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Abstract 

The dynamic response and failure characteristics of tunnels vary significantly under various dynamic disturbances. These character-
istics are crucial for assessing structural stability and designing effective support for surrounding rock. In this study, the theoretical solu-
tion for the dynamic stress concentration factor (DSCF) of a circular tunnel subjected to cylindrical and plane P-waves was derived using 
the wave function expansion method. The existing equivalent blast stress wave was optimized and the Ricker wavelet was introduced to 
represent the seismic stress waves. By combining Fourier transform and Duhamel’s integral, the transient response of the underground 
tunnel under near-field blasts and far-field earthquakes was determined in both the frequency and time domains. The theoretical results 
were validated by comparing them with those obtained from numerical simulations using ANSYS LS-DYNA software. Numerical sim-
ulations were conducted to further investigate the damage characteristics of the underground tunnel and evaluate the effect of initial 
stress on structural failure under both types of disturbances. The theoretical and numerical simulation results indicated that the differ-
ences in the dynamic response and damage characteristics of the underground tunnel were primarily due to the curvature of the stress
waves and transient load waveform. The locations of the maximum DSCF values differed between near-field blasts and far-field earth-
quakes, whereas the minimum DSCF values occurred at the same positions. Without initial stress, the blast stress waves caused spalling
damage to the rock mass on the wave-facing side. Shear failure occurred near the areas with maximum DSCF values, and tensile failure
occurred near the areas with minimum DSCF values. In contrast, damage occurred only near the areas with maximum DSCF values
under seismic stress waves. Furthermore, the initial stress exacerbated spalling and shear damage while suppressing tensile failure. Hence,
the blast stress waves no longer induced tensile failure on the tunnel sidewalls under initial stress.

Keywords: Dynamic response; Damage characteristics; Underground tunnel; Near-field blasts; Far-field earthquakes; Initial stress
1 Introduction 

As underground construction and resource extraction 
progressively reach deeper into the earth, the demand for 
constructing underground tunnels and mining roadways 
significantly increases over the years. Deep tunnels are sit-
uated in complex stress environments under the influence
of geological structures, high in-situ stresses, and dynamic
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can be categorized as dynamic disasters in

disturbances such as blasting, earthquakes, and unloading, 
where structural damage and failure of tunnels occ ur fre-
quently (Gu et al., 2023; Jeon et al., 2004; L uo et al.,
2023). For instance, intensive rockbursts occurred during 
tunnel blasting excavation at the Jinping II hydropower 
station, China (Su et al., 2 017), and excavation distur-
bances induced spalling damage at the Baihetan hydro-
power station, China (Jiang et al., 2 013). In addition, the 
earthquakes in Wenchuan, Norcia, and Kumamoto caused 
significant damage to both underground and mountain
tunnels (Callisto & Ricci, 2 019). All of these phenomena
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underground engineering caused by transient disturbances, 
which involve stress wave scattering, dynamic stress con-
centrations, and structural failure mechanisms. Therefore, 
investigating the dynamic response and failure characteris-
tics of underground structures under transient disturbances
is fundamental to ensure the safe extraction of deep
resources and development of underground spaces.

After decades of research, theoretical calculation meth-
ods, experimental techniques, and numerical simulation 
methods for stress wave scattering and dynamic stress con-
centrations have advanced significantl y, and they have
been widely applied in deep resource extraction and under-
ground space engineering. Pao and Mow (1973) systemati-
cally summarized the derivation process for the steady-
state response of circular and elliptical cavities under P-
wave and S-wave incidence using the wave function expan-
sion method. They provided the theoretical expression for
the dynamic stress concentration factor (DSCF). Subse-
quently, Liu et al. (1980) were the first to introduce the 
complex variable function theory and conformal transfor-
mation into the process of solving stress wave scattering 
in discontinuous structures and derived the numerical solu-
tion expressions for the DSCF around cavities with arbi-
trary cross sections. Lee and Karl (1992) applied large 
circular arc approximation to the problem of scattering 
around shallow-buried cavities under SV-wave action, pro-
viding new insights and methods for analyzing semi-infinite 
space theoretical models. Furthermore, the effects of differ-
ent burial depths on the stress and deformation around
shallow-buried cavities were discussed. Liu et al. (2017)
employed the indirect boundary integration equation 
method to investigate the DSCF distribution around a 
lined tunnel subjected to P-wave incidence in a fluid-
saturated poroelastic half-space. Significant progress has
been achieved in studying the transient response of under-
ground structures. Tao et al. (2019) combined the complex 
variable function method with Fourier transform to deter-
mine the spatial distribution characteristics of the trans ient
DSCF for shallow-buried and deep-buried tunnels under
P-wave incidence. Xia et al. (2017) obtained the stress vari-
ation characteristics of a cylindrical casing-cement struc-
ture in a poroelastic stratum unde r transient loading
based on Biot’s theory and inverse Laplace transforms.

Dynamic failure of underground structures has also gar-
nered the interest of many researchers. Li and Li (2018)
employed the discrete element method (DEM) software 
PFC to investigate the damage characteristics of under-
ground tunnels under the combined effects of in-situ stress 
and dynamic blasting loads. The influence of the failure
mode of underground tunnels on the wavelength-to-
tunnel-diameter ratio and in-situ stress was evaluated.
Wang et al. (2020) used the 3DEC DEM software to ana-
lyze the stability of large underground powerhouse cav-
erns, and they studied the random block stability, seis mic
dynamic response, and rock support system through the
calculation of three typical engineering scenarios.
Elgamal and Elfaris (2022) used the MIDAS GTS NX
finite element method (FEM) software to conduct a 
detailed analysis of tunnel behavior under seismic shaking
and the response with seismic isolation measures. Li an d
Chen (2020) used ABAQUS FEM software to perform 
three-dimensional nonlinear simulations of the seismic 
behavior of a subway station, c onsidering the effects of ver-
tical ground motion and structural overburden depth.
Mitelman and Elmo (2014) proposed a hybrid finite-
discrete element method to investigate tunnel damage 
induced by blasting, and this method was used to study 
the influence of rock strength properties on the durability
of tunnels subjected to blast loads.

The transient disturbances that pose the greatest risk to 
underground structures are primarily excavation blasting 
and natural earthquakes. Blast stress waves have limited 
duration, high vibration frequencies, and short wave-
lengths, which affect tunnels in the form of cylindrical 
waves. In contrast, seismic stress waves have low vibration 
frequencies, high energies, and long propagation paths and 
durations. When seismic stress waves propagate near tun-
nels, they can be considered as plane waves. Investigating 
the stress distribution characteristics and assessing the sta-
bility of tunnels under blast and seismic loadings has con-
siderable engineering significance and practical value. 
Therefore, this study is primarily focused on differential 
analysis of the dynamic response and damage characteris-
tics of underground tunnel subjected to near-field blast 
and far-field earthquake waves. The equivalent blast wave-
form was improved to reflect the actual blast stress waves 
more accurately, and the Ricker wavelet was introduced 
to represent the seismic loads. Subsequently, based on the
wave function expansion method, Duhamel’s integral and
Fourier transform were employed to determine the tran-
sient DSCF distribution of the tunnel in the time and fre-
quency domains, respectively. The effects of tunnel
radius, blast source distance, disturbance wavelength, and
Poisson’s ratio were evaluated. The reliability of the theo-
retical results was validated using FEM simulations.
Finally, a deep-buried tunnel numerical model with initial
stress was established using ANSYS LS-DYNA software
to further investigate the dynamic damage characteristics
of the structure. The aim of this study is to provide theoret-
ical guidance for seismic and blast-resistant design of
underground tunnels.

2 Theoretical model and parameterization 

The main blast disturbances in underground tunnels 
originate from the blasting construction in adjacent tun-
nels, resource drilling, and blasting extraction. The blast 
stress waves propagate to the tunnel in the form of cylindri-
cal waves. Earthquake sources typically exist at depths 
ranging from ten kilometers to several tens of kilometers 
underground. When the seismic stress waves reach the tun-
nel, their curvatures approach zero, allowing them to be 
treated as plane waves. A theoretical model of an under-
ground tunnel subjected to disturbances from near-field
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drical coordinate systems are designated as h and

blasts and far-field seismic waves is shown in Fig. 1. It was 
assumed that the tunnel was located in an elastic rock mass 
in infinite space, with the elastic properties of the rock mass 
determined by the elastic modulus Ε, Poisson’s ratio m, and 
density q. The distance between the existing tunnel and 
blast source is denoted as r0, while the radii of the existing
and adjacent tunnels are represented by a and a, respec-
tively. In addition, the angular coordinates in the two cylin-

h. 
According to the tunnel cross-sectional area classifica-

tion standards defined by the International Tunnelling 
and Underground Space Association (ITA), tunnels can 
be categorized into small-section (3–10 m2 ), medium-
section (10–50 m2 ), and large-section (50–100 m2 ) tunnels. 
To make the theoretical model more representative of an 
actual tunnel, the existing tunnel radius a was set at 1, 3 
and 5 m, corresponding to three types of tunnel. In traffic 
engineering, the distance between two tunnels typically 
ranges from 5 to 10 m. To investigate the effect of the 
blast source distance r0 on the blast response of the tun-
nel, r0 was set at 3a,  5a,  and  10a, corresponding to close, 
medium, and long blast source distances, respectively. 
There is a marked difference between the wavelengths
of the blast and seismic waves. The blast wave wave-
lengths vary from several meters to tens of meters,
whereas the seismic wave wavelengths range from tens
of meters to several kilometers. To better study the effects
of the transient disturbance wavelengths on the dynamic
response, the passage time of the stress waves through
the tunnel was normalized. The dimensionless time tD is
defined as the ratio of the wavelength of the stress wave
to the radius of the existing tunnel during duration t, and
can be expressed as

tD 
cpt 
a 

1

where cp is the P-wave velocity and E q.cp 
Fig. 1. Schematic of the underground tunnel subject
Considering the differences in the wavelength ranges 
between the seismic and blast waves, the wavelengths of 
seismic waves were significantly larger than those of blast 
waves. Based on the definition of dimensionless time, the
tD for blast waves were set at 5, 10, and 15, whereas the
tD for seismic waves were set at 25, 50, and 100.

3 Near-field blast model 

3.1 Governing equations of the wave field 

To analyze the blast response of tunnels, it is essential to 
obtain the steady-state response of the cylindrical waves. 
The primary distinction between cylindrical and plane 
waves lies in the curvature of the cylindrical waves, which 
is directly governed by the blast source distance. In cylin-

drical coordinates (r, h) and ( the incident blast wave
can be expressed as an infinite series sum using the wave
function expansion method (Pao & Mow, 1973): 

h),r, 

u i B u0H 
1 
0 ar ei ax xt 

u0 
n 0 

1 n enJn ar H 1 
n ar 0 cos nh e ixt 2

where is the potential function of the blast incident 

wave, r a2 r2 
0 2ar0 cos h en 

1 n 0 
2 n 1 , and 

and a represent the amplitude of displacement potential 
function and wave number of incident wave, respectively. 
The wave number a is defined as the ratio of circular fre-
quency x to the P-wave velocity cp. Jn(ar) and Hn

(1)(ar)
denote the first Bessel function and Hankel function,
respectively.

u i B 

u0 

Owing to the presence of the tunnel, the propagation of 
stress waves exhibits scattering as the waves pass through 
the tunnel, resulting in scattered P-waves and SV-waves. 
These can be represented as follows (Pao & Mow, 1 973):
ed to near-field blasts and far-field earthquakes.
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where s is the potential function of the scattered P-
waves, is the potential function of the scattered SV-
waves, and are the undetermined expansion coeffi-
cients, b is the wavenumbe r of the scattered SV-wave and
b = x/cs, and cs is the S-wave velocity.

uB 
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AB 
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n 

According to the superposition principle of stress waves, 
the full wave in the rock mass can be written as 
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where is the potential function of the full P-waves, and 
is the potential function of the full S-waves.

u f B 

Bw 
f 

After deriving the expression for the full wave field func-
tion in the rock mass, the stress distribution around the 
tunnel can be determined using the relationship between 
the displacement potential and stress. The expressions for
the three types of surrounding rock stresses are presented
as follows (Li et al., 2016): 
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where , , and etc. denote the contribution factors 
of various stress wave types to the stress surrounding the 
tunnel, all of which are presented in the Appendix. In addi-
tion, R and l represent the distance to the center of the
existing tunnel and the shear modulus of the rock mass,
respectively.

e 1 
11 e 3 

11 e 3 
12 ,

The tunnel boundary is a traction-free boundary condi-
tion, whic h can be expressed as follows:
a

rB 
rr r a 

0 
rB 
rh r a

0
10

Hence, the undetermined expansion coefficients can be 
obtained by substituting Eqs. (7) and (8) into Eq. (10), 
which can be represented as 
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where , , , etc. are the values of e e11 
(3) , e etc.,

at r = a.

1 
11 ,

3 
12 ,E 1 

11 E 3 
11 E 3 

12 

Subsequently, the values of the undetermined expansion 
coefficients were substituted into Eq. (9) to obtain the stress 
distribution around the tunnel. To quantitatively describe 
the surge in stress in the tunnel surrounding rock, the 
DSCF was employed to examine the characteristics of the 
stress variation around the tunnel. The maximum radial
stress and DSCFB resulting from the cylindrical P-
waves can be expressed as follows:
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where s the ratio of the wavenumber of S-waves to that

of P-waves and b.

j i 
j 

3.2 Blast loading and Duhamel’s integral 

Previous studies have often employed a half-sine wave 
to approximate the blast stress waves. In practical engi-
neering applications, the ascending duration of the blast 
stress wave is significantly shorter than its subsequent des-
cent, whereas a half-sine wave features identical durations 
for b oth the ascending and descending phases. Hence,
Tao et al. (2020) proposed an equivalent blast wave, where 
the ascending and descending duration of the stress waves 
can be adjusted by controlling the ascent ratio (AR). The 
measured blast stress waves typically exhibit a rapid ascent 
to a maximum, followed by a gradual descent to a mini-
mum value below zero, and finally a gradual ascent back 
to zero. Neither of the two aforementioned stress wave 
types considers the reverse tensile part of the actual blast 
stress wave. Therefore, an optimized equivalent blast wave
was proposed in this study that supplemented a reverse
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tensile load into the base model and adjusted the AR to 
ensure that the waveform of the optimized model closely 
mirro red that of the actual blast wave. The three types of
blast waveform are shown in Fig. 2. 

Lu et al. (2012) discovered that the ascending duration 
of the blast stress wave was primarily determined by the 
detonation wave velocity, whereas the descending duration 
was primarily dependent on the elastic wave velocity of the 
rock mass. The velocity of the detonation wave is typically
approximately twice that of the elastic wave. Consequently,
the AR for the optimized equivalent blast wave was set at
1/3. The optimized equivalent blast wave is given by

f  t e 
C 
D arctan D 

C 1 C 
D 

2 
e Ct sin Dt 0 t t0

0 t t0
14

where t0 denotes the period of the equivalent blast wave, t1 
denotes the peak time, and D =  2p/t0, C = D cot(Bt1), and
AR = 2t1/ t0 denote the control parameters.

To obtain the transient response of the tunnel subjected 
to near-field blasts, it is necessary to employ Duhamel’s 
integral to establish a connection between the steady-
state and transient responses. By introducing the Dirac 
delta function and Heaviside step function, Duhamel’s 
integral correlates the blast load at each moment with the
steady-state response in the time domain. This method
superimposes dynamic responses in the time domain,
thereby yielding the transient DSCF of the tunnel. The
transient response can be written as (Xiang et al., 2024) 

g v t 
2 
p 0 

v x x 
x G  t  dx 0 t t0 

2 
p 0 

v x x 
x G  t0 dx t t0 

15 

where v(x) is the steady-state response of the tunnel sub-
jected to simple harmonic waves and G(t) is the integral
expression of the input excitation function. The integral
of the equivalent blast wave is expressed as follows:

G  t t 
0
f s sin x t s ds 0 t t0 

G  t0 
t0 
0 f s sin x t s ds t t0

16
Fig. 2. Three types of blast loading curve.
By combining Eqs . (15) and (16), the transient DSCF 
for the tunnel can be derived, providing a theoretical eval-
uation of the tunnel stress state under the influence of near-
field blasts. In this study, the elastic parameters for the rock 
mass used in theoretical calculations are defined as follows:
Poisson’s ratio m = 0.25 and density q = 2700 kg/m3. The
P-wave velocity was typically within a range of 4000–
5500 m/s and the wave velocity cp was set at 4500 m/s.

3.3 Transient blast response and analysis 

To investigate and analyze the transient response of the 
tunnel subjected to near-field blast waves, the temporal and 
spatial distributions of the DSCF under different dimen-
sionless times tD, tunnel radii a, blast source distances r0,
and Poisson’s ratios m were determined. Figure 3 shows 
the spatial distributions of the DSCF around the tunnel 
with different wavelengths, tunnel radii, and blast source 
distances at the peak time of the near-field blast waves. 
The DSCF was symmetrically distributed around the inci-
dent angle h = p. For all conditions, the DSCF reached its 
minimum value at h = p and the minimum DSCF value 
was less than 0, indicating the presence of tensile stress at 
the incident angle. Owing to the curvature of the cylindrical 
wave, the maximum DSCF values shifted toward the wave-
facing side. The maximum DSCF appeared at 3p/5 and 
7p/5, 14p/25 and 36p/25, and 9p/17 and 25p/17 for 
r0 =  3a,  5a and 10a, respectively. This indicates that the 
angles at which the maximum DSCF values occur are 
h = p arccos(a/r0)  and  p + arccos(a/r0), corresponding 
to the angles between the tangents formed by the explosion 
source and circular tunnel. This phenomenon implies that 
the blast source distance and tunnel radius directly influ-
ence the spatial distribution of the DSCF. When the blast 
source distance was significantly greater than the tunnel 
radius, the angles at which the maximum DSCF occurred 
converged to p/2 and 3 p/2. In this scenario, the curvature
of the cylindrical wave approached zero and the wave effec-
tively degenerated into a plane wave. In addition, a lower r0
and a resulted in significant compressive and tensile stress
concentrations. The DSCF values gradually decreased as
r0 and a increased, indicating that the energy of the blast
stress wave dissipated during propagation, thereby alleviat-
ing the dynamic stress concentration in the tunnel. Even at
larger r0 and a, the near-field blasts resulted in significant
compressive stress concentrations around the tunnel with-
out causing significant tensile stress concentrations. The
spatial distribution characteristics of the DSCF remained
the same for different blast wave wavelengths; however,
the DSCF values differed, indicating that the blast wave
wavelength only affected the magnitude of the DSCF and
not its spatial distribution.

Understanding the temporal distribution of the DSCF is 
crucial for assessing the tunnel stabil ity. As shown in
Fig. 4, the DSCF initially increased with tD at h = 0, reach-
ing its maximum value below 0.55, then rapidly decreased 
to a minimum value, and finally gradually approached
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Fig. 3. Spatial distributions of the DSCF values around the tunnel under near-field blasts. (a) r0 =  3  a, (b) r0 = 5a, and (c) r0 = 10a.
zero. When h = p, the DSCF rapidly decreased to its min-
imum value with increasing tD and then gradually 
approached zero. A lower r 0 and a resulted in higher abso-
lute DSCF values. For instance, the maximum and mini-
mum DSCF values at h =  0,  p for a = 1 and r0 =  3a 
were 1.377, 4.3407 and 1.0984, 3.9459, respectively. 
This indicates significant tensile stress concentrations and 
mild compressive stress concentrations on both sidewalls
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Fig. 4. Temporal distributions of the tensile DSCF values around the tunnel under near-field blasts. (a) r0 =  3  a, (b) r0 = 5a, and (c) r0 = 10a.
of the tunnel under near-field blasts. Furthermore, longer 
blast wave wavelengths increased the absolute DSCF val-
ues, making the stress concentrations more pronounced. 
The absolute DSCF values gradually decreased as r0 and
a increased, thereby reducing the influence of the blast
stress waves on the tunnel. Figure 5 shows the temporal 
distributions of the maximum DSCF around the tunnel 
under near-field blasts. The DSCF charact eristics closely
followed the optimized equivalent blast wave pattern. Ini-
tially, the DSCF rapidly increased to its maximum value, 
then slowly decreased to its minimum value, and finally 
fluctuated toward zero. Notably, the maximum DSCF 
occurred slightly later than the peak time of the optimized 
equivalent blast wave. This time lag is mainly due to the 
time required for the stress wave to propagate to the loca-
tion of the maximum DSCF and the time required for 
stress redistribution. The minimum DSCF values were less
than zero at r0 = 3a and r0 = 5a, indicating that the areas
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Fig. 5. Temporal distributions of the compressive DSCF values around the tunnel under near-field blasts. (a) r0 =  3  a, (b) r0 = 5a, and (c) r0 = 10a.
of compressive stress concentration may also exhibit tensile 
stresses at certain times. When the compressive stress con-
centration damages the tunnel surrounding rock, the subse-
quent weak tensile stress can exacerbate the damage, 
directly leading to structural failure. In contrast, the mini-
mum DSCF values remained above zero throughout the
process at r0 = 10a, indicating that a sufficiently large blast
source distance only resulted in compressive stress concen-
trations without inducing tensile stress. This phenomenon
indicates that the blast source distance influences both 
the DSCF value and sharpness of the DSCF temporal vari-
ations. Moreover, the tunnel radius, blast source distance, 
and blast wave wavelength directly affected the DSCF val-
ues. A lower a and r0 and higher tD resulted in higher 
DSCF values. Therefore, the most effective method to mit-
igate the influence of near-field blasts on existing tunnels is 
to establish a reasonable separation distance. However,
owing to construction requirements and economic consid-
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erations, the separation distance between tunnels is often 
fixed. Reinforcing the surrounding rock in areas of com-
pressive and tensile stress concentrations and appropriately
increasing the tunnel radius are more practical for engi-
neering projects.

This study evaluates the effect of tunnel radius a, blast 
source distance r0, dimensionless time tD and Poisson’s
ratio m on the transient DSCF in detail. Figure 6 shows 
the effects of these factors on the transient DSCF. In
Fig. 6(a), the ranges for m and r0 were 0.15–0 .40 and 3–
20, respectively. In Fig. 6(b), the ranges of a and tD were 
1–10 and 5–30, respectively. The wide ranges of these 
parameters encompass the va rious working conditions that
may occur in the tunnel under near-field blast scenarios. As
shown in Fig. 6(a), the absolute maximum and minimum 
transient DSCF values decreas ed as v and r0 increased.
Fig. 6. Variations of the transient DSCF with respect to various influencing 
respect to m and r0, and (b) variations of the transient DSCF with respect to a
For instance, the maximum and minimum DSCF values 
were 3.4925 and 3.5178, respectively, at r0 =  3a and 
v = 0.15, whereas the corresponding maximum and mini-
mum DSCF values were 2.1302 and 0.9177, respectively, 
at r0 =  20a and v = 0.4. This indicates that an increase in r0 
and v mitigate both the compressive and tensile stress con-
centrations. In addition, the curvature of the r0-DSCF 
curve was significantly greater than that of the v-DSCF
curve, suggesting that r0 had a more substantial influence
on the DSCF values. Furthermore, changes in r0 and v

did not influence the trends of the DSCF curves and only
affected the curvature and DSCF values.

Figure 6(b) shows that the absolute maximum and min-
imum transient DSCF values decreased as a increased, and 
increased as tD increased. This indicates that increasing the 
tunnel radius can significantly mitigate the dynamic stress
factors under near-field blasts. (a) Variations of the transient DSCF with 
and tD.
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concentrations. Therefore, in practical engineering applica-
tions, increasing the tunnel radius can effectively enhance 
blast resistance and improve the overall stability of the tun-
nel. Duhamel’s integral is the integral of the steady-state 
response of a tunnel in the time domain. Longer wave-
lengths of blast stress waves resulted in extended interac-
tion times with the tunnel, corresponding to lower 
frequencies and higher DSCF values. Consequently, low-
frequency blast waves induced more significant dynamic 
stress concentrations and were more likely to directly 
induce structural failure of the tunnel surrounding rock. 
Moreover, the curvature of the a-DSCF curve was signifi-
cantly greater than that of the tD-DSCF curve. This indi-
cates that the tunnel radius has a more substantial
influence on the maximum and minimum DSCF values
than the blast wave wavelengths, highlighting the impor-
tance of considering the tunnel radius in mitigating
dynamic stress effects. Furthermore, changes in a and tD
mutually influenced the curvatures of their respective
DSCF curves. The curvature of the a-DSCF curve
increased with an increase in tD, whereas the curvature of
the tD-DSCF curve decreased as a increased.

In summary, due to the curvature of the blast stress 
waves, the maximum DSCF occurred at h = p arccos 
(a/r0) and p + arccos(a/r0), whereas the minimum DSCF 
occurred at h = p. Both a and r0 influenced the spatial dis-
tribution and values of the DSCF, whereas tD only affected 
the DSCF values. The blast stress waves induced compres-
sive stress concentrations near the maximum DSCF loca-
tions and induced tensile stress concentrations near the 
minimum DSCF locations. In some cases, the absolute 
minimum DSCF values exceeded the absolute maximum 
DSCF values, indicating that the tensile stress concentra-
tions were more pronounced than the compressive stress 
concentrations. Because rock is stronger in compression 
than in tension, the tensile stress concentration areas are 
more likely to experience tensile failure of the surrounding 
rock, potentially leading to tunnel instability. The absolute
maximum and minimum DSCF values decreased with
increasing v, r0, and a, but increased with increasing tD.
Therefore, in practical engineering applications, selecting
surrounding rock with a higher Poisson’s ratio, increasing
the blast source distance, and enlarging the tunnel radius
can effectively mitigate the dynamic stress concentrations.
Furthermore, low-frequency blast stress waves are more
likely to induce tunnel structural damage, emphasizing
the need for careful consideration of the blast wave charac-
teristics in tunnel design and construction.

4 Far-field earthquake model 

4.1 Governing equations of the wave field 

All types of stress waves can be represented in the cylin-
drical coordinate system (r, h) with the tunnel center O as
the origin. Thus, the far-field seismic wave can be expressed
using the wave function expansion method, as follows (Pao 
& Mow, 1973): 
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The scattered P-waves and SV-waves around the tunnel 
can be written as 

u s E 
n 0 

A En H
1
n ar cos nh e ixt 18

w s E 
n 0 

BE 
n H 

1 
n br sin n h e ixt 19

where E 
n an BE 
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Therefore, the full wave in the rock mass under plane 
waves can be expressed as 
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The expressions for the three types of stress around the 
tunnel subjected to plane waves are represented as (Tao 
et al., 2018) 
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The traction-free condition of the circular tun nel can be
expressed as
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By substituting Eqs . (22) and (23) into Eq. (25), the 
undetermined expansion coefficients can be derived as 
follows: 
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The maximum radial stress and DSCF resulting from 
plane P-waves can be expressed as
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4.2 Earthquake loading and Fourier transform 

Ricker wavelet is extensively employed in seismic mod-
eling and response studi es as the preferred source pulse
form (Haghighat, 2015; Panji et al., 2022). In this study, 
the Ricker wavelet was used to simulate the disturbances 
caused by earthquakes, and the expressions in both the
time and frequency domains are provided as follows:
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where xp is the main frequency of the Ricker wavelet.
By applying the Fourier transform, the earthquake load-

ing was broken down into a series of simple harmonic 
waves across various frequencies. Subsequently, an integral 
transformation was employed to derive the transient DSCF 
equation that included the time variable t, allowing the
determination of the tunnel response at various times
under earthquake loading. The transient response can be
expressed as (H. Zhao et al., 2023) 

g v t 
1 
2p 

F x v  x  e ixt dx 30

where F(x) is the distribution of the Ricker wavelet in the 
frequency domain and v(x ) is the steady-state DSCF of the
tunnel subjected to plane P-waves.
Fig. 7. Spatial distributions of the DSCF values a
4.3 Transient earthquake response and analysis 

To investigate and analyze the transient response of the 
underground tunnel subjected to far-field seismic waves, 
the temporal and spatial distributions of the DSCF values 
were calculated for various dimensionless times tD, tunnel
radii a, and Poisson’s ratios m. Figure 7 shows the spatial 
distributions of the DSCF around the tunnel with different 
wavelengths and radii at the peak time of the seismic stress 
waves. Under all conditions, the DSCF initially reached its 
minimum value at h = 0 and then gradually increased, 
reaching its maximum at h = p/2. The transient DSCF 
exhibited symmetrical distribution around the incident 
angle h = p, with all of the values remaining positive. This 
indicates that the peak time of the seismic stress waves only 
caused compressive stress concentrations. Furthermore, 
the tunnel radius had a negligible influence on both the dis-
tributions and values of the DSCF, underscoring the dom-
inance of other factors affecting the dynamic stress 
concentrations unde r specific conditions. The seismic wave
wavelength significantly influenced the DSCF values, but
only slightly affected the spatial distribution characteristics
of the DSCF. As the seismic wave wavelength increased,
the DSCF values increased and the spatial distribution
exhibited a minor shift. However, the maximum DSCF val-
ues still occurred at the incident angles h = 0, p whereas the
minimum DSCF values occurred at the directions perpen-
dicular to the incident angles h = p/2, 3p/2.

Figure 8 shows the temporal distributions of the DSCF 
values around the tunnel under far-field earthquakes. The 
DSCF exhibited an oscillatory trend at h = 0, with two 
positive and three negative extrema values, showing signif-
icant fluctuations as the maximum and minimum values 
appeared in close succession. Notably, the DSCF values 
remained relatively low, with the absolute maximum and 
minimum DSCF values remaining below 0.6 throughout 
the temporal distributions. This reveals that both compres-
sive and tensile stresses at h = 0 are minimal, which does 
not result in significant dynamic stress concentrations. 
The absolute maximum and minimum DSCF values 
decreased as the seismic wave wavelength increased. The 
DSCF followed the pattern of the Ricker wavelet at
h = p/2 and the maximum and minimum DSCF values
increased with the seismic wave wavelength, which contra-
round the tunnel under far-field earthquakes.
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Fig. 8. Temporal distributions of the DSCF values around the tunnel under far-field earthquakes. (a) a =  1,  (b) a = 3, and (c) a = 5.
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Fig. 9. Variations of the transient DSCF with respect to various influencing factors under far-field earthquakes. (a) Variations of the transient DSCF with 
respect to a and tD, and (b) variations of the transient DSCF with respect to a and m.
dicted the DSCF results at h = 0. This indicates that the 
surrounding rock at h = p/2 exhibited alternating compres-
sive and tensile stress concentrations. Given that the rock is 
strong in compression but weak in tension, this alternating
stress can easily lead to instability and failure of the tunnel
structure.

The three-dimensional curves of the transient DSCF 
with respect to the tunnel radius, seismic wave wave length,
and Poisson’s ratio under far-field earthquakes are shown
in Fig. 9. The ranges of the parameters a, m, and tD were 
1–10, 0.15–0.40, and 25–300, respectively. These ranges 
encompass the various working co nditions that may occur
in the tunnel under far-field earthquake scenarios. As
shown in Fig. 9(a), the maximum transient DSCF initially 
increased with tD, reached its maximum value at tD = 100, 
and then continuously decreased to a constant value. The 
larger the value of a, the lower the constant DSCF value.
When tD was within a range of 25–110, the DSCF slowly
varied with increasing a, with the difference between the
DSCF values corresponding to a = 1 and 10 being less than 
0.1. When tD was within a range of 110–300, the DSCF 
decreased as a increased, where higher values of tD led to 
a faster reduction in the maximum DSCF. The behavior 
of the minimum transient DSCF with tD was dependent 
on a and showed a complex trend. When a was within a 
range of 1–5, the minimum DSCF initially decreased with 
increasing tD until it reached a minimum value, and then 
increased before gradually decreasing to a constant value. 
When a was within a range of 6–10, the initial trend was 
similar to that when a was within a range of 1–5. However, 
after the DSCF reached a constant value, the DSCF shar-
ply increased, with the rate of increase being faster for lar-
ger values of a. The behavior of the minimum transient 
DSCF with respect to a was influenced by tD. When tD 
was within a range of 10–140, the DSCF gradually
decreased with increasing a, and the rate of decrease
became faster as tD increased. However, when tD was
within a range of 140–300, the DSCF initially decreased
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Fig. 10. FEM numerical models and comparison between the theoretical and numerical simulation results. (a) Near-field blast numerical model, (b) far-
field earthquake numerical model, and (c) comparison between the theoretical and numerical simulation results.
to a minimum value with increasing a, and then rapidly 
increased, where the rate of increase accelerated as tD 
increased. These observations indica te that changes in a

and tD mutually influence the curvatures of their corre-
sponding DSCF curves. Figure 9(b) shows that the maxi-
mum DSCF decreased with increasing m, and remained 
relatively invariant with increasing a. The difference 
between the DSCF values corresponding to a = 1 and 10 
was less than 0.01. Changes in m and a did not influence 
the trend and curvature of their respective DSCF curves. 
In addition, the minimum DSCF increased with increasing 
m and significantly decreased with increasing a, exhibiting 
an opposite trend to the maximum DSCF. Changes in m 
and a did not affect the trends of their respective DSCF
curves; however, they influenced the curvature and DSCF
values. The 3D plots revealed that increasing the Poisson’s
ratio of the tunnel surrounding rock significantly reduced
the compressive and tensile stress concentrations. The effect
of tunnel radius on the DSCF was complex and primarily
controlled by both m and tD. Moreover, when tD was within
a range of 100–140, the seismic wave wavelength resulted in 
larger absolute DSCF values, indicating that this wave-
length range may be close to the natural frequency of the
tunnel, causing structural resonance and significant stress
concentrations.

In summary, due to the curvature of the plane wave 
being zero, the maximum DSCF values occurred at direc-
tions perpendicular to the incident angles h = p/2 and 
3p/2, whereas the minimum DSCF values appeared at 
the incident angle h = p. The parameters a and tD had min-
imal influence on the distribution characteristics of the 
DSCF. However, a slightly affected the DSCF values, 
whereas tD had a significant influence. Seismic stress waves 
caused notable compressive and tensile stress concentra-
tions near the directions perpendicular to the incident 
angles h = p/2 and 3p/2. The absolute DSCF values 
remained below 1 at the incident angle h = p, indicating 
that there were no dynamic stress concentrations in this
area. Under various conditions, the maximum DSCF val-
ues were 2–3 times greater than the absolute minimum
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Fig. 11. Damage evolution process of the tunnel surrounding rock under near-field blasts.

Fig. 12. Damage evolution process of the tunnel surrounding rock under far-field earthquakes.
DSCF values, indicating that the tunnel roof and floor 
were more prone to shear failure under seismic wave inci-
dence, leading to tunnel instability. The complex variations 
of the maximum and minimum DSCF values with m, a, and 
tD indicate that it is crucial to consider these parameters in 
engineering practice. It is advisable to select surrounding 
rock with a higher Poisson’s ratio and design seismic-
resistant structures based on specific conditions. Further-
more, selecting an appropriate tunnel radius and reinforc-
ing the tunnel roof and floor can mitigate the stress
concentrations induced by seismic waves close to the natu-
ral frequency of the tunnel.

5 Validation and numerical simulation analysis 

5.1 Validation method 

To validate the theoretical results, numerical simula-
tions were conducted using ANSYS LS-DYNA FEM soft-
ware. Given that most tunnels in actual engineering
applications have a medium cross-section, the tunnel radius
was set at 3 m and the model dimensions were 100 m 
60 m 5 m, as shown in Fig. 10. In the near-field blast 

numerical model, the distance between the two tunnels was 
15 m, corresponding to r0 =  5a. The optimized equivalent 
blast wave was applied to the left tunnel wall, generating a 
cylindrical P-wave that propagated toward the right side of 
the tunnel. To prevent boundary effects and reflections 
from affecting the numerical simulation results, all six sur-
faces of the numerical model were set as non-reflective 
boundaries. For the far-field earthquake numerical model, 
the Ricker wavelet was applied to the left surface. Simi-
larly, the other five surfaces of the numerical model were 
set as non-reflective boundaries. In addition, the dimen-
sionless times tD for the equivalent blast wave and Ricker 
wavelet were set at 10 and 50, respectively, with a stress 
amplitude of 60 MPa. The rock mass was modeled as an 
elastic material with a de nsity q of 2700 kg/m3, Poisson’s
ratio m of 0.25, and wave velocity cp of 4500 m/s. Compar-
ison between the theoretical and numerical simulation
results is shown in Fig. 1 0(c). The results demonstrated 
good consistency in the spatial distribution and values of
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Fig. 13. Numerical model with coupled static–dynamic loading.

Fig. 14. Deformation and damage evolution of the deep-buried tunnel subjected to initial stress under near-field blasts. (a) c = 0.5, (b) c = 1.0, and (c)
c = 1.5.
the DSCF under both transient disturbances, validating the 
effectiveness of the derivation process and the theoretical 
results. However, some discrepancies in details may arise 
because the basic elements of the numerical model are 
cuboidal, which causes the tunnel boundary composed of 
these finite elements to differ slightly from a true circular
boundary. To minimize the computational time and ensure
accuracy of the numerical simulation results, the size of the
element in the plane was selected as 0.25 m 0.25 m.
5.2 Damage characteristics of the underground tunnel 

Various materials have been used to model rock 
mechanical behavior in numerical simulations to under-
stand its failure characteristics, such as the Riedel–Hierma 
ier–Thoma (RHT) model, Holmquist–Johnso–Cook (HJC) 
model, and continuous surface cap model (CSCM) (Hong 
et al., 2022; Li et al., 2023). The CSCM is widely applied 
in dynamic failure simulations of hard rock, encompassing
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Fig. 15. Deformation and damage evolution of the deep-buried tunnel subjected to initial stress under far-field earthquakes. (a) c = 0.5, (b) c = 1.0, and (c)
c = 1.5.
compression, tension, and shear failures, and effectively 
represents the strain rate effects of the rock. Hence, CSCM 
for transient disturbances was employed in this study to 
evaluate the tunnel damage characteristics and failure 
modes under two typical disturbances. The basic parame-
ters of the CSCM were set to be consistent with those of
an elastic material, and the loading stress amplitude rd
was increased to 150 MPa.

The damage evolution process of the tunnel surrounding 
rock under near-field blasts is illustrated in Fig. 11. As the 
cylindrical P-wave propagated to the left sidewall of the 
tunnel, it caused spalling damage to the rock mass on the
blast-facing side, leading to tensile damage of the left side-
wall. When the blast stress wave reached the right sidewall 
of the tunnel, it induced tensile failure in the surrounding 
rock. Subsequently, the scattering wave exacerbated the 
spalling damage on the rock mass and tensile damage on 
the right sidewall, with the number of deleted elements 
gradually increasing. Meanwhile, shear failure occurred 
in the surrounding rock at h =  3p/4 and 5p/4. The tensile 
and shear failure areas on the left sidewall eventually coa-
lesced with the spalling areas, whereas those on the right 
sidewall exhibited significant tensile failure. The failure 
modes of the surrounding rock were determined by analyz-
ing the stress states of the deleted elements. Throughout the
near-field blast process, the damage range of the tunnel sur-
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Fig. 16. Damage characteristics of tunnels in actual engineering projects. (a) Spallation of tunnel side in Kaiyang phosphate mine under near-field blasts
(R. Zhao et al., 2023), and (b) roof collapse and floor uplift of tunnels after Wenchuan earthquake (Shen et al., 2014). 

 

rounding rock closely matched the theoretical stress con-
centration areas. However, there were some discrepancies 
in the results. In particular, the shear failure area in the 
numerical simulation results showed a greater deflection 
toward the blast-facing side compared with that in the the-
oretical results. This discrepancy is primarily due to the
internal spalling damage within the rock on the blast-
facing side.

Figure 12 illustrates the damage evolution process of 
tunnel surrounding rock under far-field earthquakes. As 
the plane P-wave propagated through the tunnel, it 
caused tensile failure in the surrounding rock at direc-
tions perpendicular to the incident angles. With continu-
ous propagation of the stress wave, the damage to the 
tunnel roof and floor gradually increased. During far-
field seismic loading, the range of damage to the tunnel 
surrounding rock closely matched the theoretical stress 
concentration areas. Analysis of the stress states of the
deleted elements revealed that although the compressive
stress concentrations were significantly greater than the
tensile stress concentrations (as indicated by the theoret-
ical results), the actual failure of the tunnel surrounding
rock was primarily induced by the tensile stress concen-
trations, highlighting the inherent weakness of the rock
under tension.

To investigate the effect of initial stress on the damage 
characteristics of deep-buried tunnels, the initial stress 
was loaded into the numerical model described in the pre-
vious section. The loading method for the coupled static–
dynamic stress is illustrated in Fig. 13. The initial stresses 
were loaded along the positive direction of the x , y, and 
z axes. The initial stress along the tunnel axial rz was set 
to a constant value of 15 MPa, whereas the initial stresses 
in the other two directions were controlled by the lateral 
pressure coefficient c, defined as the ratio of rx and ry.  In
this study, c was set at 0.5, 1.0, and 1.5, corresponding to 
the following coupled static–dynamic stress states: 

(1) c = 0.5, rx = 15 MPa, ry = 30 MPa, rz = 15 MPa,
rd = 150 MPa;

(2) c = 1.0, rx = 30 MPa, ry = 30 MPa, rz = 15 MPa,
rd = 150 MPa;

(3) c = 1.5, rx = 45 MPa, ry = 30 MPa, rz = 15 MPa,
rd = 150 MPa.

The Dynain method was employed to apply various 
coupled static–dynamic stresses to a deep-buried tunnel
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model, utilizing coupled implicit–explicit analysis to deter-
mine the tunnel damage characteristics. Figure 14 illus-
trates the damage evolution process of the deep-buried 
tunnel under near-field blasts. Under the initial stress, the 
spalling damage on the blast-facing side was suppressed, 
and the damage range was smaller than that of the tunnel 
model without initial stress. Shear failure occurred in two 
compressive stress concentration areas on the left sidewall, 
and the severity of the shear failure was more pronounced.
Meanwhile, no tensile failure was observed on either side-
walls of the tunnel, indicating that the initial stress sup-
pressed the tensile failure while exacerbating the shear
failure. This phenomenon was consistent with the findings
of Li and Weng (2016). Furthermore, as the initial lateral 
pressure coefficient c increased, the spalling damage range 
increased, whereas the shear damage on the left sidewall 
decreased. This is because a higher lateral pressure coeffi-
cient c results in higher strain energy in the rock mass. 
Under transient disturbances, the combined effect of the 
transient loading and initial stress unloading led to more
severe rock failure and a larger damage range. Most of
the transient disturbance energy was used for spalling dam-
age, reducing the energy acting on the surrounding rock,
and alleviating shear damage on the left sidewall of the tun-
nel. Figure 15 shows the damage evolution process of the 
deep-buried tunnel under far-field earthquakes. Significant 
damage occurred at the tunnel roof and floor under the ini-
tial stress, which was consistent with the damage character-
istics of the tunnel without initial stress, but to a 
significantly larger range. As the lateral pressure coefficient 
c increased, the damage range of the tunnel roof and floor 
also increased, indicating that initial stress significantly 
exacerbated structural damage in deep-buried tunnels sub-
jected to far-field seis mic waves. During the damage evolu-
tion process induced by the seismic disturbances, the
transient loading and initial stress unloading acted simulta-
neously on these areas. With a constant seismic load, a
higher lateral pressure coefficient c resulted in the sur-
rounding rock releasing more strain energy, leading to
more severe damage to the tunnel roof and floor.

6 Discussion 

In this study, the wave function expansion method pro-
vided direct analytical solutions that were more accurate 
than the numerical solutions obtained using the complex 
variable function method. The truncation order N of the 
Bessel function was greater than 10, which effectively 
ensured the accuracy of the theoretical results. Further-
more, few researchers have been devoted to analyzing the 
transient response differences of tunnels under various dis-
turbances. Based on a comparison of the theoretical results
in the elastic stage, the differences in the spatiotemporal
distribution characteristics of the transient DSCF under
blast and seismic disturbances can be summarized as
follows:
(1) At the peak time of the disturbance load, the loca-
tions of the maximum DSCF values differed, whereas 
the locations of the minimum DSCF values remained 
the same. The maximum DSCF values occurred at 
h = p arccos(a/r0) and p + arccos(a/r0) under 
near-field blasts, whereas under far-field earthquakes, 
the maximum DSCF values occurred at h = p/2 and 
3p/2. The minimum DSCF values were consistently 
observed at the incident angles h = p and 0. However, 
when r0/a approached infinity, the cylindrical wave 
approximated a plane wave, causing the maximum 
DSCF values to appear at h = p/2 and 3p/2 under 
blast stress waves. In addition, the blast stress waves 
caused both compressive and tensile stress concentra-
tions, whereas seismic stress waves induced only com-
pressive stress concentrations. 

(2) The areas of compressive and tensile stress concentra-
tions differed for cylindrical waves; however, they 
were the same for plane waves, indicating that stress 
variations were more intense in the stress concentra-
tion areas of plane waves. For cylindrical waves, 
the absolute minimum DSCF values were greater 
than the absolute maximum DSCF values, whereas 
for plane waves, the maximum DSCF values were sig-
nificantly greater than the absolute mini mum DSCF
values. This indicates that the tunnel instability under
near-field blasts is primarily due to tensile failure on
the tunnel sidewalls, whereas it is primarily due to
the failure of the tunnel roof and floor under far-
field earthquakes.

(3) For near-field blasts, the absolute maximum and min-
imum DSCF values decreased with increasing m, r0,
and a; however, they increased with increasing tD.
However, under far-field earthquakes, the variations
of the absolute maximum and minimum DSCF val-
ues with m, a, and tD were more complex. Even
though the variations of the DSCF values with m
under far-field earthquakes were similar to those
under near-field blasts, the variations of the DSCF
values with a and tD showed distinct differences.

By comparing the numerical simulation results in the 
plastic stage, the differences in the damage characteristics 
of the tunnel with initial stress under blast and seismic dis-
turbances are as follows: 

(1) Without initial stress, near-field blast waves caused 
extensive spalling damage to the rock mass on the 
blast-facing side. In addition, two areas of shear dam-
age occurred on the left sidewall, and tensile damage 
appeared on both sides of the surrounding rock. In
contrast, under far-field earthquakes, tensile damage
occurred only at the tunnel roof and floor. The dam-
age areas under both transient disturbances closely
matched the dynamic stress concentration areas
obtained from the theoretical calculations.
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(2) Under initial stress, the damaged area of the deep-
buried tunnel subjected to near-field blast waves dif-
fered from that without initial stress, whereas the 
damaged area under far-field earthquakes remained 
consistent with and without initial stress. For near-
field blasts, the spalling damage to the rock mass 
was reduced, with only two shear-damaged areas on 
the left sidewall and no tensile damage on the tunnel 
sides. Structural failure occurred only at the tunnel 
roof and floor under far-field earthquakes. 

(3) The lateral pressure coeffici ent c affected the damage
characteristics of the deep-buried tunnel differently
under near-field blasts and far-field earthquakes.
For near-field blasts, the spalling-damaged area
increased with the lateral pressure coefficient c,
whereas the shear-damaged area decreased. In con-
trast, the damage range at the tunnel roof and floor
increased with the lateral pressure coefficient c under
far-field earthquakes.

Comparison of the theoretical and numerical simula-
tion results revealed that the differences in the dynamic 
stress concentration distribution and damage characteris-
tics between near-field blasts and far-field earthquakes 
were primarily due to the combined effects of the stress 
wave curvature and transient load waveform. The dam-
aged area for near-field blast stress waves was primarily
concentrated on the blast-facing side of the surrounding
rock, whereas the damaged area was primarily at the
tunnel roof and floor for far-field earthquakes. This is
consistent with the tunnel failure characteristics observed
in practical engineering applications (Shen et al., 2014; 
R. Zhao et al., 2023), as shown in Fig. 16. Therefore, 
this study provides both theoretical and numerical refer-
ences for the blast and earthquake resistant designs of 
tunnels. In tunnel design, special attention should be 
given to the dynamic stress concentration areas, and
reinforcement efforts should be focused on areas prone
to damage.

7 Conclusions 

The differences in the dynamic response and damage 
characteristics of underground tunnel under near-field 
blasts and far-field earthquakes were analyzed in detail 
in this study. Through theoretical calculations and 
numerical simulations, the spatiotemporal distribution 
characteristics of the DSCF and failure mechanisms of 
the tunnel were obtained. The effects of the tunnel 
radius, blast source distance, transient disturbance wave-
length, Poisson’s ratio, and initial stress on the transient 
response of the tunnel were evaluated. The results indi-
cated that the differences in the dynamic response of
the underground tunnel were primarily due to the curva-
ture of the stress waves and the transient load waveform.
The maximum DSCF value occurred at h = p arccos
(a/r0) and p + arccos(a/r0) under near-field blasts,
whereas the maximum DSCF value occurred at 
h = p/2 and 3p/2 under far-field earthquakes. In both 
cases, the minimum DSCF value occurred at the incident 
angles h = p and 0. The tunnel exhibited compressive 
stress concentrations at locations of the maximum DSCF 
and tensile stress concentrations at locations of the min-
imum DSCF. Conversely, the seismic stress waves 
resulted in both compressive and tensile stress concentra-
tions at the maximum DSCF located at the tunnel roof 
and floor. The initial stress suppressed the tensile damage 
and enhanced the shear damage in the surrounding rock. 
Therefore, under initial stress, the blast stress waves did 
not cause tensile damage on the left and right sidewalls 
of the tunnel, but led to spalling damage of the rock
mass on the blast-facing side and shear damage on the
left sidewall. Structural failure occurred only at the tun-
nel roof and floor under far-field earthquakes. Further-
more, as the lateral pressure coefficient c increased, the
range of spalling-damaged area increased, whereas the
range of shear failure area decreased under near-field
blasts. For far-field earthquakes, the damage range at
the tunnel roof and floor increased with the lateral pres-
sure coefficient c.

This study facilitates the theoretical and numerical anal-
yses of the failure mechanisms and structural support of 
deep-buried tunnels subjected to blast and seis mic stress
waves, offering significant engineering implications for dis-
aster prevention in deep geotechnical engineering.
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