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.e freezing-blasting method constitutes the only available technique for excavating mining shafts within water-bearing
bedrock. .is study explores the effects of vibration damage to young C65 concrete shaft linings caused by close-range blasting
excavation using the finite element method. C65 concrete test specimens were made in the laboratory and then cured at −7°C,
and the elastic modulus, compressive strength, and longitudinal wave velocity were tested. .e allowable dynamic tensile
strength of the concrete for eachmold of the shaft lining was obtained according to the observed strain rate of the concrete shaft
lining using a regression formula. .e finite element simulation results are basically consistent with the in situ measurements,
thereby attesting to the validity of the numerical simulation. .e blasting-induced vertical peak vibration velocity of the first
mold of the concrete shaft lining reached 20∼25 cm/s, which far surpasses the allowable vibration velocity range (i.e., 2∼3 cm/s)
in the Safety Regulations for Blasting for newly cast concrete between the initial setting and an age of 3 d. .e tensile stress of
the first concrete mold calculated by the finite element method is approximately equal to the theoretical tensile stress, both of
which are smaller than the dynamic tensile strength of concrete. .e cumulative energy sustained by the shaft lining of each
mold and the allowable values of the dynamic tensile strength were obtained..e growth rate of the dynamic tensile strength of
the subsequent molds was larger than that of the cumulative energy, and thus the safety of the shaft lining gradually improved.
.e C65 concrete would therefore not experience tensile failure after the shaft lining has sustained multiple rounds of blasting
loads. .is finding can provide a basis for safety considerations when employing the freezing-blasting method to construct
mining shafts in water-bearing bedrock.

1. Introduction

Shallow coal resources are currently nearly drained. Con-
sequently, it has become normal practice to construct shafts
to depths over 500m [1]. To accommodate such depths, shaft
linings have gradually adopted C60 and higher-strength
concretes [2]. Numerous provinces throughout China, in-
cluding Shaanxi, Gansu, Ningxia, and Inner Mongolia, boast
rich coal resources characterized by a thick bedrock on the
upper surface, water-bearing bedrock, fissure water in
aquifers, and poor preliminary grouting conditions. .e
only method that can be employed to construct shafts under
these geological conditions is the freezing-blasting method
[3, 4]. .e parallel construction and casting of concrete shaft

linings and the excavation of shafts through blasting under
low-temperature (i.e., frozen) conditions in the water-rich
bedrock can lead to the failure of young low-temperature
concrete shaft linings exposed to blasting vibrations. Water
leakage often occurs in a few places throughout shaft linings
constructed using this parallel construction method, im-
posing serious restrictions on the application of this
approach.

By conducting model tests, Zhang et al. [5] concluded
that blast-induced vibrations can increase the strength of
concrete within 1-2 d and decrease the strength thereafter. Li
et al. [6] used in situ measurements and numerical simu-
lations to study the attenuation of the blasting load energy in
shafts and discovered that the vibration velocity of the first
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mold of the newly cast concrete linings exceeds the allow-
able standard. Wang [7] acquired field measurements to
investigate the impacts of blasting on shaft linings. However,
they failed tomonitor the first mold of the shaft lining, which
is the closest to the work face and consequently suffers the
most severe blasting impact, due to safety limitations as-
sociated with blasting and the potential damage to equip-
ment from blast debris. Shan et al. [8, 9] determined via a
physical model test with a 1 :15 similarity ratio that the
damage suffered by a shaft lining is obviously cumulative
based on changes in the ultrasonic wave velocities at
monitoring points both before and after blasting. However,
indoor model tests, which are confined by the size of the
bunker, the blasting bearing capacity, and the limitations on
the model size, are more prone to reflections of stress waves
from boundaries than practical engineering endeavors, and
the test data are also limited. In addition, it is difficult to
control the similarity ratio in an indoor model test, and the
errors associated with the difference in the scale cannot be
ignored.

.e finite element method has been increasingly
employed to predict structural responses under blasting
loads. .e LS-DYNA explicit finite element program
contains more than two hundred material models that are
widely used to simulate the responses of reinforced
concrete structures under blasting loads. To date, a
number of studies on the roles and principles of blasting
construction and the related effects on tunnel lining
structures have been released. Using the finite element
method, Yang et al. [10] found that the secondary shot-
crete should be constructed at least 24m away from the
blasting face to avoid vibration-induced failure. Jiang and
Zhou [11], Jiang et al. [12], and Ahmed and Ansell [13, 14]
studied the maximum peak vibration velocity allowed by a
structure in a secure state. Mitelman and Elmo [15] and Li
and Hao [16] utilized a finite element numerical simu-
lation to study spalling in concrete under a blasting load.
All of these studies focused on comparisons between the
extracted vibration velocities at measurement points and
standard values to determine whether the structures
suffered damage. However, this approach fails to suffi-
ciently address two problems. First, the stresses calculated
through the finite element method are compared with the
related design values of the material strength to determine
whether the structure is damaged. Second, this method
does not analyze the structural failure caused by the cu-
mulative effects of multiple rounds of blasting. In addi-
tion, studies on the impacts of blasting on shaft linings
using the finite element method have not been reported, to
the best of our knowledge. .e finite element method can
eliminate the boundary effects of indoor model tests,
alleviate the difficulty associated with controlling the
material similarity ratio, and compensate for the inability
(i.e., due to safety limitations in coal mine production) to
monitor the vibration-induced failure of the first mold of
the shaft lining using field measurements.

.erefore, this study used the finite element method to
study the vibration failure of a young low-temperature C65
shaft lining. .e aim was to explore whether the first mold

of the shaft lining closest to the blasting face is damaged
under the impacts of blasting loads, whether the shaft lining
is damaged due to the cumulative effects of multiple rounds
of blasting, and whether it is appropriate for China’s Safety
Regulations for Blasting [17] to adopt the peak vibration
velocity as a standard for judging the failure of C60 and
higher-strength concretes. To achieve these goals, this
study took a mine in Inner Mongolia [7–9] as the study
object. .e temperature of the lining during the in situ
construction was approximately −7°C. Test blocks of young
C65 concrete at this temperature were made in the labo-
ratory, and their uniaxial compressive strength, elastic
modulus, and longitudinal wave velocity were measured.
.en, these parameters were input to a finite element
model, and the results were compared with observations at
the engineering site [7] and the results of an indoor model
test [8, 9]. .e allowable values of the dynamic tensile
strength for concrete in each mold of the shaft lining were
obtained by using the measured strain rate of the concrete
in the shaft lining [7]. As the effective tensile stress of the
concrete element extracted by using the finite element
method was smaller than the allowable value of the dy-
namic tensile strength of concrete, it is concluded that the
allowable vibration velocity in the Safety Regulations for
Blasting [17] is too conservative. .e concrete shaft lining
at an age of 1 d would not be damaged when the peak
vibration velocity was <25 cm/s. Under the action of cyclic
loads (an interval ≥ 2.5 d), the growth rate of the dynamic
tensile strength of the subsequent molds of the shaft lining
was greater than that of the cumulative energy, and thus the
safety of the shaft lining improved gradually with the
addition of molds, and the concrete comprising the shaft
lining was not subject to tensile damage after multiple
rounds of loading. If cracks and seepage occurred in the
shaft body, the factors related to blasting construction
could be excluded. .e results of this study may have some
reference and guidance values for blasting scheme for-
mulation and the determination of blasting cycles in similar
engineering backgrounds. Furthermore, this study may
provide a background example for the amendment of the
allowable velocity to ensure the safety of high-strength
concrete shaft linings.

2. Materials and Methods

2.1. Project. .e concrete shaft lining and external rock wall
structure of the Inner Mongolian coal mine [7–9], the
construction of which was achieved by adopting the freezing-
blasting method, are shown in Figure 1, in which the X axis
represents the radial direction and the Y axis represents the
axial direction of the shaft. .e origin of the coordinate
system is the contact position between the rock mass and the
outer surface of the first mold section of the shaft lining. .e
distance from the base of the first mold section of the shaft
lining to the tunnel face was 4m, and the diameter of the
shaft body was 10.9m. .e undercover-reverse-building
method was adopted to construct the external concrete
lining, which was composed of C65 concrete, in tandem with
the heading face. .e cycle of each mold took 2.5 d, and the
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cyclical footage was 4m. �e axial height of the first mold
spanned the interval of [0, 4]m, the radial thickness of the
shaft lining spanned the interval of [−0.5, 0]m, the radial
tunneling depth of the mold section covered the interval of
[−8, −4]m, and the interval of the radial thickness of the
external rock wall was [0, 2]m. �e blasting hole was 4.5m
deep, with a diameter of 55mm. �e cylindrical charging
center was radially located at −6.4m. Electric detonators with
0, 25, 50, 75, and 100ms delays were selected, and T220 rock
water-gel explosives with a diameter of 45mm and a car-
tridge length of 400mm were adopted. �e blasting pa-
rameters are shown in Table 1.

�is study explored both the impacts of the blasting
loads on the external concrete wall and the cumulative ef-
fects of multiple rounds of blasting impacts on the shaft
lining. �e excavation for each mold required 2.5 d. �e
interval between the completion and casting of a preceding
mold section and the subsequent blasting time was 1 d. Eight
molds of the shaft lining were sampled. �e shaft lining and
the external rock wall are magnified in Figure 2, and the
concrete ages for each mold of the shaft lining are indicated
on the right side of the figure.

2.2. Mechanical Properties of the C65 Concrete Material Used
for the Shaft Lining. Test blocks with cubic dimensions of

100mm× 100mm× 100mm [18] were made in the labo-
ratory, cured for 12 h in a −7°C freezer according to the
temperature conditions of the site and then taken out of the
mold. �e static uniaxial compressive strength, elastic
modulus, and longitudinal wave velocity of each block were
measured at room temperature, and the results are shown in
Table 2.

�e uniaxial compressive strength, elastic modulus, and
longitudinal wave velocity parameters corresponding to the
age (3.5, 6, 8.5, 11, 13.5, 16, and 18.5 d) of the concrete in
each mold were obtained through smooth curve in-
terpolation from known (i.e., measured) data, and the
results are shown in Table 2. Poisson’s ratio was assigned a
constant value of μ � 0.22, and the elastic modulus E, shear
modulus G, and Poisson’s ratio μ all satisfied the following
equation:

G �
E

2(1 + μ)
. (1)

�e calculated results of the shear modulus of concretes
of different ages are also shown in Table 2.

It is difficult to directly measure the dynamic tensile
strength of young concrete at a high strain rate. By combining
laboratory tests and numerical simulations, Grote et al. [19],
Grote et al. [20], Zhang et al. [21], and Li et al. [22] found that
the strain rates of concrete test blocks generally range between
101 and 102 s−1 and that the growth factor of the concrete
tensile strength is between 1.5 and 2.0; the tensile strength
increases rapidly in the (4–10) interval. �e measured tensile
strength of the test blocks was used to calculate the allowable
dynamic tensile strength of the C65 concrete.

Concrete is sensitive to the strain rate; for example, the
dynamic tensile strength of concrete increases with the
strain rate. According to the indoor simulation test and
field measurement results, the strain rate _ε of the concrete
in the first mold of the shaft lining exceeded 10 s−1 under
the blasting load. �e increase factor TDIF of the tensile
strength was calculated according to Malvar’s modified
CEB formula [23]:

TDIF �
σtd
σts

�

1, _ε≤ _εstat,

_ε

_εstat
( )δ

, _εstat < _ε≤ 1.0 s−1,

θ ·
_ε

_εstat
( )1/3

, _ε> 1.0 s−1,



(2)

where the quasistatic reference strain rate is _εstat � 1 ×
10−6 s−1, the application range of _ε is (1× 10−6∼160) s−1,
δ � 1/(1 + 8σcs/σc0), lg(θ) � 6δ − 2, σcs denotes the static
compressive strength, and σc0 � 10MPa is a reference value.

According to the measured strain rate of the concrete in
each mold of the shaft lining, the calculations according to
equation (2) are somewhat conservative, and the growth
factor of the tensile strength is TDIF� 4.

Xu et al. [24] performed a regression analysis on the
compressive strength and splitting strength of concrete
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Figure 1: General model of the shaft wall (cm). Note: the directions
and proportions of the X and Y axes are different. �e scale along
the X axis is not the same as that along the Y axis.
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cubes and derived the following formula according to the
experimental data:

ft,s � 0.1011 · TDIF · f
0.9407
cu , (3)

where ft,s is the splitting tensile strength and fcu is the
tensile strength of the testing block.

�e tensile strengths of the C65 concrete cubes measured
in the laboratory (shown in Table 2) were incorporated into
equation (3) to calculate the splitting tensile strength. �e
resulting dynamic tensile strength of the C65 concrete
sample in each mold is plotted in Figure 3, from which it is
evident that the dynamic tensile strength tends to increase
much more slowly beginning with the sixth mold (with an
age of 13.5 d).

2.3. Material Models and State Equations

2.3.1. Explosive Model. �e MAT_HIGH_EXPLOSIVE_
BURN material was selected for the explosive, and the re-
lationship among the internal energy, pressure, and relative

volume during the detonation process is described by the
Jones–Wilkins–Lee (JWL) state equation, as shown in the
following equation:

p � A 1− ω

R1V
( )e−R1V + B 1− ω

R2V
( )e−R2V +

ωE

V
, (4)

where p is the detonation pressure, V is the volume of the
detonation product generated by the charge in a unit vol-
ume, E denotes the internal energy of the unit volume
detonation product, andA, B, R1, R2, and ω are the explosive
parameters. �e background engineering project adopted a
T220 rock water-gel explosive, whose parameters are shown
in Table 3 [25].

2.3.2. Air Model. �e air element is described with the
keyword MAT_NULL and the state equation LINE-
AR_POLYNOMIAL, as shown in the following equation:

P � C0 + C1μ + C2μ
2
+ C3μ

3
+ C4 + C5μ + C6μ

2( )E, (5)

where P represents the pressure, E denotes the internal
energy of a unit volume of air, and C0–C6 and μ are air
material parameters, whose values are shown in Table 4.

2.3.3. Surrounding Rock Model. �e kinematic hardening
elastoplastic constitutive model, which is capable of de-
scribing the effects of the strain rate and kinematic hard-
ening on the material, was adopted for the surrounding rock
mass with the keyword MAT_PLASTIC_KINEMATIC. �e
background engineering project was a mine in Ordos where
the typical rock mass in the mining area is a red sandstone,
the parameters of which are shown in Table 5 [7, 25].

2.3.4. Concrete Model. �e Holmquist–Johnson–Cook
(HJC) material model was adopted for the concrete [26].
�is model contains a yield surface equation (Figure 4(a)), a
damage evolution equation (Figure 4(b)), and a state
equation (Figure 4(c)).

�e yield surface equation expresses a dimensionless
equivalent stress, and the strain rate effect and the influence
of material damage are considered. �e equation is as
follows [26]:

σ∗ � A · (1−D) + B · P∗N[ ] 1 + C · ln _ε∗( ), (6)

Table 1: Blasting parameters.

Diameter
no.

Hole
number

Diameter
(m)

Angle
(°)

Explosive quantity
(kg)

Hole distance
(mm)

Segment
Segment explosive amount

(kg)

1 9 1.4 86 44.1 479 I 44.1
2 12 2.4 87 50.4 621 II 50.4
3 18 3.6 90 63 625 III 287.7
4 26 5 90 109.2 603
5 33 6.4 90 115.5 608
6 40 8 90 168 628 IV 325.5
7 45 9.6 90 157.5 670
8 52 10.7 93 145.6 646 V 145.6

Section number of
the shaft lining

Intersecting face

Intersecting face

Intersecting face

Intersecting face

Concrete
age for this
section of
the shaft
lining (d)

Equivalent rounds
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Figure 2: Schematic diagram of the shaft lining (cm).
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where σ∗ � σ/fc and P∗ � P/fc are the dimensionless
equivalent stress and hydrostatic pressure, respectively,fc is the
static uniaxial compressive strength of the material, P is the
actual hydrostatic pressure, _ε∗ is the ratio between the actual
strain rate _ε and the reference strain rate _ε0 � 1.0 s−1, D is the
damage factor (0≤D≤ 1), T∗ is the dimensionless tension
(T∗ � T/fc), T is the maximum tension stress the material can
endure, Smax is the maximum dimensionless equivalent stress
σ∗(σ∗ ≤ Smax), A is the normalized cohesive strength, B is a
normalized pressure hardening coefficient, N is a pressure
hardening exponent, andC is a strain rate hardening coefficient.

Material damage is described by the accumulation of the
equivalent plastic strain and plastic volumetric strain. .e
damage evolution equations are as follows [26]:

D �∑
Δεp + Δμp
εfp + μ

f
p

,

εfp + μ
f
p � D1 P

∗
+ T∗( )D2 ≥ εf ,min,

(7)

where Δεp and Δμp are the equivalent plastic strain and
plastic volumetric strain within a single integral cycle, εfp +
μfp is the plastic strain of material being crushed under a
normal pressure, D1 is a damage parameter of the model,
and εf ,min is the minimum plastic strain at which the material
is disrupted.

.e state equation is composed of three parts. .e first
part involves the linear plastic range [26]. When P≤Pcrush,
the material is in a plastic state. .e elastic bulk modulus
K � Pcrush/μcrush, where Pcrush and μcrush represent the
pressure and volumetric strains in the uniaxial compression
experiment. Within the elastic range, the loading and
unloading state equation is as follows:

P �
K

μ
. (8)

.e second part involves the plastic transition range.
When Pcrush <P<Plock, the material remains in a plastic
state. Within this range, as the pressure and plastic volu-
metric strains increase, the pores inside the concrete
gradually shrink.

.e third part involves the high-compression range.
When P≥Plock, the material is under a high-compression
state. Within this range, the relation between the pressure
and the volume is as follows:

P � K1μ + K2μ
2
+K3μ

3, (9)

where μ � (μ− μlock)/(1 + μlock), K1, K2, and K3 are con-
stants, and T(1−D) represents the tension.

.e parameters of the concrete are shown in Table 6
[7, 25] (showing concrete with an age of 1 d corresponding
to the first mold of the shaft lining).

For the finite element model (shaft linings 2 through 8),
among the parameters of the HJC material model, only E
and fc changed, while the other parameters remained
constant. According to the age of the concrete of each mold
of the shaft lining (see Figure 2), the parameters of eachmold
material were determined, and the results are shown in
Table 2.

2.3.5. Calculation Model. Because of the symmetric structure
of the shaft lining, only 1/4 of the model was studied. .e net
radius of the shaft body was 5.45m, the radius of the external
rock mass was 12m, the height beneath the heading face was
8m, and the height above the heading face was 36m (8 casting
mold sections). .e bottom (i.e., lowest) concrete mold
was 4m from the heading face. To ensure that the finite el-
ement model was as similar to a practical engineering en-
deavor as possible, the fourth section (i.e., containing the
maximum blasting charge) contained 4 blast holes, as shown
in Figure 5. .e explosive and air were defined according to
∗SECTION_SOLID_ALE (arbitrary Lagrangian–Eulerian)
and calculated using the ALE multimaterial algorithm (this
algorithm allows multiple materials to be transported within
the same grid demarcated based on multimaterial elements);
the shaft lining and the surrounding rock were defined
according to ∗SECTION_SOLID and calculated using the
Lagrangian algorithm; fluid-solid coupling among the sur-
rounding rock, shaft lining, and air was performed in ac-
cordance with ∗CONSTRAINED_LAGRANGE_IN_SOLID.
.is calculation method has the following virtues: it allows
fluid materials to flow within the Euler element, thus avoiding
element distortions; furthermore, the employment of fluid-

Table 2: Mechanical parameters of C65 concrete test blocks of different ages.

Age (d) 1 2 3 3.5 6 7 8.5 11 13.5 14 16 18.5 28

Uniaxial compressive strength (MPa) 15.1 26 34.3 37.1 50.7 54.4 58.7 63 65.1 65.3 66.7 68.1 72.7
Elastic modulus (GPa) 22 26.5 30 30.4 33.7 34 34.9 35.5 35.8 35.8 35.9 36.1 36.3
Longitudinal wave velocity (m/s) 3125 3333 3571 3587 3808 3846 3925 4010 4073 4083 4123 4163 4267
Shear modulus (GPa) 9.2 11 12.5 12.7 14 14.2 14.5 14.8 14.9 14.9 15 15 15.1
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Figure 3: Dynamic tensile strength of C65 concrete in the different
molds.
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solid coupling to handle the interaction between solid
and fluid materials provides a convenient way for the es-
tablishment of the blasting model [27]. In this study, the
whole model contained 11 parts, with 53888 solid elements
(the rock, 47744 elements; the eight-mold shaft lining con-
stituted 6144 elements (768× 8)) and 5600 liquid elements

(the explosive, 480 elements; air, 5120 elements). To eliminate
the impacts of reflected stress waves at the model boundaries
on the simulation results, a symmetric constraint was applied
to the two radial faces of the model. �e surface within the
shaft lining was a free boundary, and other radial faces were
nonreflecting boundaries. In the finite element model, the
blasting impact load sustained by the nth mold of the shaft
lining was equivalent to the nth round of blasting load sus-
tained by the first mold of the shaft lining.

Table 3: Material parameters of the T220 explosive [25].

ρ (g/cm3) D (m/s) Pcj (GPa) A (GPa) B (GPa) R1 R2 ω E0 (GPa)

1.2 5500 10 741 18 5.56 1.65 0.35 4

Table 4: Material parameters of air [25].

ρ (g/cm3) C0 C1 C2 C3 C4 C5 C6 E (GPa) V0

1.29×10−3 0 0 0 0 0.4 0.4 0 2.5×10−4 1

Table 5: Material parameters of the red sandstone [7, 25].

ρ (g/cm3) E1 (GPa) M σγ (GPa) E2 (GPa) β εf

2.1 1.8 0.2 0.08 0.18 0.5 0.06

D = 0 (no damage)

D = 1 (fracture)

T∗ (1 – D) P∗ = P/fc

σ∗
 =

 σ
/f

c

Smax

ε∗ > 1.0

ε∗ > 1.0

(a)

D = ∑(Δεp + Δμp)/(ε
p
f + μ

p
f)

εf,min

εf + μf + D1(P∗ + T∗)D2

T∗

P∗

ε pf  +
 μ

pf

p p

(b)

μcrush

Pcrush

μlock

Plock

μT·(1 – D)

P

P = K1μ– + K2μ–2 + K3μ–3

μ– = (μ – μlock)/
(1 + μlock) 

(c)

Figure 4: HJC concrete model. (a) Yield surface equation. (b) Damage evolution equation. (c) State equation.

Table 6: Material parameters of the concrete model [14, 25].

Parameter Value

ρ (kg/m3) 2400
fc (MPa) 18.5
E (GPa) 33.1
v 0.2
T (MPa) 2
εf,min 0.01
Smax 7
A 0.79
B 1.6
C 0.007
N 0.61
Pcrush (MPa) 16
μcrush 0.001
Plock (GPa) 0.8
μlock 0.1
D1 0.04
D2 1
K1 (GPa) 85
K2 (GPa) −171
K3 (GPa) 208

a

b

c d

Figure 5: Finite element model of the shaft: (a) local magnification
near the heading face; (b) magnification of the explosive grains; (c)
eight molds of the shaft lining; (d) structure of the surrounding
rock of the shaft body.
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3. Results and Discussion

�e results of the field measurements [7], model tests [8, 9],
and numerical simulation in this study all demonstrate that
the axial vibration velocity at each measurement point in the
shaft lining is the largest, followed by the radial velocity, and
the tangential velocity is the smallest. �e original shaft
structure was a symmetrical, thin-walled cylinder, and thus
the charge distribution was also symmetric. With regard to
the blasting face, the free surface of the shaft was limited and
resembled a cylindrical surface. �e shaft material was
composed of compact reinforced concrete, which inhibits
the effects of vibrations; this is different from the charac-
teristics of surface blasting, where the free surface is an
infinite horizontal plane. �ese conditions caused the vi-
bration velocities in the axial, radial, and tangential di-
rections to exhibit the abovementioned results.
Consequently, this study selected the axial vibration velocity
of each mold of the shaft lining for further analysis. Each
mold had a height of 4m, and the bottom of the first mold
was 4m away from the heading face (Figure 1). �e axial
velocity was measured at seven measurement points [7]
(corresponding to each point from the second mold to the
eighth mold). �e successive distances from the measure-
ment points to the heading face were 9, 13, 17, 21, 25, 29, and
33m. �e axial velocities were measured during the indoor
model test [8, 9] at three points (corresponding to two points
on the first mold and one point on the second mold); the
locations of those three points were then converted into
distances (i.e., 5, 7, and 11m) from the in situ shaft lining to
the heading face. For the sake of comparison, the axial
velocities of ten points with distances of 5, 7, 9, 11, 13, 17, 21,
25, 29, and 33m from the heading face (corresponding to
two points of mold 1 and mold 2 and one point of mold 3 to
mold 8, respectively) were selected from the numerical
model in this study. �e relationships among the simulated
values, test values, and in situ measured values are shown in
Figure 6. Field measurements were not obtained for mold 1
(4m to 8m) due to factors of blasting safety. In indoor mold
tests, molds 1 and 2 were cast, and molds 3 to 8 (13m to
18m) were not tested due to indoor factors. In contrast, the
numerical simulation completed the tests on all molds.

As shown in Figure 6, with regard to the axial vibration
velocity, the field measurements and mold tests had a small
overlapping range with a great difference (where the vi-
bration velocity ratio was between 1.3 and 1.4), although the
variation trends were similar. To obtain a more accurate
axial variation law, the results based on a third method were
needed. �e finite element method achieved this re-
quirement satisfactorily: the trends of the three axial vi-
bration velocities were consistent, thereby attesting to the
credibility of the simulation results obtained by the finite
element method. For the field measurements [7], sensors
were attached to the outside of the shaft lining. However, the
blasting vibration waves were reflected on the free surface, so
the measured values were higher. For the indoor mold tests
[8, 9], the sensors were embedded inside the shaft lining.
Due to boundary effects, the reflected tension waves and
compression waves from the upper boundary of the shaft

lining superimpose on each other. Furthermore, the simi-
larity ratio between the materials was difficult to control. For
these reasons, the measurement at the detected point on the
first mold was lower than the actual value. �e simulated
values were in satisfactory agreement with the values ob-
tained from the mold tests for molds 1 and 2 (4m–12m) and
with those obtained from the field measurements for mold 3
to mold 8 (13m–36m). Furthermore, considering that the
first mold was the most important in this study, the nu-
merical simulation compensated for the failure to measure
the in situ vibration velocity of the first mold of the shaft
lining [7]. �e extracted vertical peak vibration velocity of
the first concrete mold reached 22 cm/s, which greatly ex-
ceeds the allowable vibration velocity (i.e., 2.0∼3.0 cm/s) for
newly cast concrete with general strength between the initial
setting time and an age of 3 d according to China’s Safety
Regulations for Blasting. �e first concrete model would
therefore be damaged by the impact of a blasting load
according to the abovementioned regulations. However,
both field measurements and indoor mold tests showed a
satisfactory structure for the shaft lining. �erefore, the
allowable vibration velocity in the Safety Regulations for
Blasting [17] is conservative for high-strength C65 concrete.

�ese results were obtained from a qualitative analysis of
the safety of the structure of the shaft lining bymeasuring the
axial peak vibration velocity under the action of blasting
vibration. A quantitative analysis from the perspective of the
stress was then performed.

�e dynamic stress, wave impedance, and vibration
velocity of the rock satisfy the following equation:

σd � ρ · c · V, (10)

where σd is the dynamic stress of the rock material, ρ · c
represents the wave impedance of the rock material, and V
denotes the vibration velocity of the rock material.

�e in situ vibration velocities of the abovementioned
measurement points [7] and the vibration velocities of the
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Figure 6: Axial vibration velocity comparison among molds of the
shaft lining.
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measurement points in the indoor model test [8, 9] were
incorporated into equation (10) to solve for the tensile stress
in the theoretical axial direction of the concrete. Sub-
sequently, the effective tensile stress values in the axial di-
rection for the abovementioned measurement points were
extracted from the finite element model in this study. �e
relationships among the three sets of velocity data are shown
in Figure 7.

As shown in Figure 7, the boundary effect is responsible
for the smaller measured stresses in the indoor model test
and the difficulty associated with controlling the material
similarity ratio. �e results of the finite element simulation
are very similar to the in situ results, with errors less than
10%. �e simulated values are slightly larger than the
measured values, which is attributed to the presence of
fissures and joints, which attenuate stress waves, in an actual
rock mass.�erefore, it is safer to use the simulated values as
the actual values of the tensile force sustained by the shaft
lining, especially because the finite element simulation ef-
fectively compensated for the deficiency of the in situ field
measurements given that the first mold closest to the
heading face was not monitored during the field in-
vestigation.�e effective vertical peak tensile stress extracted
from the finite element simulation results was 2.25MPa,
whereas the allowable value of the dynamic tensile stress
corresponding to the age of the first mold in the indoor
model test was 5.2MPa (Figure 3), and the safe allowable
coefficient was 2.3. Frommold 2 tomold 8, the distance from
the explosion center increased and the tensile stress of the
concrete decreased rapidly (Figure 7), whereas the allowable
value of the dynamic tensile stress of the concrete of each
mold increased (because of the increase in age; Figure 3).
�erefore, the safety of the shaft lining gradually increased.
�ese results demonstrate that the vibration velocities at the
measurement points far exceeded the allowable values in the
Safety Regulations for Blasting. In terms of the peak stress,
the concrete shaft lining was still in a secure state, and it did
not incur any damage. �erefore, the allowable peak particle
velocities (PPVs) in the Safety Regulations for Blasting are
too conservative for C60 or higher-strength concrete shaft
linings. �e above conclusions are also applicable to similar
engineering endeavors [13, 14]. Consequently, although the
PPVs of tunnel shotcrete support structures exceeding the
allowable values in the Safety Regulations for Blasting, the
structures are still secure.

However, the assessment of the safety of the shaft lining
structure from the perspective of the tensile strength of the
first mold cannot lead to a complete conclusion. As the shaft
lining construction proceeds, each mold of the lining will
endure the effects of the subsequent rounds of blasting loads.
�erefore, the safety of the shaft lining under the cumulative
tensile stress should also be considered. Although the finite
element method cannot obtain the cumulative tension
damage value of the concrete ∑D, this value is governed by
the cumulative total energy Et of each mold of the shaft
lining, and the two values have a positive linear correlation.
In this study, the cumulative energy Et is used to directly
describe the cumulative tension damage of the concrete. �e
allowable value of the dynamic tensile strength of the

concrete of the shaft lining [σd] reflects the capacity of the
shaft lining concrete to withstand cumulative damage. Al-
though these concepts have no direct quantitative relation,
they possess a positive correlation with each other in values.
Based on∑D, which serves as a link, the connection between
[σd] and Et was established in Figure 8.

To investigate the safety status of each mold shaft lining
after being subjected to several rounds of blasting impacts,
the net energy and cumulative energy of each mold shaft
lining were extracted from the finite element simulation
results, and the results are shown in Figure 9. Evidently,
with an increase in the distance from the blasting center,
the energy of the stress wave attenuates rapidly. �e net
energy of the eighth mold was less than 5% of that of the
first mold. �erefore, the load impacts on each mold of the
shaft lining in the ninth round, and subsequent rounds can
be neglected, as the cumulative energy sustained by each
mold of the shaft lining tends toward stability after the
eighth round.

With the continuous excavation of the shaft, the cu-
mulative energy of each mold of the shaft lining increased
gradually. However, with an increase in the age of the
concrete lining, the dynamic tensile strength of the concrete
also increased. Accordingly, the cumulative energy and the
allowable dynamic tensile strength were solved for each
mold of the shaft lining. For convenience of comparison, the
abovementioned quantities were normalized. As shown in
Figure 10, the rate of increase of the dynamic tensile strength
of the subsequent molds of the shaft linings is greater than
that of the cumulative energy. Compared with the first mold
of the shaft lining, the safety of the subsequent shaft linings
gradually improved. From this perspective, the shaft linings
exposed to subsequent rounds of blasting load impacts are
safe. In summary, the first shaft lining closest to the heading
face will not be damaged upon being exposed to blasting load
impacts, and each subsequent mold of the shaft lining will
not be damaged after multiple rounds of cumulative loads.
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Figure 7: Axial tensile stress comparison among molds of the shaft
lining.
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�erefore, some unknown factor is responsible for the
leakage within the shaft lining, as this phenomenon is not
caused by the blasting excavation.

4. Conclusions

�is study leads to the following conclusions:

(1) A comparison of the axial vibration velocities and
the effective axial tensile stresses of various mea-
surement points reveals that the results of the finite
element simulation, in situ measurements, and
indoor model test are essentially consistent,
attesting to the credibility of the finite element
simulation, which can compensate for the failure to
monitor the vibrations of the first mold of the shaft
lining.

(2) �e vertical peak vibration velocity of the first mold
of the shaft lining induced by blasting excavation
reached 20∼25 cm/s, which greatly surpasses the
allowable vibration velocity range (i.e., 2∼3 cm/s)
allowed in the Safety Regulations for Blasting for
concrete between the initial setting time and an age
of 3 d; the allowable safety coefficient for the axial
tensile stress of concrete is 2.3. �erefore, the
concrete shaft lining is in a secure state. �e velocity
limit for the normal strength of concrete in the
Safety Regulations for Blasting is somewhat con-
servative when applied to C65 or higher-strength
concrete.

(3) For each mold of the shaft lining, there is a positive
correlation between the cumulative damage and the
cumulative energy to which it is exposed. �e
growth rate of the dynamic tensile strength for
subsequent mold shaft linings is higher than that of
the cumulative energy, indicating that the safety of
the shaft lining gradually increases. Consequently,
after multiple rounds of blasting impacts, the
concrete shaft lining will not be damaged by tensile
stresses.

�is study investigated only a shaft lining composed of
C65 concrete shaft lining in accordance with actual engi-
neering projects. Experiments measuring the vibration ve-
locities of various newly cast high-strength concrete shaft
linings exposed to blasting impacts are still scarce, and
therefore there is much room for further study.
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