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Abstract

Current studies on blasting construction of small clear-distance tunnels have not considered the impact of existing tunnel lining
defects when establishing safety controls. This paper offers a series of study results based on the blasting project of a new tunnel adjacent
to the existing defect Xinling tunnel to thoroughly examine the dynamic response, safety control standards, and measures of the existing
defect tunnel. First, structural models were developed to investigate the influence of the presence or absence of specific defects (like lining
cracks and cavities behind the lining) on the dynamic response of the current tunnel lining to identify the most unfavorable defect dis-
tribution. Then, establish safety control standards for intact linings and those with the most unfavorable defects. Eventually, two types of
control measures, single safe charge and reasonable delay time, were studied based on the established safety control standards. In par-
ticular, the most adverse position of cracks was the wall facing the explosion, the rise in depth was more unfavorable for vibration
response, and the impact of the longitudinal crack was restricted to the vicinity of the crack. While the vault was the most adverse cavity
position, the rise in cavity area was more damaging, and the influence range varied with longitudinal cavity length. Moreover, the impact
of cracks was mainly evident in the amplification effect of stress at the crack region. In contrast, cavities had varied degrees of ampli-
fication effects on the vibration velocity and stress response and a relatively extensive influence range. Safety control research was con-
ducted, when the tunnel was intact, with a right wall crack, a vault cavity, and both vault cavity and crack for this project, the peak
particle velocity (PPV) of the safety control standard for vibration velocity was 13, 10, 13, and 8 cm/s, respectively, and the respective
single safe charge could be adjusted at 64, 53, 37, and 25 kg. However, the presence of different defects had a relatively negligible effect on
the reasonable delay time; 25 ms was recommended for existing tunnel lining with and without the defect.

Keywords: Existing tunnel; Defect; Blasting construction; Vibration response; Control standards and measures

1 Introduction

As the number of automobiles continues to rise, the traf-
fic volume on existing highways has increased yearly, and
some current highways can no longer accommodate the
growing demand for traffic operations (Jia et al., 2019).
Therefore, the rehabilitation and expansion of existing
highways have become a trend in highway transportation
construction, and the construction of new tunnels adjacent
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to existing tunnels has become the predominant technique
of tunnel reconstruction and expansion (Chen et al., 2018;
Lin et al., 2019; Chen & Zhang, 2022). Due to its low cost,
high efficiency, and ease of operation, the blast technique
has remained the most prevalent method for building
mountain tunnels. However, when the distance between
the new and old tunnels is minimal, the blasting vibrations
generated during the building of the new tunnels will have a
significant impact on the safety and stability of the existing
tunnels (Lei et al., 2022; Guo et al., 2022). Consequently,
based on the reality of existing tunnel lining, developing
reasonable, dependable, and accurate vibration safety con-
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trol standards and measures that can meet the control stan-
dards is the primary technical issue that must be resolved in
the blasting construction of small interval projects (Liu
et al., 2020; Peng et al., 2021).

Various studies have focused on the impact of blasting
vibration on underground structures through field experi-
ments and numerical simulations. For example, Jiang and
Zhou (2012) investigated blasting vibration safety criteria
for a tunnel liner structure. As it was discovered that there
was a significant difference in the peak particle velocity
(PPV) and the peak effective tensile stress between the tun-
nel lining and the surrounding rock at the joint of arch and
wall, the safety evaluation of tunnel structure should be
considered for the characteristics of the tunnel lining and
the surrounding rock. Zhao et al. (2016) examined the
impact of adjacent tunnel blasting vibration on existing
tunnels. Deng et al. (2014) investigated the dynamic
response of a circular tunnel in a jointed rock mass sub-
jected to stress waves induced by the explosion inside a
nearby tunnel. The investigation results suggested that
greater joint stiffness causes more PPV at the tunnel surface
and disturbed zones around the tunnel. Feldgun et al.
(2014) investigated the impact of an explosion in a tunnel
on a nearby buried structure. It was demonstrated that
the charge location significantly affected the vertical peak
velocity and caused the maximum vertical displacement
value, while the lack of a neighboring tunnel resulted in
the least displacement. Wang et al. (2022) analyzed the
propagation characteristics and prediction of blast-
induced vibration on closely spaced rock tunnels.

Numerous studies have also been conducted on the safe
control standards and measures of blasting vibration. Shi
et al. (2019) investigated an underground pipeline’s vibra-
tion velocity control standard subject to the blast loading
of an adjacent tunnel. Moreover, Shan et al. (2023) studied
the blasting safety control of a mountain tunnel. They
found that managing the maximum charge of a single-
stage blast can ensure the safety of the existing structure.
Zhu et al. (2022) investigated the influence of obstacle holes
on vibration reduction under blasting conditions. The test
findings demonstrated that the barrier hole diameter, spac-
ing, and the number of barrier hole rows substantially
affected the PPV and the vibration isolation rate. Kim
and Song (2015) presented abrasive water jet cutting as a
solution for decreasing blast-induced ground vibration. In
tunnel excavation, the abrasive water jet cutting technique
minimized blast-induced ground vibration and was more
successful than conventional drilling and blasting methods.
Moreover, Tian et al. (2019) demonstrated that the multi-
stage composite wedge-cutting method could provide a
strong shock absorption performance. Duan et al. (2022)
analyzed and applied vibration reduction holes in tunnel
working faces based on grey correlation analysis.

In conclusion, the research indicated that investigations
on dynamic response and safe controls assumed the exist-
ing structure was intact. However, existing tunnels are
unavoidably influenced by external influences, including

geological environment, early construction, and later oper-
ation, resulting in defects, of which lining cracks and cavi-
ties are the most common (Voznesenskii & Nabatov, 2017;
Liu et al., 2022). The presence of cracks and cavities might
modify the load-bearing capacity and dynamic response of
the lining structure, which can readily exacerbate the cur-
rent tunnel’s safety issues. Therefore, analyzing the effect
of cracks and cavities on the dynamic response and safe
control of an existing tunnel lining during small interval
blasting construction is instructive for comparable engi-
neering projects. In recent years, the effect of cavities on
the dynamic response of structures has been studied
(Wang & Fu, 2012; Tao et al., 2013; Singh et al., 2015;
Xia et al., 2018; Yang et al., 2019; Deng et al., 2020;
Chen et al., 2021). However, the research mainly concen-
trated on analyzing the dynamic reaction of structures,
and there was a lack of research on safety control stan-
dards and measures for tunnel linings affected by various
defects. This study investigates the dynamic response,
safety control standards, and measures (single safe charge
and reasonable delay time) of the existing defected Xinling
tunnel by creating a new tunnel close to the current defect
tunnel. The research outcomes have certain reference and
guiding significance for the construction of similar projects.

2 Overview of tunnel blasting project
2.1 Overview of the tunnel project

Located in Zhibu Town, Zhuji, Zhejiang Province,
China, the Xinling tunnel is a crucial component of the
Hangzhou Jinqu Expressway. The renovation and expan-
sion of the tunnel adopt the technical solution of building
a new tunnel adjacent to the existing tunnel. The new tun-
nel is envisioned as a six-lane, two-way tunnel with up and
down separation, 15.25 m wide and 5.0 m tall. The current
tunnel is a two-way, four-lane tunnel that is 10.75 m wide
and 5.0 m tall. The tunnels have a total length of 1.4 km. At
the entrance part of the Xinling tunnel, the clear space
between adjacent tunnels is 25-35 m, and at the body sec-
tion, it is approximately 40 m. The location and layout of
the tunnels are shown in Fig. 1. The new tunnels are con-
structed by drill-blast excavation method. The rock strata
crossed by the new and existing tunnels are the same, and
the surrounding rock is Grade III to Grade V, mainly silt-
stone and argillaceous siltstone.

2.2 Defect investigation

2.2.1 Defect detection methods

To confirm that the simulation of defects in subsequent
numerical calculations conforms to the distribution pattern
of defects in the existing Xinling tunnel, cracks in the exist-
ing tunnel lining and cavities behind it were investigated.
The magnifying glass with 0.1 mm precision and 30 mm
range was used to measure the width of cracks, and the
NM-4A nonmetallic ultrasonic testing analyzer was utilized
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to detect the depth when the crack width exceeded 1.5 mm.
Additionally, geological radar was used to locate the loca-
tion and depth of the cavities, and their circumferential
length was measured if the cavity depth exceeded 50 cm.

2.2.2 Defect detection results

The characteristics of existing tunnel cracks and cavities
are depicted in Figs. 2 and 3, respectively. As depicted in
Fig. 2, the crack dispersion characteristics are as follows.
Generally, the surface width was less than 3 mm, and only
4.6% had a width greater than 3 mm. When the width
exceeded 1.5 mm, the radial depth was typically smaller
than (1/4)h (the lining thickness /), accounting for 68.7%.
Additionally, 52.8% of cracks were mainly distributed lon-
gitudinally. The distribution features of cavities are
depicted in Fig. 3. Approximately 45% had a depth between
20 and 50 cm, those over 50 cm accounting for about 24%.
Generally, the circumferential width was less than 100 cm,
accounting for 60%, while only 5% exceeded 200 cm when
the depth exceeded 50 cm. The longitudinal length of the
cavities was mainly 5 to 10 m, which is about 44.5%.

The distribution pattern of cracks and cavities is pre-
sented in Figs. 4 and 5. Notably, 55.8% and 32.4% of the
cracks were found in Grade III and Grade IV surrounding
rock, respectively. Significant cracks in the wall, haunch,
and vault along the cross-sectional direction account for
30.3%, 23.5%, and 19.3%, respectively. The cavities were

30 m
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Fig. 1. Layout of the tunnel. (a) Schematic diagram of the cross-section of the tunnel, and (b) schematic diagram of the longitudinal section of the tunnel.
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Fig. 2. Crack characteristics.

largely distributed in the Grade III surrounding rock,
accounted for 81.6%; along the cross-sectional, they were
mostly in the vault, accounting for 57.5%.

3 Vibration response analysis
3.1 Scheme and working conditions

According to the defect investigation of the characteris-
tics and distribution pattern of cracks and cavities in the
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existing tunnel, two-dimensional (2D) models were devel-
oped for working conditions K1-1 to K1-3 in Table 1, aim-
ing to study the most unfavorable transverse location of
cracks and cavities, crack depth, and cavity area on the
structural dynamic response. Then, based on the most
unfavorable distribution of cracks and cavities in the 2D
models, we constructed three-dimensional (3D) models
for working conditions K2-1 to K2-4 in Table 1 to examine
the effect of the longitudinal length of cracks and cavities
on the dynamic response.

3.2 Model parameters

The conversion Eq. (1) between the dynamic elastic
modulus E4 and the static elastic modulus E; was recom-
mended by Wang et al. (1980), and the conversion of the
dynamic Poisson’s ratio pg and static Poisson’s ratio ug
as exhibited in Eq. (2) was proposed by Dai (2002), as
depicted in Table 2.

Eq = 8.7577E>% (1)

Based on engineering experience and prior research (Z.
Zhang et al., 2017), in tunnel face blasting, the cut holes
provide the largest vibration effect. Therefore, only the
blasting impact of the cut hole section 1% was evaluated,
and the explosive used was rock emulsion explosive No.
2. Figure 6 depicts the layout of the cut holes on the exca-
vation segment. For the blasting simulation, the blasting
load was applied to the tunnel’s excavation border, and
the peak load was estimated using the empirical formula
approach according to Eq. (3) (Wang et al., 2021):

139.97 844.84 2154
= + +

may =~ — i 0.8034, Z=R"/0Q'?,

(3)

where Py 1s the peak load (kPa), Z is the proportional
distance (m), R* is the distance from the borehole to the
loading surface (m), and Q is the gunshot filling amount,
taken as 11.6 kg.

As per the theory of blasting vibration, the blasting load
can be summarized as a triangle load in the ascending and
descending linear segments, and the duration of the blast-
ing shock wave is typically 10°-0.1 s (Guo et al., 2022).
The 0.012 s of loading time and 0.088 s of unloading time
were used for calculation in this study. The time history
curve of the blasting load in the triangular loading form
is shown in Fig. 7.

3.3 Vibration response analysis of 2D

Figure 4 demonstrates that most cracks and cavities in
the existing Xinling tunnel are in Grade III surrounding
rock. Therefore, the Grade III adjacent rock section was
chosen to establish models. Due to the great distance
between the new tunnel and the existing one at the far
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Table 1
Working conditions of dynamic response analysis.

Working Working Working condition description Specific calculation
conditions  condition
number
K1 Kl1-1 2D ““intact” model -
K1-2 2D ““crack” model Crack location: vault, right haunch, right wall.Crack depth:
(1/4)h, (2/4)h, and (3/4)h.
K1-3 2D ““cavity” model Cavity location: vault, right haunch, right wall.
Cavity area: 4.45 and 16.23 m>.
K2 K2-1 3D “intact” model -
K2-2 3D “most unfavorable crack” model Longitudinal length of crack: 2.4 m.
K2-3 3D “most unfavorable cavity” model Longitudinal length of the cavity: 0, 4.8, 3.0, 7.0, 11.0, 15.0, 19.0 m.
K2-4 3D ““‘combination of vault crack and cavity” model = The longitudinal lengths of the crack and cavity

are taken as 2.4 and 4.8 m, respectively.

Note: The cavity with an area of 4.45 and 16.23 m” was designated as a small and a large cavity, respectively.

Table 2
Material parameters.
Materials E4 (GPa) Ud 7 (kg/m®) ¢ (kPa) ¢ (°)
Moderately weathered siltstone (Grade I1I) 14 0.25 2300 700 39
Lining (C25) 50 0.20 2500 - -
5 105.3 21.1 o4
Unit: cm [ P> 3% =
e N 4]
© 17 — = Pmax
~ 27
< =
M
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o O O
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Fig. 6. Layout of cut holes.

end, the dynamic response of the existing one at the far end
is quite modest. To facilitate calculation, only the new tun-
nel and the current tunnel on the right were chosen for cal-
culation and analysis.

3.3.1 2D model establishment

The 2D model was established using ANSYS software.
The model with its monitoring point layout, and the sche-
matic diagram of defects simulation, are shown in Fig. §.
The model with a size of 135 m x 80 m is shown in
Fig. 8(a). A spring damper element was put at the bound-
ary to eliminate disagreement between the calculated find-
ings and the real condition due to energy reflection at the
boundary node to create an artificial viscoelastic boundary

A 4

0 0.012 0.1 1.0
Time/s

Fig. 7. Time history curve of blasting load.

(Ajit & Ahmet, 2004). The node spring stiffness and dam-
per damping coefficient are shown in Egs. (4) and (5),
respectively:

G G
KBN:(XNE7KBT:“TE; (4)
Cpn = pep, Cpr = pcs, (5)

where Ky and Kpr are the normal and tangential spring
stiffness, respectively; an and ar are the correction coeffi-
cient for the normal and tangential viscoelastic artificial
boundaries, among which, with reference (Lu et al.,
2009), the value taking 1 and 0.5, respectively; G is the
shear modulus of the medium; R is the distance between
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Fig. 8. 2D model diagram. (a) 2D model, (b) 2D monitoring site layout, (c) 2D cavity simulation, and (d) 2D cracks simulation.

the vibration source and the boundary node; Cgy and Cgr
are the damping coefficient of the normal and tangential
dampers, respectively, among them, p is the density of
the medium; ¢p and cg are the velocity of the P-wave and
S-wave in the surrounding rock, respectively (m/s).

Figure 8(b) depicts the arrangement of existing tunnel
monitoring points in the 2D model. The monitoring points
were located at the vault, haunches, walls, arch feet, and
arch bottoms. The simulation of the cavity was conducted
by constructing a “cavity region” in the model, as shown in
Fig. 8(c) (taking the vault cavity as an example, the depth
was denoted as H, and the circumferential width was
denoted as B). The releasing node degrees of freedom were
used for the simulation of crack as shown in Fig. §(d) (tak-
ing the crack in the vault of radial depth (1/4)4 as an exam-
ple, the crack depth and surface width were denoted as D
and W, respectively).

3.3.2 2D model calculation results

Blasting causes a structural dynamic response in two
ways: vibration velocity and stress response. For vibration
velocity response, referring to the description of the accept-
able standards for blasting vibration safety in GB 6722—
2014 ““Safety regulations for blasting” (China National
Standardization Management Committee & General
Administration of Quality Supervision, Inspection and
Quarantine of the People’s Republic of China, 2014), this
study adopted a velocity component for vibration velocity
response analysis. For stress response, the calculation
shows that the lining’s principal compressive stress (PCS)
was significantly smaller than the material’s compressive
bearing capacity, and during blasting load, the lining failed
mostly due to tensile failure, so only reaction analysis of
principal tensile stress (PTS) was done.

The effect of cracks with different transverse distribution
locations and depths of existing tunnel lining on the vibra-
tion response is illustrated in Fig. 9. It can be seen from
Fig. 9(a) and (b) that the cracks effect of working condition
K1-2 was very small on the vibration velocity response.
Moreover, the vibration velocity distribution pattern was
unchanged from the intact (working condition KI1-1).
The PPV in the x-direction appeared at the right wall with
a value of 4 cm/s, and the PPV in the y-direction appeared
at the vault with a value of 3.8 cm/s. Figure 9(c) presents

the effect of the cracks at different locations and depths
on the stress response of existing tunnel lining. The right
wall, right haunch, vault, left wall, and left haunch had
large to modest stress responses. When the crack appeared
on the right wall, the value of PTS around the crack
increased most significantly and increased with the crack
depth; the crack depth was (1/4)h, (2/4)h, and (3/4)h,
recording values of PTS 1.1, 1.3, and 1.4 MPa respectively,
their values had increased by 0.1, 0.3, and 0.4 MPa respec-
tively compared to the intact state. However, cracks with
varied depths at other monitoring locations had minimal
effect on the stress response.

Overall, it can be concluded that the most unfavorable
position and crack depth were the right wall (facing the
explosion side) and (3/4)h, respectively. Furthermore,
cracks predominantly affected the vibration response of
the lining by amplifying the stress response. Accordingly,
monitoring the stress changes at the right wall cracks dur-
ing the blasting construction process is important.

Figure 10 illustrates the effect of cavities with different
transverse distribution locations and areas on the vibration
response of existing tunnel lining. Figure 10(a) shows that
among the effects of cavities at different monitoring posi-
tions on the response of vibration velocity in the x-
direction. The PPV value was 5.0 cm/s when a large cavity
appeared in the left haunch, compared to the intact state,
which increased by 2.1 cm/s. Second, a big vault cavity
boosted the right haunch’s maximal value of 4.4 cm/s by
1.0 cm/s. However, other defect states had little impact
on the vibration velocity effect in the x-direction. From
the perspective of the impact on the vibration velocity effect
in the x-direction, the most unfavorable situation was when
there was a large cavity in the left haunch. Figure 10(b)
shows how cavities at different monitoring positions affect
y-direction vibration velocity. When a huge cavity emerged
in the vault, the PPV value grew to 10.0 cm/s, exceeding the
control value of 5.0 cm/s of vibration velocity utilized in
blasting construction and increasing by 6.4 cm/s relative
to the intact state. Second, when there was a large cavity
in the left haunch, the maximum value was 5.2 cm/s, which
increased by 2.0 cm/s compared to the intact state. Other
defect states had little impact on the vibration velocity
effect in the y-direction. With a large vault cavity, the vibra-
tion velocity effect in the y-direction was the worst.
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Figure 10(c) presents the effect of cavities at different
locations and depths on the stress response of existing
tunnel lining. The amplification effect of the stress
corresponding to the small cavity in the vault was the most
obvious. Moreover, there was a negative correlation
between the cavity area and the PTS value at the cavity.
When a small and a large cavity appeared in the vault,
the PTS around the cavity was 0.75 and 0.46 MPa, respec-
tively, compared to the intact lining state. The values had
increased by 0.5 and 0.2 MPa, respectively. This could be
because of a stress concentration phenomenon that weak-
ens as the cavity area grows. This phenomenon occurs in
the cavity region. Moreover, when cavities appeared at dif-
ferent positions and with different areas, the maximum
value of 1.0 MPa of PTS appeared on the right wall (the
blasting side); the value was less than the maximum bearing
capacity value of 1.27 MPa of the lining (Ajit & Ahmet,
2004).

From comprehensive analysis, it could be concluded
that the cavity had a dual impact on the lining’s vibration
velocity and stress response. However, due to the large cav-
ity in the vault, the maximum value of 10.0 cm/s of PPV
exceeded the safety control value of 5.0 cm/s of on-site
blasting construction, so the large cavity in the vault was
considered the most unfavorable distribution of cavities.

3.4 Vibration response analysis of 3D

3.4.1 3D model establishment

The 3D model and its monitoring point layout, and the
schematic diagram of defects simulation are presented in
Fig. 11. The model size was 135.0 m x 80.0 m x 64.8 m
is shown in Fig. 11(a), and the boundary adopted the
non-reflective boundary provided by LS-DYNA. The
transverse and longitudinal monitoring points layout are
illustrated in Fig. 11(b). The cross-sectional positions and
size of the crack and cavity were only considered the most
unfavorable distribution seen from above while simulating
defects in 3D models. When simulating the cracks on the
right wall, measuring line 1 was utilized to set up measuring
points for monitoring, and measuring line 2 was employed
when simulating the vault cavity. The schematic diagrams
of cracks (taking the right wall crack as an example) and
cavities (taking the vault cavity as an example) in the 3D
model are shown in Fig. 11(c), and the simulation methods
were the same as those in the 2D model.

3.4.2 3D model calculation results

Figure 12 shows how crack and cavity longitudinal
length affects lining structure vibration velocity response.
It can be seen from Fig. 12(a) that compared to the intact
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state, the crack of longitudinal length 2.4 m (working con-
dition K2-2) on the right wall had little effect on the overall
vibration velocity response of the lining, and the value of
PPV only slightly increased near the crack, from 6.07 to
6.36 cm/s. At the same time, other regions remained
unchanged. This supported the 2D model’s calculation that
cracks have a small impact on the vibration velocity
response.

As shown in Fig. 12(b), the vault cavity with an area of
16.23 m? and a length of 4.8 m (working condition K2-3)
had a significant impact on the overall vibration velocity
response, and the maximum value of PPV at the vault
monitoring point increased to 6.36 cm/s from 2.85 cm/s
of the intact state. The greater the vibration velocity ampli-
fication, the closer the monitoring point is to the cavity. At
this time, the range of vibration velocity affected by the
cavity was about twice the longitudinal length of the cavity.
From Fig. 12(c), when a length of 2.4 m crack and an area
of 1623 m? a length of 48 m cavity simultaneously
appeared on the vault (working condition K2-4), the
impact on the overall vibration velocity response of the lin-
ing was greater, and the maximum value of PPV increased
to 6.90 cm/s from 2.85 cm/s of the intact state. Compared
to a vault with merely a cavity (working condition K2-3),
the highest value increased by 13%, while the range of influ-
ence on vibration velocity was still roughly twice the cavity
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length. This also shows that cavities significantly affect
vibration velocity response.

The influence range on the vibration velocity of the vault
cavity with longitudinal lengths of 0, 3, 7, 11, 15, and 19 m
was studied by setting up models of the cavity with other
longitudinal lengths in working condition K2-3 to obtain
a more systematic pattern of the influence range of longitu-
dinal cavity length on vibration velocity. As demonstrated
in Fig. 12(d), the longitudinal length of the cavity
expanded, thus did the influence range on the vibration
velocity. When the longitudinal length was less than 7 m,
the influence range was around 3 to 4 times the length;
when the length was 7 m or longer, the influence range
was about 1.0 to 1.5 times the length.

Figure 13 illustrates the influence of the longitudinal
length of cracks and cavities on the stress response. Under
four working conditions of K2-1, K2-2, K2-3, and K2-4,
the value of PTS was 0.52, 0.66, 0.79, and 1.34 MPa,
accordingly. Compared to the intact state (K2-1), the value
of PTS increased in the working conditions of K2-2, K2-3,
and K2-4 was 26.9%, 51.9%, and 157.7%, respectively. The
combination of crack and cavity in the vault was the worst
of the four operating conditions. Moreover, it can be seen
from Fig. 13 that the position where the maximum value of
PTS appeared under different working conditions was dif-
ferent. When the tunnel lining was intact, and there was a
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Fig. 13. Distribution of PTS under K2. (a) Distribution of PTS under K2-1, (b) distribution of PTS under K2-2, (c) distribution of PTS under K2-3, and

(d) distribution of PTS under K2-4.
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Calculation condition of safety control reference.

J. Xia et al. | Underground Space 15 (2024) 76-89

85

Working Condition number Working condition description Specific calculation
conditions
K3 K3-1 2D ““intact” model Calculate the vibration response at P,
K3-2 2D ““right wall crack with a depth of (3/4) 2Py, 3P, -, mP,, separately, m =1, 2, 3,
h” model
K3-3 2D “‘vault cavity with an area of
16.23 m*” model
K3-4 2D “‘combination of vault crack with a
depth of (3/4)h and cavity with an area of
16.23 m*” model
5
35
Wi Intact mﬁ s Iéltaclt( . |
30 } —#— Crack in right wall //9 - rackimnng tlwa °
Cavity in vault —@— Cavity in vau t : °/.)/
@25 | —o— Crack and cavity in vault o{ § 5k —&— Crack and cavity in vault /o/
\g/ 204 O/ gf
> e 24
& -9
L j
S °
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= >
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Multiple m of P

Fig. 14. Relationship between PPV and mP,.

crack in the right wall, the maximum PTS value was at the
wall facing explosion. The values were at the vault when
there were cavity and the combination of crack and cavity
in the vault. This showed that in on-site blasting construc-
tion, the main monitoring point is the wall facing explosion
when there are no defects in the tunnel lining. When there
are defects, the location of defect occurrence should be the
key monitoring point.

4 Control standards and measures
4.1 Working conditions

Based on the above vibration response analysis under
different working conditions, the existing tunnels’ safety
control standards and measures were studied. The specific
working conditions are shown in Table 3.

4.2 Control standards

The relationships of PPV and PTS at monitoring points
and mPy (m =1, 2, 3, ---) under working conditions (K3-1
to K3-4) are presented in Figs. 14 and 15, respectively. As
shown in the Figs. 14 and 15, the PPV and PTS values were
positively correlated with m P, under different working con-
ditions. Compared to the intact state, the right wall crack
had little impact on the PPV and PTS growth rate, while

0 2 4 6 8 10 12 14 16
Multiple m of P,

Fig. 15. Relationship between PTS and mP,.

—— Intact

—o— Crack in right wall
—o— Cavity in vault

—o— Crack and cavity in vault

[\

Value of PTS (MPa)

0 2 4 6 8 10 12 14 16 18
Value of PPV (cm/s)

Fig. 16. Relationship between PPV and PTS.

the vault cavity and the combination of vault crack and
cavity had a greater impact.

Figure 16 displays the PPV-PTS relationship. The curve
slope ranged from large to small as follows: combination of
vault crack and cavity (K3-4), right wall crack (K3-2),
intact state (K3-1), and vault cavity (K3-3). This also indi-
cated that the influence of crack and cavity on the lining
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Table 4

Single safe charge of blasting construction under different working conditions.

Existing tunnel lining state

Vibration velocity control standard (cm/s)

Peak blasting load (MPa) Single safe charge (kg)

Intact 13
Right wall crack 10
Vault cavity 13
Combination of vault crack and cavity 8

319 64
363 53
204 37
139 25

structure’s dynamic response was inconsistent. Cavity
mainly affected the vibration velocity response of the struc-
ture, while crack mainly affected the stress response. This
validated the dynamic response calculation results. There-
fore, when establishing the safety control standard for a
cavity, the vibration velocity response was used as the
basis, and the stress response was adopted when establish-
ing the safety control standard for crack.

For C25 lining concrete used in existing tunnels, the
design value of its tensile strength was generally 1.27 MPa
(Ajit & Ahmet, 2004), but considering that the concrete
strength attenuated with time, the strength reduction coeffi-
cient of 0.85 was taken (Ghanooni-Bagha et al., 2016), thus
the allowable tensile strength was 1.08 MPa. Substitute this
value into Fig. 16 for interpolation calculation to obtain, it
was found that the maximum value PPV of the section was
13 cm/s when the lining was intact, which was close to the
15 cm/s specified in the GB 6722—2014 ““ Safety regulations
for blasting” confirming the reliability of the calculation.
The greatest PPV was 10 cm/s when the lining had a right
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wall crack of (3/4)h. When there was a 16.23 m? cavity in
the vault, the value was 15.8 cm/s, more than the control
value of 13 cm/s when the lining was intact, thus, the safety
control standard value of 13 cm/s was still taken. When
there was a combined defect of crack ((3/4)h) and cavity
(16.23 m?) in the vault, the maximum value was about
8 cm/s, and the vibration velocity decreased by 38.4% only
compared to the cavity in the vault. This also verified that
the cavity mainly affected the structural vibration velocity
response, while the crack mainly had a certain impact on
the structural stress response.

4.3 Control measures

4.3.1 Single safe charge

By gradually adjusting the peak of blasting load, PPV at
monitoring points of the existing tunnel lining can
approach the vibration velocity control threshold under
different working situations (intact, right wall crack, vault
cavity, and combination of vault crack and cavity) specified
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Fig. 17. Value of PPV at longitudinal monitoring points at different delay times. (a) Intact, (b) right wall crack, (c) vault cavity, and (d) combination of

vault crack and cavity.
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Fig. 18. Relation between the delay time and the value of PPV at different monitoring points. (a) Intact, (b) right wall crack, (c) vault cavity, and (d)

combination of vault crack and cavity.

in Section 4.2. Moreover, using Eq. (5) for calculating the
peak blasting load, the single safe charge corresponding
to the construction of the new tunnel can be calculated
by reverse inference. The calculation results are shown in
Table 4. When the tunnel was intact, with right wall crack,
vault cavity, and combination of vault crack and cavity,
the velocity threshold of the safety control standard for
vibration velocity was 13, 10, 13, and 8 cm/s, respectively.
Moreover, the corresponding single safe charge could be
controlled at 64, 53, 37, and 25 kg.

4.3.2 Reasonable delay time

Using numerical simulation, this part analyzed the
appropriate delay time under four working situations. In
the numerical model, the blasting simulation of cut and
adjacent section excavation holes was conducted (1* and
3% in Fig. 6). The calculation model establishment and
the arrangement of measurement points were consistent
with the 3D model mentioned earlier.

The vibration velocity’s variation pattern at monitoring
points under varying delay times of four working condi-
tions is shown in Fig. 17 (due to the maximum vibration
velocity in the x-direction in calculation results of the 3D
model, only the changes in the monitoring point PPV were
analyzed). It can be seen from the Fig. 17 that when the
existing tunnel lining was intact and with different defects,
the value of PPV at 0 ms was relative to a high level or

degree, the value at other delay times was significantly
reduced, and the vibration reduction effect was identical
under different delay times. The vibration velocity had sig-
nificantly reduced at the delay time of 25 ms, and the vibra-
tion velocity of the monitoring points near the blasting
excavation face had more significantly reduced. At this
point, the PPV maximum values under the four working
conditions were 3.8, 4.0, 2.9, and 4.8 cm/s, all less than
5 cm/s which was selected based on the safety control stan-
dards currently implemented at home and abroad and
combined with the distribution of existing Xinling Tunnel
defects during on-site blasting construction.

The relationship between the delay time and the PPV
value at different monitoring points under four working
conditions is presented in Fig. 18. The PPV value at mon-
itoring points 187, 23, and 28% in the excavated area was
smaller than the value at monitoring points of 13%, 8%, and
3* in the unexcavated area, respectively. This could be
because the newly built tunnel’s dug section effectively lim-
its the energy transmission of seismic waves brought on by
blasting, resulting in a smaller vibration velocity at the
monitoring locations corresponding to the excavated area.
Furthermore, under four working conditions, when the
delay time was greater than 25 ms, the vibration velocity
at different monitoring points remained unchanged. It
was therefore advised to choose 25 ms as the appropriate
delay time.
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5 Conclusions

Based on the distribution investigation of cracks and
cavities in the existing tunnel lining, the influence of the
presence or absence of typical defects (like lining cracks
and cavities behind the lining) on the dynamic response
of the existing tunnel lining was investigated, and the most
unfavorable distribution of cracks and cavities was deter-
mined. Based on this, safety control standards and mea-
sures (single safe charge and reasonable delay time) were
researched for the lining. The following conclusions are
drawn:

(1) The wall confronting the explosion had the worst dis-
tribution location for the impact of cracks on the
existing tunnel lining. The impact of cracks was
mainly reflected in the amplification effect of stress
at the crack region, which increased with the increase
of crack depth. Moreover, cracks had almost no effect
on the vibration velocity response of the lining. The
longitudinal length of cracks had a negligible effect
on the vibration response, limited to the nearest
crack.

(2) The most unfavorable distribution position for the
cavities was the vault, and the cavities had varying
degrees of amplification effects on the vibration veloc-
ity and stress response. The impact on vibration
velocity also depended on the cavity size. The larger
the cavity, the greater the vibration velocity amplifi-
cation and the lesser the stress amplification. When
the cavity’s longitudinal length was less than 7 m,
the influence range was around 3 to 4 times the
length; when the length was higher than or equal to
7 m, the influence range was approximately 1.0 to
1.5 times its length.

(3) Corresponding safety control standards had been
developed based on the different states of the lining.
The velocity threshold of the safety control standard
was 13, 10, 13, and 8 cm/s, respectively, when the tun-
nel was intact, with a right wall crack, a vault cavity,
and a combination of vault crack and cavity.

(4) Based on the safety control standards established
above (intact, a right wall crack, a vault cavity, and
a combination of vault crack and cavity), the single
safe charge during the blasting construction process
of Xinling tunnel could be controlled at 64, 53, 37,
and 25 kg, respectively. Moreover, cracks and cavities
slightly affected the appropriate delay time. This pro-
ject’s 25 ms delay time may be best for vibration
reduction and blasting efficiency.
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