respectively.

Deep underground mining is influenced by the high 
in-situ stress. In recent years, the influence of a high in-
situ stress on the blasting fragmentation of a deep-rock 
mass has become a growing concern for many scholars 
and engineers (Yang et al. 2017, 2018; Yi et al. 2018; Xie 
et al. 2019, 2021; Wu et al. 2022). Zhang et al. (2017) used 
cement mortar to prepare rock model materials and studied 
the explosive crushing phenomenon of rock-like materials 
under different uniaxial and biaxial confining pressures. 
Peng et al. (2019) also used cement mortar to simulate 
rock materials and studied the failure behavior characteris-
tics of rock under high-stress conditions employing a self-
developed electrical explosion system. Their experiments 
revealed that the static stress field is a significant factor 
affecting the internal strain field of the specimen, which 
in turn affects the crack propagation behavior of the speci-
men and the final morphology of the crater. He and Yang 
(2018a) developed a dynamic and static loading device 
that can simulate the in-situ stress conditions by providing 
pressure through a hydraulic device and analyzed the rock 
strain field and crack extension under confining pressures 
of 0 MPa, 5 MPa, and 10 MPa. Their test results revealed 
that rock fractures are mainly generated via tensile and 
shear failure, and the circumferential compressive stress 
reduces the circumferential tensile failure under a blast-
ing load. Therefore, the radius of the rock fracture zone 
decreases with increasing confining pressure. He et al. 
(2018) also analyzed the damage patterns caused by dif-
ferent K values (ratio of the horizontal to vertical confining 
pressure) of rocks under a blasting load. They found that 
the radius of the damage zone produced by an explosion 
on the free surface and the radius of the crack gradually 
decreased with increasing K. Based on the above study, He 
and Yang (2018b) successfully applied the Johnson–Hol-
mquist (JH) damage constitutive model in AUTODYN 
two-bit code to verify the above conclusions. Yang et al. 
(2021) simulated the blasting failure characteristics of a 
rock mass under different confining pressures by applying 
horizontal and vertical loads to gypsum specimens and 
discussed the influences of the magnitude and direction 
of the in-situ stress on pre-splitting blasting.

The drilling and blasting methods are still widely used in 
mining and tunnel excavation processes, and the rock mass 
is affected by the combined effect of the in-situ stress and 
explosion during the excavation process. Numerous scholars 
have conducted experimental research on the mechanical 
failure characteristics of rocks under the combined effect of 
the confining pressure and explosion. Due to the difficulty 
of finding, mining, and processing large rocks that meet 
the experimental conditions, as well as the limitations of 
the related testing equipment, current research has mainly 
focused on theoretical analysis, numerical simulations, 
model materials, and small-scale rock specimen testing. Few 
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experimental studies have directly tested large raw granite 
specimens.

Regarding the experimental materials, compared with 
rock simulating materials, using an actual rock has more 
advantages. First, an in-situ rock mass can truly reflect the 
natural physical and mechanical properties. This means that 
the obtained experimental data can more accurately repre-
sent the response of real rocks. Second, extensive research 
has shown that the microstructure of the material determines 
its macroscopic mechanical properties (Exadaktylos and 
Vardoulakis 2001; Lan et al. 2010; Chen et al. 2017; Peng 
et al. 2018). The rock itself is generally a solid mixture of 
various minerals, and a large number of irregular pores and 
structural planes of different scales are distributed inside 
the rock. These structures may affect the response of the 
rock under dynamic loading. Rock-like materials are gen-
erally composite materials that are composed of cementi-
tious materials that bond aggregates into a whole specimen. 
Although for certain characteristic parameters, adjusting the 
aggregate ratio can maintain consistency with rock materi-
als, their different internal structures inevitably lead to the 
occurrence of different fracture failure characteristics under 
the combined effect of an explosion and the confining pres-
sure. In addition, the natural heterogeneity of the original 
rock can have an impact on its mechanical behavior, espe-
cially under dynamic loading. The original rock may exhibit 
complex failure modes related to its structure and composi-
tion. In contrast, rock-like materials are relatively uniform 
and cannot accurately reproduce the failure modes of rocks 
characterized by heterogeneity. Finally, in engineering appli-
cations such as tunnel blasting and seismic engineering, the 
data and patterns obtained using original rocks are more 
practical and effective, because they reflect the behavior of 
real rocks.

In terms of the size of experimental samples, the mechan-
ical properties of large rock samples under different load-
ing conditions are currently an important research direction 
for analyzing rock mechanics. Research on the mechanical 
properties of large rock specimens has received increasing 
attention from scholars (Guo et al. 2012; Xia et al. 2014; 
Cheng et al. 2020). A rock is a heterogeneous and aniso-
tropic material with significant size effects (Weibull 1939, 
2013; Hudson et al. 1972; Masoumi et al. 2016), and the 
mechanical properties and failure modes of rock masses of 
different scales can vary greatly (Meng et al. 2016; Chen 
et al. 2018a; Kao et al. 2020; Wu et al. 2021; Ai et al. 2021; 
Qi et al. 2023). Lu et al. (2007) pointed out that when the 
sample size is greater than 70 mm × 210 mm, the fracture 
characteristics of the specimen gradually stabilize under 
loading, and they proposed a size-effect parameter based on 
this size as a standard. The process of rock fracturing actu-
ally consists of the expansion and combination of internal 
micropores and microcracks, and some studies have shown 

that the expansion of rock fractures also has scale effects 
(Wei et al. 2017; Zhang et al. 2019, 2021). Larger speci-
mens contain more internal structures, such as microcracks, 
interlayers, and other discontinuous surfaces. Moreover, 
due to their larger volumes, larger specimens provide a bet-
ter statistical representation of the rock’s properties, which 
may not be evident in smaller specimens. As the sample 
size increases, the dispersion of the mechanical proper-
ties of a fractured rock mass decreases, and the mechani-
cal properties of the rock mass become increasingly stable 
(Bear 1975). Furthermore, the use of a large-scale granite 
model greatly reduces the influences of boundary effects. 
Therefore, regarding engineering applications such as tunnel 
blasting or mining engineering, under the combined effects 
of different confining pressures and explosive load condi-
tions, large granite specimens can more accurately reflect 
the true fracture characteristics of in-situ rock masses. With 
the development of rock mechanics and the improvement 
of the experimental level, it is necessary to conduct tests 
on the damage characteristics of large granite specimens 
under complex stress field conditions to study the rock’s 
damage and fracture processes and failure morphology 
characteristics.

In terms of the selection of an explosion source, many 
studies have adopted the method of replacing chemical 
explosions with electric explosions due to safety and clean-
liness considerations (Lisitsyn et al. 1998; Yan et al. 2016, 
2019; Guo et al. 2019; Peng et al. 2019, 2020a, b). However, 
compared with electric explosions, chemical explosions have 
more significant advantages in terms of the energy output, 
explosion range, and duration. First, in terms of the energy 
output, chemical explosions often have a greater energy out-
put and rapidly release a large amount of heat and gas, while 
electrical explosions have a lower energy output. Second, 
chemical explosions can generally affect larger areas and can 
generate larger shock waves and explosion effects, which are 
very important in engineering and research on the dynamic 
mechanical properties of large-scale rock masses. In addi-
tion, chemical explosions can last for a longer period of time, 
while point explosions typically have a shorter duration. At 
present, chemical explosions are still the main method uti-
lized in the fields of mining, tunnel engineering, construc-
tion, and military engineering. Therefore, as an explosion 
source, chemical explosions are closer to the actual engi-
neering situation and can reflect the real dynamic mechani-
cal behaviors of rocks.

In summary, the current research has shown that the 
confining pressure is the main factor affecting the morpho-
logical characteristics of rock explosion failure. However, 
experimental studies have mostly utilized rock-like materi-
als or small granite specimens or have used electric explo-
sions instead of chemical explosions. A few studies have 
conducted chemical explosion tests on large raw granite 
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specimens under different confining pressure conditions. In 
this research context, to study the failure process and post-
explosion morphology characteristics of granite under the 
combined effect of the confining pressure and explosion, 
indoor chemical explosion tests were conducted on large 
granite samples under different confining pressures. In the 
experiment, high-speed photography was used to visualize 
the entire process of granite failure, and after the experi-
ment, 3-D laser scanning measurement technology was used 
to obtain the characteristic parameters that can describe the 
morphology of the blast crater. In addition, based on three-
dimensional coordinate data and digital model reconstruc-
tion of the damage characteristics, we developed a method 
for characterizing the morphological characteristics of the 
blast crater. Via the above technical means, the failure pro-
cess and post-explosion morphological characteristics of 
large granite specimens under the combined effect of the 
confining pressure and explosion were analyzed. The results 
of this study provide a certain reference for research on the 
size effect on the explosion morphology characteristics of 
granite under different loading and explosion conditions.

2 � Materials and Methods

2.1 � Rock Material

The granite samples utilized in the experiment were sourced 
from Shandong, China, at a depth of 410 m. Because the 
natural rock mass was non-homogeneous, to ensure the accu-
racy and representativeness of the test data, all of the granite 

samples were collected from the same parent rock, and water 
drilling technology was used to cut the rock to avoid the 
development of surface or internal crack defects caused by 
processing vibrations. The parameters of the granite were 
as follows: density of 2.6 g cm−3, Poisson's ratio of 0.18, 
Young's modulus of 26.4 GPa, tensile strength of 12 MPa, 
and compressive strength of 115.8 MPa. Split-Hopkinson 
pressure bar (SHPB) tests were conducted to measure the 
dynamic compressive strength of the granite, which was 
found to be 151.4 MPa, at a strain rate of 115 s⁻1, load-
ing speed of 8.081 ms−1, and loading pressure of 0.4 MPa. 
The microstructure of the granite was observed via scanning 
electron microscopy (SEM) (Fig. 1).

Through X-ray diffraction (XRD) whole-rock min-
eral quantitative analysis (Table 1), the main minerals in 
the granite specimens used in this test were determined to 
be plagioclase (49.7% on average) and quartz (23.2% on 
average).

2.2 � Specimen and Blasting Parameter Design

To simulate the mechanical response of the rock mass under 
real conditions at depth, six granite blocks with dimensions 
of 1200 × 1200 × 200 mm3 were selected, and six different 
confining pressures were applied. The specific test scheme 
is shown in Table 2. Figure 2 shows the geometric size and 
charge structure of the specimen. The borehole was located 
in the center of the granite. The specimen was drilled to 
a depth of 160 mm, the bottom of the hole was 40 mm 
from the exposed surface, and the diameter of the hole was 
20 mm.

Fig. 1   SEM images of the free surface of the granite specimen before testing

Table 1   Quantitative XRD data 
for the whole-rock minerals

Specimen Mineral contents (%)

Quartz Plagioclase Potassium 
Feldspar

Mica Chlorite Amphibole

1 24.2 50.1 14.8 9.1 0.7 1.1
2 23.2 50.3 13.2 12.8 0.5 –
3 22.4 48.8 11.8 16.5 0.5 –
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As shown in Fig. 3, the charge structure in this test was 
composed of a high-precision electronic detonator and a No. 
5 coal mine detonating cord. The charge structure consisted 
of a detonator in the center and six detonating cords evenly 

distributed around it. The length and diameter of each det-
onating cord were 120 mm and 6.5 mm, respectively, the 
length and diameter of the electronic detonator were 80 mm 
and 6.5 mm, respectively, and the total length of the charge 
was 120 mm. After the charges were tied, they were placed 
in the borehole, and the charges were fully attached to the 
borehole wall, creating a coupled charge structure. After 
the charges were placed, the blasthole was sealed with fast-
setting C30 concrete. In this test, the explosive charge was 
the equivalent of 12.6 g TNT, and the electronic detonator 
was detonated using a special hand-held electronic detonator 
initiator. The blasting charge remained unchanged.

2.3 � Equipment and Test System

To study the explosive failure behavior of the rock mass 
under different confining pressures (Fig. 4), during the 

Table 2   Size of the test specimen and stress application condi-
tions ( �

h
 is the horizontal pressure, �

v
 is the vertical pressure, and 

K = �
h
∕�

v
)

Specimen Size of specimen (mm3) �
v
(MPa) �

h
(MPa) K

HGY-1 1200 × 1200 × 200 0 0 –
HGY-2 1200 × 1200 × 200 4 0 0
HGY-3 1200 × 1200 × 200 8 0 0
HGY-4 1200 × 1200 × 200 8 4 0.5
HGY-5 1200 × 1200 × 200 4 4 1
HGY-6 1200 × 1200 × 200 8 8 1

Fig. 2   Size of the specimen and 
charge structure

(a) (b)

Fig. 3   Electronic detonator and detonating cord: a high-precision electronic detonators; and b detonating cord
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explosion test, the entire testing system consisted of a static 
loading system that applied the static stress, a trigger initia-
tion system, a high-speed camera measurement system, a 
strain data acquisition and analysis system, and a synchro-
nous control system. After the test, the post-explosion gran-
ite specimens were scanned and measured using a three-
dimensional laser scanner.

The static loading system in the testing system was 
the whole process simulation testing system of deep-
underground engineering structure instability (Fig. 5). 
The granite was placed in the model placement posi-
tion, and the stress was applied according to the designed 
scheme (Table 2) after the placement was completed. The 
servo loading device enabled the load to be applied and 

maintained independently in the horizontal and vertical 
directions. The stress was applied using a graduated load-
ing method. The granite specimen was placed in the cham-
ber of the testing equipment, and the confining pressure 
was incrementally increased to 1/7 of the preset stress at 
a constant loading rate. This was followed by a stabiliza-
tion period of 10 min, which completed the first loading 
stage. The second stage involved increasing the confining 
pressure to 2/7 of the preset stress at the same loading 
rate. This was followed by another 10-min stabilization 
period. This process was repeated through seven stages 
until the confining pressure reached the designed value. 
After the loading was completed, the specimen was stabi-
lized for 1.0–1.5 h, and the explosive was detonated after 

Fig. 4   Diagram of the testing 
system. 1—granite speci-
men, 2—blastholes, 3—strain 
sensor, 4—static load, 5—data 
acquisition instrument, 6—com-
puter, 7—high-speed camera, 
8—light source, 9—protective 
glass, 10—hand-held electronic 
detonator, 11—delay synchro-
nization controller, 12—granite 
specimens after the explosion, 
and 13—three-dimensional 
laser scanner

Fig. 5   Experimental equipment
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completion of the pressure stabilization process. Figure 6 
shows the set-up of the test and the failure morphology of 
the granite specimen after the explosion.

To more intuitively and accurately obtain the shape, 
area, depth, and volume of the crater after the explosion 
and to further study the morphological characteristics and 
damage evolution of the blast damage, it was necessary 
to accurately measure the characteristic parameters of 
the crater morphology. Because granite is a heterogene-
ous anisotropic material, the shape of the crater and the 
crack distribution were extremely irregular after blasting. 
Therefore, direct measurement of the granite specimens 
after blasting could not provide comprehensive and high-
precision data for the geometric features, and the relevant 
parameters could not be accurately measured. Wang et al. 
(2018) poured molten paraffin into the crater and removed 
it after it cooled to obtain the characteristic parameters 
of the crater by measuring the mold of the crater. This 
method has certain errors, and the operation process is 
more complicated. With the continuous development of 
measurement technology, computed tomography (CT), the 
digital image correlation (DIC) method, three-dimensional 
(3-D) laser scanning measurement technology, and other 
non-contact measurement methods have been gradually 
applied in relevant experimental rock mechanics research 
(Chen et al. 2018b; Chi et al. 2019a; Fan et al. 2020a, b; 
Yang et al. 2021; He et al. 2021; Gao et al. 2021). Three-
dimensional scanning can accurately obtain the three-
dimensional coordinate data for the damage morphology 
of the rock and can construct a three-dimensional digital 
model of the crater morphology. The crater damage param-
eters can also be extracted from the reconstructed digital 
model. In this study, a hand-held 3-D scanner (Artec 3-D 
scanner) was used to obtain 3-D point cloud data with 
an accuracy of 0.1 mm, a maximum 3-D resolution of 
0.5 mm, and a 3-D reconstruction rate of 16 frames per 

second. Multi-angle scanning was performed at a distance 
of 10–20 cm from the surface of the post-blast granite 
specimen. The three-dimensional point cloud data for the 
entire granite specimen after blasting were obtained via 
three-dimensional laser scanning.

3 � Experimental Results

3.1 � Failure Process and Failure Mode of Explosion 
Crater

The frame rate of the high-speed camera used in the test 
was 500,000 fps, and the failure mode of all of the granite 
specimens was roughly the same under the different test con-
ditions. Figure 7 shows the failure evolution process of the 
granite specimens using condition HGY-2 as an example. 
At 200 μs, the surface of the granite specimen exhibited a 
bulge, and a ring of circumferential cracks formed around 
the circular bulge. The velocity of the stress wave propagat-
ing on the surface of the specimen was much greater than 
that of the explosive gas, so overflow of the blasting dust was 
not observed after the formation of the circumferential crack. 
At 300 μs, the bulge was further uplifted under the action 
of a free surface stress wave, and the granite at the edge of 
the bulge reached its ultimate tensile strength, resulting in 
the formation of a small network of cracks around the bulge. 
This process was accompanied by an explosion of gas and 
dust overflowing from the small cracks in the fracture zone. 
At 400 μs, the circumferential cracks generated around the 
bulge of the granite were completely developed and closed. 
The granite block within the circumferential crack had been 
completely separated from the specimen and thrown out as 
a whole piece. In addition, the second circumferential crack 
gradually formed and extended, and most of the blasting 
dust overflowed in the fractures generated by the second 

Fig. 6   Field test arrangement and image of the specimen after the explosion
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circumferential crack. At 500 μs, the second circumferential 
crack was completely closed. Under the combined action 
of the stress wave and bursting gas, larger granite blocks 
peeled off and were thrown out, accompanied by more small 
fragments shooting out and the escape of blasting dust. At 
700 μs, the surface of the granite specimen was completely 
broken. During this process, the spalled rock fragments were 
completely thrown out, and the second circumferential crack 
gradually developed and formed the boundary of the blast 
crater. In the typical failure process of granite, the energy 
and initial velocity acquired by the rock under the action of 
a compression wave and the free surface stripping phenom-
enon caused by the reflected tensile wave play dominant 
roles in the formation of craters (Hagan 1979; Wang et al. 
2007; Peng et al. 2019; He et al. 2020).

Throughout the explosion process, the granite medium 
was in an extremely complex stress state. The granite 
underwent crushing, uplift, spalling, and throwing pro-
cesses, culminating in the formation of a blast crater. 
Based on the macroscopic characteristics, the failure mode 
of the granite specimen was divided into three stages: the 
crushing failure stage, circumferential fracture stage, and 
stepped fracture stripping stage. The first stage was the 
crushing failure stage (Fig. 7a, b), which mainly occurred 
at the bottom of the entire crater. The granite was severely 
fractured and deformed by the extrusion caused by the 
explosion, and the interior of the rock mass was crushed 

or even powdered. When the blast compression wave did 
not reach the free surface, the law of medium motion and 
damage was similar to that of a closed explosion (Nordyke 
1961; Kutter and Fairhurst 1971; Sher et al. 2011). After 
the compression wave reached the free surface, the evolu-
tion of the crater caused by the explosion was symmetric 
before the reflected relief wave reached the crater caused 
by the explosion. However, due to the shallow depth of 
the explosive charge and the use of non-penetrating drill-
ing, the asymmetric development of the crater occurred in 
the initial stage. The reflection of the compression wave 
from the free surface caused spalling of the rock mass. The 
damage zone was uplifted at the free surface and caused 
the formation of a bulge on the surface of the specimen. 
In addition, a circumferential fracture zone formed around 
the bulge. The second stage was the circumferential frac-
ture stage (Fig. 7b, d, e). In this stage, the stress wave 
reached the free surface and produced a reflected tensile 
wave. An approximately circular area of tensile strain con-
centration was formed around the center of the granite. 
The tensile strain also increased continuously with time. 
When the ultimate dynamic tensile strength of the gran-
ite was reached, circumferential fractures formed in the 
free surface. Under the propagation of the stress wave 
on the surface of the granite specimen and the impulsive 
wedge effect of the bursting gas, the circumferential frac-
ture continued to extend, and eventually, the outermost 

Fig. 7   Typical failure process of the back of a granite specimen
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circumferential fracture formed the boundary contour of 
the crater. The third stage was the stepped fracture strip-
ping stage (Fig. 7d–f). This stage took place after the cir-
cumferential crack was fully developed. Under the rar-
efaction of the waves at the free surface and the internal 
shock waves, the granite underwent laminar fracturing, 
and pieces were thrown out. The final morphology of the 
crater was not a wide funnel shape with a smooth transi-
tion. Instead, the crater wall had a distinct ladder-shaped 
fracture and irregular rough surfaces.

Based on this, the characteristics of the formation pro-
cess of the crater caused by the explosion in the large 
granite specimen were significantly different from those 
of rock-like materials prepared using concrete and cement 
mortar with a certain mixing ratio. This was mainly 
reflected in three aspects. First, obvious radial tensile 
cracks formed in the rock-like materials during the initial 
stage of the explosion (Peng et al. 2020a, b). In contrast, 
obvious cracks did not form in the large granite specimen 
in the initial stage, and it directly bulged and subsequently 
produced circumferential cracks. This occurred, because 
the stress wave that propagated outward from the center 
of the explosion during the initial stage was initially a 
compression wave. Subsequently, when the wave propa-
gated to the free surface, it was reflected and transformed 
into a tensile wave. The bonding interface between the 
aggregates and the cement matrix near the free surface of 
the rock-like materials became a weak point for fracturing, 
resulting in the formation of tensile cracks (Zaitsev and 
Wittmann 1981; Sharma and Bishnoi 2019). Due to its 
high density and uniform structure, the granite underwent 
uplift when subjected to compressive stress. The damage 
caused by the reflected tensile waves mainly occurred 
in the stress concentration zone at the boundary of the 
uplifted part of the granite, resulting in the formation of 
circumferential fractures. The failure process of the rock-
like material under an explosion was a process of overall 
fragmentation and throwing out of material, and the final 
crater was funnel-shaped (Zhang et al. 2017; Wang et al. 
2018; Peng et al. 2019, 2020a, b). However, the granite 
exhibited varying degrees of anisotropy due to the distri-
bution and orientation of the different minerals within it. 
These structural differences made the stress waves more 
prone to failure at certain levels, leading to delamination 
and fracturing. Finally, compared with the rock-like mate-
rials, larger and more complete blocks were thrown from 
the granite. From a microscopic perspective, there were 
more microdefects such as micropores and microcracks 
inside the concrete, and there were a large number of 
bonding interfaces between the aggregates and the cement-
based materials. These defects caused the internal crack 
propagation paths in the rock-like materials to be more 
extensive, making it easier to produce small fragments. 

In contrast, the granite was composed of closely bound 
mineral grains, and the cracks between the dense mineral 
grains were easily hindered during the propagation pro-
cess, resulting in limited crack propagation and the throw-
ing out of larger fragments during the explosion process.

3.2 � Failure Morphology Characteristics Under 
the Combined Effect

The granite usually exhibited different morphological char-
acteristics after the explosion due to its inhomogeneity, brit-
tleness, and low tensile strength. By analyzing the morphol-
ogy of the blast crater, the extent of the explosion damage 
and the influence of the different confining pressures on the 
cratering were qualitatively analyzed and evaluated. HGY-
1-1 represents the plane where the blasthole was located in 
the granite (front) under the first set of working conditions. 
In HGY-1-2, the blasthole in the granite (back) did not pen-
etrate the plane under the first set of working conditions, 
and so on. A total of 12 sets of typical failure morphology 
features were measured for each granite specimen under the 
six different sets of working conditions on the front and back 
surfaces.

Figure 8 shows the failure morphology characteristics of 
the granite specimens after blasting. It can be seen from 
Fig. 8 that there were obvious crushing zones, a spalling 
platform, and spalling cracks around the explosion crater. 
Based on the above analysis of the failure process and failure 
mode of the granite, during the blasting process, spalling 
cracks developed near the granite crushing zone and closed 
in the initial stage of the explosion, which led to peeling and 
throwing out of the block under the action of the shock wave. 
The second circumferential spalling crack was developed 
and closed under the combined effect of the reflected ten-
sile waves and the impulsive wedging effect of the bursting 
gas on the rock fractures, and a distinct spalling platform 
developed between the two circumferential spalling cracks. 
Figure 9 presents three-dimensional profiles of the explosion 
craters. It can be seen that each profile of the blast crater 
contained a ladder-shaped fracture, which was distinctly dif-
ferent from the morphology of the rock-like material after 
blasting (Zhang et al. 2017; Wang et al. 2018; Peng et al. 
2019, 2020a, b).

After the experiment, samples were collected from the 
surface of the granite explosion crater for SEM observa-
tion at different magnifications (Fig. 10). As can be seen 
from the SEM image magnified 20,000 times, the fracture 
surface exhibits a clear stepped fracture structure, and the 
edge of the fracture is relatively sharp, indicating that it is a 
brittle fracture caused by the impact of the explosive. Fur-
thermore, during the propagation process, the stress waves 
were prone to diffuse along the internal structural planes 
of the granite, resulting in the obvious directionality of the 
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Fig. 8   Post-explosion failure morphology characteristics of the granite specimens

Fig. 9   Three-dimensional profiles of the blast craters in the granite specimens
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fracture surface shown in Fig. 10. In the images acquired 
under smaller magnification, debris can also be observed on 
the fracture surface. This is because the explosion created 
internal and intergranular fractures in the crystals, resulting 
in smaller mineral particles being removed due to fracturing 
and friction.

3.3 � Construction of a Digital Crater Model 
and Method of Characterizing the Crater 
Morphology

Three-dimensional laser scanning measurement technol-
ogy was used to measure the surface of the granite, and the 
angle and distance of the emitted laser determined using 
the received reflection signal were recorded to determine 
the spatial coordinates of each point on the granite, thereby 
creating a point cloud of the geometric surface. This process 
was used to digitize the three-dimensional features of the 
surface of the rock specimen after blasting. In addition, these 
dense point clouds were used to generate the shape of the 
surface of the specimen and to construct a three-dimensional 
digital model of the granite after blasting. The digital model 
accurately describes the shape and size of the crater after 
blasting and was used to accurately calculate the surface 
area, volume, depth, and location of the crater.

To construct the three-dimensional digital model of the 
granite after the explosion, data registration, noise reduc-
tion, gross errors, redundant data elimination, data analy-
sis, and surface fitting were performed on the point cloud 
data obtained via scanning, and finally, a three-dimensional 

Fig. 10   SEM images of the morphology of the damage to the sur-
face of a blast crater (Taking HGY-1-2 as an example). a, b Present 
images of two different sampling positions in HGY-1 and HGY-2, 
respectively

Fig. 11   Diagram showing the processes of three-dimensional digital 
modeling and three-dimensional digital elevation model establish-
ment: a blast crater in granite specimen, b point cloud data model, c 

three-dimensional mesh model, d constructed three-dimensional digi-
tal model, and e Digital elevation cloud map
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digital model of the granite was generated. Subsequently, by 
processing the three-dimensional spatial coordinate data for 
the digital model, a digital elevation model that can describe 
the three-dimensional geometric characteristics of the gran-
ite specimen after blasting was generated. The entire process 
of constructing the model and creating the digital elevation 
model is shown in Fig. 11.

To accurately analyze the morphological characteristics 
of the blast craters in the granite specimens under different 
confining pressures, a three-dimensional digital elevation 
cloud map was generated from the point cloud coordinate 
data collected via three-dimensional laser scanning. A Car-
tesian spatial coordinate system using point cloud coordi-
nate data collected via three-dimensional laser scanning was 
set up by taking the center point of the charge as the zero 

Fig. 12   Three-dimensional scanning digital elevation cloud maps of the blast craters in the granite specimens
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point, the surface of the charge as the XOY  plane, and the 
specimen's length, width, and depth as the x-axis, y-axis, 
and z-axis, respectively. Then, the digital elevation cloud 
images of the positive and negative surfaces of all of the 
granite specimens were divided into four quadrants, namely, 
I , II , III , and IV  (Fig. 12), to investigate the influence of the 
confining pressure on the morphology of the blast crater. In 
Fig. 12, the color scale corresponds to the depth of the crater.

Based on the typical failure morphology characteristics of 
the granite specimens after the explosion presented in Fig. 8 
and the three-dimensional scanning digital elevation cloud 
maps of the granite specimens presented in Fig. 12, the mac-
roscopic failure morphologies of the explosion craters in the 
granite specimens were comprehensively analyzed.

When both the horizontal and vertical stresses were zero, 
the two surfaces of the specimen exploded to form craters 

Fig. 12   (continued)
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with approximately circular shapes (Fig. 8a, b). It can also be 
seen from the digital elevation cloud map that the distribu-
tion of the failure depth in each quadrant was more uniform 
under a confining pressure of 0 MPa (Fig. 12a, b). With 
increasing vertical stress (comparison of HGY-1, HGY-2, 
and HGY-3), the range of the damage to the front of the 
granite specimen initially decreased and then increased 
(Fig. 8a, c, e), while the range damage to the back of the 
specimen gradually increased (Fig. 8b, d, f). The reason for 
this is that after the test, there were obvious structural planes 
(Fig. 8f). Under the working conditions of granite specimen 
HGY-3, the spalling boundary was smooth, and the fracture 
extended to the interior of the granite, which resulted in 
the range of the damage to the back surface being much 
larger than that under the other working conditions after 
the explosion. Under confining pressures of 8 MPa in the 
vertical direction and 0 MPa in the horizontal direction, the 
fracture developed along the direction of the compressive 
stress, indicating that the failure morphology of the granite 
was related to the stress conditions and the natural defects in 
the granite. It can similarly be seen from Fig. 12f that there 
was a clear fracture in the second quadrant, which resulted in 
spalling of blocks of the granite to form a huge blast crater.

For the working conditions for HGY-3, HGY-4, and 
HGY-6, the vertical stress was 8 MPa, and the horizontal 
stress values were 0 MPa, 4 MPa, and 8 MPa, respectively. 
The damaged area on the front of the granite specimen ini-
tially increased and then decreased (Fig. 8e, g, k), while 
the damaged area on the back initially decreased and then 
increased (Fig. 8f, h, l). It can also be seen from the cloud 
diagrams that the depth of the spalling platform in the front 
of the granite specimen (Fig. 12e, g, k) gradually deep-
ened. That is, in the case when the vertical stress remained 
unchanged, as the horizontal stress increased, the degree 
and depth of the explosive spalled granite blocks increased. 
Since the damaged area on the back of granite specimen 
HGY-3 was influenced by the internal structural surface, the 
total damaged area was much larger than those in the other 
cases. Therefore, the variations in the size of the damaged 
area and the depth of the ladder-shaped fracture zone on the 
back of the granite under different confining pressures need 
to be discussed further.

Regarding the working conditions for HGY-1, HGY-5, 
and HGY-6, the vertical stress and horizontal stress were the 
same under all three working conditions, i.e., 0 MPa, 4 MPa, 
and 8 MPa, respectively. The range of the damage zone on 
the front of the granite specimen initially decreased and then 
increased (Fig. 8a, i, k), while the range of the damage zone 
on the back initially increased and then decreased (Fig. 8b, 
j, l). Under the action of equal biaxial static stress, the entire 
damaged area remained almost circular with increasing 
stress (Fig. 8b, j, l), and the crater depth distribution in each 
quadrant was more uniform (Fig. 12b, j, l).

In summary, under the combined effect of the explosion 
stress wave and bursting gas, under all the conditions, obvi-
ous blast craters formed; and under the different confining 
pressure conditions, the sizes, shapes, and positions of the 
bursting craters were quite different. The characteristics of 
the craters in the front and back surfaces of the specimens 
were also different under the same set of working conditions. 
For all the specimens, the area and depth of the crater in 
the front were smaller than those of the crater in the back. 
Through analysis of the failure morphology of the blast cra-
ter in the granite, the influence of the confining pressure on 
the morphology of the blast crater was directly observed. 
However, it was impossible to directly determine the influ-
ence of the different confining pressures on the law of explo-
sion cratering for the same size charge using only macro-
scopic morphology analysis. Therefore, it was necessary to 
extract and analyze the parameters of the blast craters to 
further study the influence of the confining pressure on the 
characteristics of the blast craters.

3.4 � Analysis of Characteristic Parameters 
of Cratering of Granite by an Explosion

The digital elevation model shows the three-dimensional 
morphology of the blast crater in the granite. Through post-
processing of the digital elevation model, the relevant char-
acteristic parameters of the crater in the granite after blasting 
were extracted and calculated (each parameter was measured 
based on the front and back surfaces of the granite speci-
men), including the maximum depth H

max
 , average depth 

H
ave

 , length of the crater in the X direction L , width of the 
crater in the Y  direction W , equivalent diameter of the crater 
D

h
 , surface area of the crater A

h
 , and volume of the crater V

h
.

Based on the 3-D digital model of the explosion crater, 
a reference plane that coincides with the free surface of the 
specimen was created. Thus

In Eqs. (1) and (2), ����⃗AB and ����⃗AC are the vectors of any two 
edges of a single triangular mesh, and × is the vector cross 
product; A

i
 is the area of a single triangular mesh; and A

s
 is 

the area of the portion where the free surface coincides with 
the reference plane.

Therefore, the area of the damaged zone on the free sur-
face of the granite, A

h
 , is

(1)A
i
=

1

2
|����⃗AB × ����⃗AC|

(2)A
s
=

n∑

i=1

A
i
.

(3)A
h
= A − A

s
,
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where A is the total area of the free surface of the 3-D model, 
A = 300 × 300 (mm

2).
As shown in Fig. 13, the reference plane and the inner 

surface of the crater form a closed body, and the volume 
of this closed body is the volume of the crater. The volume 
was calculated using the projection method. By projecting 
each triangular mesh of the inner surface of the crater onto 
the reference plane to construct pentagonal micro-elements, 
the volume of the crater defined as the sum of the volumes 
of these micro-elements (Fig. 14).

When the triangular meshes are sufficiently small 
( n → ∞ ), the area of the triangular meshes approaches the 
area of their projections onto the reference plane. At this 
point, the volume of the closed body can be considered to 
be composed of n triangular prism micro-elements. Thus

(4)V
i
= A

i
h
i

(5)V
h
=

n∑

i=1

V
i
,

Fig. 13   3-D model of an explo-
sion crater

Fig. 14   Schematic diagram of 
the calculation of the volume of 
the crater
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where h
i
 is the height of the micro-element; V

i
 is the volume 

of the micro-element; and V
h
 is the total volume of the crater.

The average depth of the crater H
ave

 is the ratio of the 
volume V

h
 of the crater to the surface area of the crater A

h

Fig. 15   Process of extracting the diameter of the crater in different directions

Table 3   Characteristic 
parameters of the craters in the 
granite specimens after blasting

No. Specimen H
max

(mm) H
ave

(mm) L(mm) W(mm) D
h
(mm) A

h
(mm2) V

h
 (mm3)

1 HGY-1-1 24.614 8.632 152.914 176.175 169.388 22,535.003 194,514.3
2 HGY-1-2 48.397 15.390 192.753 207.287 203.010 32,368.779 498,152.9
3 HGY-2-1 30.033 6.833 140.835 123.754 135.163 14,348.547 98,038.2
4 HGY-2-2 56.527 13.540 251.233 227.389 229.102 41,223.766 558,173.7
5 HGY-3-1 45.820 7.725 149.954 175.943 168.392 22,270.704 172,038.4
6 HGY-3-2 61.046 28.097 438.405 479.430 446.010 156,235.515 4,389,765.0
7 HGY-4-1 57.771 7.928 217.767 200.671 210.463 34,789.179 275,819.9
8 HGY-4-2 62.442 13.028 221.514 207.871 216.046 36,659.284 477,593.0
9 HGY-5-1 27.938 8.134 162.414 151.135 157.646 19,518.977 158,761.5
10 HGY-5-2 62.492 14.469 241.411 255.485 247.076 47,945.812 693,713.6
11 HGY-6-1 53.931 8.364 198.083 166.036 182.655 26,203.016 219,167.3
12 HGY-6-2 58.751 17.016 225.955 217.922 223.861 39,359.317 669,731.4

(a) (b) (c)

Fig. 16   The area and volume of the craters in the front and back surfaces of the granite under different working conditions. a different vertical 
confining pressures, b different horizontal confining pressures, and c different equal biaxial stresses
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The average diameter D
h
 was determined by averaging the 

diameters of the craters in different directions with the blast-
hole as the center point and 10° as the interval. A schematic 
diagram of the calculation is shown in Fig. 15

where 
∑n

k=1
r
k
 is the sum of the crater radii at 10° intervals 

starting from 0°.
The characteristic dimensions of all of the specimens 

after blasting are summarized in Table 3.

3.4.1 � Volume and Area

The volume of the crater and the area of the free surface are 
the main morphological characteristics of the crater. Fig-
ure 16 shows the volume of the crater and the area of the 
free surface crushing zone in the front and back surfaces of 
the granite specimens under different working conditions. 
As can be seen from Fig. 16a, in the vertical direction, with 
increasing confining pressure, the volume and failure area 
of the crater in the back of the granite increased. The front 
blasthole in the granite was filled with C30 quick-setting 
concrete. Its strength is quite different from that of the rock, 

(6)H
ave

=
V
h

A
h

.

(7)D
h
=

∑n

k=1
r
k

n
(n = 18),

and the cohesive force between the concrete and rock sur-
face was much lower than that between the adjacent granite 
masses. Therefore, part of the energy generated by the explo-
sion destroyed the bond between the concrete and granite. 
As the concrete plug lost strength and was thrown out, more 
energy escaped through the blasthole, resulting in little 
difference between the front fracture surface area and the 
volume of the crater under different confining pressures. In 
comparison, the back of the granite was more significantly 
affected by the peripheral pressure as it was an unperforated 
hole, and thus, the energy generated by the explosion was 
fully utilized in the rock-crushing process. It was observed 
that the vertical static stress significantly affected the crater 
volume and the area of the failure zone on the free surface. It 
can be seen from Fig. 16b that under a static stress of 8 MPa 
in the vertical direction, the volume of the crater in the back 
of the granite and the area of the free surface failure zone 
decreased with increasing horizontal pressure. This shows 
that the horizontal pressure not only restricted the expansion 
of the damage zone at the free surface but also limited the 
effect of the crushing of the rock under the same charge. Due 
to the increase in the horizontal pressure, stress concentra-
tion occurred around the blasthole in the front of the granite, 
which had a positive effect on the crushing of the rock under 
the action of the explosion. When the stress reached 8 MPa, 
the equal biaxial stress inhibited the fragmentation of the 
sample. Therefore, the volume of the crater and the area of 
the crushing zone initially increased and then decreased. 

Fig. 17   The total volume of the granite damaged under the various working conditions
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Figure 16c shows that under equal biaxial stress, the front 
and back of the granite underwent different failure patterns. 
With increasing biaxial stress, the volume of the crater and 
the area of the free surface crushing zone on the front side 
of the granite initially decreased and then increased, indicat-
ing that the low static stress had an inhibitory effect on the 
crushing of the granite, while the higher biaxial static stress 
increased the stress concentration around the blasthole and 
played a significant role in promoting the crushing and frac-
turing of the granite. The volume of the crater in the back 
of the granite and the area of the free surface crushing zone 
both initially increased and then decreased, indicating that 
the higher biaxial static stress inhibited the crushing of the 
granite. Figure 16 shows that, for the same charge, the crater 
volume V

h
 and the final crushing area A

h
 of the free surface 

exhibited the same change trends under different static stress 
states. This indicates that there was no obvious change in the 
morphology of the crater, and there was a certain propor-
tional relationship between V

h
 and A

h
.

Figure 17 shows the total volumes of the granite speci-
mens that failed under the various working conditions. 
Through analysis, it was determined that because we used 
the non-through hole drilling method, the initial centrosym-
metric explosion acceleration field and energy field were 
changed during the explosion process, resulting in asym-
metric development of the front and back explosion craters. 
More energy leaked out of the blasthole. As a result, an aver-
age of 79% of the total volume of the explosion craters in the 
front and back surfaces of the granite under different work-
ing conditions was accounted for by the crater in the back, 
while only 21% was accounted for by the crater in the front. 
The total damage volume of the granite initially decreased 
and then increased with increasing vertical stress (red lines). 
When the longitudinal static stresses were both 8 MPa, the 
total volume of the granite damaged also initially decreased 
and then increased as the horizontal stresses increased (blue 
lines). This indicates that when the stresses in both direc-
tions were unequal, the lower stress inhibited the overall 

failure of the granite, and as the stress increased further, it 
played a role in promoting failure of the granite specimen. 
Under equal biaxial stresses, the total volume of the granite 
damaged gradually increased with increasing confining pres-
sure (green lines). This shows that the increase in the equal 
biaxial stress promoted the overall failure of the granite.

3.4.2 � Width, Length, and Equivalent Diameter of Craters

It can be seen from Fig. 18a that with increasing vertical 
static stress, the morphological features of the free surface 
fracture zone of the two craters in the front and back of the 
granite tended to be larger in the Y-axis ( W  ) direction than 
in the X-axis ( L ) direction. Based on analysis of Fig. 12, it 
was concluded that the fracture zone exhibited a distinct 
elliptical morphology with increasing vertical static stress, 
and the long-axis direction of the ellipse was the direction of 
the application of the static stress. This indicates that under 
the action of vertical static stress, the area of the explosion 
craters not only gradually increased with increasing static 
stress but also affected the morphological characteristics of 
the surface crushing zone. Figure 18b shows that when the 
vertical static stress was 8 MPa, the difference between the 
width and length of the free surface damage zone gradually 
decreased with increasing horizontal pressure, and the mor-
phological characteristics gradually changed from elliptical 
to nearly circular (Fig. 12). This indicates that the biaxial 
stress not only inhibited the expansion of the squeezed zone 
on the free surface but also significantly affected its mor-
phology. Under the action of equal biaxial stress, the width 
and length of the free surface fracture zone in the front and 
back of the granite were approximately the same (Fig. 18c). 
As can be seen from the three-dimensional digital scanning 
height cloud map (Fig. 12) of the crater in the granite speci-
men, the cloud maps for HGY-1, HGY-5, and HGY-6 are 
more evenly distributed in the four quadrants of the coordi-
nate system. The craters all exhibited approximately circular 
morphological characteristics. As can be seen from Figs. 16 

(a) (b) (c)

Fig. 18   The widths, lengths, and equivalent diameters of the craters in the granite specimens under the different working conditions. a Different 
vertical confining pressures, b different horizontal confining pressures, and c different equal biaxial stresses
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and 18, the variation trends of the area, width, length, and 
equivalent diameter of the crater in the granite were highly 
consistent under the different working conditions. Since the 
equivalent diameter D

h
 was calculated from the length L 

and width W  (Eq. (1)), the characteristic parameters L , W  , 
D

h
 , and A

h
 of the explosion crater in the granite exhibited a 

certain correlation.

3.4.3 � Maximum Depth and Average Depth

The average depth was calculated using Eq. (2). It can be 
seen from Fig. 19a that with increasing vertical static stress, 
the maximum depth of the blast craters in the front and back 
of the granite increased. The average depth ( H

ave
 ) exhibits 

less fluctuation, and its change trend is relatively smooth. 
Based on analysis of Figs. 16 and 18, as the vertical static 
stress increased, the depth, volume, and free surface crush-
ing area of the crater increased synchronously with a certain 
ratio, and the craters also exhibited similar morphological 
characteristics (Fig. 9). When the static stress in the vertical 
direction was 8 MPa, the maximum depth of the crater in 

the front of the granite initially increased and then decreased 
with increasing horizontal pressure (Fig. 19b). This trend 
was almost consistent with the change trends of the cra-
ter volume, free surface crushing area, width, length, and 
equivalent diameter. It was also concluded that with increas-
ing horizontal stress, the depth, volume, and free surface 
of the crater increased synchronously with a certain ratio. 
It can also be seen from Fig. 19b that the average depth of 
the crater in the front of the granite exhibited a stable trend, 
which also proves the correctness of the above analysis. The 
maximum depth of the blast crater in the back of the granite 
also initially increased and then decreased. However, due to 
the existence of the internal structural surface of the gran-
ite under the working conditions for HGY-3, the range of 
the damage to the back of the specimen under the action of 
the explosion was much larger than those under the other 
working conditions, so the average depth of the explosion 
crater initially decreased and then gradually stabilized. As 
can be seen from Fig. 19c, under the action of equal biaxial 
stress, the maximum depth of the blast crater, the volume of 
the blast crater, and the area, width, length, and equivalent 

(a) (b) (c)

Fig. 19   The maximum depth and average depth of the granite craters under the different working conditions. a Different vertical confining pres-
sures, b different horizontal confining pressures, and c different equal biaxial stresses

(a) (b) (c)

Fig. 20   Ratio of average depth to equivalent diameter. a different vertical confining pressures, b different horizontal confining pressures, and c 
different equal biaxial stresses
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diameter of the free surface fracture zone on the front and 
back of the granite also exhibited consistent trends, and the 
trend of the average depth was stable.

In summary, under different the confining pressure condi-
tions, the depth of the crater in the granite under an explo-
sion load was consistent with the trends of the area, width, 
length, and equivalent diameter of the free surface fracture 
zone. The depth, volume, and area of the free surface frac-
ture zone of the crater changed synchronously with a certain 
ratio, and the profile morphology of the crater was always a 
flat funnel-like shape with ladder-shaped fracture patterns.

3.4.4 � Ratio of Average Depth to Equivalent Diameter

Figure 20 presents plots of the ratio of the average depth to 
the equivalent diameter of the craters formed by an explo-
sion under the different working conditions. Under the dif-
ferent stress conditions, the H

ave
∕D

h
 ratio varies smoothly 

and always fluctuates between 0.04 and 0.08. This trend 
further indicates that parameters such as the crater depth, 
volume, free surface crushing area, and equivalent diameter 
varied synchronously according to a certain ratio. It can also 
be seen from Fig. 20 that the equivalent diameter of the 
crater was much larger than the average depth of the crater, 
so the profile of the crater exhibited a flat funnel-like shape.

3.4.5 � Ratio of Average Depth to Equivalent Diameter

The coefficient of variation (CV) can eliminate the influence 
of scale and dimension differences between different char-
acteristic parameters, allowing for analysis of the variation 
characteristics of the parameters of the craters in the granite 
specimens under different confining pressures. This enabled 
quantitative assessment of the sensitivity of the crater shape 
parameters to changes in the confining pressure. Figure 21 
shows the variation coefficients of the crater parameters 
under different confining pressures, which were calculated 
using Eq. (8)

In Eq. (8), σ is the standard deviation of the data, and μ 
is the mean of the data.

Figure 21a shows the variation coefficients of the crater 
parameters under a transverse pressure of 0 MPa as the 
longitudinal pressure changed from 0 to 4 MPa and then 
to 8 MPa. Due to the increase in the axial pressure, the 
variation coefficients of the volumes of the craters in the 
front and back of the granite were the highest (31.2% and 
118.2%, respectively), followed by the crater area (21.5% 
and 85.5%, respectively). This indicates that the volume 
and area of the crater were highly sensitive to changes in 
the confining pressure, and the increase in the uniaxial con-
fining pressure significantly affected the variations in the 
volume and area of the crater. For the crater in the back, 
the maximum crater depth exhibited the lowest sensitivity 
to changes in the confining pressure, with a variation coef-
ficient of 10.9%. This suggests that for a fixed explosive 
charge, the change in the axial confining pressure had a 
limited impacted on the maximum crater depth. The crater 
width (variation coefficient of 47.8%) was the primary fac-
tor that led to the high sensitivity of the area and volume 
of the crater to the confining pressure. It was found that 
the increase in the uniaxial confining pressure also had a 
significant impact on the planar shape of the crater. For 
the front crater, the maximum crater depth (variation coef-
ficient of 32.9%) was the main factor contributing to the 
high sensitivity of the volume of the crater to the confining 
pressure. Figure 21b shows the variation coefficients of the 
crater parameters under a longitudinal pressure of 8 MPa, 
when the transverse pressure was changed from 0 to 4 MPa 
and then to 8 MPa. Under an initial confining pressure of 
8 MPa, the maximum depths of the craters in the front 
and back had the lowest sensitivity to the changes in the 
confining pressure, with variation coefficients of 8% and 

(8)CV =
�

�

× 100%.

(a)                                                         (b)                                                         (c)

Fig. 21   The coefficients of variation (CV) of the crater parameters under different confining pressures
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2.2%, respectively. The increase in the transverse confining 
pressure significantly affected the changes in the lengths 
of the craters in the front and back (variation coefficients 
of 11.2% and 27.8%, respectively), making it the primary 
factor causing the high sensitivity of the area and volume 
of the crater to the confining pressure. Figure 21c shows 
the variation coefficients of the crater parameters as the 
biaxial stress changed from 0 to 4 MPa and then to 8 MPa. 
Compared to the uniaxial confining pressure changes, the 
variation coefficients of the crater parameters were lower 
for increasing biaxial confining pressure. This indicates 
that the biaxial confining pressure had a more uniform and 
stable influence on the crater morphology parameters com-
pared to the uniaxial confining pressure.

4 � Conclusions

In this study, we conducted indoor chemical explosion 
tests on large granite specimens under different confin-
ing pressures. The failure process, damage morphology 
characteristics, and variation patterns of the large granite 
specimens under different stress states were analyzed using 
techniques such as high-speed photography, 3-D scanning 
measurement, and 3-D model construction. The main con-
clusions of this study are as follows.

The explosion cratering process of the large granite 
specimens consisted of spalling from the inside to the 
outside. An obvious radial tensile crack did not form 
in the initial phase of the explosion, but the specimen 
bulged, which produced circumferential cracks. Based on 
the macroscopic characteristics, the crater failure mode 
of the granite specimens was divided into three stages: 
the crushing failure stage, circumferential fracturing stage, 
and stepped fracture stripping stage. The microfracture 
surface of the granite exhibited a stepped fracture structure 
with sharp fracture edges, and the fracture surface exhib-
ited obvious directionality.

In this study, compared with the traditional measure-
ment method, a damage characterization method that 
utilizes three-dimensional scanning technology and digi-
tal model construction technology was developed. Our 
method includes four stages: point cloud data acquisition, 
data noise reduction, surface fitting, and model construc-
tion. Accurate measurement of the characteristic param-
eters of the crater is realized by constructing a three-
dimensional digital model. The digital elevation cloud 
map generated based on the three-dimensional coordinate 
data of the point cloud can be used to intuitively charac-
terize the location, range, size, and depth of the damage 
after the explosion.

There were significant differences in the variation 
trends of the characteristics of the explosion craters in 

the granite specimens under different confining pressure 
conditions. The vertical stress significantly affected the 
volume of the crater and the area of the damage zone on 
the free surface of the granite, and they exhibited a posi-
tive correlation. The damage zone exhibited an elliptical 
morphology, and the direction of the static stress was the 
same as the direction of the longitudinal axis. When the 
vertical stress was fixed, the horizontal stress played an 
inhibiting role in the failure of the back surface of the 
granite, the width and length of the failure zone gradu-
ally decreased, and the difference between the width and 
length of the damage zone also gradually decreased. The 
morphological characteristics of the crater in the damage 
zone also gradually changed from elliptical to approxi-
mately circular. Under the action of equal biaxial stresses, 
a low static stress promoted crushing of the granite, while 
a high static stress inhibited the crushing of the back of 
the granite. The volume of the crater and the area of the 
crushing zone initially increased and then decreased.

Under the combined effects of different confining pressures 
and blast loading, the depth of the crater and the area, width, 
length, and equivalent diameter of the free-face crushed zone 
in the granite exhibited consistent trends. The Have/Dh ratio 
changed smoothly, and the parameters, such as the crater 
depth, volume, free fracture area, and equivalent diameter, 
changed synchronously with a certain ratio. The equivalent 
diameter of the crater was much larger than the average depth 
of the crater, and the profile of the crater exhibited a flat fun-
nel-like shape with ladder-shaped fracture patterns.
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