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Abstract: The dynamic responses of existing pipelines are of great significance to be studied in
blasting excavation in the arch cover method. In this paper, the Shi Kui Subway Station Line 5 in
Dalian, China, is selected as a case study. A 3D numerical simulation model is established to analyze
the dynamics characteristics of the existing pipelines subjected to blasting vibration, with a triangular
pattern describing the blast hole pressure. The numerical simulation is verified by comparing the
existing pipelines’ PPVs of the numerical model and field monitored points. Then, the dynamic
responses of the pilot tunnels, existing pipelines, and secondary lining are discussed. The effects of
the later pilot tunnel on the earlier pilot tunnel are remarkable when the relative distance between
them is small. Extensive blasting areas and many charges will result in large peak velocities of the
existing pipelines in a short time, as well as a decreased distance from the pilot tunnels. However, the
hollow effect can change these dynamic characteristics. The implementation of a secondary lining can
reduce the existing pipelines’ dynamic responses when the lower rock is blasted. The most adverse
position of the secondary lining is the arch foot rather than the arch crown and arch waist; thus,
blasting should be carried out at a suitable age for the concrete to ensure the safety of the structures
and pipelines.

Keywords: dynamic responses; excavation blasting; PPV; arch cover method; existing pipelines;
numerical simulation

1. Introduction

The arch cover method, developed from the traditional shallow tunneling method [1],
is widely used to construct subway stations in the upper-soft lower-hard stratum. Due
to the low self-stability of soft soil, an upper arch structure in the arch cover method is
implemented to allow the bearing capacity of the underlying surrounding rock to be fully
utilized. At present, some cities, such as Dalian, Chongqing, and Qingdao in China, have
applied the arch cover method to station construction, including two different types of
primary lining support and double lining support.

Some scholars [2–7] studied the arch cover method using physical model tests, field
measurements, analytical methods, and numerical simulations. The main concerns of
the research are tunneling-induced ground deformation, the mechanical responses of the
supporting structures, the deformation control effect of various support methods, and the
optimal construction sequences. The construction sequences, composed of constructing
and dismantling the temporary support, erecting and removing the mid-pillar, setting up
the secondary lining, middle plate, and floor, are the critical construction technologies
of the arch cover method to control the ground deformation and ensure the safety of
subway station.
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Nevertheless, the previous research has some drawbacks: (1) Few research study the
dynamic responses of the surrounding rock and structures induced by blasting excavation
in the arch cover method. (2) The effects of blasting excavation on the existing pipelines
have rarely been investigated, considering the complex construction sequences. Although
many researchers have widely considered the dynamic responses of blasting on the exist-
ing pipelines, few studies have focused on the effects of blasting excavation in the arch
cover method.

The dynamic responses of existing pipelines subjected to blasting excavation have
been mainly analyzed by means of field tests [8–10], analytical [11–13], and numerical meth-
ods [14–16]. Some scholars mainly study the effects of surface blasting on non-pressurized
pipelines [17–19]. Subsequently, other scholars began to investigate the dynamic responses
of pressurized pipelines, such as gas, water, oil, and steel pipelines [20–24]. Moreover,
the dynamic responses of the existing pipelines due to blasting during the construction of
adjacent tunnels are studied because it is one of the most detrimental factors for existing
pipelines [25]. However, the effects of blasting during different construction sequences of
the arch cover method are rarely studied.

This paper aims to study the dynamic responses of the existing pipelines subjected
to blasting excavation by the arch cover method. A dynamic geotechnical software
Flac3D.5.0 [26] is used to establish a numerical model. A triangular pattern describes
the time history of the blast hole pressure. Using the Shi Kui Road Station project, No. 5
Line in Dalian, China, as a case study, our numerical simulation is verified from the moni-
toring data of the ground vibration in this project. The dynamic response characteristics of
the existing pipelines induced by blasting pilot tunnels and the lower rock are analyzed.

2. Engineering Background
2.1. Overview of Subway Station

Shi Kui Subway Station of Dalian Subway Line 5 is located on the north side of the
intersection of Jie Fang Road and Shi Kui Road. The subway station is set up as an island
station with two layers of underground excavation. The length, width, and height of
its main standard section are 235.0 m, 19.9 m, and 20.5 m, respectively. The station is
excavated adjacent to various existing structures, such as residential buildings, middle
schools, viaducts, and pipelines. Therefore, the adjacent existing structures are so sensitive
that high requirements for deformation control are put forward during the construction. A
plan view of Shi Kui Subway Station is shown in Figure 1.
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Figure 1. Plan view of Shi Kui Subway Station.
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Figure 2 shows the cross-sectional view of the subway station’s standard section.
The overburden depth of the station is about 11–18 m. The stratum in the station area is
composed of plain fill and medium-weathered quartzite, with local inclusions of fully-
weathered greywacke and strongly-weathered greywacke. The main body of the station
is located in medium-weathered quartzite. Table 1 lists the physical parameters of the
rock stratum.
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Figure 2. Cross-section view of Shi Kui Subway Station by the arch cover method.

Table 1. Physical parameters of surrounding rock.

Surrounding Rock Elastic Modulus
E (MPa)

Poisson’ Ratio
µ

Bulk Density
γ (kNm-3)

Cohesion
c (kPa)

Friction Angle
ϕ (◦)

Plain fill 8 0.40 17 10 15
Strongly-weathered quartzite 50 0.25 23 80 35
Medium-weathered quartzite 1300 0.23 26.5 180 40

2.2. Construction Sequences of Arch Cover Method

To ensure the safety of the adjacent existing structures and to facilitate rock excavation,
the subway station is excavated by blasting and the arch cover method. As shown in
Figure 2, the station cross-section is excavated respectively in the upper and lower parts,
composed of the top arch, sidewall, beam, and slab. Small leading conduits filled with
grouting are implemented to pre-reinforce the upper rock mass. The rock mass in the
upper part is excavated by four pilot tunnels. After excavating the pilot tunnels, steel frame
and shotcrete are carried out. In the pilot tunnels on the left and right sides, top beams
are erected and backfilled concrete. The top beam is connected with the side walls. The
surrounding rock around the side walls is reinforced with rock bolts. The secondary lining
of the upper part is constructed in reverse. After completing the upper part, the rock mass
in the lower part is excavated, and the side walls are constructed. Steel supports are set
up between the side walls to prevent overturning. The secondary lining of the lower part
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is constructed in order. W waterproof layer construction is required between the primary
support and the secondary lining.

The construction sequences of the arch cover method are shown in Figure 3. The
primary construction sequences in detail are as follows:

1. The excavation and primary support for the first and second pilot tunnels are carried
out after implementing the grouting reinforcement in advance. Mortar bolts and
lock-foot bolts are set up at the foot of the arch cover. The top beams are installed after
the first and second pilot tunnels finish;

2. The excavation and primary support are carried out for the third and fourth pilot tun-
nels. Backfill concrete is filled in the vacant parts of the first and second pilot tunnels;

3. The inner-layer primary support of the arch cover is constructed. Meanwhile, the
temporary support in the first and second pilot tunnels is removed;

4. According to the monitored data, the mid-pillar is removed and the secondary lining
of the arch is constructed;

5. The lower rock mass is excavated by the bench-cut method. The primary lining and
mortar bolts are constructed. The inner steel support is erected. The concrete cushion
after excavating to the elevation of the bottom is implemented;

6. The waterproof layer and the secondary lining of the main body are constructed. The
internal structure and decoration of the subway station are completed.
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3. Blasting Vibration in the Arch Cover Method
3.1. Design of Blasting

Shi Kui Subway Station is located in a construction site with complex geological
conditions adjacent to schools, residential communities, business buildings, and buried
gas, water, and sewage pipelines. The blasting vibration induced by blasting excavation
of the subway station has a detrimental effect on these existing structures. Thus, the
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principle of the blasting design is short advancing, slight blasting, strong supporting, and
frequent measuring.

Due to the large span of the subway station, the overall blasting excavation of the
whole section has a potential safety risk. Blasting excavation is designed in steps. Figure 4
shows the arrangement and partition of the blast holes. The cross-section is divided into
eight partitions. The number of blast holes can be calculated by:

N = 3.3 × 3
√

f × S2 ≈ 3.3 × 3
√

10 × 4112 ≈ 393 (1)

where N is the number of blast holes; f is a firmness factor for rock; S is the cross-sectional area.
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Blasting excavation speed is adjusted based on the monitoring data and actual geolog-
ical conditions. The maximum charge weight per delay can be calculated by an empirical
solution [27]:

Q = R3(
v
K
)

3
α (2)

where Q is the charge weight per delay; R is the safe distance from the measurement point
to the blast; v is the permissible vibration velocity of safety; K is the propagation coefficient
of blast vibration in the medium; α is the attenuation coefficient of blast vibration.

According to the parameters in practice and related regulation [27], the R, v, K, α are
set to be 14 m, 1.5 cm/s, 100, and 2.0, respectively. The maximum charge weight per delay
is 5.03 kg for this project. The charge, internal, and quantity of individual blast holes can
be reasonably adjusted to achieve the optimal blasting effect, considering the geological
conditions, the rock fragmentation, and weakness degree.

3.2. Blast Pressure Induced by Rock Blasting

The blast pressure induced by rock blasting follows an exponential attenuation pattern
or an approximate triangular pattern. The time history of the blast hole pressure P described
by a triangular pattern is straightforward and convenient, as shown in Figure 5. The main
parameters are the peak blast pressure Pe, the peak blast pressure rising time ta, and the
vibration period T. Many published papers refer to peak blast pressure attainment time
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within several milliseconds. However, there are also blast hole measurements that indicate
the peak pressure rising time is between 20 and 150 µs, depending on the explosive type
and confinement [28].
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To estimate the peak blast pressure in the blast wave propagating from a cylindrical
explosive, Fickett and Davis [29] and Henrych [30] proposed the following simplified
equation derived by the equation of state for an ideal gas:

Pd = ρeD2/(1 + γ) (3)

where Pd is the detonation pressure; D is the detonation velocity; ρe is the density of the
unreacted explosive; γ is the specific heat ratio.

The well-known expression of the detonation pressure for many explosives is given
by assuming γ = 3 [31].

The detonation pressure produces a gas pressure, often called explosion pressure, in the
reaction portion of the explosive column. The explosion pressure is exerted on the blast hole
walls by expanding gases after the chemical reaction is completed. Ozgur and Tugrul [32]
proposed that the explosion pressure is approximately one-half the detonation pressure:

Pe = Pd/2 = ρeD2/8 (4)

The explosion pressure is also called full coupled blast hole pressure in the case of
the charge completely filling the blast hole. However, an empty space exists between
an explosive column and the blast hole wall using the decoupling technique. Nie and
Olsson [33] provided a calibration equation to consider the decoupling effect.

P0 = Pe(dc/db)
2λ (5)

where dc is the explosive diameter; db is the blast hole diameter; λ is the explosive’s
adiabatic expansion constant, assuming 1.5 for average adiabatic exponent. Table 2 lists the
explosives properties for this project.

Table 2. Explosives properties for this project.

ta (µs) T (µs) P0 (MPa) Pe (MPa) Pd (MPa) ρe (kgm−3) D (m/s) dc (mm) db (mm) a (m)

100 700 133.6 1944 3888 1200 3600 32 40 0.5

3.3. Equivalent Blast Pressure for Numerical Simulation

Applied blast pressures in a numerical simulation are usually categorized into three
methods: (a) fluid-structure coupling computation; (b) application of blast pressure–time
history curve to the blast hole walls; (c) equivalent blast pressure without considering
the blast hole shape. The first two methods require a high level of refinement in the
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numerical model. Mesh generation is so difficult that large 3D blast vibration simulations
are not computable.

Due to the mentioned limits, an equivalent solution of blast pressure acting on the
blast hole walls is provided based on St. Venant’s principle, and the equivalent blast
pressure directly to the blast hole hypocenter line without the mesh generation of the
blast hole is applied. Other scholars [34,35] also adopted this method. Figure 6 shows the
calculation principle of the equivalent blast pressure. The explosion pressure P0 is applied
to the blast hole wall of dh diameter. The space of adjacent blast holes is a. The explosion
pressure shown in Figure 6a is equated to the equivalent pressures shown in Figure 6b. The
expression is:

PE = (dh/a)P0 (6)
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According to the input parameters in Table 2, the equivalent blast pressure PE is
13.4 MPa. The equivalent blast pressure is applied as a surface pressure onto the normal
direction of the tunnel face during the numerical simulation.

4. Verification of Pipeline’s Dynamic Response by Numerical Simulation
4.1. Numerical Model

The existing pipeline’s dynamic responses induced by the arch cover method and
blasting are rarely studied. Buried pipelines are not convenient to monitor and analyze.
Thus, we used FLAC3d software to establish a numerical model to study the effects of
blasting excavation and the arch cover method on the existing pipeline’s dynamic responses.
According to Section 3, the equivalent blast pressure of 13.4 MPa was applied as a surface
pressure on the normal direction of the excavation face of each arch cover construction
sequence. Figure 7 shows the numerical model of the Shi Kui Subway Station.

The overall size of the numerical model was 110 m × 75 m × 18 m. The top of the model
was set as a free boundary, whereas the other surfaces were quiet boundaries. The quiet
boundary was selected to reduce the reflective waves on the boundary because the explosive
pressure was applied inside the numerical model. According to the engineering background
in Section 2, the ground is respectively set as plain fill, medium-weathered quartzite, and
strongly-weathered quartzite. The mesh generation of the Shi Kui Subway Station was
established based on the arch cover method construction sequences in Section 2. The Shi
Kui Subway Station is excavated parallel beneath some existing pipelines. The existing
pipelines include two water pipelines (DN400, DN900), a drainage pipeline (DN800), and a
gas pipeline (DN300). The maximum overburden depth is 3.0 m. The vertical clearances
between the pipelines and the station are 12.00 m, 12.47 m, 10.66 m, 12.25 m, respectively.
Figure 8 shows the relative location between the pipelines and the subway station. The
explosive area is from 1.5 m to 3.0 m along the construction direction.
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The TC-4850N blasting vibration vibrometers were used to measure blasting excava-
tion in the arch cover method. With a sampling rate of 16 kHz and a monitoring range of
0 to 35 cm/s, the devices can record the vibration velocity versus time curve and easily
capture the PPVs of the existing pipelines.

The existing pipelines are not easily accessible for direct monitoring because they are
buried in the soil. Therefore, two vibration vibrometers were attached to the ground surface
directly above the No. 2 and No. 4 pipelines to obtain the actual vibration velocity. The
actual vibration velocity verified our established numerical model.

4.2. Verification of Numerical Model

The monitoring data were selected for comparison to verify the application of the
numerical calculation model shown in Figure 8. The subsequent studies on the dynamic
responses of the existing pipelines were based on the reliability of the numerical model.
Table 3 shows the numerical results of the resultant peak particle velocity (PPV) and the
monitored data of each monitored point.
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Table 3. Comparison of monitored data and numerical results.

Monitored
Point Location

Pilot Tunnel
Number

Monitored PPV
(cm/s)

Numerical PPV
(cm/s)

Relative
Difference (%)

4© 2nd 0.90 0.94 4.4
2© 4th 2.58 2.64 2.3

Figure 9 shows the monitored vibration velocity waveform and the numerical vibration
velocity waveform of the ground surface monitored points 4© and 2© (directly above the
pipelines DN300 and DN800). As shown in Table 3, the PPVs of the monitored points were
slightly smaller than those of the numerical simulation. The relative differences of the
resultant PPVs were 4.4% and 2.3%, which are less than 10%.
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The numerical waveforms of the vibration velocity were consistent with the monitored
ones. The waveform consisted of a large peak in PPV at the beginning and numerous peaks
that decayed with time. The vibration period time of the numerical and monitored results
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was close. The PPV of the numerical model lagged behind that of the monitored points by
approximately 0.1 s. It can be attributed to the homogenous simplification of the rock and
soil during the numerical simulation. Indeed, soil pores, rock mass joints, and discontinuity
in the field delay the propagation of the blast-induced stress waves [36–38].

By comparing the numerical calculation results with the monitored data, the numerical
model is applicable, and the model parameters are selected reasonably. The PPVs at each
node in the numerical simulation and the field are close. The numerical simulation is used
to study the dynamic responses of the existing pipelines because it is impossible to directly
monitor the existing pipelines themselves in the actual project.

5. Dynamic Response Characteristics and Safety Analysis
5.1. Dynamic Responses of Earlier Pilot Tunnel Induced by Blasting of Later Pilot Tunnel

In order to study the effect of blasting excavation of the later pilot tunnel on the
earlier pilot tunnel and to avoid the influences between adjacent pilot tunnels, the 1st, 2nd,
and 4th pilot tunnels were selected for numerical simulation. Figures 10 and 11 show the
maximum vibration velocities of the 1st pilot tunnel induced by the blasting of the 2nd
pilot tunnel and 4th pilot tunnel, respectively.
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As shown in Figure 10a, the farther away from the blasting source of the 2nd pilot
tunnel the monitored point of the 1st pilot tunnel was, the lower peak velocity at the
monitored point will be. The peak velocity of the monitored point L = 3 m decreased with
the increase in the distance between the monitored point and blasting source. The effects
of the 4th pilot tunnel on the 1st pilot tunnel, shown in Figure 11a, were consistent with
that of the 2nd pilot tunnel. The maximum peak velocity in Figure 11a was 18.4 cm/s,
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much larger than 1.34 cm/s in Figure 10a because the 4th pilot tunnel is closer to the 1st
pilot tunnel than the 2nd pilot tunnel. Meanwhile, the blasting area and charge of the 4th
pilot tunnel were larger. It indicates that the effect of the later pilot tunnel on the earlier
pilot tunnel will be more pronounced if the blasting source is closer or the blasting area is
more extensive.

Figures 10b and 11b show the PPVs of the 1st pilot tunnel at the minimum blasting
distance L = 3 m. The vibration velocity increased to the peak within a relatively short
time, gradually attenuated, then eventually stabilized. The velocity of the 1st pilot tunnel
peaked at approximately 0.03 s in the case of blasting the 2nd pilot tunnel. However, the
peak velocity was reached in less than 0.01 s when the 4th pilot tunnel was blasted. The
earlier pilot tunnel will take a shorter time to reach its peak value if the later pilot tunnel’s
blasting source and blasting area are closer and more extensive.

5.2. Pipeline Dynamic Responses Induced by the Blasting of Pilot Tunnels

Figure 12 shows the pipeline dynamic responses induced by blasting the 1st, 2nd, 3rd,
and 4th pilot tunnels, respectively. As shown in Figure 8, the pipelines are directly above
the blasting area. The vertical vibration velocities were larger than the horizontal ones. So,
we chose the vertical vibration velocity to analyze the dynamic responses. The blasting
source was at L = 3 m. The relative distance S is the distance from the monitored points
along the pipelines to the blasting source.
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Figure 12. Dynamic responses of existing pipelines induced by blasting the pilot tunnels: (a) 1st pilot
tunnel; (b) 2nd pilot tunnel; (c) 3rd pilot tunnel; (d) 4th pilot tunnel.

As shown in Figure 12, the maximum peak velocities decreased with the increase in
the relative distance S. When the 1st pilot tunnel was blasted, the peak velocities of the
pipelines were: Vmax

1 > Vmax
2 > Vmax

3 > Vmax
4 (the superscript is the pipeline number).

The dynamic response of pipeline 1© decreased remarkably, whereas that of pipeline 2© 3© 4©
did not. The distance between the 1st pilot tunnel and other pipelines is so far that the effect
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of blasting on these pipelines was insensitive. When the 2nd pilot tunnel was blasted, the
peak velocities were: Vmax

4 > Vmax
3 > Vmax

1 > Vmax
2. The dynamic response of pipeline

1© changed little because it is far away from the 2nd pilot tunnel. When the 3rd pilot tunnel
was blasted, the peak velocities were: Vmax

2 > Vmax
1 > Vmax

3 > Vmax
4. The changes in the

dynamic responses of the pipelines were obvious. Notably, the peak velocity of pipeline 1©
was much larger than that of pipeline 3©, but the pipeline 3© is closer to the blasting source
rather than the pipeline 1©. It did not conform to the abovementioned characteristics. The
reason is that the hollow effect amplifies the pipeline vibration [39]. The 1st pilot tunnel
below the pipeline 1© had been excavated when the 3rd pilot tunnel blasted. When the 4th
pilot tunnel was blasted, the peak velocities were: Vmax

2 > Vmax
3 > Vmax

4 > Vmax
1. The

peak velocity of pipeline 2© was much larger than that of pipeline 3©. The hollow effect of
the 3rd pilot tunnel below the pipeline 2© also amplified the pipeline vibration.

5.3. Dynamic Responses of Existing Pipelines Induced by Blasting of Lower Rock

According to the construction procedure of the arch cover method, blasting the lower
rock is carried out after implementing the secondary lining. The lower rock mass in Region
4 shown in Figure 4 was blasted to study the effects on the existing pipelines. Figure 13
shows the dynamic responses of the existing pipeline 2© and 3© induced by blasting the
lower rock. The lower rock was first blasted at L = 3 m. The cases with and without the
secondary lining of the arch were simulated and compared.
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Figure 13. Blasting the lower rock with and without secondary lining: (a) Existing pipeline 2©;
(b) Existing pipeline 3©.

When the secondary lining of the arch was not implemented, the maximum PPVs
of the pipeline 2© and 3© were about 1.0 cm/s and 0.8 cm/s, respectively. The maximum
values were larger than those induced by the 3rd pilot tunnel, smaller than those induced
by the 4th pilot tunnel. However, the maximum PPVs of the pipeline 2© and 3© decreased
to about 0.3 cm/s and 0.15 cm/s when the secondary lining was completed. The results
indicate that the secondary lining installation not only controls the deformation but also
reduces the effects of blasting on the adjacent structures, such as pipelines and buildings.
The prompt implementation of secondary lining is essential for blasting excavation when
using the arch cover method.

5.4. Dynamic Responses of Secondary Lining Induced by Blasting the Lower Rock

The dynamic responses of the secondary lining of the arch induced by lower rock
blasts require analysis. The blasting of the lower rock mass in the Region 4 was taken as an
example to obtain the vertical vibration velocities of the secondary lining. Figure 14 shows
the PPVs of the arch crown, arch waist, and arch foot, respectively.
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As shown in Figure 14, the most adverse position of the secondary lining was the arch
foot. The maximum peak velocity was 0.859 cm/s. The vibration velocity of the arch foot
peaked at about 23 ms. The PPV was stable after 0.3 s. The maximum peak velocities of
the arch crown and arch waist were 0.131 cm/s and 0.136 cm/s, respectively. The peak
velocities of the arch crown and arch waist were reached in less than 50 ms and 36 ms. The
time required for the velocity stabilization was about 0.6 s. The results indicate that the
blast shock wave in the secondary lining mainly propagates through the surrounding rock
from near to far. It is essential to take certain protective measures for the arch foot because
the arch foot is close to the blasting source of the lower rock.
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6. Conclusions

In this paper, four existing pipelines adjacent to the blasting of a subway station were
taken as a case study to analyze the dynamic responses induced by the arch cover method.
When compared with the ground surface monitoring data, our numerical simulation
was verified. The dynamic blasting characteristics of the pilot tunnels, existing pipelines,
secondary lining were studied and analyzed. The findings are as follows:

1. When using the arch cover method for construction, the effect of blasting the later
pilot tunnel on the earlier pilot tunnel will be pronounced if the clearance between
the later and earlier pilot tunnels is smaller. Extensive blasting area and many charges
will result in large peak velocity in a short time;

2. The maximum peak velocities of the existing pipelines induced by blasting the pilot
tunnels decreased with the increase in the relative distance. The effect of blasting
the pilot tunnel on the far pipelines was insensitive. However, the hollow effect can
amplify the pipeline vibration to change the characteristics;

3. For blasting in the arch cover method, installing the secondary lining can control the
deformation and reduce the effect of blasting on the existing pipelines. Setting up
the secondary lining promptly can guarantee the safety of the subway station and
adjacent structures;

4. When blasting the lower rock mass, the vibration velocity of the arch foot was larger
than that of the arch crown and arch waist. The arch foot is in the most adverse
position. The blasting of the lower rock mass should be carried out at a suitable age
for the secondary lining concrete, and more attention should be paid to protect the
built-up arch structure.
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