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ABSTRACT Blasting engineering in complex urban environments is considered to influence the safety and stability of
the overlying drainage box culvert structure owing to vibration. Therefore, field blasting and vibration tests were
performed on the blasting engineering of the Wuhan Metro Line 8 connected aisle, and the LS-DYNA software was used
to analyze the dynamic response characteristics of an underground drainage box culvert during the blasting test. The
vibration response evolution law of the buried drainage box culvert under blasting vibration was investigated, and a safe
surface control standard for the blast vibration of a drainage box culvert is proposed. The results reveal that the maximum
tensile stress of the box culvert structure was 0.33 MPa. The peak particle velocity (PPV) and peak tensile stress (PTS) of
the drainage box culvert decreased as the water level in the box culvert increased. Based on the relationship between the
tensile stress of the box culvert, PPV of the box culvert, and PPV of the surface, it is proposed that the surface control

velocity of the buried drainage box culvert is 1.36 cm/s.
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1 Introduction

In recent years, with the development of urban rail transit
construction in China, drilling and blasting methods have
been widely used in the excavation of subway tunnels and
their subsidiary structures. However, the dynamic
response of an adjacent structure is often caused by
explosives generated during blasting excavation. Damage
and failure occur when the dynamic response exceeds the
threshold value of the structure. As an indispensable part
of the urban underground drainage system, the damage of
the drainage box culvert has significant impact on the life
and production of residents [1-4]. However, the safety
control threshold of large-scale water supply and drainage
box culvert structures has not been mentioned in the
current Chinese safety blasting regulations.

To date, many studies in China and abroad have
investigated the dynamic response characteristics of water
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drainage, supply culverts, and pipelines induced by
blasting [5—7]. Yang et al. [8] investigated the dynamic
response and damage development process of a
reinforced concrete water conveyance box culvert under
different working conditions based on a coupling model
established by Lagrangian—Eulerian coupling. Based on
field vibration tests and numerical simulations, Guan
et al. [9] analyzed the horizontal and vertical dynamic
response characteristics of horseshoe-shaped pipes under
tunnel explosive loading. Based on blasting tests and
numerical simulation methods, Yang et al. [10] analyzed
the impact of the surface explosion load on a buried water
diversion tank using a novel fully-coupled method. Jiang
et al. [11] established a finite element numerical model to
determine the dynamic response based on a model
experiment, and investigated the response of the pipeline
to impact loading under various mechanisms. He et al.
[12] designed reciprocating loading tests with different
variables for common pipeline materials in China, and
investigated the failure characteristics and seismic
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vulnerability of various pipeline types. The above-
mentioned studies have investigated the dynamic
response characteristics of culverts through field experi-
ments.

With the development of numerical simulation software
technology, studies have increasingly used numerical
simulations to investigate the responses of drainage box
culverts and pipelines. In terms of the water conveyance
safety of large-scale box culverts, Cui et al. [13]
simulated the interaction between water and box culverts
based on numerical analysis technology, and analyzed the
water conveyance safety of large-scale box culverts under
blasting loads. Shahrin et al. [14] numerically investi-
gated the blast-induced rock fragmentation response
using the discrete element method (DEM) and particle
blasting method (PBM). With regard to the dynamic
response of a water supply pipeline, Xia et al. [15]
evaluated the safety of a buried pipeline under explosive
conditions during tunnel excavation based on a three-
dimensional numerical engineering model and field
testing. With regard to the dynamic response of buried
gas pipelines, Jiang et al. [16] established a model of peak
particle velocity (PPV) attenuation and combined it with
a three-dimensional numerical model to establish a peak
stress prediction model of pipeline explosives under
different working conditions.

In summary, many studies have investigated buried
water supply and drainage structures under blasting
excavation. However, few studies have considered the
blasting dynamic response for large-scale water supply
and drainage box culvert structures. Actual engineering
has shown that the dynamic response of the box culvert
structure will differ according to different blasting
excavation conditions and changes in the built-in water
level of the drainage box culvert. Therefore, it is
particularly important to investigate the dynamic response
characteristics of the drainage box culvert under the
influence of different blasting source distances and the
built-in water level of the box culvert, and propose a
corresponding safety control threshold. This paper
presents a numerical modeling approach based on the
blasting project of Xiaohongshan—Jiedaokou subway
connected to the aisle of Wuhan Metro Line 8. Through a
field blasting test and the numerical simulation of the
drainage box culvert in this area, the dynamic response
characteristics of the drainage box culvert were analyzed
for different water levels and different excavation
footages under blasting vibration. Combined with the
stress control criteria of the drainage box culvert in the
operating state, a safety control standard for the blasting
vibration velocity of the drainage box culvert is proposed.
The results obtained by this study have great significance
as guidelines for engineering construction, and provide
the foundation for establishing blasting safety control
standards for similar structures.
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2 Blasting engineering survey and field
test

2.1 Project introduction

This project is located in the Xiaohongshan section of
Wuhan Metro Line 8. The length of the station is
224.9 m, the total excavated area of the foundation pit is
5128.0 m?, the depth of the foundation pit is 29.1-34.5 m,
and the width of the standard section is 21.9 m. The
excavation section of the connected aisle in the street
section is a straight wall arch tunnel constructed using the
mining method. The width is 3.8 m, the wall height is 3.3,
the arch height is 1.9 m, the length is 34.25 m, and the
excavation amount is 620 m’. The drainage box culvert is
located 3.4 m below the ground; the length is 30 m, the
wall thickness is 0.4 m, and the culvert depth is 1.2 m. As
shown in Fig. 1, the drainage box culvert is orthogonal to
the connected aisle. This study mainly analyzed the
influence of connected aisle excavation on the overlying
drainage box culvert.

The stratum distribution is shown in Fig. 2. From the
surface to the bottom, there are filled strata, clay strata,
and limestone. The fill layer and clay stratum layer have a
depth of 3.2 and 5.6 m, respectively.

In the blasting excavation process, the seismic effect
caused by cutting-hole blasting is typically the strongest
[17]. Here, wedge cutting was adopted according to the
blasting design scheme, and the cutting holes were
arranged in the upper steps. The tunnel blasting
excavation cycle footage was 1 m, the cutting hole depth
was 1.2 m, and the hole radius was 20 mm. The loading
quantity of a single hole in the cut was 0.625 kg. The
arrangement of the blast holes is shown in Fig. 3, and the
parameters related to the blast hole are listed in Table 1.

2.2 Field blasting test and ground vibration monitoring
analysis

A TC-4850 vibration monitor was used in the field tests.

connected aisle

drainage box culvert

Fig. 1 Schematic diagram of relative position.
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Fig. 2 Schematic diagram of stratum distribution.
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Fig. 3 Diagram of blast-hole arrangement.

To assess the influence of vibration on the drainage box
culvert with satisfactory accuracy, the excavation footage
section of 0—6 m was set as the blasting vibration test
area, and the vibration monitoring of the blasting
construction was carried out in this section. The
excavation footage section of 6-34 m was set as the
blasting safety assessment area. In practical engineering,

the culvert of the drainage box is below the surface.
However, because surface excavation is not practical for
monitoring the vibration velocity of the drainage box
culvert, the blasting vibration was monitored by arranging
the instruments at different monitoring points on the
surface above the drainage box culvert, as shown in
Fig. 4. To ensure the accuracy of the results, five
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Table 1 Blasthole parameters
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blast holes category type depth (cm) number of blast holes charge of single hole (g)
relief hole vertical 100 10 500
bottom hole vertical 100 8 500
cut hole 15° inclined 120 4 625
perimeter hole vertical 100 8 500
empty hole vertical 100 1 0
monitoring points
ground surface 1 2 3 4 3
=) .
drainage box
&\ fillsragm S Smo Smo - 5m

5.6 m

6
clay stratum

culvert

Fig. 4 Diagram of field monitoring point layout.

monitoring points were set to collect blasting vibration
data. Figure 5 shows a photograph of the field monitoring
setup.

To ensure the safety of the drainage box culvert under
the blasting excavation of a connected aisle, a blasting
experiment on the connected aisle was conducted before
the blasting excavation. The blasting experiment was
arranged according to the above-mentioned parameters of
the blast-hole explosive. The PPV of the surface
monitoring points was determined using the monitoring
scheme described above. The blasting vibration data of
monitoring points No. 2, No. 3, and No. 4 with an
excavation footage of 2, 4, and 6 m were analyzed, and
the results are presented in Table 2.

Based on the blasting test results, it is concluded that,
as the excavation progressed, the resultant vibration
velocity of the ground gradually increased. In the three
blasting tests, the maximum resultant vibration velocity
was 0.201 cm/s under the 6-m working condition. In
practical engineering applications, the following models
are used to predict the particle vibration velocity when a

Table 2 Results of blasting experiment

TC-4850

Fig.5 Diagram of field monitoring setup.

vibration wave propagates to soil [18]:

V= 51.412(3—\/@) | (d) | )

r

(M

r

where v is the vibration velocity, O is the maximum dose
of a single segment, 7 is the phase-burst distance, and d is
the tube diameter.

. . . : -1
excavation footage monitoring point number X-axis (cm's )

Y-axis (cm's ')

Z-axis (cm's ') resultant vibration velocity (cm-s ')

2m 2 0.034

3 0.044

4 0.036

2 0.073

3 0.054

4 0.063

6m 2 0.082

3 0.091
4

0.085

0.122 0.072 0.124
0.135 0.062 0.131
0.119 0.068 0.121
0.131 0.069 0.135
0.148 0.073 0.143
0.126 0.089 0.129
0.154 0.123 0.161
0.198 0.135 0.201
0.170 0.141 0.165
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3 Dynamic numerical calculation model
and verification

3.1 Model size and boundary conditions

To investigate the dynamic response of the drainage box
culvert under blasting, the LS-DYNA numerical
simulation software was used. The model adopts a solid
element. The drainage box culvert was buried in a clay
layer with a thickness of 3.2 m. The buried depth of the
drainage box culvert was 3.4 m. The overall size of the
model is 30 m x 62.2 m x 34.25 m. The explosive,
surrounding rock, stemming, soil, and drainage box
culverts were divided wusing a Lagrangian grid.
Considering the fluid—solid coupling between the water
and drainage box culvert, non-co-nodes were set on the
contact surface of the water and drainage box culvert. The
fluid—solid coupling algorithm was added to the K file
[19,20]. The surface ground of the model adopted a free
boundary, and all other interfaces were non-reflective
boundaries. The numerical model and drainage box
culvert mesh diagram are shown in Fig. 6.

3.2 Calculation of constitutive model and parameter

The No. 2 rock emulsion explosive was used for the site.
The relationship between the pressure and specific
volume is described by the Jones—Wilkens—Lee (JWL)
state equation [21-23], as follows:

w

E
P=A(1-25)e ™ + B(1 - @ ey D20

, 2
4 RV Vv )

where 4, B, R|, R,, and w are material constants; P is the
pressure; V is the relative volume; and E|, is the initial
specific internal energy. The blasting material parameters
are listed in Table 3.

According to the site construction characteristics, the
*MAT DRUCKER PRAGER model was adopted in the
fill and clay strata of the model [24-26]. The yield
surface constructed by the Drucker—Prager yield criterion
model can accurately simulate the mechanical properties
of the soil [27]. The plastic potential function is expressed

as follows:
f=al(0))+ JL(o)+k=0, 3)

where f is a potential function; 11(0'!.}.) is the first stress
tensor invariance; Iz(aij) is the second stress tensor
invariance; « and k are constants.

The *MAT PLASTIC KINEMATIC model was

Table 3 Parameters of blasting material

adopted for slightly weathered mudstone and stemming
[28]. The relationship between the stress and strain of this
model is expressed as follows:

1

oy = [1 + %] (o0 +BErss"), )

where o, is the initial yield stress; € is the strain rate; C
and P are variable quantities; &" is the effective plastic
strain; £, is the plastic hardening modulus; B is the
hardening factor.

The calculation parameters of the related models are
listed in Table 4.

Water was introduced using the keyword *MAT

NULL. The state equation is defined by *EOS_
GRUNEISEN [29-31], as follows:
sl 2o
P= " " +(yo+aw)E,
1-(S,-Du-S -
[ (S, Y 2# 1 3 w+ 1)2
u>0
P =p,C*uu+(y,+ap) E, u<0
)

where C is the sound speed underwater; u= p/p, — 1; p is
the water disturbance density; p, is the initial density; E is
the energy; v, is the GRUNEISEN coefficient; S,, S,, and
S, are slope coefficients; a is the volume correction
coefficient. The specific parameters are listed in Table 5.
Because it is difficult to establish a reinforced concrete

-

drainage box culvert

free boundary

monitoring points

non-reflective boundary

62.2m

|

connected aisle

3 —
‘%‘ 30m

Fig. 6 Diagram of numerical model and drainage box culvert.

density (g-cm °) bursting velocity (m-s ')

bursting pressure (GPa)

A (GPa) B (GPa) R, R, E, (GPa)

1.15 3300 3.24

214 18.2 4.2 0.9 4.19
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Table 4 Material parameters used in calculation
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type P (g~cm73) elastic modulus shear modulus Poisson’s cohesion internal friction tensile strength
(GPa) (GPa) ratio (MPa) angle (°) (MPa)

fill stratum 1.98 0.027 0.009 0.34 0.1 10 0.016

silty clay 1.95 0.039 0.015 0.25 0.25 15 0.028

stemming 0.85 0.18x107 - 0.35 - - -

slightly weathered mudstone 2.68 7 3.09 0.25 5.5 43 2.58

Table5 Parameters of water material model Fig. 7. As can be seen, under the three blasting test

domsity @ om) _sound velocity (s S 3 3 » conditions, the PPV of the box culvert (v,) and the PPV
e Y ‘ 2 3 ° _ of the surface (v,) exhibited a decreasing trend from the

1.0 1500 2.55 1976 1227 049

model of the drainage box culvert using a finite element
approach, the equivalent modulus was used to model the
material of the drainage box culvert [32]. The drainage
box culvert was modeled using *MAT _JOHNSON
HOLMQUIST _CONCRETE. The constitutive equation is
expressed as follows:

o =[A(1-D)+Bp”|(1+clng), (6)
where A, B, and n are constants; o = o/f is the ratio of
the actual equivalent stress to the static yield strength; D
(0 < D < 1) is the damage factor; p* = p/f’ is the
dimensionless pressure; &* = &/g, is the dimensionless
strain rate.

4 Dynamic response and safety evaluation
of blasting test

4.1 Reliability analysis of ground vibration distribution
and calculation model during test

All elements along the culvert body and surface were
selected in the numerical model to investigate the spatial
distribution characteristics of the vibration velocity on the
drainage box culvert during the blasting process. The
PPV distribution of the resultant velocity is shown in

—2m
0.245 cm-s™ 4m
0.24 —6m
z 0.179 cms™!
= 016
= 0.16 cms™!
0.08 | ’ _
0 5 10 15 20 25 30
x (m)

(@)

central section to both ends of the box culvert. The box
culvert center is the most dangerous area. The vibration
velocity was maximum when the excavation footage was
6 m, which is consistent with the actual project situation.
Then, the monitoring points corresponding to Fig. 5 were
selected to compare the vibration velocity in the
numerical simulation to that in the field test.

Table 6 presents the PPV comparison in the X-, Y-, and
Z-directions of the monitoring and numerical simulation.
As can be seen, the maximum error of the resultant
vibration velocity is 10.44%, and the minimum error is
5.85%. The numerical simulation revealed that the
maximum vibration velocity is 0.201 cm/s, while that of
field monitoring is 0.182 cm/s. These two peaks appeared
at monitoring point No. 3. The results are consistent,
indicating the accuracy of the numerical model.
Therefore, it is feasible to investigate the response of a
drainage box culvert under blasting using numerical
simulation. Moreover, the simulation results reveal that
the vibration velocity decreases as the distance from the
explosion source increases. The maximum vibration
velocity point appeared immediately above the explosion
source.

To further verify the accuracy of the numerical data, the
vibration velocity of monitoring point No. 3 was
analyzed. The vibration velocity-time history curve
obtained by field monitoring and numerical simulation is
shown in Fig. 8. As can be seen, the measured
velocity—time curve is in good agreement with the time

0.24
. —2m
0.198 cm-s 4m
0.18 | ——6m
=~ 0.139 cm's™!
\g/ 0.12F 0.135cm-s™
o
0.06 -

1I5
x (m)

(b)

10

Fig. 7 Distribution characteristics of PPV. (a) Ground-monitoring points; (b) drainage-box culvert monitoring points.
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Table 6 Vibration velocity in field test and numerical simulation
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. . . . . . —1
monitoring point numerical simulation (cm's™ )

field test (cm-s™") resultant PPV error

X-PPV Y-PPV Z-PPV resultant PPV X-PPV Y-PPV Z-PPV resultant PPV

#1 0.054 0.129 0.119 0.136 0.042 0.118 0.110 0.122 9.93%
# 0.082 0.154 0.123 0.161 0.078 0.150  0.158 0.171 5.85%
#3 0.091 0.198 0.135 0.201 0.089 0179  0.171 0.182 10.44%
#4 0.085 0.158 0.141 0.165 0.063 0.175 0.159 0.177 6.78%
#5 0.051 0.133 0.121 0.135 0.056 0.119  0.118 0.124 7.26%
history curve of the numerical simulation, which confirms numerical simulation
the reliability of the numerical model. Additionally, the o 0251 A ed
vibration propagation laws of the blasting seismic wave £
revealed by the two methods are essentially identical. The > 020
vibration velocity of the numerical simulation first E
reached the PPV, but the time delay of the peak E 0.15}
monitoring velocity was only 0.02 s. The PPV of the g iy
numerical simulation is larger than that obtained by the -‘g 0.10 - i
field tests, because the geological conditions at the site £ (i
are more complex. The numerical simulation simplified = 005} b
the formation material to a certain extent. In practice, the = i ) 'i AV

. .. . . i b AN N SN U A X 2
complex geological conditions in the formation weaken L AIAT A AN

the blasting seismic wave to a certain extent, resulting in
smaller PPV. Hence, the vibration frequencies of the
numerical simulation and field test are slightly different.

4.2 Dynamic response characteristics of box culvert during
test

Figure 9 shows the propagation characteristics of seismic
waves in the stratum media. As shown in Fig. 9(a), the
seismic wave propagated around the spherical waves after
blasting. As shown in Fig. 9(b), as the spread proceeded,
the scope of the wave increased, and the peak pressure
decreased. Additionally, it can be observed that reflection
does not occur when the seismic wave is transmitted to
the boundary, which explains the correctness of the
boundary condition setting. The seismic wave reached the
junction of the rock medium and soil layer at 43999 ps.
Figure 9(d) shows that some waves propagated to the
bottom at the interface between the rock mass medium
and soil layer, while others propagated upward through
the interface. Blasting seismic waves have complex
reflections and transmissions when propagating in
different media such as rock, soil, box culverts, and
water. With time, the wave decays, and the peak stress
decreases. When the seismic wave in the soil layer decays
completely, the dynamic response of the drainage box
culvert stops.

Owing to the inconvenience of excavating an
underground drainage box culvert, the vibration velocity
of a drainage box culvert cannot be tested in practical
engineering. In blasting vibration monitoring, the ground
vibration velocity near the drainage box culvert is used to
reflect the vibration velocity of the drainage box culvert.

0.10
time (s)

0.15 0.20

Fig. 8 Comparison diagram of resultant vibration velocity.

In this study, the PPV of the drainage box culvert and
surface was fitted according to the monitoring data and
numerical model. The drainage box culvert and ground
PPV statistics with an excavation footage of 6 m are
shown in Fig. 10. As can be seen, there is a functional
relationship between the drainage box culvert and the
ground vibration velocity, and the relationship between
them can be expressed as follows:

va = 1.075v,, ™

where v, is the PPV of the drainage box culvert, and Ve is
the surface PPV (cm-sfl).

R=-. ®)

4.3 Safety evaluation of drainage box culvert during test

Figure 11 shows the stress—time curves of the back blast
surface and blast surface at an excavation footage of 6 m.
A compressive stress zone first appeared on the blast
surface. Subsequently, the tensile stress area lagged
behind at the back, indicating that the seismic wave first
reached the bottom plate of the box culvert. As the
blasting advanced, the stress zones alternately changed,
indicating that the waves propagated along the vertical
and horizontal directions of the drainage box culvert. The
stress on the drainage box culvert increased continuously,
and the back blast surface and blast surface reached the
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peak tensile stress and compressive stress, respectively.
Subsequently, the maximum stress of the seismic wave
continuously decreased. When the seismic wave had
completely attenuated in the drainage box culvert, the
dynamic response of the drainage box culvert stopped.

To intuitively reflect the dynamic response characte-
ristics of the drainage box culvert, Fig. 12 shows the
stress change process of the blast surface of the drainage
box culvert with an excavation footage of 6 m. As can be

(2) (b) (©

seen, after 43999 s, the blasting seismic wave started
acting on the drainage box culvert. The action position
was on the blast surface of the box culvert, opposite to the
blast source. A compressive stress zone first appeared on
the blast side. With seismic wave action, a compressive
stress zone developed along the length direction of the
drainage box culvert on both sides, and tensile and
compressive stress zones appeared alternately.

Figure 13 shows the stress change process of the back-

stress
1.98¢—05
1.75¢-05 :I
1.52¢-05 =
1.29¢-05 =
1.06e—05 —
8.29¢—06 —
5.98¢—06 —
3.67e—06 —
1.36e—06
—9.44¢-07 :I

—3.25¢-06 —

(d)

Fig. 9 Propagation of blasting seismic wave. (a) 23999 ps; (b) 33999 ps; (c) 43999 us; (d) 53999 ps.

vy =1.075v,
024+ R2=0.983
£ 020+
S
=5
016+ "

0.16 0.20

¢l
v, (cm-s™)

0.14 0.18

Fig. 10 Schematic diagram of relationship between drainage
box culvert and surface vibration velocity.

W

43999 ps 55999 us
(a) (b)

0.0069 |-
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Z; 0.0023
5
£ 0.0000
=
g 0.0106 |-
£ 0.0053 - blast side
<
£ 0.0000

—0.0053 - . ) , . ,

0 100 200 300 400
time (ms)
Fig. 11 Back blast surface and blast surface stress curve.

maximum principal stress
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1.98e—07 :l
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Fig. 12 Tensile stress evolution of blast surface. (a) 43999 pus; (b) 55999 us; (c) 60000 ps; (d) 80000 ps.
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Fig. 13  Tensile stress evolution of back blast surface. (a) 44999 us; (b) 55000 ps; (c) 72399 us; (d) 80000 ps.

blast surface of the drainage box culvert when the
excavation footage was 6 m. As can be seen, the stress
zone of the back-blast surface appeared later than that of
the blast surface. As the blasting seismic wave spread, the
tensile stress peak zone first appeared at the part of the
back blast surface facing explosive at 55000 ps. The
stress was significantly larger than that of the other stress
zones. Subsequently, the stress zone developed up to the
length of the drainage box culvert.

Figure 14 shows the peak tensile stress (PTS) contour
of the drainage box culvert section immediately above the
explosion source when the excavation footage was 6 m.
As can be seen, the PTS at the four chamfers is maximum
at 0.29, 0.24, 0.26, and 0.33 MPa, respectively. The PTS
at other positions is obviously smaller than the tensile
stresses at the chamfers on both sides. The tensile stress
on the blast side of the drainage box culvert is generally
higher than that on the back. The PTS at the bottom of the
drainage box culvert is 0.23 MPa, while the PTS at the
top is 0.06 MPa. Considering the particularity of the
chamfer structure of the drainage box culvert, there is a
certain degree of stress concentration. Therefore, the
stress is larger at the chamfer position. According to the
GB50010-2010 specification, the tensile strength standard
for C30 concrete is 2.00 MPa [33]. Under this condition,
the maximum tensile stress of the drainage box culvert is
far less than the tensile strength professional criterion.
Moreover, box culvert leakage was not observed during
the field blasting process, which indicates that the
drainage box culvert is safe when the excavation footage
is 6 m.

5 Structural safety prediction of underpass
blasting process

With the excavation of the tunnel facing forward, the
distance between the blasting area and the drainage box
culvert gradually decreased. In practical engineering, the
drainage box culvert operates under underwater condi-
tions. Therefore, the parameters verified above and

0.33

gxplosive source

Fig. 14  Stress distribution in different parts of box culvert.

numerical calculation methods were used to establish
three-dimensional calculation models under different
conditions, and these models were then wused to
investigate the influence of blasting on the drainage box
culvert during a water-filling operation. The schematic
diagrams of the numerical models for the five different
excavation footages are shown in Fig. 15.

5.1 Evolution law of structural vibration response under
different footage

5.1.1 Evolution law of vibration velocity under different
excavation footage

Figure 16 shows the evolution of PPV in different parts of
the drainage box culvert under five types of excavation
footage: 7, 12, 17, 22, and 27 m. As can be seen, the
maximum PPV in the most dangerous section of the
drainage box culvert changed with the excavation
footage. The same law applies for all working conditions
before 17 m. The maximum vibration velocity occurred at
point G and the minimum vibration velocity occurred at
point C. After 17 m, all working conditions obeyed the
same law. The maximum vibration velocity occurred at
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connected aisle

i [ /| QT 77 [
L] | L L {—— i
27m 22m 17m 12m 7m
<
Tunnelling direction
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change in the excavation footage will change the location
of the maximum tensile stress. As the excavation footage
changed, the PTS appeared at the chamfer closest to the
explosion source. The PTS at the chamfer was larger than
that at the surrounding position. The PTS of A, C, E, and
G was larger than that of other parts under different
excavation footages. The PTS of A and E was larger at
7 and 12 m, and the difference was small. When the
working conditions were 17, 22, and 27 m, both C and E
exhibited large PTS. When the working condition was 17
m, the PTS at C was significantly greater than that at E.
When the working conditions were 22 and 27 m, the
difference was insignificant. As the excavation footage
changed, the PTS varied at different locations. Overall,
the changes at the middle and top of the culvert were
significantly smaller than those at the bottom.

5.2 Evolution law of dynamic response under different
operating conditions

In practice, the drainage box culvert operates under
water-filling conditions. Therefore, to better suit the
working conditions, models of the H/4, H/2, 3H/4, and
full water levels under different excavation footages were
established in LS-DYNA. The model diagram is shown in
Fig. 18. To analyze the evolution law, 25 different
working conditions were established with the model
under the above-mentioned empty water state.
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5.2.1 Vibration velocity evolution of drainage box culvert
As discussed in Subsection 3.1, the middle part of the
drainage box culvert is the most dangerous. The resultant
vibration velocity of this part under the 25 conditions is
plotted in Fig. 19. As can be seen, the PPV of the
drainage box culvert was maximum under the empty
water condition. As the water level increased, the PPV of
the most dangerous section decreased, and the minimum
value was 0.281 cm/s under the full water condition. The
water level influence on the PPV is different for different
footages. The PPV differences between the empty water
and full water conditions at the five excavation footages
of 7,12, 17, 22, and 27 m are 0.072, 0.138, 0.087, 0.062,
and 0.056 cm/s, respectively.

5.2.2 Tensile stress evolution of drainage box culvert

The most dangerous part of the drainage box culvert was
selected. The position of the maximum PTS at each
excavation footage was selected from the above results to
analyze the PTS at different water levels. As shown in
Fig. 20, as the water level increased, the PTS decreased
continuously. Therefore, a drainage box culvert is safer
when operating under full water conditions. In the case of
the water-filling operation, water has an effect similar to
damping, that is, it diminishes the effect of the blasting

empty H/4 water H/2 water
26m| e " E——a—
9.4 m Z water
— @D
3H/4 water full water
drainage box culvert
Fig. 18 Schematic diagram of different water level models.
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Fig. 19 Evolution of PPV under different working conditions. Fig. 20 Evolution of PTS under different working conditions.
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shock wave on the drainage box culvert. Additionally,
different water levels have different influence on the PTS
under different excavation footages. The PTS changes for
the empty water and full water states under the five
working conditions of 7, 12, 17, 22, and 27 m are 0.076,
0.196, 0.172, 0.128, and 0.111 MPa, respectively. Water
was found to have significant influence on the PTS when
the explosion source was under the drainage box culvert.

6 Safety evaluation standard of drainage
box culvert

Damage to underground buildings or structures under
blasting seismic waves is often caused by stresses
exceeding the material strength. Currently, there are
many methods for controlling the influence of blasting
vibration on buildings or structures, mainly by controlling
the vibration velocity. According to the analysis results
discussed above, the PTS of the box culvert on A and E is
larger, therefore, these two locations are vulnerable. The
PPV at A is larger than that at E, therefore, the PPV at A
was used as the PPV safety criterion for the entire box
culvert. According to Figs. 14 and 15, the PPV and PTS
at A were analyzed under the empty water condition and
with different excavation footages. The mathematical
relationship between the PPV and PTS, shown in Fig. 21,
is obtained as follows:

o = 1.848v, —0.246, )

where o is the PTS (MPa) and v, is the PPV of the box
culvert (cm/s).

According to Fig. 21, R* = 0.947, which indicates that
the PPV of the drainage box culvert has a linear
relationship with the PTS. By substituting Eq. (9) into
Eq. (8), the following relationship between the drainage
box culvert tensile stress and ground surface vibration
velocity can be obtained:

_ o7 +0.246

e T T R48R (10)

According to the tensile strength of the concrete
material of the box culvert, the safety control vibration
velocity of the surface under explosive conditions can be
obtained using the maximum tensile stress intensity
theory. By introducing the standard tensile strength of
2.00 MPa for C30 concrete into Eq. (10), the safety
threshold statistics of the box culvert and peak ground
vibration velocity under different water levels were
obtained as presented in Table 7.

From Table 7, it can be found that, the safety threshold
of PPV increases with the water level in the drainage box
culvert, which further indicates that the box culvert
underwater filling operation is safer. In summary, the
PPV of the surface soil is often used as monitoring data,
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Fig. 21 Schematic diagram of relationship between PPV and PTS.

Table 7 Safety threshold of vibration velocity at different water
levels

water safety threshold of box safety threshold of
level (m) culvert PPV (cm's ') surface PPV (cms ')
0 1.21 0.71

0.3 1.38 0.81

0.6 1.62 0.95

0.9 1.91 1.12

1.2 2.32 1.36

because the box culvert is not easy to excavate in
practice. In practical blasting engineering, the drainage
box culvert underwater filling operation is safer. The
surface safety control velocity at the full water state is
1.36 cm/s, which is a reasonable safety control velocity
for the drainage box culvert during operation.

7 Conclusions

Based on vibration monitoring and numerical engineering
simulation, this study investigated the impact of
connected aisle vibration blasting on a drainage box
culvert. The main conclusions are as follows.

1) Under the influence of explosives, the PPV of the
surface above the explosive source was maximum. With
the explosion source as the center, as the distance along
the length direction of the box culvert increased, the PPV
of the ground decreased.

2) The numerical simulation revealed that, along the
box culvert direction, the PPV first increased and then
decreased. The PPV was maximum at the middle of the
box culvert, that is, the position above the explosive.
Therefore, the middle of the drainage box culvert is the
most dangerous. In the most dangerous section of the
drainage box culvert, the maximum PTS appeared at the
chamfer of the culvert, whereas the maximum PPV
appeared at the bottom of the culvert.
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3) Through numerical simulation analysis, the PTS and
PPV at the most dangerous section of the drainage box
culvert were small when the connected aisle passed
through the drainage box culvert. Therefore, it is
considered that the influence of the explosives on the
drainage culvert is limited and that the drainage box
culvert is safe.

4) The water in the box culvert plays a damping role
and weakens the effect of blasting shock waves. As the
water level rose in the drainage box culvert, the PPV and
PTS of each part of the culvert gradually decreased.
According to the maximum tensile stress intensity theory,
the surface safety control speed of the box culvert under
operation was 1.36 cm/s.
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