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Abstract

Blasting excavation is widely used in engineering, often involving complex whole layouts. However, the small size of the blasthole and
the large size of the three-dimensional (3D) numerical model lead to the large calculation scale of the 3D blasting numerical simulation,
which requires considerable calculation time. Typically, a 3D numerical model is simplified into a two-dimensional (2D) numerical
model, and a 1/2- or 1/4-scale model can be adopted to reduce the calculation scale. To solve this problem, a one-dimensional bar explo-
sion model is adopted to replace the traditional solid explosion model under the framework of the continuous–discontinuous element
method. The detonation pressure is directly distributed to the elements penetrated by the bar, and the volume expansion of the elements
is used to calculate the volume expansion attenuation detonation pressure at each stage of detonation, thus avoiding the problem of local
mesh refinement. Compared with the solid explosion case, the reliability of the bar explosion model is verified by the propagation of the
explosion stress wave, peak explosion pressure, and damage nephogram. In combination with the engineering background, three blasting
conditions are simulated, and the optimal one is evaluated based on fracture degree and blast fragment size pass rate.
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1 Introduction

At present, urban transportation networks are well
established, and large-scale transportation engineering pro-
jects are located mostly in mountainous areas. Compared
with construction in flatlands, construction in mountainous
areas is more challenging due to the presence of dense and
high-strength rock formations. Furthermore, construction
sites in these regions often encounter obstacles such as
steep gradients, limited workspaces, and slippery and
uneven construction paths, which make the excavation of
foundation pits particularly difficult without the support

of large-scale machinery. Blasting excavation is widely used
because of its low cost and simple operability. However,
blasting excavation often has strong uncertainty, and blast-
ing can easily damage and crack the rock surrounding the
foundation pit. Therefore, it is necessary to accurately con-
trol the range and degree of blasting damage.

Blasting tests carry significant potential safety risks and
entail high experimental costs. Additionally, these experi-
ments generate widespread dust, making it difficult for con-
ventional testing instruments and optical devices to
evaluate the characteristics of the explosion process. Fur-
thermore, blasting involves complex dynamics that are
affected by the coupling of stress, temperature, and fluid
fields, posing a great challenge for theoretical research.
As a result, most scholars currently rely on indoor dynamic
tests such as drop hammer tests (Murali et al., 2024), split
Hopkinson pressure bar (SHPB) tests (Asadi et al., 2023),
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and numerical simulations to conduct related studies. The
finite-discrete element method (FDEM) develops govern-
ing equations based on energy principles (Munjiza, 2004;
Munjiza et al., 2013). Han et al. (2020) used the FDEM
to explore the damage evolution of deep rock after bench
blasting, concluding that the explosive pressure is governed
by the decoupling ratio of the blasthole. Sharafisafa et al.
(2025) used the FDEM to study the blasting mechanism
of jointed rock, demonstrating that the orientation of joints
can change the rock failure pattern. Lu et al. (2024)
explored the mechanism of crack propagation in the pro-
cess of double-hole blasting via the combined FDEM and
analysed the influences of different in situ stress conditions
and whole spacings on the cracks between blastholes. Fan
et al. (2016) used the peridynamics-smoothed particle
hydrodynamics (PD-SPH) coupling method to simulate
the blasting process of buried explosives in soil and verified
the accuracy of the method through experiments.

These studies indicate that as scholars further explore the
field of blasting, uncoupled methods are no longer sufficient
to accurately describe the dynamic impact process; in addi-
tion, coupled continuous and discontinuous methods are
often employed for research. Aside from the limitations of
numerical methods, these blasting studies employ different
levels of simplification. For example, these scholars have
used the strategies of applying an equivalent explosive load,
simplifying the model into a two-dimensional (2D) model,
and adopting a three-dimensional (3D)model that is divided
into hundreds of thousands or even millions of elements. On
the one hand, these strategies reduce the accuracy of numer-
ical simulations; on the other hand, they significantly
increase the computational time. Thus, some scholars have
adopted different strategies to speed up the solution.
Fukuda et al. (2019) developed the parallel acceleration code
of FDEM using the compute unified device architecture
(CUDA) framework based on general-purpose computing
on graphics processing units (GPGPU) and applied it to a
single-hole blasting case. Benchmarks indicated a speed-up
exceeding 128x.Durand et al. (2012) implemented a graphics
processing unit (GPU)-based parallel acceleration of the dis-
crete element method (DEM) and simulated the penetration
of a concrete target. Liu et al. (2020) also developed the
CUDA FDEM parallel program, which mainly optimizes
the contact detection in parallel, and the overall acceleration
ratio reaches 53x. Huang et al. (2025) used the OpenMP
algorithm to accelerate the peridynamics-smoothed particle
hydrodynamics (PD-SPH) coupling model, and the acceler-
ation ratio of the codewas 3.2x by simulating a soil blast with
2 million particles.

In terms of explosion load application, two main strate-
gies are used to apply the explosive load. One strategy
involves establishing solid explosive elements and uses the
Jones–Wilkins–Lee (JWL) model to describe the detonation
process. This method is used in commercial software such as
Livermore Software Technology Corporation’s dynamic
analyzer (LS-DYNA) (Yin et al., 2025) and advanced simu-
lation for engineering and sciences (ABAQUS) (Saifi et al.,

2024). The other strategy is to input an equivalent time-
history curve of the explosion load, which directly transfers
the detonation pressure to the elements in the blasthole wall
area. Common equivalent methods include the triangular
loadmethod (Park et al., 2009) and the impulse loadmethod
(Zhou et al., 2024). The former strategy involves establishing
solid explosive elements, which inevitably leads to excessive
refinement of the mesh near the blasthole and greatly
increases the number of calculations, especially in 3D cases.
The latter approach avoids local over-refinement by input-
ting an equivalent explosion load curve. However, for cylin-
drical charge cases, the long charge length indicates that the
entire blastholewall area elements should not be subjected to
the same explosion load curve, as there is a blasting delay
among different elements. Moreover, the core problem of
the equivalent load is that the parameters are difficult to
obtain, and the quality of the parameters directly affects
the blasting effect. By comparing these two strategies, the
advantages of the one-dimensional (1D) bar explosion
model adopted in this work are as follows.

(1) The adopted 1D bar explosion model does not need
to establish solid explosive elements, mitigating the
need for excessive refinement of the element in the
blasthole area, thereby significantly reducing the
number of calculations.

(2) The detonation pressure of the bar-explosion model
is calculated using the Landau model. Compared
with the equivalent load method, the parameters are
easier to obtain.

(3) The bar explosion model is used to attenuate the peak
load in real time by calculating the volume expansion
level of the element it penetrates, which is more con-
sistent with the characteristics of bar-shaped explo-
sion cases.

In this work, we employ the bar explosion model to
apply the explosive load, aiming to avoid excessive mesh
refinement near the blasthole, which can otherwise lead
to a surge in the number of meshes. We conduct numerical
simulations of blasting excavation of foundation pits using
the continuous–discontinuous element method (CDEM),
which is a numerical method that combines the finite and
discrete element methods (Feng et al., 2014; Zhu et al.,
2021). This approach can reasonably describe the whole
process of rock evolution from continuous deformation,
cracking, and crushing to scattering during the explosion
process. This method has been widely used in the engineer-
ing blasting field (Li et al., 2022, 2023, 2024).

2 Computational method and bar explosion model

2.1 CDEM computing framework

The CDEM is a combined finite-discrete element
method with an explicit time-integration algorithm. The
governing equation is given as follows:
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where the subscript i is the node ID; Qi is the force; ui is the
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where q is the density; ld is the damping coefficient, refer-

ring to Section 9.1.5 of Li et al. (2018); T i is the surface
force on the boundary; m is the mass of the block element;
rij and eij are Cauchy’s stress tensor and strain tensor,
respectively (calculated using local coordinate system to
avoid false strain caused by rigid body rotation); f i is the
body force, such as gravity and the inertia force.

In the CDEM framework, the whole domain is dis-
cretized by block and interface elements, and each interface
element connects two adjacent block elements. Therefore,
the internal fracture of the model can be described by block
and interface elements. The interface elements are repre-
sented by a series of springs (one normal spring and two
tangential springs), the breakages of which indicate the
cracking processes. If all the springs at the interface break,
the potential crack channel (black dashed line) is activated
(black solid line), as shown in Fig. 1. If there are joints and
other initial cracks in the domain, no springs are embedded
in those positions.

Correspondingly, for these block and interface elements,
different material laws are considered. Since rock is consid-
ered to be a quasi-brittle material, the block element is usu-
ally described by linear elasticity, and the interface element
is described by the brittle Mohr–Coulomb (MC) model. In
each iteration step, the block and interface elements are
calculated in increments.

• For block element (linear elasticity),

Drij 2GDeij K 2
3
G Dhdij

rij t1 Drij rij t0
6

where rij and Drij are the total and incremental Cauchy’s
stress tensors, respectively; Deij is the incremental strain
tensor; Dh is the incremental bulk strain; K is the bulk
modulus; G is the shear modulus; dij is the Kronecker delta;
t1 is the next timestep; t0 is the current timestep.

• For the interface element (brittle MC),

F n t1 F n t0 kn Ac Ddun
F s t1 F n t0 ks Ac Ddus

7

where F n F s are the normal and tangential contact forces;
kn ks are the normal and tangential contact spring stiff-
nesses; Ac is the area of the interface element; Ddun and
Ddus are the normal and tangential relative displacement
increments, respectively.

2.2 Bar explosion model

Compared with the solid explosive source model in the
finite element method, the bar explosion model employs
1D bar elements that are inserted into the solid block ele-
ments, as shown in Fig. 2, and directly transmits the deto-
nation pressure to the nodes of the block elements that it
penetrates. On the one hand, this approach avoids the dis-
tortion caused by the excessive expansion and deformation
of traditional solid explosive elements; on the other hand,
the grid in the area near the blasthole does not need to

Fig. 1. Block and interface elements used in the CDEM.
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be divided into particularly small grids to ensure that the
solid explosive element and the nearby element grid are
co-nodes, as shown in Fig. 3. Therefore, for large-scale
3D blasting numerical calculations, especially for multiple
blasting holes, the number of elements required is greatly
reduced when the bar explosion model is used.

The bar explosion model is numerically characterized by
a 1D linear rod, which is equivalent to a cylindrical slender
cartridge. In fact, once the length of a cylindrical charge is
determined, a bar explosive element with equal length h can
be established; the segmentation process simply requires
that the length of each segment does not exceed the length
of the solid element through which the bar penetrates.
Thus, the initial volume V 0 can be calculated as follows.
For clarity, the following explanation is provided using
the subdivision of a segment as an example.

V 0 pr20h 8

where V 0 is the initial volume, r0 is the initial radius of the
explosive element, and h is the length of the explosive
element. Because the element runs through adjacent block
elements, its volume at the current moment V is given as
follows:

V V 0 1 he 9

where he is the average volumetric strain of the explosive
element, which can be obtained from the adjacent block
elements through which it penetrates. Thus far, we have
obtained the expanded volume of the explosive at a certain
moment, which can be substituted into the Landau formula
(Henrych, 1979) to calculate the detonation pressure of the
explosive as follows (the bar explosion model can be
adapted to other explosion models, and it is sufficient to
modify its detonation-pressure equation to align with the
JWL model).

PV c1 P 0V
c1
0 P P P c

PV c2 P cV c2
c P P c

10

where c1 and c2 are the first and second adiabatic indices,
respectively, and c1 3 and c2

4
3
according to Feng

et al. (2014); P and V are the detonation pressure and vol-
ume of the charge pack at the current time, respectively; the
subscripts 0 and c represent the initial time and high-
pressure time, respectively. P 0 P c can be calculated as
follows:
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where qw is the density of the charge, Qw is the explosive
heat of the explosive, and D is the detonation velocity.

The distance from the ignition point to the centre of the
bar explosion element is assumed to be d (i.e., the detona-
tion pressure transfer to adjacent solid elements initiates
only after the explosive combustion process progresses to
its halfway point). The set ignition time is denoted as tD0

.
The ignition time tD1

of the bar explosion element is

tD1
d
D tD0

. When time t is greater than t1, the bar explo-

Fig. 2. Schematic diagram of the 1D bar explosion model.

Fig. 3. Excessive mesh refinement near the blasthole.
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sive element begins to calculate the true detonation pres-
sure P r.

P r nf P 12

where n is the explosive energy release rate, which is calcu-
lated via Eq. (13). f P is the Landau formula in Eq. (12).

n
min t t1 D

h 1 t t1

0 t 6 t1
13

2.3 Numerical calculation flow

When the bar explosion model is employed, the transfer
of detonation pressure is a key component of the bar explo-
sion model due to the noncoincident nodes between the bar
elements and the surrounding solid block elements. We
bind the bar explosive elements to the solid block elements
they penetrate to establish a pressure–volume coupling
relationship. This finding suggests that the detonation pres-
sure of the bar model is distributed to the nodes of the solid
block elements. Furthermore, the volumetric expansion of
the solid elements is considered as the explosive expansion
volume of the bar element at a certain moment, as shown in
Fig. 2. Since a bar element (B1) penetrates N solid elements
(E1 E6), the detonation pressure is shared among them.
Moreover, as the explosive pressure attenuates with
increasing distance, the actual detonation pressure on the
penetrated element nodes must be calculated according to
Eqs. (14) and (15). Finally, the actual detonation pressure
is transformed into a nodal force applied to the element
nodes, as shown in Eq. (16) (considering a tetrahedral ele-
ment (C3D4) as an example).

P r
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N
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where P r is the average detonation pressure (evenly dis-
tributed to four nodes); N is the total number of solid block
elements penetrated by the bar explosive element; rb is the
corrected detonation pressure at the element node; r0 is the
initial radius of the bar explosive element; Lc is the feature
size of the element; and a is the attenuation coefficient,
which can be obtained by systematically monitoring the
peak detonation pressure through comparative analysis
against the operational conditions of the solid explosion
case. Through the comparison in Section 3.1, a 1 25 is
considered appropriate.
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where F N
i is the nodal force in the ith direction on the Nth

node of a solid block element; k is the serial number of the
three faces associated with node N nki is the component of

the element outside the normal vector of the k-th surface

associated with node N in the i-direction; DSk is the area
of the kth surface.

Thus, we simplify the solid explosion source model into
a 1D bar explosion model within the CDEM framework
for calculation, as illustrated in Fig. 4.

3 Blasting verification

3.1 Blasting wave and damage characteristics

We have developed a 2D cut blasting model with a sin-
gle hole. This case serves two purposes: to better illustrate
the embedding of the bar explosion model within the ele-
ments and to verify its accuracy. The model is 4 m in length
and 2 m in height, the diameter of the blasthole is 10 cm,
and the depth is 0.5 m. The explosive is an emulsion that
adopts a fully coupled charging structure, and its detona-
tion parameters are shown in Table 1. The model is meshed
using both quadrilateral and triangular elements. The rock
part is meshed with triangular elements, whereas the explo-
sive part is meshed with quadrilateral elements, resulting in
a total of 7237 triangular elements and five quadrilateral
elements (the element size is 0.1 m).

The mechanical parameters of the rock are shown in
Table 2. Figure 5(a) shows the geometric information of
the model, and Fig. 5(b) shows the computational mesh
of the model. We set up three monitoring points to monitor
the changes in the explosion stress wave with increasing
distance. The left side of Fig. 5(b) represents the solid
explosion case, and the right side represents the bar explo-
sion case. To avoid errors caused by the differences in the
meshes, both cases share the same mesh.

We plot the von Mises stress cloud diagrams of the two
cases as shown in Fig. 6. Unlike a spherical charge explo-
sion, which involves concentric circular diffusion, a colum-
nar charge explosion first generates a strong detonation
wave at the bottom of the explosive (the ignition point).
The explosive stress wave then expands from the bottom
to the top. After the entire charge detonates, it begins to
propagate outwards. At t 0 25 ms, the explosion stress
wave is in the shape of a droplet, and the entire columnar
charge detonates. By t 0 75 ms, the wave has already
spread outwards to the edge of the model in the shape of
a semicircle, with a peak stress of 265 2 MPa. In terms of
the characteristics of the explosive stress wave at each
stage, the bar explosion model and the solid explosion
model behave basically the same.

In addition, we plot the time-history curves of the explo-
sion stress at the monitoring points for both cases to quan-
tify and compare the results, as shown in Fig. 7. The curves
of the two conditions are basically consistent. The rising
and decaying trends of the explosion stress wave are simi-
lar, but there are errors in the peak explosion stress. At
2 m, the peak stress error is 3 ; as the wave propagates
outwards, the maximum peak error reaches 20 . This phe-
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nomenon may arise due to the slight delay in the blasting of
each segment of the bar explosion model and the phase dif-
ference caused by the stress wave superposition. Overall,

the explosion stress wave curves exhibit the same trend,
and the peak errors are acceptable.

The damage cloud diagrams for the two cases are shown
in Fig. 8. Here, 0 indicates no damage, and 1 indicates total
damage. Like the various stages of the explosion stress
wave, the damage process can be divided into four stages.
At t 0 15 ms, the damage first appears at the bottom of
the blasthole. At t 0 20 ms, the damage is teardrop
shaped, matching the explosion stress wave. At
t 0 8 ms, the damage is butterfly shaped, extending to
the lower left and right areas of the model. At t 3 ms,
the detonation ends, and the damage stabilizes, forming a
swallow-shaped area. In the centre of the ‘‘swallow’s tail”,
due to the strong constraint at the bottom, some stress
waves are reflected, resulting in triangular damage. The
damage distribution characteristics of the two cases are
highly consistent for each stage. Notably, owing to the
establishment of the solid explosive element, there are
undamaged explosive elements in the centre of the solid
explosion case, and a blank area forms after the completion
of the detonation at t 3 ms. Correspondingly, there are
no solid explosive elements in the bar explosion case; thus,
the above situation does not exist.

Fig. 4. Block and interface elements used in the CDEM.

Table 1
Detonation parameters of emulsion explosive (Feng et al., 2022).

Material properties Value

Charge density q kg m3 1150
Detonation velocity D m s 5000
Explosive heat Qw J kg 3.1 × 106

Phase 1 adiabatic index c1 3.0
Phase 2 adiabatic index c2 1.33
Detonation pressure P Pa 7 × 109

Table 2
Rock mechanical parameters (Feng et al., 2022).

Material properties Value

Density q kg m3 2500
Modulus of elasticity E GPa 10
Poisson’s ratio l 0.25
Cohesive force c0 MPa 10.0
Tensile strength f t MPa 4.00
Angle of internal friction / 10
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3.2 Computational efficiency

We numerically replicate the case of multihole blasting
in a tunnel. The geometric dimensions and mechanical

parameters of the model match those of the reference
(Xu et al., 2025). We set up two cases—a solid explosion
and a bar explosion—to compare the calculation efficien-
cies. The mesh is divided by a tetrahedron, as shown in
Fig. 9, where Fig. 9(b) is the solid explosion case, and
Fig. 9(c) is the bar explosion case.

For the boundary area and thickness direction of the
model, we set the two cases to be consistent to reduce the
influence of these factors on the number of elements. The
solid explosion case is obviously encrypted in the blasthole
area due to the difference between the hole size and the over-
all size of the model, and a total of 338 790 tetrahedral ele-
ments (with an element size of 0.03–0.20 m) are divided
(we divide only one element in the blasthole area tominimize
the number of elements). However, the bar explosion case
does not need to be encrypted, and only 50 820 tetrahedral
elements (with an element size of 0.1–0.2 m) are divided.

The damage nephograms for the two cases are shown in
Fig. 10. The fracture processes of both cases are consistent
with the reference description. In addition, we place moni-
toring points at every 30° to measure.

The damage and plot the damaged area as shown in
Fig. 11. The results of the two cases are basically the same,
and the errors are very small.

Fig. 5. Model of solid explosion case and bar explosion case. (a) Modeling geometric information, and (b) comparison of numerical grids of two cases.

Fig. 6. Comparison of the explosion stress wave characteristics in the two cases.

Fig. 7. Explosive stress time-history curves of the two cases.
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Fig. 8. Damage nephogram of the two cases.

Fig. 9. Geometric information of the model and computational grid. (a) Model geometry data (redrawn from Xu et al., 2025), (b) solid explosion case
computational grid, and (c) bar explosion case computational grid.
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In terms of computational efficiency, a personal com-
puter with an Intel Core i9-13900 K processor, 196 GB
of RAM, and NVIDIA RTX4090 is used to obtain the
numerical results. This computer takes 999 279 ms for
the solid explosion case but only 132 497 ms for the bar
explosion case, which improves the calculation efficiency
by 7 times. This result arises mainly because there is no
need to refine the elements near the blasthole for the bar
explosion case, and the total number of elements is only
15 of that in the solid explosion case.

4 Engineering application

Cut blasting is a common method applied in excavation
projects designed to fracture a rock mass as required with-
out causing undue damage to the tunnel walls or surround-
ing rock. Thus, accurately controlling the blasting effects
and the range of damage is central to the study of cut blast-
ing. Based on the engineering demands for foundation pit
blasting excavation at Ramp 2 in the P-junction of the
Qingtian–Wencheng Expressway, we conduct a numerical
simulation study on cut blasting with the support of the
China Railway 16th Bureau Group.

4.1 Model

Based on the engineering background, a 3D numerical
model is established, as shown in Fig. 12(a). The model is
1 8 m in diameter and 2 0 m in height. There is a prefabri-
cated 40 mm empty hole at the centre of the model, with
the remaining blastholes arranged via the bar explosion
model. A high-damping ring is set around the model as
shown in the red area in Fig. 12(a), to absorb the compres-
sive stress waves at the edges and simulate the no-reflection
boundary conditions. In addition, monitoring points are
arranged at the top of the model to monitor the vertical
displacement of the model (the red points in Fig. 12(a)).
These points are located 0 050 0 015 0 300 0 500 and

0 800 m away from the centre of the model, respectively,
to monitor the ejection height at the top to evaluate the
blasting effect.

The model is discretized with a nonuniform tetrahedral
mesh featuring a mesh size of 0 012 m in the central empty
whole region and 0 1 m at the periphery, with a gradual
transition in mesh size from the centre to the edge. The
high-damping region is meshed uniformly at 0 15 m to
reduce the computational load. The model consists of
31 825 block elements and 336 126 interface elements. The
block element adopts a linear model, the interface element
adopts a fracture energy model, and its mechanical param-
eters are obtained from an engineering geological investiga-
tion report, as shown in Table 3. The bar element adopts
the Landau model, and the explosive is an RDX explosive.
The detonation parameters are shown in Table 4.

The plane layout and charging structure of the blast-
holes are shown in Fig. 12(b) and (c). The basic whole lay-
out of the three cases is shown in Fig. 13. Three cases share
identical expansion hole layouts (#2 and #3), with the pri-
mary distinction residing in their cut hole configurations.
Both Cases A and B employ one-stage cut blastholes
(#1), whereas Case C uses a two-stage cut configuration
(#1). Delayed blasting is adopted to reduce the possibility
of flying stones. In Fig. 12(c), the blue section represents
the hole blockage section, and the red represents the charg-
ing section. According to the initiation sequence and
charge structure, three blasting cases are designed as shown
in Table 5. The initiation points of the three cases are all at
the bottom of the cylindrical charge and detonate from
bottom to top.

4.2 Numerical results

4.2.1 Displacement comparison

According to the blasting ignition time of each stage of
the three cases, the vertical displacement cloud diagrams of
the three cases are drawn as shown in Figs. 14–16. The fig-

Fig. 10. Fracture process of two cases.
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ures show that the blasting results of the three cases are
quite different, with a maximum vertical displacement dif-
ference of 4.6 times.

Case A is a one-stage cut blasting, in which all the blast-
holes are detonated simultaneously. The entire blasting
process can be divided into three stages as shown in
Fig. 14, including the detonation phase (0 2 ms), the
damage phase (2 8 ms), and the ejection phase from
8ms to 0 05s. At 0ms, all blastholes are ignited and deto-
nated at the same time. At 1 3 ms, sporadic debris is
observed entering the central empty hole, with the model’s

top not yet exhibiting significant cracking. By 2 ms, the UZ

(displacement along the Z direction) cloud diagram indi-
cates noticeable displacement characterized by a funnel
shape with a larger centre and smaller edges. At this
moment, the displacement of the crushing zone at the top
of the model is approximately circular, but surface crack-
ing is not significant. Overall, the amount of debris is large.
To prevent differences in the grid from influencing the frag-
ment size, the same grid is used in three cases, with only the
blasthole layout being different. There are three radial main
cracks (black lines) and numerous circumferential cracks

Fig. 11. Comparison of damage zone under two cases.

Fig. 12. Numerical model and hole layout. (a) Numerical model, (b) hole layout, and (c) charge structure.
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(white lines). In terms of displacement after blasting, there
is a significant time lag, with noticeable changes in dis-
placement occurring approximately 1 ms after the detona-
tion period ends. At 3 ms, the blasting funnel has a

prototype, and the cracks at the top of the model have
widened and increased in visibility. Then, at 8 ms, the ejec-
tion phase begins, by which time the blasting funnel forms
and is essentially separated from the bedrock. The vertical
displacement in the central empty whole area is the greatest
at this moment. As time progresses, the area with displace-
ment exceeding 0 1 m gradually spreads from the central
area to the surroundings and is approximately circular
until it eventually covers the entire blasting funnel. At
0 05 s, the ejection reaches its maximum height, with the
maximum vertical displacement being 0 533 m.

Case B is a single-stage cut blasting process, which dif-
fers from Case A in that the inner circle of the blast holes
is detonated first to create a free face for the outer circle of
the blastholes, followed by the symmetric detonation of the
outer circle blastholes with a blasting time interval of
0 01 s. According to the initiation time of the blastholes,
we draw a Z-direction displacement cloud map for Case
B as shown in Fig. 15. At 2 ms, obvious displacement
may be observed from the profile of the Z displacement
cloud map, and there is a new crushing area at the top of
the model. However, the crushing degree is very low. The
crush diameter is smaller than that in Case A, with the dis-
placement mainly being concentrated in the right area of
the empty hole. At 6 ms, the blasting funnel of the inner
circular blastholes is essentially formed, and it begins to
enter the ejection phase. At this moment, the diameter
and crack degree of the top crushing zone no longer

Table 3
Mechanical parameters of the pile blasting excavation model.

Material properties Value

Density q kg m3 2681
Modulus of elasticity E GPa 99.3
Poisson’s ratio l 0.28
Cohesive force c0 MPa 20
Tensile strength f t MPa 8.11
Angle of internal friction / 35
Shear dilatancy angle hS 15
Tensile fracture energy ET Pa m 70
Shear fracture energy ES Pa m 700

Table 4
Detonation parameters of emulsion explosive (Feng et al., 2022).

Material properties Value

Charge density q kg m3 1820
Detonation velocity D m s 8350
Explosive heat Qw J kg 5.4 × 106

Phase 1 adiabatic index c1 3.0
Phase 2 adiabatic index c2 1.33
Detonation pressure P Pa 32 × 109

Fig. 13. Blasthole layout.

Table 5
Three blasting schemes.

Case number Cutting method Initiation sequence

Case A One-stage cut #1, #2, #3 simultaneously detonates
Case B One-stage cut #1 #2 #3 sequentially detonates
Case C Two-stage cut #1 #2 #3 sequentially detonates
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change. At 0 023 s, with the detonation of the blastholes on
the right side of the outer circle, an additional displacement
is again generated in the lower right area of the central
empty hole. We select this area for local enlargement and
draw a Y direction displacement cloud map with a vertical
displacement that increases by approximately 0 01 m and
collapses inwards by 0 007 m. In addition, the diameter
of the crushing zone at the top of the model further
expands, and the right area of the model radially increases
by approximately 0 12 m. At 0 032 s, when the left sides of
the outer circles of the blastholes are detonated, the left
rock collapses inward by approximately 0 004 m. At
0 05 s, the ejection reaches its maximum height, with the
maximum vertical displacement being 0 177 m, which is
significantly lower than that in Case A.

Case C is a two-stage cut blasting process, and its initi-
ation sequence is the same as that of Case B. However, the
inner circular blasthole is changed to two-stage blasting as
shown in Fig. 12(c). At 0 ms, the upper blastholes in the
inner circle are first detonated. At 2 ms, a significant dis-
placement is observed in the vertical displacement cloud
map, forming as a prototype of the blasting funnel. From
the top view, the displacement is triangular and basically
distributed at the blastholes. At 8 ms, the inner circle in
the crushing zone exhibits a more obvious triangular fea-
ture. At this time, the blasting funnel of the first blasting
is essentially formed; it splits with the bedrock and is
thrown upward. At 0 01 s, the lower blastholes in the inner
circle are detonated, and local cracking occurs. However,
the vertical displacement is not obvious. After the outer cir-
cular blast holes are detonated at 0 02 and 0 03 s, the bot-

tom area of the central empty hole begins to show obvious
vertical displacement at approximately 0 1 m. At 0 05 s,
the ejection reaches its maximum height, and the maximum
vertical displacement is 0 829 m. Compared with those of
Cases A and B, the central area of Case C is the most bro-
ken, and the overall ejection displacement is the largest.

Additionally, the Z-direction displacement time-history
curves for the three cases are shown in Figs. 17–19. In gen-
eral, the vertical displacements at the monitoring points for
all three cases increase with time, but there are significant
differences locally. As shown in Fig. 17, the displacement
time curves of the monitoring points at 0 05 0 15 and
0 30 m in Case A basically overlap, and the maximum ver-
tical displacement is 0 533 m. The vertical displacement
begins to decrease sharply at 0 50 m outside the central
hole, and at 0 08m, the peak vertical displacement is only
0 041 m. At t 0 02 s, only Case A monitors the vertical
displacement at 0 08 m, indicating that the detonation
intensity of a single initiation is greater and that the dam-
age range of the model is larger.

As shown in Fig. 18, Case B’s vertical displacements at
the monitoring points of 0 05 0 15 0 30 and 0 50 m are
essentially consistent, and the peak value is relatively small
at 0 101 m; even at 0 80 m, the peak displacement is only
0 044 m. This finding indicates that the damage range at
the top of the model is small and that the degree of damage
is low, as shown in Fig. 15. The blasting scheme in Case B
effectively limits the flying height of the blasting fragments.

As shown in Fig. 19, the displacement time-history
curves at the two monitoring points of 0 05 and 0 15 m
in Case C are basically the same, with a displacement peak

Fig. 14. Case A displacement in the Z direction.

Y. Li et al. / Underground Space 27 (2026) 406–423 417



value of 0 77 m. The vertical displacement begins to decline
linearly beyond a distance to the centre hole of 0 15 m. The
displacement characteristics indicate that the top area of
the Case C model is generally more uniformly broken,
and the problem of flying stones after blasting is the most
serious.

Three moments, 0 01 0 03 and 0 05 s, are selected to
plot the displacement variations for different centre dis-
tances under three different conditions, as shown in the
miniature plots in Figs. 17–19. There are significant differ-
ences among the three conditions. In Case A, the vertical
displacement begins to noticeably decrease at 0 5 m. Case
B has a decreasing distance similar to that in Case A, but
its peak vertical displacement is only 20 of that in Case
A. Case C exhibites a clear decrease in the vertical displace-
ment at 0 15 m, with an overall decline that is approxi-
mately linear, indicating an overfragmentation issue in
the crush zone of the blasting process. Therefore, in terms
of the flying stone problem in pile foundation pit blasting
excavation, Case B is the optimal blasting scheme.

4.2.2 Damage distribution

The blasting damage characteristics of the three cases
are similar; thus, we choose the most complex two-stage
cut blasting case to analyze the damage situation. Based

on the timing of the four detonations, von Mises stress
and damage diagrams are plotted as shown in Fig. 20.
When t 0 04 ms, the upper blastholes of the inner circle
explode, resulting in a strong blasting stress visible in the
centre of the model. At this moment, the stress wave is
approximately dumbbell-shaped and diffuses from the cen-
tre of the model to its periphery. At t 0 01 s, the lower
blastholes of the inner circle are detonated. The blasting
crater from the first detonation has essentially developed
and detached from the bedrock. Thus, the blasting stress
wave accumulates in the lower middle part of the model
and shows a downwards expansion trend, which is the
key factor contributing to the increased footage during
two-stage cut blasting. When t 0 02 s, the holes on the
right side of the outer circle explode, and the detonation
stress tends to transfer from right to left. When
t 0 03 s, the hole on the left side of the outer circle
explodes, and the detonation stress wave propagates from
left to right. The outer circular hole contributes little to
the crushing area at the top of the model, but has a greater
effect on expanding the damage range in the middle.

The lower part of Fig. 20 shows the damage diagram,
where 0 represents no damage, 1 represents tensile damage,
and 2 represents shear damage. At the beginning of each
stage of blasting, the shear damage is mainly in the area

Fig. 15. Case B displacement in the Z direction.
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where the blasthole is located, and the tensile damage is
mainly at the edge of the model and in the area far from
the blasthole. After a period of stress wave reflection, the
damage situation tends to be stable, and crush zones are
formed on both sides of the central hole, and crack zones
are formed on the upper circular edge of the model. Nota-

bly, the damage caused by this multiple-hole blasting pro-
cess is not instant; instead, the damage occurs in
approximately 2 3 ms, during which time the detonation
stress wave reflects back and forth between the free surface
and the explosive fragments until it finally stabilizes. In this
work, we have not yet considered the role of explosive gas

Fig. 16. Case C displacement in the Z direction.

Fig. 17. Case A’s Z-direction displacement time-history curve. Fig. 18. Case B’s Z-direction displacement time-history curve.
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but have focused more on the role of explosive stress
waves. This process may lead to an underestimation of
the crack area. The influence of explosive gas will be a pri-
mary focus of our subsequent work.

We monitor the fracture degree (Li et al., 2013) of the
model and plot the fracture degree time-history curves of
the three cases, as shown in Fig. 21. The changes in the
fracture degree under the three working conditions are con-
sistent with the number of detonations. At 0 05 s, the frac-
ture degrees of Cases A and C are basically the same at
approximately 36 , whereas that of Case B is lower at only
28 65 . We determine the characteristic sizes of fragments
after blasting and plot their characteristic size-grading
curves as shown in Fig. 22. The blasting fragmentation
characteristic size Lbc is calculated as follows.

Lbc

V f
3 Lmax

2
17

where V f is the volume of fragments and Lmax is the maxi-
mum side length of the fragment.

The development trends of the three curves are basically
the same, but there are differences in the local details. Con-
sidering d40 (the characteristic size of the fragment when
the pass rate is 40 ) as the evaluation index, we can see
that the d40 values of Cases A and C are 0 3 m, whereas
that of Case B is 0 63 m, which shows that there are more
small fragments after the blasting of Cases A and C. Most
of the fragments in Case B are medium-sized. However, d80

Fig. 19. Case C’s Z-direction displacement time-history curve.

Fig. 20. Von Mises stress diagram and damage distribution of Case C.
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(the characteristic size of the fragment when the pass rate is
80 ) remains consistent across all three cases, measuring

1 1 1 2 m, demonstrating an equivalent performance
for the control of large fragments.

4.2.3 Blasting funnel comparison

According to the blasting fracture of the model under
the three cases, we draw the blasting funnel under the three
cases and count the diameter and depth of the blasting fun-
nel, as shown in Fig. 23. The purple zone represents the
fracture funnel from the primary cut blasting in the inner
circle, and yellow indicates the final blasting funnel gener-
ated by the perimeter expansion hole blasting. The red zone
represents the unbroken part of the model after blasting.
The shapes of the blasting funnels in the three cases are
quite different. After the detonation of the inner circular
blastholes in Case A, the top of the model is slightly bro-
ken, as indicated by large fragments. In Case B, the inner
circle blasting results in intricate, fine cracks in the model
crest (the purple zone in Case B). In stark contrast, Case
C significantly overbreaks after inner-circle cut-hole blast-
ing, with the debris appearing in a state of crushing. Com-
pared with Cases A and B, the depth of the blasting funnel
(purple zone) is basically the same at approximately
0.40 m. In terms of the shape of the blasting funnel, Case
A is more elliptical, and its axial ratio e (e lY lX , where
lY denotes the Y-axis length of the inner blast funnel. lX ,
which represents the X-axis length), is 1 33. However, Case
B is more circular, and its axial ratio e is 1 10. Finally, the
blasting footage of the three cases is basically the same at
approximately 1 4 m, and that of Case C is the largest at
1 46 m. Furthermore, the blasting effect in Case C closely
aligns with the engineering design expectations. This case
exhibits a high degree of fracture, with the blast crater
resembling a cylindrical shape. The post-blasting founda-
tion walls maintain high structural integrity.

5 Conclusions

In this work, under the framework of the CDEM, the
bar explosion model replaces conventional explicit mod-
elling of blastholes to eliminate the computational burden
caused by localized mesh refinement (blasthole zone) in
solid explosive simulations while preserving the detonation
accuracy of the explicit modelling. The reliability of the bar

Fig. 21. Fracture degree time-history curves for three cases.

Fig. 22. Characteristic size grading curves of the fragments for the three
cases.

Fig. 23. Three cases of blasting funnels.
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explosion model is verified by different views, such as the
propagation process of explosion stress waves, damage
nephograms, and explosion load time-history curves. This
approach provides a reliable method for the numerical sim-
ulation of large-scale complex engineering blasting with
many blastholes, such as bench and tunnel heading blast-
ing. The main conclusions of this study are summarized
as follows.

(1) Based on von Mises stress, damage nephogram, and
the time-history curves of the explosion pressure,
the two cases of the bar and solid explosion are com-
pared. The propagation process of the explosion
stress wave, the ‘‘swallow-like” shape of the damage
nephogram, and the development trend of the explo-
sion pressure time-history curve are all consistent
with the solid explosion case, verifying the reliability
of the bar explosion model.

(2) Three blasting cases of pile-foundation pit excavation
are simulated using the bar explosion model com-
bined with an engineering background. The rock
fragmentation characteristics, blasting damage distri-
bution, and fracture degree of the model are analysed
in three cases, and an improved blasting scheme is
provided.

(3) An analysis of three blasting cases reveals that frac-
ture propagation in multihole blasting engineering
involves a short process, with damage evolution
occurring over a millisecond-scale temporal progres-
sion (duration: 2 3 ms), whereas the scattering of
fragments after blasting exhibits obvious hysteresis,
which clearly changes by approximately 0 01 s after
the end of detonation (one order of magnitude
greater than the duration of detonation).

In this paper, we don’t incorporate the effect of detona-
tion gas into the bar explosion model; instead, we focus on
using the model to reduce the computational cost of
engineering-scale blasting simulations. Previously, we
investigated the coupled rock-breaking action of the blast-
ing stress wave and detonation gas using the plate flow
hypothesis (Li et al., 2022). Extending that work to the
bar explosion framework is the next major objective of
our research.
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