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Abstract

The dynamic stress response of the surrounding rock in deep tunnels during contour blasting is first derived using elastic statics and
dynamics theory alongside Fourier transform methods. This solution uniquely accounts for the effects of lateral stress coefficient, blasting
loading, two-dimensional unloading, and the redistribution of static stress fields induced by internal free surfaces. Discrete element
numerical simulations are also performed and cross-validated with the theoretical model. The study analyzes and discusses the effects
of in-situ stress levels, lateral stress coefficients and internal radius ratio (ratio of internal free surface radius to tunnel radius)
on the failure characteristics and mechanisms of surrounding rocks. The results indicate that increasing can reduce the unloading
amplitude, thereby decreasing the dynamic circumferential compressive stress and circumferential cracking induced by unloading, espe-
cially under high in-situ stress. Under low stress levels, the maximum dynamic radial compressive stress during blasting decreases, reduc-
ing radial compression-shear failure. Simultaneously, the dynamic circumferential tensile stress is also reduced, thereby minimizing
blasting-induced radial fractures. However, under extreme lateral stress conditions (k < 0.2), adjusting cannot cause the circumferen-
tial stress to exceed the radial stress at the tunnel contour along the maximum principal stress direction. As a result, an ideal contour
blasting effect cannot be achieved, and failure continues to propagate radially. In conclusion, the derived dynamic blasting-unloading
stress response, in relation to the internal radius ratio, provides theoretical analysis tools for understanding the failure characteristics
and mechanisms of surrounding rock during contour blasting, serving as a foundation for optimizing blasting and support design.
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1 Intr oduction

Underground tunnels are widely employed in civil and
mining engineering. As shallow resources are progressively
deplet ed, tunnel excavations are increasingly advancing to
deeper and ultra-deep depths (Li et al., 2022;  H  . Zhu
et al., 2019). Deep rock is typically hard and subjected to
high stresses , including both gravitational and tectonic
forces (Li et al., 2017). Consequently, blasting remains
the most cost-effective excavation method and continues
to be widely employed (Yilmaz & Unlu, 2013). Duri ng
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blasting, deep rock under high static stress forms a free sur-
face due to blasting loading, resulting in in-situ stress
unloading and redistribution near the excavated surface
(Yang et al., 2018). This differs from shallow geotechnical
engineering in rock properties, excavation methods, init ial
static stresses, and dynamic stress evolution (Liu et al.,
2024). These distinctions lead to unique challenges in deep
tunnel excavation, including reduced blasting efficiency and
the frequent occurrence of geological hazards, such as split-
ting (Jiang et al., 2013), rockbursts (Zhou et al., 2024), and
zonal disintegration (Li et al., 2008). Therefore, investigat-
ing the dynamic response of the surrounding rock during
deep tunnel excavation has become a critical research topic.

plitting are widely used controlled blasting techniques
In tunnel contour blasting, smooth blasting and pres-
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enhance both blasting efficiency and surroun ding rock sta-
bility (Bhandari, 1997). The key distinction lies in whether 
the main blast detonation has already occurred and created
a free surface before contour blasting (Li et al., 2024a;
Svanholm et al., 1978). The free surface radius before con-
tour blasting critically affects the initial static stress field. 
As early as 1898, Kirsch derived an elast ic statics solution
for the stress field around a circular opening in an infinite
plane (Kirsch, 1898), demonstrating that significant stress 
concentration occurs within a range of 1–3 times the cavity 
radius. Under extreme lateral stress coefficients, the 
circumferential stress at the tunnel boundary ranges from
–1 to 3 times the maximum principal compressive stress.
Numerous laboratory experiments (Lin et al., 2015; Zhu
et al., 2021;  Q  . Zhu et al., 2019), numerical sim ulations
(Liang et al., 2024b; Su et al., 2023;  J. P. Yang et al.,
2017), and field investigations (Feng et al., 2018; Li et al.,
2012; Read et al., 1998) have explored the effects of in-
situ stress, resulting in several key conclusions: The dam-
aged region exhibits an elongation along the minimum
principal stress direction (Zhu et al., 2014). In this direc-
tion, the surrounding rock is prone to failure mo des such
as spalling and V-shaped notches (Si et al., 2022). Addi-
tionally, under extreme lateral stress coefficients, radial 
cracks tend to develop in the surround ing rock along the
maximum principal stress direction (Zhu et al., 2022). 

Under contour blasting, such a coupled dynamic-static 
process, the dynamic failure of the surrounding rock is 
inevitably influenced by the init ial static stress. High initial
static stress typically suppresses the crack propagation in
single-hole blasting (Liu et al., 2024). When the lateral 
stress coefficient deviates from 1, cracks generated during 
single or double-hole blasting are inclined to propagate
along the maximum principal stress direction (Li et al.,
2021, 2018). In contour blasting, the long axis of the blast-
ing damage zone is parallel to the maximum principal
stress (Li et al., 2024a). The dynamic unloading of static 
stress cannot be overlooked when analyzing the surround-
ing rock response in deep tunnel blasting (Lu et al., 2012). 
Extreme lateral stress coefficients intensify uneven stress 
redistribution, generating two-dimensional unloading
waves during excavation (Zhao et al., 2023). Higher 
unloading magnitudes and rates intensify dy namic stress
concentrations (Li et al., 2020). Nonlinear unloading paths 
often cause more severe damage than linear paths (Li et al.,
2014). Limited research investigated the dynamic stress of 
the surrounding rock under multi-hole and multi-stage 
blasting-unloading along various stress paths. These stud-
ies reveal that increasing in-situ stress initially reduces
but subsequently expands the surrounding rock damage
zone (J. H. Yang et al., 2017). When the lateral stress coef-
ficient deviates from 1 and the stress in a certain direction is 
relatively low, the damage zone elongates parallel to the 
maximum principal stress. In this case, linear path assum p-
tions tend to overestimate the damage. Conversely, the
damage zone extends perpendicular to the maximum prin-
cipal stress. In this case, linear path assumptions may
underestimate the damage (Peng et al., 2025). In summary, 
variations in the free face radius before contour blasting 
alter the static stress redistribution and then influence the 
subsequent blasting response and two-dimensional stress 
unloading response of the surrounding rock, thereby affect-
ing the extent and mechanisms of the damage zone. How-
ever, comprehensive studies on this remain limited, and
further research is essential for guiding blasting and
support.

By combining elastic dynamics and Fourier transform 
methods, this study investigates dynamic stress evolution 
in the surrounding rock during contour blasting. The anal-
ysis accounts for static stress redistribution caused by inter-
nal free surfaces and dynamic unloading of the static stress 
induced by P-waves and S-waves. Additionally, a numeri-
cal model of contour blasting-unloading is established 
using the discrete element method . Through theoretical
analysis, numerical simulations, and laboratory experi-
ments, the effects of contour blasting on the dynamic stress
and failure mechanisms of the surrounding rock under dif-
ferent lateral stress coefficients and internal radius ratios
are analyzed and discussed.

2 Dynamic theoretical analysis method for contour blasting-
unloading by the Fourier transform

2.1 Model assum ptions

In this section, a theoretical dynamic model is developed 
to solve the dynamic stress of the surrounding rock during 
contour blasting-unloading. Blastholes in circular tunnels
are usually arranged in concentric circles within the tunnel
boundary, as depicted in Fig. 1(a). The horizontal and ver-
tical principal stresses are P0 for hydrostatic stresses, and 
P0 represents only the vertical principal stresses when dis-
cussing non-hydrostatic stresses later. The blasting excava-
tion of a tunnel with a radius of a along principal stresses
can be reduced to a plane strain model, as depicted in Fig. 1 
(b). This mechanical model adequately represents both 
types of contour blasting. The r0 represents the radius of 
the internal free surface formed by the completed blasting
or drilling prior to contour blasting. When r is zero, the 
model characterizes presplit blasting. Conversely, when r
is nonzero, the model describes smooth blasting, with the
free surface at r formed by the cutting or main blasting. 
The internal radius ratio, denoted by is defined as the 
ratio of r0 to a. Before contour blasting, the stresses on 
the tunnel boundary result from the static stress redistribu-
tion induced by the internal free surface with a radius of r
All blastholes at the boundary are assumed to detonate 
simultaneously, producing identical stress waves. As dis-
played in Fig. 1(c), the blasting stress in the adjacent blast-
holes promotes crack propagation and coales cence,
connecting these blastholes along the tunnel contour
(Yang et al., 2018). The processes of static stress release 
and blasting pressure dissipation are interconnected (Peng 
et al., 2025). For simplicity, the blasting and unloading
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Fig. 1. Mechanical models and simplifications. (a) A typical spatial distribution of blastholes, (b) a mechanical model for contour blasting, (c) its
simplifications of blasting and unloading, and (d) the stress paths.
waves are typically described by triangular and linear paths
(Li & Li, 2018; Li et al., 2020), respectively, as sho wn in
Fig. 1(d). The stress-time function of simplified blasting-
unloading Pbu (t) is represented as

P bu t 

t 
tr 
P bp P sr 0 t tr 

td t 
td tr 

P bp P sr tr t td

0 t td

1

where t represents time; refers to the rising duration of 
blasting pressure, set as 0.2 ms (Yilmaz & Unlu, 2013); 
represents the duration of the blast ing-unloading stress
with is the initial static stress to be unloaded
on the tunnel boundary; is the blasting pressure peak 
after averagi ng over the blasting contour.

Previous theoretical studies have treated the dynamic 
response induced by blasting waves as a radially symmetric 
one-dimensional dynamical problem. However, the 
unloading amplitude is determined by the initial in-situ sta-
tic stress and the lateral stress coefficient defined as the 
ratio of the horizontal to the vertical principal stress. When

the stress path in any direction can be represented as
shown in Fig. 1(d). Conversely, when the initial static 
stresses in different directions are no longer equal. In this 
case, this dynamic unloading problem becomes a two -
dimensional dynamic problem. The anisotropy of unload-
ing amplitude is significantly influenced by and the radius 
of the internal free surface r formed by main blasting.

2.2 Dynamic unloading response

To facilitate the elasticity theory solution, and with ref-
erence to the static stress calculation method when
the two-dimensional dynamic unloading pro blem with dif-
ferent r as shown in Fig. 2(a), is decomposed into three

tr 
td 

td 9 0t r; P sr 
P bp 

k, 

k 1, 
k–1, 

k 
0 

k–1, 

0, 
components. These components include the static stress
shown in Fig. 2(b), the radially symmetric dynami c stress
shown in Fig. 2(c), and the dynamic stress wi th a period
of as shown in Fig. 2(d), where a is the radius of the tun-
nel. The total unloading dynamic stress evolution at arbi-
trary locations can be expressed as follows:

ru rr t rs rr r 0 
d rr t r 2 

d rr t 

ru hh t rs hh r 0 
d hh t r 2 

d hh t 

su rh t su hr t ss rh s 0
d rh t s 2

d rh t

r a 2

where and are the total radial and circumferential 
normal stresses, respectively; and are the correspond-
ing radial and circumferential shear stresses; The subscript 
u denotes that these stresses occur during the unloading. 
These unloading-induced stresses can be decomposed into 
static and dynamic components, indicated by the subscripts 
s and d, respectively. The unloading-induced dynamic com-
ponent can be further separated into 0-order and 2-order
dynamic components, denoted by the superscripts (0) and
(2). The static stress in Fig. 2(b) can be calculated using 
Kirsch formula (Kirsch, 189 8): 

rs rr P 0 
1 k 
2 1 r2 

0 
r2 

1 k 
2 1 r2 

0 
r2 1 3 r

2 
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r2 cos 2h 

rs hh P 0 
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1 k 
2 1 3 r

4 
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r4 cos 2h 
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r2
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r2
0

r2 sin 2h
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3

Building on the prior simplification, solving for the total
dynamic unloading response when reduces to deter-
mining the 0-order and the 2-order dynamic stresses com-
ponents. Prior studies have address ed similar dynamic
problems using Laplace transforms (Miklowitz, 1978). In 
this study, the transient-state stress evolution is obtained

p , 

r h

rrr rhh 
srh shr 

k–1 

move_f0010


390 S. Peng et al. / Underground Space 26 (2026) 387–411

Fig. 2. Dynamic and static stress superposition of tunnel unloading model when (a) Tunnel dynamic unloading, (b) static component, (c) 0-order
dynamic component, and (d) 2-order dynamic component.

k–1. 
by superposing the steady-state response according to the
Fourier transform (Peng et al., 2024a). Solving for the 0-
order dynamic stress component corresponding to Fig. 2 
(c) requires first determining the corresponding steady-
state solution. The 0-order cylindrical harmonic P-wave
radiating from the origin is expressed as

/ 0 A0H 1 
0 ar e ixt 4

where represents the wave amplitude; denotes 
the 0-order Hankel function of the first kind; refers to 
the wave frequency; is the P-wave num ber, and
c is the P-wave velocity. The stress field of 0-order 
dynamic component around the tunnel is 
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where and denote the first and the second Lamé param-
eters, respectively. Similarl y, the 2-order cylindrical har-

monic P-wave and SV-wav e as shown in Fig. 2 
(d), radiating from the origin with an angular period of

can be exp ressed as

/ 2 A2H 1 
2 ar cos 2 h e ixt 8

w 2 B2H 1 
2 br sin 2 h e ixt 9

where and are the amplitude of and respec-

tively, represents the 2-order Hankel function,
denotes the S-wave number, and c is the

k l 
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p 
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S-wave velocity. The stress field of 2-order dynamic com-
ponent aroun d the tunnel can be expressed as

2 1 
r r 

2 

r2 
1 
r2

2

h2
13

As shown in Fig. 2(d), a difference in r causes the 
boundary condition to be different, with the following rela-
tionship after omitting the time term

r 2 
rr r a 

r 2 
rh 

r a 

1 3r2 
0 cos 2h 

1 3r2 
0 sin 2h 

A2e 2 
11 B 2e 2

12 cos 2h

A2e
2
41 B2e

2
42 sin 2h

14

A2 

B2 

e 2 
12 1 3r2 

0 e 2 
42 1 3r2 

0 

e 2 
11 1 3r20 e 2

41 1 3r20
15

e 2 
11 

2la 
a 

H 1 
1 aa k 2l a2a 2 12l

a2
H 1

2 aa

16

e 2 
12 

4lb 
a 

H 1 
1 ba 

12 l
a2

H 1
2 ba 17

e 2 
41 

4la 
a 

H 1 
1 aa 12 l

a2
H 1

2 aa 18

e 2 
42 

2lb 
a 

H 1 
1 ba lb2 a2 12l

a2
H 1

2 ba 19

The 0-order and 2-order stress field around the tunnel 
induced by unit stress load ing at the tunnel boundary can
be described as
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By applying the Fourier transform to combine steady-
state responses and ensuring the dynamic boundary 
responses match the target waveform, the transient 
response under dynamic loading conditions can be derived.
The response function for an arbitrary dynamic loading
condition may be expressed as

g  x  t 
1 
2p 

v xi x F x e ixtdx 22

where represents the system’s admittance function, 
defined as the steady-state response of the syst em caused by
an input function of unit magnitude; corresponds to 
the Fourier transform of the input function To facil-
itate calculation, the transient load can be approximated 
into a series of pulse functions, and the trans ient response
corresponding to a unit impulse input function is given by

0 

e ixt: 

v xi x 

F x 
f  t  . 
gd x t 
2 
p 0 

R x cos xt dx 23

where represents the real portion of the admittance 
function. Based on Duhamel integral and Eq. (23), the 
transient response for any input function is expressed 
as

g  x  t 
t 

0 
f s gd t s ds 24

As shown in Fig. 1(d), the input functions can be 
express ed as

f  t Lu tu 
tu td tr 0 tu td t r
1 tu td tr

25

where and is unloading path function. 
The unloading-induced transient response around the tun-
nel can be expressed by substituting Eqs. (23) and (25) into 
Eq. (24) as follo ws:

gu tu 

2 
p td tr 0 

1 cos xtu 
x2 R x dx 0 tu td tr 

2 
p td tr 0 

cos x t u td tr cos xtu
x2 R x dx tu td tr

26

where represents the real part of the frequency
response of Eqs. (20) and (21). When represents the 
real part corresponding to ,  and respectively, 
then the results of represent

the corresponding transient response

and .  W  hen  represents the real part corre-

sponding to and respectively, then the results

of represent the 
corresponding transient response and 

By substituting the above results and Eq.

(3) into Eq. (2), the total unloading response can be 
obtained, using the trapezoidal integration method due to
the difficulties in deriving the theoretical expression of

2.3 Blasting respon se

In addition to the initial in-situ stress and its unloading 
response in the contour blast shown in Fig. 1, the dynamic 
response induced by blasting must also be considered. Sim-
ilar to the dynamic response due to the cylindrical tensile
wave shown in Fig. 2(c), the blasting response can be 
viewed as the response due to the cylindrical compres sion
wave. The blasting wave is usually simplified to a triangular
path:

f  t Lb t 

t 
tr 

0 t tr 
td t 
td tr

tr t td

0 t td

27
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where is the blasting stress path function, the value of 
which evolves from 0 to 1 and back to 0 over time.

To solve for the blasting-induced transient response
of this triangular wave, then the Fourier transform 

method above is used. By substituting Eqs. (27) and (23)

Lb t 

gb t 
gb t 
0 

2R x 1 cos xt 
p trx2 dx 

0 
2R x 1 cos x t tr 

x2p td tr 
dx 0 

2R x cos x t tr cos xt 
x2p tr 

0 
2 R x cos x t tr cos x t td

x2p td tr
dx

0
2R x cos xt cos

x2p tr

0 t tr 

dx tr t td 

x t t r dx t td

28
into Eq. (24), the following expression can be obtained:

where represents the real part of Eq. (20). When 
represents the real part corresponding to ,  and  
respectively, then the results of represent the corre-
sponding transient response and 
induced by blasting. 

3 Theoretical results and analysis

Contour blasting in deep tunnels involves the coupling 
between high static stresses and dynamic disturbances. This 
section presents and analyzes theoretical results for initial 
static stress before contour blasting, the static stress cou-
pled with dynamic unloading, and the static stress coupled 
with blasting-unloading stress. The rock mass model has a
density of 2754 kg/m3, a Young’s modulus of 17.77 GPa,
and a Poisson’s ratio of 0.21. Considering that the stress
field corresponding to a lateral stress coefficient of

R x R x 
r 0 
rr , r 0 

hh r 0 
rh ,

P pbgb t 
rb rr t , rb hh t , rb rh t

1 k 
Fig. 3. Initial static stress at the tunnel sidewall with(h 0 r a )
can be obtained by rotating the results for a lateral stress
coefficient of by 90°, this study focuses onl y on the cases
where with  being the maximum principal in-situ
stress. And is also the ratio of minimum to maxi mum
principal in-situ stress.

k 
k 1  P 0 

k 
3.1 Initial static stress

The radius of the completed main blasting zone will sig-
nificantly alter the initial stre ss of the tunnel boundary,
thereby affecting the contour blasting (Li et al., 2024b). 
This section calculates and analyzes the static stress con-
centration at the tunnel contour under different internal
radius ratios and lateral stress coefficients

Figure 3 shows the variation of normalized radial and 
circumferential normal initial static stresses (normalized
by on the sides of the tunnel boundary with the

under different All stresses normalized by
(also the maximum principal stress in this study) will be 
denoted with a tilde to represent the corresponding nor-
malized stresses. For example, As shown 
in Fig. 3 (a), when first increases and then 
decreases with the increase of .  As  gradually increa ses,

increases and monotonically decreases with
As shown in Fig. 3(b), under any increases

r0 k. 

P 0) 
k. P 0 r0 r0 a

rs rr rs rr P 0.
k 0, rs rr 

r0 k 
rs rr rs rr r 0 0

r0. k, rs h h
 different (a) and (b) r0 r0 a . rs rr rs rr P 0, rs hh rs hh P 0.
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Fig. 4. Initial static stress at the tunnel crown with different (a) (b) and (c) rs rr rs rr P 0, rs hh rs hh P 0,(h p 2 r a) r0. 
rs hh rs rr rs hh r s rr P 0.
monotonically with the increase of r and 
increases linearly with According to Eq. (3), when 
reaches 0.82, is always less than 0.34. When reaches 
0.58, is always greater than 1.33. In summary, when

is always smaller than at the side of the tun-
nel. As illustrated in Fig. 3(b), increasing enhances cir-
cumferential cracking, leading to smoother tunnel 
boundaries. This aligns with experimental findings (Li 
et al., 2024b), where higher stresses parallel to blastholes 
improve smooth blasting outcomes.

The situation at the tunnel crown is complex. As shown
in Fig. 4(a),  as  increases, exhibits an overall decreas-
ing trend. Even when approaches 1 and approaches 0, 

remains less than 0. As shown in Fig. 4(b), 
increases with an increase in when and decreases 
overall with an increase in when When is 
less than this is highly unfavorable for crack connec-
tions between the blast holes, hindering the formation of an

0 rs hh r0 1 0

r0 k. 
r0 rs rr 

rs hh 
rs rr rs hh r0–0, 

r0 

r0 rs rr 
r0 k 

rs rr rs hh 
r0 k 0 5, 
r0 rs hh k 0 5. 

rs rr ,
ideal tunnel contour. Additionally, radial cracks are likely 
to form and extend into the surrounding rock mass (Li 
et al., 2024a). From Fig. 4(c), it can be seen that, especially
when the ideal static stress conditions for the tun-
nel crown cannot be achieved under any .  As  increases, 
increasing can induce a positive value of 
leading to circumferential cracks. Additionally, the theoret-
ically optimal corresponding to the peak of 

initially increases as increases and then 
remains constant, and the minimum to make a positive 
value of decreases with increasing

In conclusion, proper adjustment can optimize static 
stress to align crack propagation with tunnel contours
under anisotropic stress. However, when this 
method fails near the boundaries parallel to maximum 
principal stress, necessitating alternative techniques to
enhance circumferential cracking and limit radial crack
propagation.

k 0 2, 
r0 k 

r0 rs hh rs rr ,

r0, 
k rs hh rs rr ,
r0 

k. rs hh rs rr

r0 

k 0 2 ,
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Fig. 5. Dynamic radial normal stress at the tunnel sidewall with different during transient unloading. (a) Stress–time curves under k = 0.5, 
and (b) the peak stress of the stress-time curves under different k.

(h 0 r a ) r0 
3.2 Dynamic unloading of static stress

As established previously, variations in induce the 
stress redistribution, with amplifying its anisotropy. This 
modifies the transient unloading response during contour 
blasting. This sectio n calculates the dynamic unloading
response (as illustrated in Fig. 2) under differen t

Figure 5(a) illustrates circumferential stress-time curves 
at the tunnel sidew all during transient unloading under

and varying For any the fina l stabilizes 
at 2.5, also the converging to the static solu-
tion (Kirsch, 1898). As increases, rises until it 
reaches the final equilibrium value of 2.5. Correspondingly,
the peak of decreases from 2.73 to 2.50. Different
produce similar dynamic unloading trends shown in
Fig. 5(a) but varying dynamic peak and final Figure 5 
(b) illustrates the variation of the peak with for dif-
ferent In conclusion, increasing reduces dynamic cir-
cumferential stress amplitude during transient unloading 
at sidewalls, mitigating circumferential compression-shear
failure.

Figure 6 reveals complex dynamic circumferential stress 
evolution at the tunnel crown. When at the 
tunnel crown decreases overall from an initially larger 
value to a smaller final value, even transitioning from a
compressive to a tensile state. In this case, increasing
helps to reduce the amplitude of the additional circumfer-
ential tensile stress. In contrast, when redis-
tributes to a larger value, and increasing can reduce 
the additional circumferential compressive stress. In con-
clusion, increasing always alleviates the dynamic unload-
ing response, aligning with the study result that reducing 
the unloading amplitude decreases the dynamic response
(Li et al., 2020), due to the pre-release of internal strain
energy.
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3.3 Dynamic response of blasting-unloading

Numerous studies (Li et al., 2021; Tao et al., 2020) have 
examined dynamic responses around circular cavities under
blast loading. Figure 7 presents the dynamic radial and cir-
cumferential stress (normalized by at varying radial 
distances from the tunnel center. Surrounding rock damage 
primarily results from dynamic radial compression and cir-
cumferential tension, inducing radial crack propagation
(Cao & Younis, 2024). While pure blasting creates radially 
symmetric damage, in-situ stress generates non-circular
damage zones (Yi et al., 2018). Under varyi ng the redis-
tributed static stress field not only affects the amplitude of 
anisotropic unloading responses but also alters the failure
characteristics and mechanisms of surrounding rocks dur-
ing blasting (Liu et al., 2024). Therefore, blasting dynamic 
loading, static stress redistribution, and its unloading
responses should be considered comprehensively.

The radial stress at the tunnel boundary corresponds to 
the stress path. Therefore, when increases, the change in 
initial radial static stress is consistent with the change 
in peak radial dynamic stress under blasting-
unloading. Figure 8 shows the dynamic c ircumstantial
stress at the tunnel crown under blasting-unloading dis-
turbances for different and where When 

increasing increases the circumferential tensile 
stress. As increases to 0.5, the effect of on the dynamic 
response diminishes, due to the near-constant radial stress
before and after blasting. When increasing 
reduces the dynamic circumferential tensile stress. Simi-
larly, the dynamic circumferential stress at the tunnel 
sidewall follows the same trend as shown in Fig. 8(c) for 
any which is due to the consistency of the varying 
unloading amplitudes resulting from changes in and 
as shown in Fig. 5.
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Fig. 6. Dynamic circumferential normal stress at the tunnel crown with differen t during transient unloading under different k of (a) 0, 
(b) 0.25, (c) 0.50, (d) 0.75, and (e) 1.00.

(h p 2 r a) r0 
Figure 9 illustrates the maximum and minimum 
dynamic circumferential stresses at the tunnel boundary
for different In most cases, variations in have a limitedr0 k. 
impact on Specifically, when a large r
notably reduces the maximum circumferential stress

at the tunnel crown. Under any as shown in

r0 k 0 5, rhh max .

k, rhh ma x
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Fig. 7. Dynamic normal stress around the tunnel during blasting. (a) Dynamic radial, and (b) circumferential normal stress.

Fig. 8. Dynamic normal stress at the tunnel sidewall during blasting-unloading under different and of (a) 0, (b) 0.5, and (c) 1.0.(h p 2 r a) r0 k 
Fig. 9(b), increasing can increase the minimum circum-
ferential tensile stress at the tunnel sidewall, eventu-
ally transitioning to co mpressive stress. This proves

r0 
rhh mi n
advantageous in deep hard rock characterized by high 
compressive-to-tensile stress ratios, effectively mitigating
circumferential tensile failure. However, rock failure under
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Fig. 9. Extreme values of dynamic circumferential normal stress at the tunnel boundary with different during blasting-unloading under different =  0,  
0.33, 0.67, and 1.00. (a) Maximum, and (b) minimum.

Fig. 10. Discrete element model for tunnel contour blasting.

Table 1 
Mechanical parameters of rock mass for calibration and the results (Peng et al., 2025). 

Mechanical parameter Rock mass Calibrated results Error (%) 

Young’s modulus (GPa) 17.71 17.77 0.3 
Poisson’s ratio 0.22 0.21 4.5 
Uniaxial compressive strength (MPa) 90.50 90.57 0.1 
Brazilian tensile strength (MPa) 4.36 4.57 4.8 
Density (kg/m3 ) 2754 2754 0

r0 k 
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Table 2 
Microscopic parameters of particles and Flat-Joint contacts in PFC (Peng 
et al., 2024a). 

Particle and Flat-Joint contact properties Value 

Modulus (GPa) 16.5 
kn/ks 2.9 
Tensile strength (MPa) 8.5 ± 0.85
Cohesion (MPa) 34.0 ± 3.40
Friction angle ( °
Friction coefficient 0.55 
two-dimensional dynamic stress states involves comp lex
mechanisms (Peng et al., 2025), necessitating discrete ele-
ment modeling for accurate failure analysis and validation.

4 Numerical simulations and resul t analysis

4.1 Numerical model setup

This study establishes a contour blasting-unloading 
model to investigate rock failure mechanisms using the par-
ticle flow code (PFC). Figure 10 shows a 15 m × 15 m 
model with a 3 m diameter circular tunnel at its center. 
The model comprises 102 333 particles, with radii ranging 
from 0.02 to 0.03 m. The physical and mechanical proper-
ties of the rock are derived from granite obtained at a
depth of 2000 m in the Sanshandao gold mine (Li et al.,
2022). Rock mass parameters are derived from laboratory 
properties using rock quality designation (RQD)-based
reduction methods (Peng et al., 2025). Numerical rock 
models incorporating flat-joint (FJ) contacts are developed 
for both uniaxial compression and Brazilian splitting simu-
lations to calibrate the microscopic parameters (Peng et al.,
2024b). Table 1 lists the calibrated rock mass parameters 
with <5% deviation from targets. Table 2 presents the cor-
responding particle and flat-joint contact parameters.

A viscous boundary is used to ab sorb reflection waves
(Peng et al., 2024a), as shown by the black particles in
Fig. 10. These particles also serve to apply the in-situ static 
stress, with vertical principal stress rv and horizontal prin-
cipal stress rh imposed by the top/bottom and left/right
Fig. 11. Transmission and reflection of blasting unloading waves
boundary particles, respectively. Static simulations use 
0.7 damping, while dynamic analyses employ zero damp-
ing. Figure 1 1 compares the transmission and reflection 
characteristics of blasting unloading waves at non-viscous 
and viscous boundaries, conclusively verifying the necessity 
and reliability of a viscous boundary. After the viscous 
boundary configuration, static stress loading is applied 
until equilibrium is achieved. Subsequently, particles within 
radius r0 are removed, followed by stress re-equilibration 
through forced elastic computation before implementing 
the failure criteria. The contour blasting simulation is then 
initiated: (1) recording the unloading forces Fu,i exerted by 
the particles to be excavated on each loading particle i, (2)
removing these internal particles while simultaneously
applying the recorded forces Fu,i to loading particles, (3)
resetting accumulated mechanical time to zero, and (4) ini-
tiating the blast loading stage by applying the blasting
unloading forces Fbu,i to each loading particle according
to the specified force–time function:
F bu i 

F u i 2P bp 
oi 
oi 
ri t tr t tr 

F u i 2P bp 
oi 
oi 
ri 

td t
td tr

tr t td

0 t td

30

where and ri are the unit position vector and the radius 
of particle i. The Pbp is set as 48.5 MPa, referring to typical
blasting parameters applied (Yang et al., 2018). 

4.2 Model va lidation

Contour blasting is implemented using the blasting-
induced relaxation excavation method (Peng et al., 2025). 
The maximum vertical principal stress is set as 50 MPa, 
based on the in-situ stress conditio ns at approximately
2000 m depth in the Sanshandao gold mine (Li et al., 2022). 

Figure 12 presents state diagrams of models during the 
simulation of contour blasting with different under 
rv = 50 MPa and rh = 10 MPa (k = 0.2). Firstly, the blast-
ing parameters are set, a nd static stress loading is applied
to the model. Second, static excavation is performed within
the r region. In this step, the particles within the r region

o i 
o i

r0 

0 0 
 at the (a) non-viscous boundary, and (b) viscous boundary.

move_f0050
move_t0005
move_t0010
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Fig. 12. Diagrams of models during contour blasting simulations with (a)–(c) and (d)–(f) under rv = 50 MPa and rh = 10 MPa (k = 0.2).r0 0 2 , r0 0 8
are removed first, followed by forced elastic calculations 
until stress equilibrium; then, failure criteria are introduced 
to ensure that the failure is purely static. After completing
Step 2, the static stress field exerted at the tunnel boundary
changes due to different r .  I  n Fig. 12(b) and (e), the red 
arrows represent the resultant force acting on each tunnel 
bounda ry particle from internal unexcavated rock mass.
When the forces primarily act on the tunnel’s 
upper and lower boundaries. At the force mainly 
affects the left and right boundary particles. This force is 
then applied to the tunnel boundary particles, and internal 
unexcavated is removed. In Step 3, the blasting pressure is
applied according to the stress path. As shown in the blue
arrows in Fig. 12(c) and (f), the blasting pressure reaches its
peak at After the blasting pressure and 
redistributed static stress both unload according to the 
unloading path function. During this process, the sur-
rounding rock is subjected to dynamic-static combined
stresses of varying magnitudes, directions, and paths under
different

0

r0 0 2,
r0 0 8,

P bp t tr. t tr, 

r0. 
Figure 13 shows the dynamic stress at the tunnel bound-
ary from numerical simulations and theoretical solutions, 
along with the quasi-stress curves calculated under the 
assumption of linearly increasing excavat ion radius over
time. The dynamic stresses are acquired through measure-
ment circles, with their spatial configuration detailed in
Fig. 10. The forced-elastic simulation results in Fig. 13 
demonstrate excellent agreement with theoretical predic-
tions, validating the simulation methodology and parame-
ter configuration.

4.3 Analysis of failure characteristic s and mechanism

Considering that dynamic stress no longer follows the 
theoretical stress-time curves once the rock reaches its fail-
ure strength (Li et al., 2020), this section analyzes the fail-
ure characteristic of the surrounding rock in the 
conventional simulation (with failure criteria), and combi-
nes the results of elastic dynamic theory to explore the fail-
ure mechanisms.
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Fig. 13. Validations of theoretical and numerical simulation dynamics stress (without failure criterion calculation).
Figure 14 illustrates the crack distribution in the sur-
rounding rock after contour blasting. The color of the 
cracks corresponds to the time of their formation. As the 
stress level increases, the failure extent first contracts and
then expands. At low stress level, the cracks are predomi-
nantly blue radial fractures formed during the blasting
stage. With both blue radial cracks and red cir-
cumferential cracks become less frequent and exhibit lim-
ited distribution compared to Under moderate

r0 0 8,

r0 0 2.
stress level, orange circumferential cracks formed post-
blasting dominate the crack distribution. Blue radial cracks
disappear entirely at While at high stress level, the 
anisotropy of damage in the surrounding rock becomes
more pronounced. As increases, the total number of 
cracks initially decreases and subsequently rises. When

radial cracks along the direction of the maxi mum
principal stress vanish for compared to 
However, at comparing Fig. 14(i) and (j) reveals

r0 0 8.

k 

k 0 6, 
r0 0 2.r0 0 8

k 0 2 ,
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Fig. 14. Fracture map of the surrounding rock during contour blasting with different r0/a of 0.2 ((a)(c)(e)(g)(i)) and 0.8 ((b)(d)(f)(h)(j)), and under different 
stress states. (a)(b) rv = rh = 10 MPa, (c)(d) rv = rh = 30 MPa, (e)(f) rv = rh = 50 MPa, (g)(h) rv = 50 MPa and rh = 30 MPa, and (i)(j) rv = 50 MPa and
rh = 10 MPa.
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Fig. 15. Variation in crack counts over time with varying conditions and under different stress states. (a) rv = rh = 10 MPa, (b) rv = rh = 30 MPa, (c) 
rv = rh = 50 MPa, (d) rv = 50 MPa and rh = 10 MPa, and (e) rv = 50 MPa and rh = 30 MPa.

r0 
that more dark blue cracks appear in the x -region sur-
rounding the tunnel when indicating a more 
extensive shear stress concentration.

Figure 15 illustrates the variation in crack counts over 
time at 0.2 ms intervals , under different in-situ stress and
varying conditions. It is evident that the formation of 
cracks is distinctly divided into two stages. By analyzing

r0 0 8,

r0 
the evolution of blasting stress shown in Fig. 7, radial com-
pression and circumferential tension induced by the blast 
predominantly occur within the first 2 ms, leading to the
formation of radial cracks, which is consistent with the
analysis in Fig. 14. Therefore, it can be concluded that 
the cracks observed during the first stages are predomi-
nantly driven by the blasting effect. Figure 15(b) and (c)

move_f0075
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Fig. 16. Dynamic responses of radial and circumferential stresses over time at the tunnel’s roof and side, derived from theoretical calculations and 
simulation results, under varying stress states. (a) rv = 50 MPa and rh = 10 MPa, (b) rv = 50 MPa and rh = 30 MPa, and (c) rv = rh = 50 MPa and
rv = rh = 10 MPa.
provides a clear division of the time stages, with histograms 
representing the total crack counts for each stage. The fail-
ure trend controlled by blasting or unloading dynamic
stresses under this in-situ stress condition is consistent with
previous studies (Peng et al., 2025). The primary focus is to
examine the effects of variations in .  As  increases, the 
total number of cracks decreases under all in-situ stress 
conditions. At lower stress levels, as shown in Fig. 15(a), 
the damage is primarily dominated by blasting effects. In
this case, a reduction in as shown in Fig. 13, decreases

r0 r0 

r0, 
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maximum dynamic radial compressive stress and circum-
ferential compressive stress, weakening the blast eff ect. As
the stress level increases, as depicted in Fig. 15(c), the fail-
ure is primarily governed by unloading and stat ic stress
redistribution. A reduction in decreases the circumferen-
tial compressive stress and circumferential cracks, as ana-
lyzed in Fig. 6(e). Overall, the damage-reducing effect of
increasing on the surrounding rock diminishes with the 
increase in the initial in-situ stress. Because dynami c addi-
tional compressive stress induced by unloading is limited
(Carter & Booker, 1990). When the lateral stress is low,
as shown in Fig. 15(d), increasing leads to more fractures 
during the first stage but reduces the fractures during the 
second stage. In this case, the adjustments to dynamic
stresses due to varying exhibit complex variations for 
different locations in the surrounding rock, resulting in 
challenges in identifying the specific fracture mechanisms
and the stress adjustment mechanisms under different
conditions.

To address this analysis challenge, Fig. 16 presents the 
radial and circumferential stresses evolution (also the local 
maximum or minimum principal stresses) over time at the 
tunnel’s roof and side, as obtained from both theoretical
calculations and simulation results. Based on the rock
properties, the regions of tensile stress-induced cracks (pink

r0 

r0 

r0 

r0 

r0 
Fig. 17. Specimen preparation instructions. (a) Dimensions of the specimen an
charging materials, (d) prepared specimens, and (e) schematic of stresses and
areas) and compressive stress-induced cracks (blue areas)
are identified (Goodman, 1991; Zhao et al., 2023). The 
crack directions and failure mechanisms are distinguished 
by the evolut ion of radial and circumferential stresses. As
illustrated in Fig. 16(a), under rv = 50 MPa and rh = 10-
MPa, the damage on the tunnel’s side is primarily caused
by circumferential compression-shear failure. Increasing

reduces the maximum dynamic circumferential stress, 
slightly decreasing circumferential cracks on both sides.
For the tunnel roof, when the peak radial stress 
induced by blasting, combined with the static stress, resul ts
in radial compression-shear failure. In contrast, when

the blasting peak stress no longer enters the radial 
compression-shear failure region. In addition, at the tunnel 
roof, the minimum dynamic circumferential stress enters
the tensile failure region. Although the theoretical addi-
tional circumferential tensile stress for exceeds 
that for the circumferential tensile stress in the 
surrounding rock does not increase once the tensile 
strength is exceeded (as shown by the numerical simulation 
results). In this case, the greater the radial compressive 
stress, the more intense the resulting tensile failure. Simi-
larly, under rv = 50 MPa and rh = 30 MPa, the fracture
mechanisms in response to changes in can be clearly 
identified through Figs. 16(b), 15(e), 14(g), and 14(h).

r0 

r0 0 2,

r0 0 8,

r0 0 2
r0 0 8,

r0 
d charging structure of the blastholes, (b) photos of the specimen, (c) the
coordinate axes.
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Fig. 18. Experimental apparatus and design. (a) Configuration of the loading system, and (b) loading and the detonating systems.

Fig. 19. Failure patterns after blasting under rv = 0 MPa and rh = 0 MPa with different internal radius ratios. (a) (b) and (c) r0 0 8.r0 0, r0 0 4,
By combini ng Fig. 16(a)–(c), the contribution of to the 
initial static stress conditions, blasting peak points, and 
the maximum and minimum dynamic circumferential stress
points under different in-situ stress conditions can be
compared.

r0 
5 Laboratory model experiments and result analysis

Laboratory contour blasting experiments are conducted 
on granite specimens measuring 200 mm × 200 mm ×
50 mm under biaxial stress conditions with internal radius
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Fig. 20. Failure patterns after blasting under rv = 40 MPa and rh = 0 MPa with different internal radius ratios. (a) (b) and (c) r0 0 8 .r0 0 , r0 0 4,
ratios of 0, 0.4, and 0.8. The granite has a density 
of 3228 kg/m3 , P-wave velocity of 3914 m/s, and uniaxial 
compressive strength of 101 MPa. Twelve blastholes with 
a diameter of 4 mm are drilled unifor mly along a 60 mm
diameter circular tunnel profile. The charging structure
consists of cement and black powder with a density of
790 kg/m3 (Liu et al., 2024), composed primarily of potas-
sium nitrate, charcoal, and sulfur, init iated by a blasting
fuse as shown in Fig. 17.

Figure 18 illustrates the custom biaxial loading system 
used for static loading during blasting experiments, consist-
ing of hydraulic pumps, jacks, rigid plates, and steel 
frames, along with a detonation system that connects 
twelve parallel blasting fuses to lead wires and battery 
cases. During the experiment, the specimen is positioned 
between loading plates with the blasting fuses connected 
to the detonation system, ensuring batteries remain discon-
nected during setup for safety. Static loading initiates via
hydraulic pumps delivering high-pressure oil to jacks, con-
trolled through pressure gauges. The process first applies
equal biaxial stress, then increases the dominant compo-
nent to the target state. Operators subsequently trigger det-
onation from a safe distance before documenting specimen
failure patterns.

Figure 19 displays blast-induced failure patterns under 
zero static stress for varying Without confining pres-
sure, specimens exhibit multiple through-going fractures 
in rand om orientations, demonstrating extensive influence

r0 r0 a

r0. 
zones. At blastholes show limited fracture connec-
tivity. Increasing enhances inter-hole fracture connectiv-
ity while intensifying interior fragmentation. When

an excavation boundary is successfully formed.
Figure 20 displays the failure patterns after blasting 

under rv = 40 MPa and rh = 0 MPa for different All 
specimens exhibit a vertical through-going fract ure. Com-
parison with Fig. 19 demonstrates that confinement pres-
sure under varying exerts directional control over 
fracture propagation, aligning with theoret ical and experi-
mental results (Li et al., 2024a; Liu et al., 2024). Further-
more, when superior fracture connectivity is 
observed between the left and right sidewall blastholes.
However, as increases to 0.8, contour blasting preferen-
tially induces rock breakage in the vertical direction. This 
phenomenon can be explained by the theoretical analysis:
when and  both radial and tangential stres-
ses of surrounding rock along the vertical direction are low, 
thus providin g insufficient confinement against blasting-
induced failure. In contrast, when the radial stress 
at the crown exceeds that at the sidewalls, as shown in
Figs. 3(a) and 4(a), leading to preferential fracture linkage 
between sidewall blastholes.

Figure 21 illustrates the failure patterns after blasting
with under different With increasing vertical 
through-going fractures disappear. Meanwhile, the pattern 
of internal rock breakage evolves with increasing from 
an elliptical shape with its major axis aligned with the
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r0 

r0 0 8,

r0. 
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Fig. 21. Failure patterns after blasting under different with internal radius ratios (a) Laboratory experiments, and (b) numerical simulations.k r0 0 8.
maximum principal stress, to one perpendicular to it, and 
eventually to a nearly circular shape when reaches 1. 
These patterns match numerical simulations of fracture 
zone distributions and align with theoretical predictions.

In conclusion, the experimental results in this section are 
generally consistent with the previous analysis. It should be 
noted that the comparative validation in this section pri-
marily addresses the qualitative conclusions regarding the 
adjustment of the static stress field with changes in the
internal radius ratio and the relative influence of blasting
pressure on failure characteristics.

k 

6 Discuss ion

A mathematical-physical model is developed to analyze 
the dynamic response around deep tunn els during contour
blasting-unloading under anisotropic stresses with varying

The model characterizes stress evolution, enabling 
failure mechanism analys is at arbitrary surrounding rock
locations.

As illustrated in Fig. 22(a), the combined evolution of 
unloading stress and blasting stress results in the blasting-
unloading stress evolution (with the same coordinate sys-

r0. 
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Fig. 22. Evolution of radial stress and circumferential stress. (a) Superposition of dynamic stress evolution induced by blasting and unloading, (b) 
dynamic stress evolutions induced by unloading under different static stress conditions, (c) dynamic stress evolutions induced by blasting under different 
peak blasting pressures, and (d) force state of the model at the tunnel contour.
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tem as in Fig. 22(b)). The variation in primarily affects 
the evolution of unloading stress, and this influence exhi-
bits significant differences under varying as shown in 
the unloading response illustrated in Fig. 22(b). When the 
maximum and minimum principal in-situ stresses (r1 and 
r3) are known, the unloading response at the tunnel bound-
ary — specifically at point I (aligned with r1) and point III 
(aligned with r3) — can be extracted from this figure. The
evolution of blasting stress with varying peak of blasting
pressure is shown in Fig. 22(c). As illustrated in Fig. 22 
(c), the maximum radial stress of blasting response 
increases while the minimum circumferential compressive 
stress decreases with increasing blasting peak stress ratio 
(Pbp/r1). When the blasting response superimposes with 
the unloading response, the resulting dynami c stress may
potentially enter either the radial compressive-shear failure
region or the circumferential tensile failure region, as indi-
cated by red arrows in Fig. 22(b). The spatial extent of the 
tensile failure region (marked in red) and the boundaries of 
the compressive failure region (shown in blue) are governed 
by the tensile crack initiation threshold rti and the 
compressive-shear crack initiation threshold rci, respec-
tively. The failure behavior of surrounding rock, including
both the occurrence and specific failure mode, is essentially
determined by the competitive relationship between the
superimposed blasting unloading response and the inherent
strength thresholds of rock mass.

In practical construction, the in-situ stresses cannot be 
altered. However, by appropriately designing the blasting 
method and sequence, it is possible to achieve a smooth
blasting contour while minimizing damage to the sur-
rounding rock (Hustrulid, 1999). Taking a lateral stress 
coefficient of 2/3 as an example, as shown in Fig. 22(b), 
an increase in the internal radius ratio can effectively adjust 
the initial static stress of the surrounding rock parallel to 
the principal stress direction, resulting in circumferential
stress exceeding radial stress (above the dashed line

in Fig. 22(b)). This adjustment facilitates the for-
mation of a smoother contour (Li et al., 2024b). According 
to Fig. 22(b), increasing shifts the point of blasting peak 
to the left and raises the minimum dynamic circumferential 
stress, moving them away from the region where radial 
cracks may form. Based on the mechanical parameters of 
the surrounding rock estimated from experiments and field
investigations, the specific locations of shear and tensile
failure region can be determined in Fig. 22(b). When failure 
cannot be avoided through effective design, the failure pat-
tern and extent of the surrounding rock can be assessed by 
analyzing the failure region through which the stress 
response passes, identifying whether radial or circumferen-
tial cracks are formed, and subsequently guiding support 
design. In cases where the failure conditions at a specific
location need to be evaluated, the time-dependent evolu-
tion of the 2D stress matrix in polar coordinates can be
obtained using the solution method proposed, which can
then be converted into local maximum and minimum

r0 

k, 

rrr r hh

r0 
principal stresses and their directions (Boresi et al., 2010) 
for failure analysis.

It is necessary to note that a uniform blasting stress peak 
was adopted to control variables and compare the failure
extent under varying in this study. In fact, as increases, 
the radial compressive stress on the blasting contour 
decreases while the circumferential pressure increases. For 
the blastholes located at the tunnel boundary, the stress dis-
tribution, as shown in Fig. 22(d), is formed. When in 
Fig. 22(d) approaches zero, the compressive stress on the 
connecting line between boreholes decreases, even turning 
into tensile stress. This facilitates the generation of tensile
cracks along the borehole alignment, thereby preserving
the contour integrity while reducing the explosive charge
(Persson et al., 1994). Additionally, a smaller charge leads 
to less disturbance to the surrounding rock. As demon-
strated by the laboratory experimental results in Fig. 20 
(b), under identical blast charge conditions, fractures 
between blastholes on both sides (with smaller radial stres-
ses) exhibit better connectivity compared to those in the
upper and lower regions (subject to higher radial stresses).

In previous discussions, it appeared that increasing the 
internal radius ratio is generally more beneficial. However, 
when the lateral stress coefficient is small, as shown by the
unloading response of point I when in  Fig. 22(b), 
increasing causes the initial circumferential stress to first 
increase and then decrease. Since circumferential stress
provides protective confining pressure during blasting
(Yang et al., 2018), and based on the results in Fig. 4(c), 
an internal radius ratio of approximately 0.82 may offer 
greater tolerance for blasting design. Moreover, when con-
sidering development blasting for the entire cross-section, it
is not always optimal to simply increase the as this 
would require more blasting rings an d additional proce-
dures (Bhandari, 1997), potentially leading to repeated 
damage to the surrounding rock.

The dynamic blasting-unloading stress evolution and its
relationship with apply not only to contour blasting but 
also serve as a guide for blast design in tunnel development. 
Moreover, this model can be further extended, such as by 
incorporating different blasting-unloading stress pa ths to
more accurately capture the effects of nonlinear paths, uti-
lizing conformal mapping to study the influence of different
cross-sectional shapes (Liang et al., 2024a), and introduc-
ing damage constitutive models related to dynamic rates 
to investigate the cumulative damage from multiple full-
section blasts, among others.

r0 r0 
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k 1 3  
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7 Conc lusions

This study investigates dynamic stress evolution during 
tunnel contour blasting with varying internal radius ratios

through theoretical analysis, numerical simulation, and 
laboratory experiments, revealing the failure characteristics
and mechanisms. Key findings include:

r0 
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For most in-situ stress conditions, increa sing the
internal radius ratio typically reduces surrounding 
rock failure by modifying initial static stresses: 
decreasing radial stress while increasing circumferen-
tial stress. During blasting, the peak radial stress in 
the surrounding rock is reduced, resulting in less 
compressive shear failure; the total additional circum-
ferential tensile stresses are reduced, thereby reducing 
the potential for circumferential tensile failure. These 
effects are significant at low-stress levels, reducing the
overall blast-dominated radial fractures. During the
unloading process, the unloading amplitude decreases
due to the pre-release of the internal rock mass,
thereby reducing the dynamic additional circumferen-
tial compressive stresses induced by unloading.

(1) 

(2) Specifically, when is less than 0.5, the circumferen-
tial stress at the tunnel boundary in the direction of 
the maximum principal stress decreases with increas-
ing .  W  hen  the circumferential stress 
decreases more slowly than the radial stress. Thus, by
increasing the static stress can be adjusted such 
that the circumferential stress exceeds the radial
stress. By appropriately designing and reducing 
the blasting pressure, the damage to the surrounding 
rock can be minimized while facilitating crack con-
nection between the blastholes. Conversely, for

any adjustments to will not preferentially 
direct blasting-induced cracks along the tunnel con-
tour. Instead, fractures will continue to propagate
radially along the maximum principal stress
direction.

r0 

k 

r0 0  2 k 0 5,

r0, 

r0 

r0 k 0 2 ,
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