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Dynamic stress concentration and energy evolution of deep-buried tunnels
under blasting loads
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Abstract: A theoretical formulation was first established to evaluate the dynamic stress concentration
factor (DSCF) around a circular opening under conditions of blasting stress wave incidence. A two-
dimensional numerical model was then constructed by the particle flow code (PFC) in order to simulate
the dynamic responses around an underground tunnel subjected to blasting load. In the simulation, a series
of horizontal blasting stress waves were applied to an underground tunnel under various in situ stress
states, and then the dynamic responses around the tunnel were analyzed from the viewpoint of the
dynamic stress concentration and energy evolution. The results of theoretical analysis indicated that
obvious dynamic effects occur at tunnel boundary during blasting stress wave incidence, and the DSCF at
the roof and floor of the tunnel is much larger than that at two sidewalls when blasting stress wave was
applied to left model boundary. The numerical results showed that high static compressive stress
concentration around the underground tunnel results in the accumulation of substantial strain energy at the
same location. The roof and floor of the tunnel are more prone to dynamic failures during the blasting
loading process. In addition, the analysis of energy dissipation indicated that the strain energy reduction
and the residual kinetic energy are positively related to the lateral pressure coefficient and the burial depth
of the tunnel, and the residual kinetic energy is much larger than the strain energy reduction under the
same condition. Furthermore, for an underground tunnel subjected to high in situ stress, the blasting stress

wave with lower amplitude is sufficient to trigger severe dynamic failures.

Keywords: underground tunnel; dynamic stress concentration; energy evolution; blasting load; numerical

simulation.
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1. Introduction

In recent years, the exhaustion of mineral resources in shallow depths, and the rapid development of
tunneling and hydropower engineering, have considerably motivated the tunnel excavations to extend to
depth. However, due to the complicated geological environment in which deep excavations are carried out,
a large number of unconventional rock failure phenomena such as spalling,'- > zonal disintegration
phenomenon’ 4 and rockburst hazards> ¢ have been observed during underground excavations. These
accidents or hazards will bring about damages to equipment and delays of excavation operation, and even
pose great threats to the safety of construction personnel. Therefore, it is an urgent issue to figure out the
mechanism of the engineering disasters occurring in deep excavations.

In practice, underground rocks and ores are naturally stressed by gravitational and tectonic stress.
When an underground tunnel is excavated, the previous stress states existing in rock mass are disturbed,
with the radial principal stress being released and tangential principal stress concentrating in the periphery
of the tunnel.”® In this process, the strain energy releases at some locations while accumulating at other
locations, which leads to different mechanical responses of underground tunnels under dynamic
disturbance.!® ! In addition, during the underground excavation process, the excavation damaged zone
(EDZ) is formed in the proximity of the excavated tunnel. To date, considerable research efforts were
devoted to investigating the formation of EDZ and the fracture mechanisms of surrounding rock during
underground excavations.'?!7 For instance, a series of studies have been carried out at the Underground
Research Laboratory (URL) since 1983 to study excavation responses when underground openings were
excavated.! 1 Findings of these works showed that various factors such as the near-field stress history,
geological variability, excavation method, tunnel geometry, and confining pressure are responsible for the
excavation damage and instability of underground openings. The presence of the EDZ around an
underground opening in turn has a great influence on the mechanical, hydraulic, and thermal
characteristics of surrounding rock masses. However, previous research works on the instability of
underground openings focus on static and quasi-static conditions, and few reports have considered the
effect of dynamic disturbance. Many evidences showed that, during underground excavations, dynamic
disturbance such as explosion-induced vibrations from adjacent tunnel and stress impact from neighboring
rockbursts have a significant influence on existing tunnels.!3-20 Therefore, the dynamic disturbance is an

important factor to be considered when studying the stability of deep-buried tunnel.
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The drill and blast (D&B) method is extensively used in mining and tunneling engineering, because
it is still an economical and efficient excavation approach for rock fracture and fragmentation.2! When the
drill and blast method is used in underground excavations, the blasting vibration is generated and
propagates to the deep of surrounding rock mass in the form of stress waves, which may cause damage to
not only the surrounding rock mass but also nearby structures.?? 2> Therefore, many researchers have
conducted a lot of studies on the dynamic responses of structures subjected to blast-induced stress waves,
aiming at putting forward more reasonable and effective support schemes. For instance, Malmgren and
Nordlund®* analyzed the dynamic behaviors of shotcrete supported rock wedges subjected to blast-
induced vibrations based on field measurement data in the Kiirunavaara mine, and indicated that a wedge
can be ejected by a dynamic load even if the static safety factor is larger than 10. Therefore, the support
system was suggested to be able to consume energy in order to support the rock wedges subjected to
blasting loads. In addition, Dhakal and Pan?® carried out numerical parametric analyses to investigate the
response characteristics of structures subjected to blasting-induced ground motion characterized by short
duration, large amplitude and high frequency. Chen et al.?® theoretically investigated the dynamic
responses of underground arch structures subjected to conventional blasting loads, with considering the
influence of the curvature of structure surface and the arrival time difference. Their results indicated that
the protective structures are better to be constructed in a site with smaller acoustic impedance and larger
attenuation factor. Moreover, Mitelman and Elmo?” pointed out that when the blast-induced stress waves
arrive at the tunnel boundary, they are reflected and converted into tensile stress waves, which can cause
rock fragments to fly into the tunnel (i.e. spall failure). Based on the modeling results, the authors
proposed a new approach for tunnel support designs to withstand spalling induced by blasting loads.

With rapid development of computer technology, numerical simulation techniques have become
economical and powerful tools for modeling rock mechanics and rock engineering.?® 2° Using numerical
analysis methods, many researchers have carried out various studies on the dynamic response of rock
mass and underground structures under dynamic disturbance. The boundary element method (BEM) was
used by Stamos and Beskos?® to determine the dynamic response of large three-dimensional underground
structures subjected to dynamic loads or seismic waves. Wang et al.3! analyzed dynamic fracture
behaviors of rock in tension due to blast loading using a finite element method (FEM) code LS-DYNA.

Ning et al.3> 33 implemented the discontinuous deformation analysis (DDA) to simulate the rock mass
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failures by the blast-induced high pressure expansion. In their numerical model, the whole process of the
blast chamber expansion, explosion gas penetration, rock mass failure and cast, and the formation of the
final blasting pile can be wholly reproduced. In addition, the finite difference method (FDM) based
program FLAC3D was used by Wang et al.3* to study the dynamic response of underground gas storage
salt cavern under seismic loads. As for dynamic responses of underground tunnels under dynamic
disturbance, Zhu et al.® used a finite element code RFPA-Dynamics to simulate the rockburst of
underground opening triggered by dynamic disturbance; Li and Weng?® investigated the fracturing
behaviors of deep-buried opening subjected to dynamic disturbance using LS-DYNA; Wang and Cai’’
used the SPECFEM2D, a software package based on the spectral element method (SEM), to study the
effect of the wavelength-to-excavation span ratio on ground motion near excavation boundaries induced
by seismic waves. By making full use of the advantages of various numerical methods, the hybrid finite-
discrete element method (FEM-DEM) becomes an alternative numerical method to model blast-induced
crack evolution and stress wave propagation in rock mass.’® 3 Recently, the discrete element method
(DEM) code PFC2D was used to study the dynamic features of stress wave propagating through rock
joints*%: 41 and to simulate the excavation unloading process of underground tunnel in high stress rock
mass. 443 These works validated the feasibility and accuracy of PFC2D to simulate the dynamic process
of rock. However, few numerical models were established by PFC2D to simulate the dynamic failure
characteristics of underground tunnels subjected to blasting load.

This paper reports on an investigation into the dynamic stress concentration and energy evolution of
an underground tunnel during blasting loading process. A two-dimensional mathematical physical model
with a circular hole was first established to determine the dynamic stress concentration factor (DSCF)
around tunnel boundary under blasting stress wave incidence. Using the theoretical formulations, DSCF
and dynamic effects at tunnel boundary was obtained. Then a two-dimensional numerical simulation
model established by PFC2D was introduced to verify against the theoretical solution. Based on the
numerical model, the distributions of tangential stress and strain energy around a circular tunnel under
different in situ stress states were first discussed, and then parametric analyses were carried out to
investigate the evolution and dissipation of strain energy around an underground tunnel under different in
situ stress environments and various waveforms of blasting stress wave. Findings of the present study

indicated that dynamic disturbance and high in situ stress are two important factors to trigger dynamic
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failure around an underground tunnel. This paper provides an insight into the mechanism of rockbursts in
the periphery of underground tunnels, as well as guidance for the design and support of deep-buried

tunnels.

2. Theoretical formulation of the dynamic response of a circular hole
2.1. Dynamic response behaviors of circular hole under harmonic wave incidence

In theoretical analysis, it is assumed that a circular tunnel is excavated along the direction parallel to
the principal stress, so the problem can be approximately regarded as a plane strain case. For an
underground tunnel subjected to dynamic stress waves, according to the superposition principle,** the
stress, displacement and velocity components of the rock mass around the tunnel can be obtained by
superimposing the static component induced by in situ stress with the dynamic component induced by
incident plane wave under unstressed condition. However, due to the stress and deformation induced by in
situ stress are time-independent, the dynamic stress wave is only considered when theoretically
investigating the dynamic response of underground tunnel. In the view of wave mechanics, the problem of
the interactions between stress wave and underground opening can be regard as the initial-boundary value
problem of wave equation. In this section, we focus on the dynamic responses of underground tunnel
subjected to blasting load, which can be simplified as an analysis of circular hole subjected to a plane P
wave as shown in Fig. 1, where x and y are the Cartesian coordinate system, & and r are the Polar
coordinate system, and a is the radius of tunnel. As the transient response induced by any form of
transient loading can be determined by superposing harmonic waves of all frequencies, it is necessary to
first determine a theoretical formulation under harmonic wave excitation, which was described in detail
by Mow and Pao.*®

As shown in Fig. 1, a harmonically time-varying incident plane P wave propagates along the positive

direction of axis x, and the incident wave can be expressed as:
q)(i) — q)oei(ax—a)t) (1)
where a = w/c, is the P wave number, ¢, is the amplitude, w is the circular frequency, and ¢, is the P

wave velocity.

In terms of the wave function expansion method, the incident wave function can be expanded as:

" =@, &,i"J, (ar)cos(nf)e )

n=0

5
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1 n=0

where J, (x) is the first type of Bessel function, and ¢, = { 2 nst

When an incident plane P-wave propagates through a circular hole, a compressional wave (P wave)
and a shear wave (SV wave) arise from the circular hole boundary, because the reflecting surface is not
perpendicular to the direction of P wave incidence. The SH wave is not generated because it causes rock

particles to oscillate perpendicular to the analyzed plane.** P and SV waves can be expressed as:
o = i A, H" (ar)cos(n@)e™ (3)
=0
v =3 BH (fr)sin(no)e @
=0
where ¢’ and w are the reflected P wave and the reflected S wave, respectively, which represent

waves diverging from the origin, f = w/c, is the S wave number, ¢, is the S wave velocity, H\’(x) is the

first type of Hankel function, 4, and B, are coefficients of the expressions that can be determined from the
appropriate boundary conditions.

The total wave in rock mass can be obtained by adding the reflected wave to the incident wave:

="+ =3 [pe,i"J,(@r)+ A,H," (ar)cos(nd)le™ (5)
n=0
y =y =3 B.H"(pr)sin(nd)e™ (6)
n=0

Radial stress o0, , tangential stress 0, and shear stresso,, can be described in terms of

displacement potential:

g 0 161//)
=AVp+2 | ——
T ? 'L{Grz 6;”(;’ 00 )
10p 10 (1oy 1 )|
=AVQ+2u| ——+— +| 5——-—
Too v 'L{r or 200> \r* 00 r*oroé | (®)
1% 1op| [ 10w a(m;yj'
= U2 ——————|+| — —r—| -
o ,u{ L@r@& ¥ 00 r 06* r@r ror )| ©)
where A and y are Lamé constants.
By substituting Egs. (5) and (6) into Egs. (7), (8) and (9), we obtain:
c, = i—'gZ(gni"(pogﬂ) +4,e +B ey )cos(n@) e (10)
n=0

o, = i—fi(sni"%a‘ﬂ’ +4, +Bel) )sin(n@)e”"“’ (1

n=0
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2 & )
Ogp = r—élZ(g,,i”%g;) +4,e +B,eY) )cos (n@)e™ (12)
n=0

1 3 1 . . .
where &.,&,&) - etc. are defined as a part of the contributions to the stresses due to various waves,

and the superscripts represent the type of Bessel function.*

The boundary condition at» =ais 0, |_ = 0, o,/ _ =0, thus 4, and B, can be obtained from the

r=a

boundary condition:

4, =-¢,i"p, (13)

B, =-¢i"p, (14)

3 . 3
where E.’--- is the value of &’ -+ evaluated at r = a.

The stress field around the tunnel can be determined once the coefficients 4, and B,, are known. In
this paper, we are interested in the dynamic responses at tunnel boundary, in which the tangential stress
only exists. By substituting Eqgs. (13) and (14) into Eq. (12), and letting » = a, we obtain the tangential

stress at tunnel boundary:

O
K n=0

= %MBZ% (1 —Lz) Z g,i""'s, cos(n@)e (15)

. . . c A+2
where « is the ratio of P to S wave velocity, x=—-= s Y , and
c. « \/ 7,

s

NVI
5 =D (16)
N, =0 =D pat, (Ba) (' =n+ - fa L (B (17)
D, =aaH'" (aa)N, —Hf,l)(om)[(n3 —n +%ﬁ2a2)ﬂaHilfl (Ba)—(n* +n —%ﬂzaz YH () (ﬂa)} (18)

When an incident P-wave propagates in the intact rock medium, the stress intensity of the P wave in
the propagation direction is given by o, = 4@, . This can serve as the normalized factor, and then the

dynamic stress concentration factor (DSCF) at tunnel boundary can be defined as the ratio of o, to 0y:
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- Oo 4 1 < n+l —iot
ow| _ =—>=—|1-— ¢ i""s cos(nb)e
o= ”[ KZJ,,Z(; "', cos(n) (19)

2.2. Dynamic responses of a circular hole under transient wave incidence

The steady-state responses of a circular tunnel under a harmonic P-wave have been obtained in
section 2.1. In practice, we are more interested in the transient responses of the tunnel under an aperiodic
disturbance such as blasting load. In order to obtain the transient responses of the tunnel induced by
blasting load, it is necessary to first determine the blast load variation applied to the model boundary.

In blasting process, the explosion-induced load variation is extremely complex in time domain,
especially if several deferred-time detonation segments are adopted in the excavations. Therefore, it is
necessary to seek a relatively simple equivalent blast loading curve in theoretical and numerical analysis.
Based on previous publications relating to blasting procedures,'!- 36 46 the blasting load can be simplified
as a triangular load. The entire blasting processes can be reduced to linear loading and linear unloading

process, which can be expressed as:

0 ,t<0

t

—F, , 0<t<t,

t
P(t)=1" 20
0=, (20)

B, , 1 St<t,
t,—t,
0 , 121,

where Py(f) represents the blasting load time history, Py, is the peak pressure of the blasting load, ¢, and ¢
are the rising time and total time of the blasting load, respectively. Therefore, the blasting load is regarded
as a triangular loading curve to study the transient response of the underground tunnel in the following
sections of this paper.
In the model, time begins when the incident wave arrives at the tunnel boundary (i.e., time is zero at
x = -a). The elapsed time ¢ is normalized by the time required to travel through the length of a radius:
c,t

T 1)

a

The Fourier transform technique bridges the gap between the steady-state and transient response. For

any input function f(?), the transient response of the system can be given by:

7(x;,0)F(w)e ™ dw (22)

1 o
g(x,,0) = ELC

where x(x,,®) is the admittance function, which is defined as the steady-state response of the system



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

when the force source has a magnitude of unit, and F(®) is the Fourier transformed form of input
function f(?).

In this paper, we are mainly concerned about the transient stress behaviors at the tunnel boundary,
and then the frequency response part of Eq. (19) is precisely the admittance function that we need for the
problem. Thus, we first take the Fourier transform of f(¢) and substitute it together with Eq. (19) into
Eq. (22), and then we can obtain the formal expression for the transient behavior of 0y, at tunnel
boundary. However, as long as we know the transient response due to a Heaviside step function, we can
easily determine the transient response induced by any input function using the Duhamel integral.

The Fourier transform of the Heaviside step function input along the tunnel boundary is given by:
i
N27d ’

where Red =aa . By substituting Egs. (19) and (23) into Eq. (22), we obtain the DSCF at r = a induced

F(&)= Img>0 (23)

by a Heaviside step input:

o (’)La = %(1 —%jggni"“ cos(n@)fj:; 5 "‘?a dc (24)

Theoretically, we can obtain the transient stress behaviors at the tunnel boundary induced by any
form of input function from Eq. (22), and this theoretical solution can be solved by using a contour
integral, which is an extremely complex integral method. For instance, it is intractable and time-
consuming to obtain numerical solutions from Eq. (24) due to the complex integral paths and
mathematical difficulties. Accordingly, an approximate method referred to as Trapezoidal
Approximation*’ was employed to obtain the numerical transient wave excitation results.

The admittance function of system can be simplified as:

1(x;,0) = R(w)+il(®) (25)

where R(w) and /() are the real and imaginary parts of the frequency response.

For a causal function, the transient response can be expressed alternatively in terms of sine or cosine

transforms. When the input is an impulse function, the impulse response can be expressed by:
2 o0
gs(x,,0) = ;jo R(w)coswtdw (26)
Then the response due to a Heaviside step input can be obtained from the integral of the impulse response:
t
g (.0 =] g, (x,1)dz 27)

By substituting Eq. (26) into (27), we obtain:
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2J~w R(w)sin ot do 28)
T 0

2 t 0
g,(x,,1) :;_[Ocosa)rdrjo R(w)dw=— -

According to the Duhamel integral, responses to an arbitrary input function f(7) can be derived from:
g(x.0 = [ f(0)g,(t-r)dr (29)

After integrating by parts, we obtain:
2.0 = f(0)g,0)+] £ (2)g,(t-7)dz (30)

In this paper, we focus on the transient responses induced by blasting load, so the input function can be

described as:

0 ,t<0
tL , 0t <,
f@= t , (31)
> ,t St<t,
t -t
0 , =1,
When 0<7<?  we have:
t1 R(w)sin a(t — r) » R(w)(1—cos wt)
,t —dr —_ R P d
8.0 = -[ -[ @ T I @ “ (322)
When ¢, <t <t , we have:
2(x,1) = J- L J- R(w)sin w(t — z') ot -1 dTEJ-wR(a))sm o(t—1) do
w it —t. w0 w
(32b)
2 = R(w)[cosw(t—t,)—coswt] 2 » R(w)[1-cosa(t—t,)]
=—I 5 do- J > do
7t °0 @ 7t —1)7° @

When =21, we have:

g(x,0) = j j Md +J Lz f M

_ ijw R(w)[cosw(t—t,)—cosmt] dor 2 J-oo R(w)[cosa(t—t,)—cosa(t—t,)] do

- Jo o’ m(t,—t)"° o’

7Tt

(32¢)

Now we can determine the transient stress behaviors of the tunnel under blasting load using Eq. (32).
However, it is also cumbersome to take a direct integration of Eq. (32) due to the difficulties associated
with obtaining analytical expression of R(w). In this paper, R(w) is precisely the real part of Eq. (19),
which can be obtained by determining the relationship between &4 and all wave numbers using Eq. (19).
Once we have the numerical results of R(w) with all wave numbers, we can substitute them with a sum of

trapezoid functions. In turn, the sum of the simple responses can yield the total dynamic responses.*” This

approach has proved to be an effective way to determine dynamic responses of tunnel subjected to

10
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transient loads.** *8 The numerical integration mentioned above can be calculated by a MATLAB code.

2.3. Numerical results and analysis

In this section, the physical properties of the rock specimen extracted from the Kaiyang Phosphate
Mine were employed to calculate the dynamic responses mentioned above. The density, Yong’s modulus
and Poisson’s ratio of the rock specimen are 2750 kg/m3, 18.73 GPa and 0.206, respectively. The
numerical results of the DSCF variations at the tunnel boundary are presented in Fig. 2, where 7, is the
normalized rising time of the blasting load, and #/¢. is the ratio of the total time to the rising time, which
characterizes the unloading speed during blasting load. The smaller the #/t, ratio is, the faster the
unloading speed it means. When ¢/¢. = 1, it means instantaneous unloading of blasting load. As the
dynamic responses are related to the observation locations and loading parameters, DSCF variations at 8
=0, 7/2 and 7 with ¢/¢, = 5 and 10 are shown in Fig. 2.

Numerical results in Fig. 2 indicate that obvious dynamic stress concentration generated at tunnel
boundary during blasting loading process, which is characterized by compressive stress concentration at 6
= nr/2 and tensile stress concentration at = 0 and z. The DSCF at 8 = /2 is much larger than that at § = 0
and 7. The DSCF time-history curves at § = 0 and = have approximately the same shapes. In loading
process, DSCF increases rapidly to the first positive peak value and then declines to the minimum value;
in unloading process, DSCF increases from the minimum value to the secondary positive peak value and
then decreases to zero. While the DSCF curves at § = #/2 have different shapes, only one positive peak
value and one negative peak value appear during loading and unloading process. In the entire processes,
the loading effect can be represented by the minimum value at 6 = 0 and 7 and maximum value at 8 = /2,
and the unloading effect can be represented by the secondary positive peak value at 8 = 0 and © and
negative peak value at § = 7/2. It is found that the unloading effect is more dramatic when ¢/¢. = 5 than
that when #/¢. = 10. For the same #/t, ratio, the shorter the 7, is, the more dramatic unloading effect is. It
indicates that shorter duration of blasting load induces more obvious unloading effect. When the duration
of blasting load increases to 7, = 200, the unloading effect becomes virtually unnoticeable. With the

increase of z,, the loading effect converges to the static stress concentration factor, which is given by:*’

5

o =%[<K2—1)—200529J (33)

where « is the ratio of P to S wave velocity.
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Equation (33) is the limit of Eq. (19) when «a — 0, which is equivalent to the static solution for
biaxial loadings. The static stress concentration factor is 2.74 at 6 = 7/2 and -0.22 at 0 = 0 and 7z. The
dynamic amplification factor (DAF) is introduced to analyze the dynamic effect induced by blasting load,

which is defined as:

(90)n =% 1909, (34)

)

DAF =

where (o), is the minimum value of DSCF at § = 0 and 7 and the maximum value at 0 = 7/2, and o,

is the static stress concentration factor.

The correlations between dynamic amplification factor and loading parameters at § = 0, 7/2 and 7 are
shown in Fig. 3, where only the positive values represent the dynamic effect. It is found that DAF
increases first and then decreases with the increase of 7,, and tends to zero when 7, approaches infinity,
which denotes that the dynamic response converges towards static response when 7, approaches infinity.
The maximum DAF at 8 = 7/2 and 7 are 5.19% and 65.98% when t,/t, = 20, while the maximum DAF at 0
=01s 107.36% when z,/t. = 2. It is worthwhile noting that the DAF is much larger at = 0 and # than that

at @ = n/2, which is contrary to the DSCF.

3. Numerical model descriptions

The DSCF at tunnel boundary induced by blasting load was investigated in terms of theoretical
formulation in the above section, and the theoretical results indicated that the blasting load can induce
noticeable dynamic effects at tunnel boundary. However, only the dynamic part was taken into
consideration when defining the DSCF in the above theoretical computation without considering in situ
stress. Actually, the underground tunnel has been naturally pre-stressed before subjected to dynamic
disturbance, and the deeper the tunnel locates, the higher the stress level becomes. If coupled static-
dynamic stress is considered in this analysis, the quantitative influence of dynamic effect remains unclear.
In order to get a further insight into the dynamic effects of underground tunnel under coupled static-
dynamic stress, a two-dimensional numerical model established by the discrete element code PFC2D was
employed to simulate the dynamic responses of an underground tunnel, and to further investigate dynamic

failure characteristics of underground tunnels from the perspective of energy dissipation.
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3.1. Calibration of particle parameters and PFC model setup

In PFC2D model, the rock material is represented by an assembly of rigid circular disks bonded
together at their contact points. Two basic bond models are provided in PFC2D: the contact-bond model
and the parallel-bond model. The parallel-bond has a finite size that acts over either circular or rectangular
cross section between the particles, whereas the contact-bond acts only at the contact point due to its
vanishingly small size. Therefore, the contact-bond can only resist the force acting at the contact, while
the parallel-bond can resist both the force and moment. The parallel-bond model is proved to be a more
realistic bond model for rock-like materials,*® which was used in our PFC model.

The parallel-bond model is characterized by two sets of primary microscopic parameters. One set
consists of the microscopic deformation parameters, namely the contact normal and shear stiffness, &, and
ks, and the parallel-bond normal and shear stiffness, k, and k,, which account for the macroscopic
deformation behavior. The other set of microscopic strength parameters consists of the contact normal and
shear strength, ¢ and 7, and the parallel-bond normal and shear strength, & and 7, which dominate the
macroscopic strength characteristics and failure modes along with the microscopic deformation
parameters. These microscopic parameters should be adjusted to reproduce the macroscopic properties of
the real specimen under uniaxial compression such as Young’s modulus, uniaxial compressive strength
(UCS) and Poisson’s ratio, and this adjustment is done by a calibration process associated with a series of
trial and error tests. The rock mass in the Kaiyang Phosphate Mine in China was tested, and the
corresponding numerical uniaxial compression test model was established for the calibration. The
comparisons between experimental and numerical results of the rock specimen under uniaxial
compression are shown in Fig. 4 and Table 1, and the calibrated microscopic parameters of the parallel-
bond model are presented in Table 2. It can be seen from Fig. 4 and Table 1 that the uniaxial compressive
strength and Young’s modulus of numerical model are approximately equal to those obtained by
experiment test, and the numerical model exhibits the same failure mode as the physical model. These
comparisons indicate the reasonability of the calibrated microscopic parameters in Table 2. It is worth
noting that the peak strain of the experimental stress-strain curve is larger than that of the numerical result,
because the real rock specimen usually contains many natural micro-fractures while the numerical model
consists of a compacted assembly of rigid particles.

A 10 mx 10 m rectangular numerical model containing 32,538 particles was established in PFC2D,
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as shown in Fig. 5a. The radii of the particles ranged from 0.02 to 0.04 m and followed a uniform
distribution. The particles were regarded as a series of circular disks with unit thickness, and the linear
contact model was adopted at the contact of two particles. Particles with less than three contacts were
eliminated via the floater-elimination procedure, and then the parallel-bond model was set at the contact
of two particles. An undamped system was adopted for the sake of comparison against the theoretical
solution and energy calculation. The in situ stress field of the Kaiyang Phosphate Mine was employed in
this simulation, and the fitting equations of the vertical principal stress, maximum horizontal principal

stress and minimum horizontal principal stress are presented, respectively, as follows:*

o, =0.74+0.014h (35)
Oy = 2.76+0.028h (36)
Gy =1.83+0.0174 (37)

The numerical modeling processes in the current study involve two parts: in situ stress initialization
and dynamic loading. In this paper, we are only concerned about the dynamic responses induced by
blasting load without considering the excavation effect, so a circular tunnel with radius 1.0 m was
excavated before static stress initialization, and then the in situ stress was applied to the model boundary
with a low loading rate. Finally, a series of blasting stress waves were applied to the left boundary of the
model to investigate the dynamic responses of an underground tunnel.

In order to investigate the stress and energy evolution of the deep-buried tunnel during blasting
loading process, three stress measurement circles (A1, B1, C1) and three energy measurement circles (A2,
B2, C2) were set at left sidewall, roof and right sidewall of the tunnel as shown in Fig. 5b. The radii of
stress measurement circles and energy measurement circles are 0.2 m and 0.5 m, respectively. It is
unworkable to measure stress at PFC2D model boundary, so the center of the stress measurement circle
was set at » = 1.2 m. The center of energy measurement circle was set at » = 1.0 m to monitor the

evolution of strain energy and kinetic energy during blasting stress waves propagating through the tunnel.

3.2. Model boundary conditions
In numerical simulation, the model boundary condition is a very important factor for simulation
results, especially in dynamic numerical simulation. PFC2D provides both the wall and particle

boundaries, and the latter was adopted in the present study so that various boundary conditions can be
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applied.*? A strip of particles is identified as boundary particles at model boundary as shown in Fig. 5c.
The width of the strip is defined with enough size to leave no part of the model unbounded.

In the DEM-based code PFC2D, external loads applied to the model boundary must be translated
into forces that are applied to the particles centers since stress is a concept valid only in continuous
material. If a stress value o is to be applied at a cylindrical particle with unitary thickness, the equivalent
force applied to the particle must take into account the transversal area of the particle:

Eou =004 =2000u (38)
where 7, is the radius of the particle.

If a static stress value oy is applied to the model boundary, the resultant force applied to the boundary

particles is:

= O-S Abuundary = O-SL (3 9)

boundary

where L is the length of the particle boundary.
In order to convert boundary force into particle force, the border width must be taken into
consideration. Supposing the force applied to each boundary particle is proportional to the transversal area

of the particle, thus the force applied to every boundary particle can be expressed as:

_ 2, _oln
i = * boundary N, -

22 ir 7 “0)
= =
where F; and 7; are the applied force and radius of the ith particle of the boundary particles, and N, is the
number of the boundary particle.

If a time-varying dynamic stress o(?) is applied to the model boundary together with a static stress
value o, the coupled static-dynamic loading boundary condition is given by:

F=(o)+0,) -2

S (1)

During dynamic loading process, when a compressive stress wave arrives at the model boundary, a

compressive or tensile stress wave will be reflected back from the fixed or free boundary. To
tremendously reduce or even eliminate the influence of reflected waves on simulation results, the viscous
boundary condition proposed by Lysmer and Kuhlemeyer® was employed to the model boundary. The
basic theory of the viscous boundary is that the boundary generates a symmetric stress wave to cancel the

incoming one when a wave impinges on the viscous boundary. According to the relation between velocity
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and stress, the symmetric stress wave can be given by:
o =-pcv (42)
where p and c are the medium’s density and wave velocity, respectively, and v is the particle velocity.
Similarly, the width of the particle boundary must be taken into account when translating the
dynamic stress into particle forces, so the force applied to every particle of viscous boundary can be
expressed as:

}’;.

F, =-pcv,

" 43

Zﬁ- “3)
=1

In general, the model boundaries are mixed boundaries in which the viscous boundary coexists with
the static or dynamic loading. Therefore, if the viscous boundary condition is taken into consideration, the

mixed boundary condition of static stress and viscous boundary is given by:

Lr,

N,

. 44
S (44)
=

E =(0, - pev,)

If a dynamic load and the viscous boundary are considered simultaneously, the dynamic load
magnitude must be doubled; because half of the load will be absorbed by the viscous boundary.*? Thus the
mixed boundary condition of coupled static-dynamic loading and viscous boundary is given by:

Lr,
F,=Q2o(t)+0, - pcv,)~ d

: (45)

It is worth noting that the density of the boundary particles must be set to half of its real value when

the viscous boundary is considered, because only half of the particle is represented, the other half of the
mass belongs to the absent particle.*® In PFC2D, the mixed boundary conditions mentioned above can be
realized using the Fish programming language. In the present study, the mixed boundary condition of
coupled static-dynamic loading and viscous boundary was applied to the left boundary of the model, and
the mixed boundary condition of static stress and viscous boundary was applied to the right, top and

bottom boundary of the model, as illustrated in Fig. Sa.

3.3. Stress measurement and energy tracing in PFC2D
Stress is a quantity usually used in continuum mechanics and does not exist at each point in a

discrete particle assembly. Stress tensors in discrete media are obtained by averaging procedures. In
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PFC2D, this is realized by the stress measurement logic using a measurement circle, which was discussed
in detail by Potyondy and Cundall.*® The final expression used in PFC2D to compute the average stress

tensor within a measurement circle is given by:

oy =— ZV“” zz| (© _ p)

(C P)F(l) (46)

where the summations are taken over the N, particles with centers contained within the measurement
region and the N, contacts of these particles; 7 is the porosity within the measurement region, V" is the

(p) (c)

volume of particle (p); x;”° and x;” are the locations of a particle center and its contact, respectively,

n“” is the unit normal vector directed from a particle center to its contact location, and F.° is the

force acting at contact (c¢) arising from both particle contact and parallel bonds.

In PFC2D, the energy in the entire particle assembly can be tracked using the history energy
command, and can also be accessed by the Fish variables that begin with e . Nevertheless, PFC2D does
not provide the source code to trace the energy within a specific region. If we want to trace the energy
evolution in a specified domain, the energy measurement circle, the same as the stress measurement circle,
must be applied. In the present study, we are interested in the kinetic energy and strain energy evolution
around the tunnel during dynamic loading. The total kinetic energy of all particles with centers contained

within the measurement circle domain can be expressed as:

=—ZZ (47)

N, i=1

where N, is the number of particles with centers contained within the measurement region, M, and v; are

the generalized mass and velocity of the particles, respectively, which can be given by:

M, v

OMON

mx,, fori=1,2
(48)

lay), fori=3

where m and I are the mass and the moment of inertia of the particles, respectively, X; and @, are the

translational and rotational velocity of the particles.
In PFC2D, the strain energy of the material is stored in the contact and parallel-bond model. The
total strain energy stored in all contacts with centers contained within the measurement circle domain can

be expressed as:
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1 a2
E =E;(|Fi R

F;S

ke ) (49)

where N, is the number of contacts with centers contained within the measurement circle region; F,-"| and

|F,-S| are the magnitudes of the normal and shear components of the contact force; and k, and k& are the

normal and shear contact stiffness.
And the total strain energy stored in all parallel bonds with centers contained within the measurement

circle domain can be expressed as:

1 —n|? —n —s|? —s — |2 —n
E, =52UF,-‘ / (Ak )+‘F,-‘ / (Ak )+‘M3 /(Ik )} (50)
Ny
where N, is the number of parallel bonds with centers contained within the measurement circle region;

—n

Fi

and ‘F:

are the magnitudes of the normal and shear components of the parallel bond force, and

‘M3‘ is the magnitude of the moment of the parallel bond; ;" and %  are the normal and shear

stiffness of the parallel bond; 4 and / are the area and the moment of inertia of the parallel bond,

respectively.

4. Numerical simulations and results
4.1 Dynamic responses of underground tunnel induced by blasting load

In this section, a series of waveforms of blasting load with different rising time (i.e., ¢, = 1 ms, 2 ms,
3 ms, 4 ms and 5 ms) and a constant #,/z,. ratio of 5 were applied to investigate the dynamic responses of
the tunnel subjected to coupled static-dynamic loading, the corresponding durations of blasting load are 5
ms, 10 ms, 15 ms, 20 ms and 25 ms. The peak value of blasting load is 15 MPa, and the vertical and
horizontal in situ stress is 10 MPa. The numerical simulation results are shown in Fig. 6.

Figure 6a-c presents the tangential stress evolutional curves in different monitoring points at tunnel
boundary during dynamic loading, and the positive value indicates the compressive stress. Time begins
when dynamic loading was applied to the model boundary. Before dynamic stress wave arrives at tunnel
boundary, stress at tunnel boundary remains constant. At ¢ = 1.33 ms, dynamic stress wave arrives at the
left sidewall of the tunnel, tangential stress at & = 7z increases immediately, and then the incident
compressive stress wave leads to a reduction of tangential stress at the left sidewall of the tunnel as shown

in Fig. 6¢. The greater the rising time of blasting load is, the larger the extent of reduction is, but when ¢,
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exceeds 4 ms, the extent of reduction hardly increases. Because of the existence of compressive stress
induced by static stress, the reduction of tangential stress does not give rise to tensile stress at left sidewall.
After the dynamic stress wave passes through, tangential stress at the left sidewall returns to initial value.
When ¢ = 1.67 ms, dynamic stress wave arrives at the roof and floor of the tunnel, tangential stress at § =
7/2 increases rapidly as shown in Fig. 6b, and a larger rising time of blasting load brings about a higher
peak value of tangential stress. When ¢ = 2 ms, dynamic stress wave arrives at the right sidewall of the
tunnel. As shown in Fig. 6a, the tangential stress evolutional curves at & = 0 are approximately the same
as the curves at 6 = x. It can be found from the comparisons between Fig. 6a-c and Fig. 2 that the
numerical results are generally consistent with the theoretical results, i.e. under blasting stress wave
incidence, the compressive stress at § = /2 is much larger than that at § = 0 and 7. However, there are
also some differences between theoretical and numerical results, because the theoretical solutions are
based on elastodynamics, in which the rock mass is considered as homogeneous, isotropic and perfectly
elastic medium, while the numerical model composes of a large number of discrete particles. Besides, the
average stress in a measurement circle cannot completely represent the stress on tunnel surface.

Figure 6d-f presents the strain energy evolutional curves in different monitoring points at tunnel
boundary during dynamic loading. Comparing Fig. 6a-c with Fig. 6d-f, it can be found that the strain
energy evolutional curves are similar to the tangential stress evolutional curves at the same monitoring
location. It denotes that the accumulation of strain energy around tunnel boundary is the result of the
stress redistribution during dynamic loading. The maximum values of strain energy at & = 0 and = are 5.85
kJ and 6.65 kJ respectively, while it is 24.35 kJ at = 7/2. The maximum value of strain energy at 6 = /2
is considerably larger than that at § = 0 and 7z, and the greater the ¢, is, the larger the value of the
maximum strain energy is. It indicates that a dynamic stress wave with high rising time induces a large
amount of strain energy accumulating at the roof and floor of the tunnel.

Figure 6g-i presents the kinetic energy evolutional curves in different monitoring points at tunnel
boundary during dynamic loading. When dynamic stress wave arrives at the left sidewall of the tunnel, the
kinetic energy at 6 = x increases rapidly to a peak value as shown in Fig. 61, the peak value of kinetic
energy decreases with the increase of 7., and the maximum kinetic energy is 5.62 kJ when ¢, = 1 ms. It can
be observed from Fig. 6g and h that the peak value of kinetic energy at § = 0 and #/2 increases with the

increase of ¢,, and the maximum values of kinetic energy at & = 0 and #/2 are 2.66 kJ and 2.99 kJ when ¢,
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= 5 ms, which are smaller than that at § = 7.

4.2 Influence of lateral pressure coefficient

In this section, the dynamic responses of an underground tunnel at a burial depth of 1000 m were
examined. The vertical in situ stress is 14.74 MPa, four lateral pressure coefficients of £ = 0.5, 1.0, 1.5,
and 2.0 were specified to investigate the influence of lateral pressure coefficient on the dynamic responses.
The rising time and total time of the blasting stress wave are 2 ms and 10 ms respectively, and the peak
value of the blasting stress wave is 25 MPa. According to the analysis presented in section 4.1, the
tangential stress and the strain energy have nearly the same evolution law at the same position, so only the
strain energy and kinetic energy are discussed in this section. The numerical simulation results are
depicted in Fig. 7.

The strain energy evolutions at different monitoring points for various lateral pressure coefficients
are presented in Fig. 7a-c. Before a dynamic stress wave arrives at the tunnel boundary, the strain energy
accumulated under in situ stress is related to the lateral pressure coefficient. The tangential stress derived
from the Kirsch’s formula®! under in situ stress and the associated strain energy are listed in Table 3. The
tangential stress and strain energy at 6 = 0 and 7 under in situ stress decrease with the increase of the
lateral pressure coefficient, while those at & = /2 are the opposite. It is found that the strain energy is
positively related to the tangential stress accumulation. When the lateral pressure coefficient is less than
1.0, the tangential stress is mainly concentrated and thus substantial strain energy is accumulated at two
sidewalls of the tunnel (6 = 0 and x). But when the lateral pressure coefficient is larger than 1.0, the strain
energy is mainly stored in the roof and floor. During dynamic loading process, the strain energy at 8 = 0
has the same evolution law as that at & = 7 as shown in Fig. 7a and c¢. When the dynamic stress wave
arrives at the roof and floor of the tunnel, the strain energy at § = /2 goes to a peak value in a short time
and then drop rapidly as shown in Fig. 7b. The greater the lateral pressure coefficient is, the higher the
peak value of the strain energy is. After the dynamic stress wave passes through, the strain energy returns
to the initial value for the cases of £ = 0.5 and 1.0 but reduces for the cases of £ = 1.5 and 2.0. It indicates
that the strain energy stored in rock mass has a critical value. When the strain energy stored in rock mass
exceeds its critical value, the rapid release of the strain energy occurs, accompanying with the occurrence

of severe rockburst.
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As presents in Fig. 7f, the lateral pressure coefficient has little influence on kinetic energy evolution
at 0 = r, but it has a significant influence on kinetic energy evolution at § = #/2 as shown in Fig. 7e. The
peak value of kinetic energy at 8 = /2 increases with the increase of lateral pressure coefficient. After the
dynamic stress wave passes through, the kinetic energy returns to zero for the case of £ = 0.5, indicating
that dynamic failure does not occur in this case; for other cases, the kinetic energy remains a constant
value, indicating that the dynamic failures occur at the roof in these cases. As shown in Fig. 7d, for the
cases of k= 1.5 and 2.0, the peak value of the kinetic energy at & = 0 are smaller than that when k£ = 0.5
and 1.0, and obvious oscillation occurs in these cases. It indicates that severe dynamic failures occur for
the cases of k= 1.5 and 2.0, and a portion of incident energy are dissipated during dynamic failure.

The micro-crack distributions in the surrounding rock for different lateral pressure coefficients are
presented in Fig. 8, the micro tensile cracks and shear cracks are respectively colored in black and red in
the figure. It can be seen from the figure, a majority of micro cracks distribute at the roof and floor of the
tunnel. The micro crack numbers increase with the increase of the lateral pressure coefficient. For the case
of k=0.5, only 5 micro cracks emerge around the tunnel. The micro cracks increase to 3061 when k= 2.0,
and the damaged zone extends to the right side in this case.

In this study, the strain energy reduction is the difference between the initial value and final value of
the strain energy evolutional curve, which denotes the release of strain energy during dynamic loading. In
addition, the residual kinetic energy is defined as the final value of the kinetic energy evolutional curve,
which denotes the energy carried by the ejected rock fragments during dynamic failure process of the
tunnel. Therefore, the residual kinetic energy can be served as an index of the intensity of rockburst. The
larger the residual kinetic energy is, the more violent the rockburst is. In order to further investigate the
strain energy release law, the strain energy reduction and the residual kinetic energy at 6 = #/2 are
summarized in Fig. 9. The strain energy reduction and residual kinetic energy at 6 = 7/2 increase with the
increase of the lateral pressure coefficient. Because no failure occurs for the case of k£ = 0.5, the strain
energy reduction and residual kinetic energy are zero. When £ = 2.0, the strain energy reduction and
residual kinetic energy reach to 28.63 kJ and 78.66 kJ, and the strain energy reduction accounts for
98.52% of the initial strain energy (the initial value is 29.06 kJ as presented in Fig. 7b). It denotes that the
majority of the strain energy stored in the roof of the tunnel released after dynamic loading, and serious

damages generated at the roof of the tunnel, which is consistent with Fig. 8. It can also be seen from Fig. 9
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that the residual kinetic energy is far larger than the strain energy reduction for the same condition if
dynamic failure occurs at tunnel boundary, because the residual kinetic energy derives not only from
strain energy release but also from incident stress wave. In this regard, it can be inferred that the rockburst
hazard triggered by dynamic loading is more violent than that induced by in situ stress unloading, in
which the residual kinetic energy only comes from strain energy release.

Simulation results discussed in this section suggest that the in situ stress dominates the strain energy
distribution around the tunnel, and the dynamic stress wave is an external factor to trigger dynamic
failures in the periphery of the tunnel. The roof and floor of the tunnel are more vulnerable to dynamic
failures in this condition. With small lateral pressure coefficient, dynamic failures rarely emerge at the
roof and floor of the tunnel due to a little amount of strain energy is accumulated under static stress. With
the increase of lateral pressure coefficient, more strain energy is stored in the roof and floor and it may
reach the critical level. In this case, dynamic loading can trigger violent dynamic failures associated with
the release of substantial strain energy. Therefore, it is very significant to consider the influence of lateral

pressure coefficient in order to investigate the dynamic behaviors induced by blasting load.

4.3 Influence of the burial depth of tunnel and the amplitude of the blasting load

As the excavated depth of the underground tunnel goes deeper, the tunnel will be positioned at a
higher in situ stress level, leading to more strain energy to accumulate at the periphery of the tunnel.
Therefore, in situ stress levels have a significant influence on the stability of the underground tunnel. In
addition, the amplitude of the blasting load is also an important factor to trigger dynamic failure of the
underground tunnel. In this section, four burial depths (i.e. depth = 0 m, 500 m, 1000 m, 1500 m) and
three amplitudes of the blasting load (i.e. Py, =20 MPa, 30 MPa, 40 MPa) were considered to investigate
the effects of in situ stress levels and amplitudes of the blasting load on the stability of the underground
tunnel. According to section 4.2, it is easier to induce failure by dynamic loading under the condition of
high lateral pressure coefficient, so the axial direction of the tunnel was assumed to extend along the
maximum horizontal principle. In this case, the vertical and horizontal in situ stress for different burial
depths can be determined from Egs. (35) - (37), i.e. o, = 6, = 0 MPa at 0 m; o, = 7.74 MPa, g, = 10.33
MPa at 500 m; o, = 14.74 MPa, ¢, = 18.83 MPa at 1000 m; o, = 21.74 MPa, o, = 27.33 MPa at 1500 m.

The rising time and total time of the blasting load are 2 ms and 10 ms, respectively. According to the
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analysis results mentioned above, dynamic failure is more likely to occur at the roof and floor of the
tunnel, so only the strain energy evolutional curves at 6 = 7/2 of the tunnel are discussed in this section.

Figure 10 presents the strain energy evolutional curves at § = 7/2 of the tunnel at different depths.
The higher in situ stress results in more strain energy accumulating at the roof of the tunnel. Under
dynamic loading, the strain energy at & = x/2 increases rapidly, and the peak value of the strain energy
increases with the increase of the amplitude for a specified burial depth. During dynamic loading process,
if the strain energy stored in the measuring domain reaches the critical level, the strain energy evolutional
curve will oscillate and drop in a short time, and the shorter dropping time denotes the rapider release of
the strain energy.

Figure 11 presents the strain energy reduction and residual kinetic energy at 6 = /2 of the tunnel.
The strain energy reduction and residual kinetic energy increase with the increase of the burial depth. For
a specified depth, the increase of the amplitude of the blasting load results in more strain energy reduction
and residual kinetic energy. But the strain energy reduction is zero when the depth of the tunnel is 0 m, as
none of strain energy is stored in the surrounding rock before dynamic loading. In this case, the residual
kinetic energy only comes from the blasting load. When the burial depth of the tunnel exceeds 1000 m, a
smaller amplitude of blasting load (P, = 30 MPa) is sufficient to trigger complete failures at the roof of
the tunnel. It can also be found from Fig. 11 that the residual kinetic energy is far larger than the strain
energy reduction under the same condition.

Figure 12 illustrates the crack distributions in the surrounding rock at different depths and under
blasting load with different amplitudes, the micro tensile cracks and shear cracks are respectively colored
in black and red. It can be seen from Fig. 12 that, if the dynamic loading is only considered, the tensile
cracks appear in two sidewalls of the tunnel when P;,, = 40 MPa, as well as a few micro cracks distribute
at the roof and floor. When the burial depth of the tunnel goes to 500 m, the tensile crack only emerges in
the left sidewall and more micro cracks distribute at the roof and floor. At the depth of 1000 m and 1500
m, the tensile crack disappears, and the evident damaged zones occur at the roof and floor, which extend
to the right sidewall of the tunnel for the cases of P, =40 MPa. For a specified burial depth, the extent of
damaged zone increases with the increase of the amplitude of the blasting load, because the blasting load
with larger amplitude contains more incident energy and can trigger more violent dynamic failures around

the tunnel. For an underground tunnel subjected to the blasting load with specified amplitude, the extent
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of the damaged zone increases with the increase of the burial depth of the tunnel. In particular, for the
tunnel at the depth of 1500 m, the dynamic loading with lower amplitude (P, = 20 MPa) is sufficient to

trigger dramatic dynamic failures at the roof and floor of the tunnel.

5 Discussion

In the present study, the theoretical formulations were obtained to accurately assess the dynamic
stress concentration factor around a circular tunnel subjected to blasting stress wave, and the entire
process of stress wave propagating through an underground tunnel was modeled using a numerical model.
The numerical results showed that the in situ stress environment has a significant effect on the dynamic
responses of the underground tunnel. The blasting load can induce dramatic dynamic effects around the
underground tunnel and is likely to trigger severe rockbursts in tunnel surface. As stated by Li and Weng?3°
that the strain energy distribution in tunnel boundary is related to the lateral pressure coefficient, and the
strain energy is mainly stored in compressive stress concentration zone under static stress. Their results
indicated that when the lateral pressure coefficient is less than 1.0, two sidewalls of the opening are
subjected to high compressive stress, which results in high strain energy intensity near the sidewalls. But
when the lateral pressure coefficient is larger than 1.0, the strain energy mainly intensifies at the roof and
floor. In the present study, the conclusions from section 4.2 are consistent with their results. Besides, the
numerical results shown in Figs. 9 and 11 further indicate that the strain energy release is positively
related to the lateral pressure coefficient and the burial depth of the tunnel. However, when a non-circular
cross section is used in an underground tunnel, the strain energy distribution is more complicated. In this
case, the strain energy release is also related to the in situ stress orientation*® and the incident direction of
the blasting stress wave,*> 3¢ and different conclusions can be drawn when the blasting stress wave was
applied to the model boundary from different directions.

In addition, numerical simulation results of Li and Weng?¢ and Zhu et al. 3° showed that the dynamic
failures mainly emerge in the incident side of the opening under dynamic disturbance. The dynamic
failures in the present model mainly emerged in the positions perpendicular to the incident direction of
blasting stress wave (i.e. the roof and floor of the tunnel, as shown in Figs. 8 and 12), it seems that our
findings are inconsistent with the their results. However, as proposed by Wang and Cai’” that the ratio of

incident wavelength to excavation span (/D) has a large effect on ground motion around excavations, and
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the stress field near excavation boundary becomes very complex as the A/D ratio decreases. Therefore, the
incident waves with different wavelengths may lead to different failure modes around underground tunnel.
When a high-frequency stress wave propagates through a circular tunnel, the circular boundary appears to
be a plane boundary. In this case, the incident compressive stress wave is reflected back as the tensile one,
which will lead to the spalling failures in the incident side. If the incident stress wave is a low-frequency
one, the stress states around the tunnel approach to the static loading conditions. In this case, the positions
perpendicular to the incident direction are more prone to failures.

In the present analysis, the equivalent wavelength of a triangular wave can be calculated by 4 = #«c,,
where ¢, is the duration of blasting load and ¢, is the longitudinal wave velocity, which is 3000 m/s in this
study. Previous studies®> 3¢ on stability of underground tunnels induced by dynamic disturbance focused
on a small A/D ratio (/D < 1), in this case, dynamic failures mainly occurred in the incident side. In this
study, the duration of blasting load used in sections 4.2 and 4.3 is 10 ms, and the corresponding A/D ratio
is 15. In this case, the dynamic failures mainly occurred in the roof and floor. However, because of the
diversities of blasting parameters and tunnel dimensions, the A/D ratio may vary in a wide range.
Therefore, it is necessary to discuss the stability of underground tunnels under conditions of different /D
ratios. The ratio of incident wavelength to excavation span may have a significant influence on the failure
characteristics of the tunnel, especially complicated geological environments and tunnel cross-section
shapes are considered at the same time. In our future study, we plan to take the stress wave propagation
and attenuation into consideration and further investigate the influence of the incident wavelength and the
tunnel cross-section shape on fracturing characteristics of the deep-buried tunnel. These will be further

introduced in our following paper.

6. Conclusions

In this paper, a two-dimensional mathematical physics model was first presented to investigate the
dynamic response around a circular tunnel subjected to blasting stress wave excitation. Based on the
steady state solution of the wave expansion approach, transient solutions subjected to different incident
waveforms were obtained. Theoretical results indicated that the DSCF at the roof and floor of the tunnel is
much larger than that at two sidewalls when blasting stress wave was applied to left model boundary, but

the dynamic amplification factor at two sidewalls is much larger than that at the roof and floor. A two-

25



693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

dimensional numerical model established by the discrete element program PFC2D was then introduced to
verify the theoretical analysis, and to further explore the energy evolution law around the underground
tunnel subjected to coupled static-dynamic loading. The numerical results indicated that, for an
underground tunnel only subjected to in situ stress, high compressive stress concentration around the
tunnel leads to the accumulation of massive strain energy at the same location. During dynamic loading
process, the roof and floor of the tunnel are more vulnerable to dynamic failures. The larger the lateral
pressure coefficient is, the more strain energy and kinetic energy release during dynamic failures. In
addition, the residual kinetic energy is much larger than the strain energy release under the same condition.
Furthermore, for an underground tunnel subjected to high in situ stress, the dynamic loading with lower
amplitude is sufficient to trigger severe dynamic failures. Therefore, the effect of the dynamic blasting
stress wave induced by adjacent tunnel excavations should be taken into consideration when the support
and reinforcement systems of an underground tunnel are designed, especially for the tunnel subjected to

high in situ stress.
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Figures and Tables
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Fig. 1. Simplified model of interactions between incident P wave and underground tunnel.
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Fig. 2. Numerical results of the DSCF at tunnel boundary.
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Fig. 3. Dynamic amplification factors at tunnel boundary.
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Fig. 4. Comparison between experimental and numerical results of the rock specimen under uniaxial compression:

(a) stress-stain curve and (b) final failure mode.
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Fig. 5. Schematic diagram of the PFC2D numerical model: (a) Boundary conditions; (b) Layout of measurement

circles (A1, B1 and C1 are stress measurement circles; A2, B2 and C2 are energy measurement circles); (¢) Model

boundary particles.
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Fig. 6. Stress and energy evolutional curves at different monitoring points under various waveforms of blasting

load ((a). (b). (c): tangential stress evolution, (d). (e). (f): strain energy evolution, (g). (h). (i): kinetic energy
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Fig. 7. Energy evolutional curves at different monitoring points for various lateral pressure coefficients ((a). (b)+

(c): strain energy evolution, (d). (e). (f): kinetic energy evolution).
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Fig. 8. Crack distributions in the surrounding rock for various lateral pressure coefticients (black and red denote

tensile and shear cracks).
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Fig. 9. Energy dissipations at 6 = 7/2 of the tunnel for various lateral pressure coefficients.
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Fig. 11. Energy dissipations at 8 = 7/2 of the tunnel at different depths and under blasting load with different

amplitudes: (a) strain energy reduction and (b) residual kinetic energy.
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Fig. 12. Crack distributions in the surrounding rock at different depths and under blasting load with different
amplitudes.
Table 1

Comparison between the experimental and numerical mechanical parameters for rock specimen.

Mechanical parameters Physical model =~ Numerical results ~ Error (+%)

Density, p (kg/m?) 2750 2989 -

Uniaxial compressive

55.32 54.77 0.99
Strength, UCS (MPa)
Young’s modulus, £ (GPa) 18.73 18.84 0.59
Poisson’s ratio, v 0.206 0.204 0.97

Table 2

The microscopic parameters of the PFC model.

Particle basic parameters value
Particle density, p (kg/m?) 2989
Particle minimum radius, 7,,;, (m) 2%10%
Particle radius ratio, 7./ min 2
Particle contact module, E. (GPa) 15.87

Particle Stiffness ratio, k,/k 2.0




Particle friction coefficient, u

Parallel-bond parameters

Parallel-bond radius multiplier, 4
Parallel-bond modulus, E. (GPa)
Parallel-bond stiffness ratio, kol ks
Mean normal strength, o (MPa)
Std.dev. of normal strength, o (MPa)

Mean shear strength, z (MPa)

Std.dev. of shear strength, 7 (MPa)

0.5

15.87

2.0

45.27

9.05

45.27

9.05

Table 3
Tangential stress and strain energy induced by in situ stress for various lateral pressure coefficients.
k 6=0 0=r/2 O=r
Tangential Strain Tangential Strain Tangential Strain
stress (MPa)  energy (kJ) stress (MPa)  energy (kJ) stress (MPa)  energy (kJ)
0.5 36.85 9.04 7.37 2.13 36.85 10.71
1.0 29.48 7.59 29.48 6.66 29.48 8.75
1.5 22.11 6.37 51.59 15.58 22.11 7.29
2.0 14.74 543 73.70 29.05 14.74 6.22




