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Abstract: Loosened rock circle is formed around the tunnel when the tunnel is constructed by the
drilling and blasting method. The size of the loosened rock circle around the tunnel and the degree of
internal rock fragmentation has an important influence on the support parameters, durability, and
safety of the tunnel. Firstly, referencing an existing tunnel project, blasting tests using nonelectronic
and electronic detonators were carried out to determine the influence of blasting construction on the
scope of the rock loose circle and the degree of rock fragmentation. Then, a numerical simulation was
used to study the contribution of the blasting impact and surrounding rock stress redistribution on
the loosened rock circle around the tunnel. The results showed that the range of the loosened rock
circle around the tunnel generated by the normal blasting of nonelectronic detonators was 1.5~2.3
m, and the wave velocity of the rock mass in the loosened rock circle around the tunnel decreased
to 23~36%. The size of the loosened rock circle around the tunnel generated by the blasting impact
was 0.66 m, accounting for 33% of the range of the loosened rock circle around the tunnel. The range
of the loosened rock circle around the tunnel produced by electronic detonator blasting was 0~1.4
m. The wave velocity of the rock mass in the loosened rock circle around the tunnel decreased to
12~17%. The range of the loosened rock circle around the tunnel was approximately 60~76% of that of
detonator blasting, and the broken degree of the surrounding rock in the loosened rock circle around
the tunnel was small. The research results can provide a reference for the optimization design of
preliminary support parameters of tunnels, such as anchors and steel arches in blasting construction.

Keywords: tunnel blasting; loosened rock circle; acoustic method; nonelectronic detonators; electronic
detonator; control technology

1. Introduction

The drilling and blasting methods are the most commonly used in the construction of
rock tunnels. The protected surrounding rock is damaged, and its stress is redistributed
after the rock within a tunnel outline is thrown out by the blasting load during excavation.
The strength of the protected surrounding rock is reduced, and the original cracks of it are
further widened to form a circle of loosened rock around the tunnel. This has a significant
influence on the supporting parameters, durability, and structural safety of the tunnel.

The range, fragmentation degree, and permeability of loosened rock circles around
the tunnel were extensively studied in terms of hydropower station chamber excavation,
tunnel engineering, and waste storage cavern engineering [1]. Failure zone, fracture zone,
and disturbance zone are formed in the surrounding rock after tunnel excavation. A large
number of rocks are separated from the surrounding rock and become unstable bodies in
the failure zone, and the surrounding rock generates microcracks or fissures in a fractured
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zone. In the disturbance area, the stress of the surrounding rock and groundwater pressure
has changed, yet other physical and mechanical properties of the surrounding rock have
changed little [2].

At present, the range of loosened rock circles around the tunnel formed and their
physical and mechanical properties after tunnel excavation have been studied by many
scholars through theoretical analysis, field tests, and numerical simulation. A Russian
scholar named Protodyakonov proposed the natural equilibrium arch theory and initiated
a theoretical study of the loosened rock circle around a tunnel in the early 20th century.
Subsequently, scholars established wedge theory, elastic medium theory, flexible medium
theory, loose fracture theory, elastic–plastic medium theory, fracture zone diagram theory,
and discontinuous zone theory [3]. Zhang et al. [4] and Jiang et al. [5] derived an analytical
solution of the radius and stress of the plastic zone of a circular roadway based on elastic–
plastic theory, the Drucker–Prager criterion, and the double-shear unified strength criterion.
Wang et al. [6] and Wang et al. [7] derived an approximate solution to the boundary equation
of the plastic zone of the surrounding rock of an unequal-pressure circular roadway based
on the Hoek–Brown strength criterion and the Mohr–Coulomb strength criterion. Meng
et al. [8] and Guan et al. [9,10] verified the elastic–plastic damage mechanical model of the
surrounding rock and computed the plastic zone range. Based on elastic–plastic theory,
many scholars have used different strength criteria and approved analytical methods to
calculate the loosened rock circles around standard circular tunnels. Nevertheless, these
computational results are problematic when meeting engineering needs. In order to obtain
more practical theoretical analysis results, Ma et al. [11] deduced an analytical solution
in which the plastic zone of a tunnel is controlled by the yield criterion during the failure
process, and stress field changes were obtained in the plastic zone of the tunnel.

At the same time, the development of science and technology has brought a variety
of advanced monitoring instruments, which have made outstanding contributions to the
monitoring test of surrounding rock loose circles. Many scholars adopted multipoint
displacement measurements, the seismic wave method, the geological radar method, and
the borehole imaging method to study loose circles in tunnels. At present, the single-hole
acoustic monitoring method [12] and the borehole acoustic monitoring method [13,14] are
the most widely used methods to study the range of tunnels surrounding rock loose circles.

With improvements in computing ability and numerical algorithms, researchers have
begun to use numerical simulations to calculate the range of loose circles. This method can
fully combine the results of field monitoring and theoretical deduction, which is a hot topic
in the research of the measuring range of loose circles [15]. Wei et al. [16], Han et al. [17],
and Pan et al. [18,19] studied the deformation and failure characteristics of the surrounding
rock by using particle flow and discrete element simulation methods that referenced a
number of microfeature indicators, such as the microcrack field, crack propagation direction
and final trend, and they provided a scientific explanation for the nature of many physical
phenomena. In addition to blasting factors, the existence of in situ stress can also lead to
stress fracture cycles in a tunnel excavation section. Siren et al. [20] conducted research to
distinguish between blasting and stress-induced fracture zones.

Blasting technology has a great influence on the range and mechanical properties of
tunnels surrounding rock loose circles. The tunnel blasting method can be categorized
as either ordinary blasting, smooth blasting, or micro-vibration blasting. Through field
tests and research, the loose circle formed by ordinary blasting has been deemed the
largest, followed by smooth blasting, and the smallest circle is created by micro-vibration
blasting [21]. However, there are few studies on the loose ring under the combined use of
various blasting methods. Zhou et al. [22] believed that multiple blasting methods only
produced cumulative damage at the cracks or fissures and increased the displacement at
the joint surface, and the loose ring size depended on the maximum burst. Liu et al. [14]
and Li et al. [23] found that multiple explosions expanded the loose circle from 2.8 m to
3.2 m through the acoustic wave method and borehole peeping method and increased
the degree of rock breakage, and the damage degrees of sidewalls and vaults can increase
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by 36~50% and 47~55% in loose circles, respectively. Ji et al. [24] used field tests and
finite element simulations to study the changes in the cumulative damage zones of tunnel-
surrounding rock under multiple excavation and blasting conditions, and the damage
degrees of the surrounding rock were sorted, divided, and summarized. Yang et al. [25,26]
studied the difference between the blasting vibration on a tunnel surface and the blasting
vibration inside the surrounding rock through field tests and the differences between the
vibration peaks and dominant frequencies on the tunnel surface and the interior of the
surrounding rock.

At present, there is no unified and clear definition of a loose tunnel circle, and the
disturbance zone, plastic zone, and loose circle are often muddled. The technical construc-
tion specification for rock foundation excavation in hydraulic structures stipulates that
the change rate of wave velocity greater than 10% after blasting is the criterion of rock
mass failure. This study used this standard to determine the loose circle of a tunnel. The
loosening circle is formed under the dual actions of blasting and stress redistribution in the
surrounding rock. However, the contribution of the two to the final loose circle remains
unclear. In this study, referencing the construction of a tunnel, blasting construction tests
of nonelectric detonators and electronic detonators are carried out. The vibration velocity
and the range of the loose circle produced by the two blasting methods were tested. The
field test data and numerical simulation method were used to explore the influence of the
surrounding rock stress redistribution and blasting load on the range of the loose circle.
The results show that the use of electronic detonators is more conducive to the protection
of tunnel surrounding rock than non-electric detonators and can significantly reduce the
rock damage range.

2. General Information of the Project

The research background project is Renhechang Tunnel, which is an important project
on the Chongqing-Huaihua Railway and the total length is 4734 m. The rock layer is mainly
mudstone with sandstone with some developed joints, and water seepage often occurs
during excavation.

In order to study the formation mechanism of the loose circle produced by tunnel
blasting, tunnel nonelectric detonator blasting, and electronic detonator blasting tests are
carried out in a section. The new railway tunnel passes underneath an existing highway
tunnel in this section. The distance between the new tunnel and the existing tunnel is 30~31
m, and the length of the underpass is 70 m. The tunnel of this section passes through a
geological section of mudstone clamp sandstone, and the surrounding rock grade is IV.
The physical and mechanical properties of the surrounding rock of the tunnel are shown
in Table 1.

Table 1. Material property parameters of main stratum types of excavated tunnels.

Geotechnical
Name

Unit Weight γ
(kN/m3)

Cohesion C
(kPa)

Angle of
Internal

Friction ϕ (◦)

Basic Bearing
Capacity σ0

(kPa)

Gravel soil 21 20 100
Mollison 18.5 12 7 100
Silty clay 19 20 15 150

Mudstone clamp
Sandstone

22 35 300
23 45 450

3. Blasting and Vibration Tests

Firstly, the first blasting damage test of the surrounding rock was carried out with
nonelectric detonators. The hole arrangement and initiation sequence are shown in Figure 1,
and the blasting parameters are shown in Table 2. Because the section passes through an
operating highway tunnel, the blasting vibration test points are arranged in the operating
highway tunnel and above the excavation face. The specific monitoring points are arranged
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in Figure 2. The y-direction blasting vibration velocity received by the three-direction
velocity sensor is the largest according to the spatial position of the sensor and the explosion
source, so these tests focus on the y-direction vibration velocity. The blasting vibration
velocity waveform is shown in Figure 3.
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Figure 1. The hole arrangement and initiation sequence of nonelectric detonator blasting in the test.
Note: The marked MS represents the detonator delay time series. The holes connected by dotted lines
are in the same delay sequence and represent simultaneous initiation.

Table 2. Details of blasting holes and explosive parameters.

Bench Name of the
Boreholes

Number of
Holes

Borehole
Depth (m)

Single Hole
Charge (kg)

Detonator
Segment

Subsection
Charge (kg)

The arch part of
upper bench

Auxiliary hole 6 3 1.0 MS7 6.0
Auxiliary hole 9 3 1.0 MS9 9.0
Auxiliary hole 15 3 1.0 MS11 15.0
Peripheral hole 28 3 0.6 MS15 16.8

The lower part
of upper bench

Cutting hole 10 4.5 2.0 MS1 20.0
Auxiliary hole 6 4 1.8 MS3 10.4
Auxiliary hole 4 4 1.6 MS5 6.4
Auxiliary hole 12 3 1.2 MS7 7.2
Auxiliary hole 6 3 1.0 MS9 6.0
Auxiliary hole 6 3 1.0 MS11 6.0
Peripheral hole 10 3 0.6 MS13 6.0

Bottom bench

Auxiliary hole 12 3 1.8 MS11 21.6
Auxiliary hole 13 3 1.8 MS13 23.4
Auxiliary hole 14 3 1.8 MS15 25.2
Peripheral hole 6 3 0.6 MS17 3.6

Total 157 182.6

Then, the blasting test of surrounding rock damage was carried out by using electronic
detonators. In order to ensure that the two tests have high contrast, the same hole arrange-
ment of the two tests is ensured, as shown in Figure 4. The hole charge weight and blasting
vibration test point arrangements are the same as those for nonelectric detonator blasting.
The vibration velocity waveform of the electronic detonators is shown in Figure 5.
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The maximum vibration velocity is 3.15 cm/s when the nonelectric detonators are used,
and the maximum vibration velocity is reduced to 1.51 cm/s after the electronic detonator
test, as shown in Figures 3 and 5, respectively. The maximum vibration velocity caused by
electronic detonators is about 52.1% lower than that caused by nonelectric detonators, and
the decrease is obvious. An important factor affecting the damage of surrounding rock is
the maximum vibration velocity generated by cutting blasting. However, the maximum
vibration velocity is randomly generated in a blast hole when using electronic detonators.
Therefore, vibration reduction measures such as drilling empty holes to reduce cut blasting
do not have advantages in the use of electronic detonator initiation. Another important
reason is that the nonelectric detonator initiation delay accuracy is not easy to control. The
delay parameter error of the design based on the burning velocity of the explosive is large,
which makes it necessary to detonate multiple holes at the same time. On the contrary, the
delay accuracy of electronic detonators has been significantly improved. It can realize the
sequential initiation of single hole without considering the influence of cumulative error. In
this way, the amount of explosive detonated at the same time is significantly less than that
of nonelectric detonator. The technical improvement has led to the control of the possible
higher vibration velocity from the source.

The vibration velocity monitoring results of the two tests are analyzed. It is found
that the peak particle velocity produced by cutting blasting is the largest in the nonelectric
detonator test. The vibration velocities generated by subsequent blastholes are significantly
reduced. The continuous high vibration velocity of electronic detonators may have greater
adverse effects on the surrounding rock. Therefore, the method of monitoring the loose
range of surrounding rock on site is adopted to explore this hypothesis.

4. Monitoring the Loose Circle after Two Blasting Tests

The longitudinal wave velocity of the surrounding rock was monitored by the con-
ventional single-hole test method using an RSM-SY5 acoustic detector after tunnel blasting
excavation. The compressional wave velocity of the tunnel-surrounding rock had a good
correlation with the degree of surrounding rock breakage. The longitudinal wave velocity
of surrounding rock decreases with the increase in its fracture development degree. The
conventional single-hole acoustic wave testing method is shown in Figure 6, and the layout
of the test holes is shown in Figure 7. A simple trolley and pneumatic drill were used to
drill the holes. According to field test experience, the hole depths were 4.0~4.4 m, and the
hole diameters were 40 mm. The blasthole was set perpendicular to the tunnel wall as
much as possible to meet the loose ring test requirements [27,28]. The drilling and testing
process is shown in Figure 8. Due to the relatively developed cracks in the surrounding
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rock, the test holes in the vault could not be filled with water, resulting in the test holes not
being tested.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 17 
 

time is significantly less than that of nonelectric detonator. The technical improvement 
has led to the control of the possible higher vibration velocity from the source. 

The vibration velocity monitoring results of the two tests are analyzed. It is found 
that the peak particle velocity produced by cutting blasting is the largest in the nonelectric 
detonator test. The vibration velocities generated by subsequent blastholes are signifi-
cantly reduced. The continuous high vibration velocity of electronic detonators may have 
greater adverse effects on the surrounding rock. Therefore, the method of monitoring the 
loose range of surrounding rock on site is adopted to explore this hypothesis. 

4. Monitoring the Loose Circle after Two Blasting Tests 
The longitudinal wave velocity of the surrounding rock was monitored by the con-

ventional single-hole test method using an RSM-SY5 acoustic detector after tunnel blast-
ing excavation. The compressional wave velocity of the tunnel-surrounding rock had a 
good correlation with the degree of surrounding rock breakage. The longitudinal wave 
velocity of surrounding rock decreases with the increase in its fracture development de-
gree. The conventional single-hole acoustic wave testing method is shown in Figure 6, and 
the layout of the test holes is shown in Figure 7. A simple trolley and pneumatic drill were 
used to drill the holes. According to field test experience, the hole depths were 4.0~4.4 m, 
and the hole diameters were 40 mm. The blasthole was set perpendicular to the tunnel 
wall as much as possible to meet the loose ring test requirements [27,28]. The drilling and 
testing process is shown in Figure 8. Due to the relatively developed cracks in the sur-
rounding rock, the test holes in the vault could not be filled with water, resulting in the 
test holes not being tested. 

 
Figure 6. Schematic diagram of single-hole test by acoustic method. 

 
Figure 7. Schematic diagram of test hole layout. 

R1

R2

R3

L1

L2

L3

Tunnel excavation
profile

Figure 6. Schematic diagram of single-hole test by acoustic method.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 17 
 

time is significantly less than that of nonelectric detonator. The technical improvement 
has led to the control of the possible higher vibration velocity from the source. 

The vibration velocity monitoring results of the two tests are analyzed. It is found 
that the peak particle velocity produced by cutting blasting is the largest in the nonelectric 
detonator test. The vibration velocities generated by subsequent blastholes are signifi-
cantly reduced. The continuous high vibration velocity of electronic detonators may have 
greater adverse effects on the surrounding rock. Therefore, the method of monitoring the 
loose range of surrounding rock on site is adopted to explore this hypothesis. 

4. Monitoring the Loose Circle after Two Blasting Tests 
The longitudinal wave velocity of the surrounding rock was monitored by the con-

ventional single-hole test method using an RSM-SY5 acoustic detector after tunnel blast-
ing excavation. The compressional wave velocity of the tunnel-surrounding rock had a 
good correlation with the degree of surrounding rock breakage. The longitudinal wave 
velocity of surrounding rock decreases with the increase in its fracture development de-
gree. The conventional single-hole acoustic wave testing method is shown in Figure 6, and 
the layout of the test holes is shown in Figure 7. A simple trolley and pneumatic drill were 
used to drill the holes. According to field test experience, the hole depths were 4.0~4.4 m, 
and the hole diameters were 40 mm. The blasthole was set perpendicular to the tunnel 
wall as much as possible to meet the loose ring test requirements [27,28]. The drilling and 
testing process is shown in Figure 8. Due to the relatively developed cracks in the sur-
rounding rock, the test holes in the vault could not be filled with water, resulting in the 
test holes not being tested. 

 
Figure 6. Schematic diagram of single-hole test by acoustic method. 

 
Figure 7. Schematic diagram of test hole layout. 

R1

R2

R3

L1

L2

L3

Tunnel excavation
profile

Figure 7. Schematic diagram of test hole layout.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 17 
 

   
(a) (b) (c) 

Figure 8. Field test of the loose circle. (a) Use support trolley to assist drilling; (b) install monitoring 
sensors; (c) observe the monitoring results. 

At present, there is no unified and clear definition of a loose tunnel circle. The tech-
nical code for the construction of rock foundation excavation engineering of hydraulic 
structures [29] notes that the change rate of wave velocity greater than 10% after blasting 
is the criterion of rock mass failure. Firstly, two footage sections with similar surrounding 
rock properties were first selected. In order to ensure the accuracy of the monitoring re-
sults, priority will be given to test work after blasting. Each monitoring test lasted nearly 
12 h. The test analysis of the tunnel loose circle range excavated by nonelectric and elec-
tronic detonator blasting is shown in Figures 9 and 10. The position where the first rapid 
increase of wave velocity was monitored can be considered as the boundary position of 
the loose circle, and the blue dotted line is used as the auxiliary line to mark the boundary 
position of the loose circle. The shape of the loose circle during nonelectric and electronic 
detonator blasting is shown in Figure 11. The properties of the loose circle are shown in 
Table 3. 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 9. Variation in the longitudinal wave velocity of the surrounding rock with the test hole 
depth during tunnel nonelectric detonator blasting excavation. (a) R1, (b) R2, (c) R3, (d) L1, (e) L2, 
and (f) L3. 

0.5 1.0 1.5 2.0 2.5 3.0 3.5
1500

1600

1700

1800

1900

2000

2100

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
1800

1900

2000

2100

2200

2300

2400

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

1800

1900

2000

2100

2200

2300

2400

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
1400

1600

1800

2000

2200

2400

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

1200

1300
1400

1500
1600

1700

1800
1900

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

1000
1200

1400

1600
1800
2000

2200
2400

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)

Figure 8. Field test of the loose circle. (a) Use support trolley to assist drilling; (b) install monitoring
sensors; (c) observe the monitoring results.

At present, there is no unified and clear definition of a loose tunnel circle. The
technical code for the construction of rock foundation excavation engineering of hydraulic
structures [29] notes that the change rate of wave velocity greater than 10% after blasting is
the criterion of rock mass failure. Firstly, two footage sections with similar surrounding
rock properties were first selected. In order to ensure the accuracy of the monitoring results,
priority will be given to test work after blasting. Each monitoring test lasted nearly 12 h.
The test analysis of the tunnel loose circle range excavated by nonelectric and electronic
detonator blasting is shown in Figures 9 and 10. The position where the first rapid increase
of wave velocity was monitored can be considered as the boundary position of the loose
circle, and the blue dotted line is used as the auxiliary line to mark the boundary position
of the loose circle. The shape of the loose circle during nonelectric and electronic detonator
blasting is shown in Figure 11. The properties of the loose circle are shown in Table 3.
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Figure 9. Variation in the longitudinal wave velocity of the surrounding rock with the test hole depth
during tunnel nonelectric detonator blasting excavation. (a) R1, (b) R2, (c) R3, (d) L1, (e) L2, and
(f) L3.
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Figure 10. Variation in the longitudinal wave velocity of the surrounding rock with the test hole
depth during tunnel electronic detonator blasting excavation. (a) R1, (b) R2, (c) R3, (d) L1, (e) L2, and
(f) L3.



Appl. Sci. 2023, 13, 1006 9 of 16

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 17 
 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 10. Variation in the longitudinal wave velocity of the surrounding rock with the test hole 
depth during tunnel electronic detonator blasting excavation. (a) R1, (b) R2, (c) R3, (d) L1, (e) L2, 
and (f) L3. 

 
Figure 11. Schematic diagram of a loose circle during tunneling by nonelectric and electronic deto-
nator blasting. 

Table 3. Property parameters of the tunnel nonelectric and electronic detonator blasting loose circle. 

Test Holes 
Loosening Range (m) Reduction Degree of Longitudinal Wave Velocity of Surrounding Rock 

Nonelectric Electronic Nonelectric Electronic 
R1 1.49 0 22% 2% 
R2 1.75 0 14% 2% 
R3 1.95 1.25 13% 16% 
L1 2.15 1.15 33% 17% 
L2 2.16 1.35 28% 20% 
L3 2.35 0 40% 2% 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
1985
1990
1995
2000
2005
2010
2015
2020
2025

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

1960

1970

1980

1990

2000

2010

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

1200

1400

1600

1800

2000

2200

2400

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
1500
1600
1700
1800
1900
2000
2100
2200
2300

W
av

e 
ve

lo
ci

ty
 (m

/s
)

Depth of monitoring point (m)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

1600
1650
1700
1750
1800
1850
1900
1950

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

1325
1330
1335
1340
1345
1350
1355
1360

W
av

e 
ve

lo
ci

ty
 (m

/s)

Depth of monitoring point (m)

Nonelectric

Electronic

R1

R2

R3

L1

L2

L3

1.49 m
0 m

1.75 m

1.95 m2.35 m

2.16 m

2.15 m

0 m

1.25 m0 m

1.35 m

1.15 m

Tunnel excavation profile

Figure 11. Schematic diagram of a loose circle during tunneling by nonelectric and electronic
detonator blasting.

Table 3. Property parameters of the tunnel nonelectric and electronic detonator blasting loose circle.

Test Holes
Loosening Range (m)

Reduction Degree of Longitudinal
Wave Velocity of Surrounding

Rock

Nonelectric Electronic Nonelectric Electronic

R1 1.49 0 22% 2%
R2 1.75 0 14% 2%
R3 1.95 1.25 13% 16%
L1 2.15 1.15 33% 17%
L2 2.16 1.35 28% 20%
L3 2.35 0 40% 2%

Contrastive analysis of loose circles produced by nonelectric detonator blasting and
electronic detonator blasting in tunnels. Nonelectric detonators and electronic detonators
were used in field tests, while ensuring the similarity of surrounding rock properties at the
two blasting footages as much as possible.

(1) Fragmentation degree of the rock mass in a loose circle. In terms of loose range
of surrounding rock, the depth of the loose circle caused by the nonelectric detonator
was 1.49~2.35 m, and the depth caused by the electronic detonator was 0~1.35 m. The
loose range caused by nonelectric detonators is significantly larger than that of electronic
detonators in each radial direction, as shown in Figure 11. The serious damage depth of
2.35 m is avoided in the L3 direction, and the reduction in other directions is basically
above 1 m. Two sections with the same surrounding rock properties cannot be found in
the field test, and the random distribution of joint fissures cannot be avoided. There are a
large number of joint fissures in the left tunnel wall and the right tunnel spandrel of the test
section using electronic detonators after field investigation. The rock is mixed with a weak
sand layer, and the water seepage phenomenon is obvious. This leads to the phenomenon
of large damage depth at the L1, L2, and R3 positions in the electronic detonator test
results. The electronic detonators can reduce the damage depth of more than 1 m, which
can significantly reduce the use of supporting bolts, resulting in greater economic benefits,
according to the construction experience. At the same time, it also avoids the construction
process of post grouting reinforcement. More importantly, it can ensure the safety and
stability of the tunnel after blasting.

(2) In addition, the use of electronic detonators not only reduces the depth of the
damage range but also has a significant effect on retaining the integrity of the surrounding
rock. The wave velocity of the rock mass in the loose circle caused by the nonelectric
detonator decreases to 13~40%, and that of the rock mass in the loose circle caused by
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the electronic detonator decreases to 16~20%, as shown in Table 3. The use of electronic
detonators can significantly weaken the reduction of longitudinal waves in the surrounding
rock. It is conducive to giving full play to the supporting role of the original surrounding
rock and ensuring the stability of the excavated tunnel.

The field tests consume a lot of human and material resources and delay the construc-
tion period. It cannot be carried out on a large scale. Therefore, in order to further study
the differences between electronic and nonelectric detonators in tunnels surrounding rock
damage, it is necessary to use finite element software for further research and analysis.

5. Finite Element Analysis and Removal of Stress Redistribution Factors

Large finite element software FLAC3D has been widely used in geotechnical and
underground engineering. It can be analyzed by the “mixed discrete method” when
simulating plastic failure. It can provide more accurate and reasonable results than the
ordinary discrete integration method. Therefore, FLAC3D software was used for numerical
simulation in this study.

The tunnel excavation section area was approximately 150 m2 with a span of 14.7 m
and a height of 12.5 m. To avoid the influence of the model boundary effect, in the numerical
model, the distance between the tunnel center axis and the left and right boundaries was
greater than four times the tunnel span, the distance between the tunnel center axis and
the upper and lower boundaries was also greater than three times the tunnel span. The
excavation footage was 3 m. The whole calculation model was 120 m wide and 100 m high,
with 49,152 units in total. The models are shown in Figures 12 and 13.
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Based on the physical and mechanical parameters of the surrounding rock, the final
parameter values were as follows after trial calculation by referring to relevant manuals [29]:
Elasticity modulus E = 10 GPa. Poisson’s ratio u = 0.3. Frictional angle ϕ = 35

◦
.

The cohesive force of the surrounding rock was 1 × 105 Pa. The tensile strength of the
surrounding rock was 3 × 105 Pa.

In the FLAC3D calculation, the rock mass deformation parameters were the volume
modulus (K) and shear modulus (G). Therefore, the elastic modulus or deformation modu-
lus (E) and Poisson’s ratio (µ) must be transformed into volume modulus (K) and shear
modulus (G), and the transformation formula is as Equations (1) and (2).
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K =
E

3(1 − 2µ)
(1)

G =
E

2(1 + µ)
(2)

The bulk modulus K and shear modulus G of the model can be calculated by Equations
(3) and (4).

Bulk modulus:
K =

E
3(1 − 2µ)

= 8.33 × 109 (Pa) (3)

Shear modulus:
G =

E
2(1 + µ)

= 3.85 × 109 (Pa) (4)

In the FLAC3D dynamic calculation, four kinds of dynamic loads can be input: ac-
celeration time history, velocity time history, displacement time history, and stress time
history. The dynamic load input of this simulation adopted the monitored blasting vi-
bration velocity time–history curve since the actual particle vibration velocity data were
measured by field test. This effectively ensures that the numerical simulation calculations
are as consistent as possible with the field blasting tests.

The monitored vibration velocity in Figures 3 and 5 was transformed into the vibration
velocity time–history curve required by FLAC3D, as shown in Figures 14 and 15.
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Figure 15. Data after electronic detonator vibration test and transition.

The loose circles of the tunnel blasted by nonelectric detonators and electronic deto-
nators were obtained by numerical calculation, as shown in Figures 16 and 17. The blue
elements in the figures represent the undamaged surrounding rock. The green, brown and
red elements represent the damage of surrounding rock, and the damage degree decreases
in turn.
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In order to combine the field tests, the numerical simulation is carried out according
to the actual blasting footage of 3 m. The nonelectric detonator test caused 137.33 m3

surrounding rock unit failure in the footage through the statistical data in Table 4, and the
average thickness of the surrounding-rock loose circle is shown in Table 5. The average
damage depth of the entire excavation section caused by explosive initiation can be obtained
by dividing the surface area of the excavation profile within the footage length. The
average failure depth of surrounding rock damage caused by the nonelectric detonator
test is close to 2 m. This is basically consistent with the results monitored in the field test,
which verifies the correctness of the numerical model. Similarly, 104.86 m3 surrounding
rock units failed in the electronic detonator results, and the average failure depth was
1.514 m. The calculated average depth of electronic detonators is obviously smaller than
that of nonelectric detonators. The finite element simulation can ensure that the material
properties of surrounding rock are the same in two times of blasting. The surrounding rock
is assumed to be a homogeneous material without joint fissure. Therefore, the calculated
results of nonelectric and electronic detonators are smaller than those of field tests, which
is reasonable. This further validates the irregularity of the damage profile in Figure 11 in
Section 4. It shows that in the area where the electronic detonator test is used, the joint
fissures at the left wall and right spandrel positions of the tunnel have a great influence on
the test results. It significantly reduces the blast resistance of surrounding rock.

Table 4. The average thickness of the loose ring calculated by simulation.

Computational Model Excavation Footage (m) Yield Volume (m3) Average Thickness (m)

Nonelectronic detonator 3 137.33 1.980
Electronic detonator 3 104.86 1.514

Table 5. The average thickness of the loose ring in the comparative test.

Computational
Model

Loading
Situation

Yield Unit
Volume (m3)

Loose Ring
Average

Thickness
(m)

Thickness of
Loose Ring

Due to
Blasting
Load (m)

Influence of
Blasting

Action on
Loose Ring

Nonelectronic
detonator

Yes 137.33 1.98
0.66 33%No 91.34 1.32

Electronic
detonator

Yes 104.86 1.51
0.20 13%No 91.34 1.32

The field blasting tests can only monitor the final damage range of surrounding rock
because of the instantaneity of explosion. In fact, the loose circle of surrounding rock
is generated by the double effects of stratum stress redistribution caused by excavation
and blasting load impact. Here, the finite element simulation method is used to analyze
these two factors in depth. The numerical simulation consists of two cases. One was to
simulate the blasting effect without applying a dynamic load, and the other was to simulate
the blasting effect while applying a dynamic load. The two simulation results are shown
in Table 5.

From Table 5, the following conclusions can be drawn:
(1) The thickness of the loose ring was approximately 1.32 m without considering

the blasting load when the tunnel was excavated by conventional nonelectric detonator
blasting. The thickness of the loose ring generated by the blasting load was approximately
0.66 m. The final thickness of the loose ring was 1.98 m. It can be considered that the extent
of the loose circle generated by the redistribution of surrounding rock stress accounts for
67% of the final loose circle. The range of the loose circle produced by the blasting load
accounts for 33% of the final loose circle range. Although the thickness of the rock loose
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circle caused by surrounding rock excavation accounts for the main part, the influence of
the blasting load is also significant.

(2) The thickness of the loose ring was approximately 1.32 m without considering
the blasting load when the tunnel was excavated by electronic detonator blasting. The
thickness of the loose ring produced by the blasting load was approximately 0.20 m. The
final thickness of the loose circle was 1.51 m. It could be considered that the range of the
looseness circle generated by the stress redistribution of the surrounding rock accounts for
87% of the final loose circle. The range of the loose circle produced by the blasting load
accounts for 13% of the final loose range. The damage proportion of electronic detonator
blasting load to surrounding rock loose circles is much lower than that of nonelectric
detonators. Therefore, it can be considered that the damage degree of explosives controlled
by electronic detonators to surrounding rock is much smaller than that of nonelectric
detonators because of their better delay and smaller explosive detonating quality each time.

6. Recommendations and Limitations

This study explored the damaging effect of the use of electronic detonators and
nonelectric detonators on the protected surrounding rock. The monitoring and calculation
results of damage range and rock crushing degree show that a nonelectric detonator
has a positive effect on the protection of surrounding rock. Its application in practical
engineering can be embodied in the following two aspects: Firstly, in terms of the loose
range of surrounding rock, the thickness of the loose circle of surrounding rock caused
by the electronic detonator is 1 m less than that of the nonelectric detonator on average,
so the length of the anchors can be shortened appropriately when setting the primary
support. In terms of the degree of rock fragmentation, the maximum acoustic velocity
attenuation caused by an electronic detonator is only half of that of a nonelectric detonator.
Therefore, the amount of shotcrete can be reduced, and the spacing of steel arches can be
appropriately increased when setting the primary support. This study provided a reference
for the optimization design of primary support parameters of the tunnel after blasting,
which is helpful in reducing construction costs.

However, the current testing methods cannot accurately divide the failure zone, the
crack zone, and the plastic zone, so the size of the loose circle in the test is not uniform.
Although specifications [29] provide blasting damage standards, a rock mass is judged to
be damaged if the change rate of the rock mass wave velocity before and after blasting
is greater than 10%. In some cases, the surrounding rock in the loose circle fractured but
still retains high stability. In addition, the influence of initial surrounding rock fissures is
not excluded in this study. Therefore, further classification criteria of surrounding rock
loose circles and the influence of initial surrounding rock fissures will be considered in
future studies.

7. Conclusions

In this study, the damage of protected surrounding rock by using an electronic det-
onator and a nonelectric detonator in tunnel blasting was compared. The advantages of
using an electronic detonator to protect surrounding rock were quantified through field
monitoring and numerical simulation. The research results can provide a reliable reference
for the design of controlled blasting and the determination of support parameters in tunnel
excavation engineering. Some valuable conclusions are drawn from this study:

(1) In the surrounding grade IV rock, when the blasting footage was 3 m, the nonelec-
tric detonators were used for normal construction, and the range of the loose circle was
1.5~2.3 m. The resulting loose circle ranged from 0 m to 1.4 m after the nonelectric detona-
tors were changed to electronic detonators under the condition that the distance between
the holes and the amount of charge remained unchanged. The range of the loose circle
produced by the blasting of the tunnel electronic detonator was approximately 60~76% of
that of the nonelectric detonator blasting, and the surrounding rock in the loose circle was
less broken.
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(2) When nonelectric detonators were used for blasting, the impact of the blasting load
on the loose ring was approximately 33% due to the large blasting load. The small blasting
load of the single-hole electronic detonator leads to an approximately 13% effect of the
blasting load on the loose circle.

(3) The above studies show that the use of electronic detonators for the protection
of surrounding rock has a beneficial effect. The preliminary support parameters of the
tunnel can be optimized after excluding the interference of initial surrounding rock fissures.
When using electronic detonators, the specific optimization parameters can be expressed
as reducing the length of the anchor, increasing the steel arch spacing, and reducing the
amount of shotcrete.
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