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When carrying out construction that underpasses existing subway tunnels, the surrounding rock is frequently disturbed.
0erefore, it can loosen easily and become unstable, which makes its stability difficult to control. Here, we considered an existing
subway tunnel in a certain subway section and used orthogonal experiments to design a simulation program as well as the UDEC
(Universal Distinct Element Code) simulation software to determine the influences of four factors (i.e., grout density, grouting
pressure, dynamic shear force, and viscosity) on the grouting reinforcement effect. 0e following results were obtained: (1) the
combination of the construction method and the grouting parameters strongly influences the reinforcement effect on the
surrounding rock of the tunnel. 0e grouting pressure is not directly proportional to the stability of the surrounding rock. 0e
dynamic adjustment of the relationship between the grouting pressure and the grout density can effectively improve the stress
state of the surrounding rock of the tunnel, control surface settlement and deformation, and reduce the section reduction rate of
the tunnel. (2) 0e distribution of joints is closely related to the failure area and form of the surrounding rock of the tunnel. For
surrounding rock with well-developed joint fissures, an excessively high grouting pressure should not be used as they are unstable.
(3) 0e effective bearing range of grouting-reinforced surrounding rock is dependent on the pore pressure and principal stress
difference. 0e area where the pore pressure is 70–80% of the initial grouting pressure is the effective bearing range of the
grouting-reinforced surrounding rock. 0e stability of the surrounding rock increases with decreasing principal stress difference
and increasing range. (4) 0e actual monitored data show that the surface settlement can be effectively reduced by handling of
grouting reinforcement parameters flexibly, which can meet the control standards.

1. Introduction

With rapid urbanization in China, the role of subways in
alleviating urban congestion and facilitating travel is be-
coming increasingly important. With the increase in the
total mileage of subways, the issue of crossing existing
subway tunnels has inevitably arisen in engineering practice.
Disturbances between overlapping tunnels may cause
problems such as large deformation and slow convergence of
the surrounding rock around the tunnel.0erefore, studying
the control of the surrounding rock when crossing existing
subway tunnels is crucial for ensuring the safety of subway
construction. In this regard, grouting technology can

effectively improve the mechanics and water blocking
performance of the surrounding rock with controllable cost.
0erefore, it has been widely used as an important auxiliary
method in the construction of overlapping tunnels in the
Qingdao, Shenzhen, and Shenyang subways.

Many scholars in China have studied grouting tech-
nology and presented valuable research results. For example,
Tai et al. combined a numerical simulation and a field
measurement to study an undercut intersecting and over-
lapping tunnel project [1]. Duan and Li studied the rein-
forcement results of double-tunnel double-layer overlapping
subway tunnels with advanced small pipe preinjection ce-
ment and water glass double grout [2]. Liu et al. used
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numerical simulation methods to study the effects of stress
release and seepage on the tunnel structure and soil de-
formation during the excavation of overlapping tunnels [3].
Lin et al. used a self-built finite element model of the
hardening effect to conduct numerical simulation analysis of
the construction process of a double-line shield tunnel [4].
Xia et al. conducted optimized analysis of a grouting re-
inforcement test and excavation methods of a subway tunnel
cross-passage [5]. Wang et al. used a numerical simulation
method to investigate double grout reinforcement of water-
rich and weak surrounding rock sections [6]. Zhou and
Chne studied key points in the principle, designmethod, and
construction of a split grouting for subway tunnels in soft
rheological plastic silt layers [7]. Zhang et al. analyzed the
distribution pattern of a grout pressure field and fracture
opening based on the grout-rock coupling effect [8]. He et al.
simulated the steady flow in rough fractures using triangular,
sinusoidal surfaces and the typical joint roughness coeffi-
cient (JRC) profiles [9]. Wei et al. invented a new grouting
material based on sulfoaluminate cement and studied its
properties under a pressure circulation [10]. Liu et al.
conducted a theoretical analysis of the grouting process in
silty fine stratum using a sleeve valve tube and presented the
concept of multiscale hierarchical digital rock mass models
for describing the rock mass [11].

Related studies on crossing existing subway tunnels
mainly focus on the spatial position relationship and surface
settlement [12–20]. Only a few studies have investigated the
influence of construction methods and grouting parameters
on the stability of the surrounding rock of the tunnel when
crossing existing subway tunnels. In the engineering context
of an existing crossing subway tunnel, this study used the
UDEC discrete element simulation analysis software to
simulate the factors affecting the grouting control of sur-
rounding rock, analyzed and compared the results with
actual measurement results, and finally determined a rea-
sonable construction method and grouting parameters.

2. Project Overview and
Reinforcement Analysis

2.1. Project Overview. Figure 1 shows the subway tunnel
section of upper and lower overlapping sections.0e vertical
clearance between the upper and the lower overlapping
sections of subway tunnels in a city is 2m. 0e buried depth
of the existing tunnel of the upper line is ∼10.6–16.5m, and
that of the crossing tunnel of the lower line is ∼11.6–24.5m.
Table 1 lists the strata in subway tunnel section of upper and
lower overlapping sections. 0e lower line crosses the
existing upper line subway tunnel mainly through Paleogene
strata comprising silt, round gravel, and argillaceous silt-
stone strata with strong permeability. 0e upper and lower
overlapped subway tunnel sections are mainly surrounded
by round gravel, and the top of the tunnel is mainly sur-
rounded by round gravel and silt. It is a slightly dense to
medium-dense stratum having a poor stability, and it can be
disturbed and collapse easily. 0e grouting reinforcement
plan for crossing the existing upper line subway tunnel was
as follows: 16 grouting holes were set on each ring of the

tunnel, and grouting pipes were laid into the surrounding
rock of the tunnel through the grouting holes for grouting
reinforcement. 0e grout was mainly composite grout.

2.2. Grouting Reinforcement Analysis. 0e construction
section was located in the round gravel layer. Under the
action of grouting pressure, the grout filled the pores of the
round gravel sand layer by expelling the free water and gas
present in this layer without changing the original pore
structure and volume of the rock and soil mass. 0e grout
had the effect of filling and cementing the pores of the round
gravel sand layer and compacting and consolidating the sand
layer. 0e grout penetrated the sidewalls and filled the pore
structure of the sand layer to form a vein skeleton. Finally, a
grouting-reinforced round gravel sand layer was formed; it
greatly improved the overall mechanical properties of the
surrounding rock. 0e above-described process can be di-
vided into the filling stage, cementation and compaction
stage, and bearing stage, as shown in Figure 2.

2.3. Model and Scheme of Numerical Simulation. UDEC is
suitable for simulating the response of discontinuous ag-
gregates under static or dynamic load conditions [21–25]. It
can be used to analyze the pore pressure, grout diffusion, and
fissure expansion under different construction methods and
grouting parameters during grouting construction. 0e
Mohr–Coulomb constitutive model is adopted for the rock
and soil mass, and the Bingham constitutive model is
adopted for the grout diffusion flow [26]. Table 2 lists the
main rock mass and joint mechanical parameters.

0e model had a length and height of 30m and 33m,
respectively. Its bottom boundary was constrained vertically,
and its left and right boundaries were constrained hori-
zontally. 0e model consisted of 33,547 units and 4,832
blocks, as shown in Figure 3. 0e built-in FISH language in
UDEC was used to generate random joints. Four simulation
variables were considered: grout density, grouting pressure,
dynamic shear force, and viscosity. Each factor was set at
three levels of change. Table 3 shows the final numerical
calculation scheme based on the orthogonal experiment
design principle.

3. Results

3.1. Surface Settlement. Figure 4 shows the data obtained
from the surface settlement monitoring line. Because the
grouting effectively improved the mechanical properties of
the surrounding rock, most measurement points subsided by
50–60mm, and the surface settlement values were small; this
was conducive to control the surface settlement. Schemes 1,
4, and 7 showed lower surface settlement curve fluctuations
than other schemes, with settlements of 57–59mm. Schemes
2, 5, and 8 showed a lower settlement for each measurement
point on the surface, with an average value of ∼51mm; this
represented a reduction of ∼7mm (i.e., improved perfor-
mance) compared with schemes 1, 4, and 7. Schemes 6 and 9
showed uplifts on the surface; in particular, scheme 9
showed a maximum uplift of 123mm owing to the large
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Table 1: Strata in subway tunnel section of upper and lower overlapping sections.

Stratum Description
Plain fill Gray to brownish yellow, loose to slightly dense, mainly composed of clay with gravel, uneven texture
Silty clay Yellow-brown, hard plastic to hard state
Silt Yellow, gray, slightly dense, low strength, low toughness
Round
gravel

Gray, off-white, yellow, etc.; slightly dense to medium-dense or partially dense; mainly gravel; a small proportion of pebbles,
good roundness, mainly subround

Mudstone Gray or blue-gray, deep diagenesis, semirock and semisoil, partially containing silty sand, not obvious bedding, smooth
section, extremely soft rock

Direction of slurry flow

Slurry particles 

Round gravel skeleton 

(a)

Consolidation compactness layer 

Cemented stowing 

Slurry vein 

(b)

Cemented strengthening stowing 
Slurry vein skeleton 

Formation stress 

(c)

Figure 2: Micro process of grouting reinforcement. (a) Filling stage. (b) Cementation compaction stage. (c) Bearing stage.

Table 2: Mechanical parameters of main rock mass and joint.

Density (kg/m3) Bulk modulus (GPa) Shear modulus (MPa) Cohesion (kPa) Internal friction
angle (°)

Tensile strength
(MPa)

2100 0.138 59.6 42 30 1
Normal stiffness (GPa) Tangential stiffness (GPa) Cohesion (MPa) Internal friction angle (°) Tensile strength (MPa)
0.1 0.1 0 25 0

26

12

5.
4 6

5.
4 62

0.3

Plain fill
Silty clay

Silt

Round
gravel

Mudstone

Surface

Tunnel central line

Figure 1: Subway tunnel section of upper and lower overlapping sections (unit: m).
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Existing upper tunnel

Existing lower tunnel 

Supporting structure

Partial random joints

Settlement monitoring line 

Figure 3: Tunnel model grid.

Table 3: Simulation scheme.

Scheme number Density (kN/m3) Grouting pressure (MPa) Dynamic shear force (Pa) Viscosity (MPa·s)
1 15 0.3 2 3
2 15 0.4 4 4
3 15 0.5 6 5
4 16 0.3 4 5
5 16 0.4 6 3
6 16 0.5 2 4
7 12 0.3 6 4
8 12 0.4 2 5
9 12 0.5 4 3
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Figure 4: Surface settlement curve.
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uplifting force caused by the higher grouting pressure and
smaller dynamic shear force. 0ese results indicate that a
higher grouting pressure is not better. Good grouting to
control the settlement of the formation depends on a
combination of multiple factors [21–24].

3.2. Pore Pressure. To analyze grout diffusion in the sur-
rounding rock of the tunnel, the calculated and balanced
pore pressure field was analyzed, as shown in Figure 5. 0e
figure shows that grout diffusion was basically consistent.
0is figure shows that the grouting range could be divided
into different zones depending on the pore pressure. Zone I
(0–0.7m from the tunnel wall) was mainly distributed in the
middle and lower part of the tunnels on the upper and lower
lines. Owing to gravity, the grout presented a concentrated
trend that was 0.9–1.1 times the initial grouting pressure.
Zone II (0.7–4m from the tunnel wall) was ∼0.6–0.8 times
the initial grouting pressure; this was the main area where
grouting improved the mechanical parameters of the sur-
rounding rock of the tunnel. In zone III (4–10m from the
tunnel wall), the pore pressure field decreased rapidly. 0e
pore pressure at ∼10m away from the tunnel wall was

reduced to 0.05–0.1 times the initial grouting pressure. Zone
IV had limited effect on strengthening the surrounding rock
formation.

3.3. Section Reduction Rate. In mine construction, the cross
section reduction rate is commonly used to characterize the
overall deformation state of the tunnel. In this study, this
calculation method was used to reflect the cross-sectional
changes in the upper and lower tunnels after the calculation
of the balance of the lower line tunnel crossing excavation.

0e reduction ratio is calculated as follows:

δ �
ΔS
S

,

ΔS � hB − (h − Δh)(B − ΔB),

(1)

where △h is the average approaching amount of the top
and bottom of the tunnel, △B is the average approaching
amount of the two sides of the tunnel, and S is the initial
cross-sectional area of the tunnel.

Figure 6 shows the section reduction rate. 0e section
reduction rate of the existing tunnels on the upper line was
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Figure 5: Pore pressure field.

Advances in Civil Engineering 5



0.5%–1%, and the average section shrinkage was 0.88%. 0e
shape of the tunnel section was basically unchanged, and the
stability of the surrounding rock of the existing tunnels on the
upper line had been effectively enhanced. Owing to the dis-
turbance caused by the excavation of the existing upper tunnel,
the shrinkage rate of the lower tunnel section was greater than
that of the existing upper tunnel. 0e section shrinkage rate of
the lower line crossing tunnel in scheme 4 reached 3.4%, which
was 3.4 times that of the existing upper tunnel. In scheme 9, the
high grouting pressure, low dynamic shear force, low density,
and existence of multiple joints in the surrounding rock of the
existing upper tunnel created favorable conditions for the flow
of grout in the surrounding rock. As a result, a noticeable
uplifting force was produced in the surrounding rock after the
excavation and grouting of the existing upper tunnel. 0e
disturbance to the lower line crossing tunnel was small, and the
difference in the section reduction rates of the upper and the
lower line subway tunnels was the lowest among all schemes.

3.4. Failure and Fissure Distribution of Surrounding Rock.
0e FISH language was used to display the failure mode of
the surrounding rock of the tunnel, as shown in Figure 7.

0is rock was mainly damaged by stretching and shearing,
and it was obviously affected by the grouting pressure. 0e
surrounding rock of the tunnel was divided into different
areas according to its failure characteristics. Area A was
basically undamaged, and the surrounding rock had high
stability. Area B was a key control area for dual disturbances
to the stability of the surrounding rock, and it mainly
showed tensile failure and supplementary shear failure and
composite failure. 0erefore, special measures should be
taken accordingly during the construction process, espe-
cially when the grouting pressure is too high. 0e damage
area basically penetrated the upper and lower tunnels, and
therefore, it potentially posed safety risks. Area C showed a
relatively complex damage pattern and was obviously
controlled by joints. 0e areas around the joints showed
tensile failure under low grouting pressure. High grouting
pressure mainly caused shear failure and composite failure,
and the failure shape took an inverted conical shape as the
grouting pressure increased. In particular, when the dy-
namic shear force was low and the grouting pressure was
high, the lifting force generated by the grouting pressure
would cause the upper rock mass to move upward. Area D
was the bearing area of the supporting structure. It crucially
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Figure 6: Section reduction rate.
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enabled the surrounding rock to show self-support and
self-stability with tensile failure.

To show the fissure development around the tunnel
more intuitively, opened and dislocated fissures were output,
and the fissure number in the range shown in Figure 8 was

quantitatively counted using the FISH language. In Figure 8,
the tunnel outline, joint opening area, and joint dislocation
area are, respectively, indicated in green, yellow, and ma-
genta. 0e analysis showed that the number of fissures was
∼900 in schemes 1, 4, and 7; ∼1,500 in schemes 2, 5, and 8;

B 

C 

D 

A

A A 

Shear failureTestile failure Composite Failure 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 7: Failure morphology of surrounding rock.
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and ∼2,000 in schemes 3, 6, and 9. Compared with the
simulation scheme, the number of fissures was mainly
found to be determined by the grouting pressure. As the
grouting pressure increased, the number of fissures also
increased. Combined with the analysis in Figure 7, basically
no joint dislocation occurred in area A; however, the de-
velopment range of cracks gradually increased with the
grouting pressure. In area B, owing to the double distur-
bance in the upper and lower tunnels, secondary fissures
were more developed, and joint opening and dislocation
were more obvious. Area C had more joints in the sur-
rounding rock of the existing upper tunnel. 0e fissures
developed into joint-controlled-type fissures. With in-
creasing grouting pressure, the fracturing phenomenon
became more obvious and the fissure development changed
from dislocation to opening. Area D was damaged by
tensile failure that mainly manifested as joint dislocation.
However, the number was small and the bearing effect of
the support was obvious.

3.5. Principal Stress Difference. 0e principal stress differ-
ence reflects the elastoplasticity of the tunnel under exca-
vation and unloading actions [27].0e purpose of the tunnel
support was to reduce the stress difference and increase the
strength of the surrounding rock of the tunnel. Figure 9
shows the processed image of the principal stress difference
of the surrounding rock of the tunnel, where S (MPa) is the
principal stress difference.

Compared with the schemes shown in Figure 9, the
regional distribution of the principal stress difference was
seen to be closely related to the function of the supporting
bearing area. A good supporting bearing effect could ef-
fectively reduce the area where the principal stress dif-
ference increased. 0e larger and smaller principal stress
differences were mainly distributed in 0.01–0.15MPa (blue
area) and 0–0.01MPa (purple area), respectively. 0e
principal stress difference of the existing upper tunnel was
generally low, indicating that it was not significantly
disturbed by the excavation of the lower line crossing
tunnel. By contrast, the principal stress difference of the
lower crossing tunnel was significantly larger than that of
the existing upper tunnel, indicating that it was signifi-
cantly disturbed by the existing upper tunnel. As the
grouting pressure and dynamic shear force decreased and
the viscosity increased, the principal stress difference
showed an increasing trend. 0e principal stress difference
within the 0–3m range of the lower crossing tunnel was
0.15–0.35MPa, and it gradually decreased with increasing
distance from the tunnel wall. 0e area that was ∼5m away
had a low principal stress difference. Combined with the
actual situation on-site, the grouting reinforcement effect
was obviously disturbed by the existing upper tunnel. 0e
principal stress difference in area B (key stability control
area) was relatively large, being 0.35–0.6MPa. However,
when the grouting pressure was high, the grout density was
low, viscosity was low, principal stress difference in area B
was significantly reduced (as in scheme 9), and problems
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Figure 8: Number and distribution of fissures.
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such as surface uplift occurred. In schemes 1 and 4, owing
to the strong dynamic shear force and high grout density,
the difficulty of the grouting process increased, leading to
penetration between the areas with large principal stress
difference around the upper and lower tunnels. 0is was
not conducive to enhancing the stability of the sur-
rounding rock of the tunnel.

4. Engineering Applications

4.1. Scheme Analysis. Table 4 shows a comparison of the
simulation of the grouting reinforcement effect for the

surrounding rock after sorting the above numerical calcu-
lation results. 0is was used as a measurement index to
conduct a range analysis of the orthogonal experiment re-
sults. Further, the optimal factor level ranking, as shown in
Table 5, was obtained by sorting the influencing factors and
determining the single optimal factor level and the optimal
plan.

Table 5 shows that the grouting pressure had a signifi-
cantly stronger influence than did other factors. Different
grouting effects (measurement indicators) showed different
optimal factor levels; for example, high-density grout could
well control the surface settlement, low grouting pressure,

5

5

S:

20

15

10

10 15 20 25

0.60.50.40.30.20.10

(a)

S:

5

5

20

15

10

10 15 20 25

0.50.40.30.20.10

(b)

S: 0

5

5

20

15

10

10 15 20 25

0.6 0.7 0.8 0.90.50.40.30.20.1

(c)

5

5

20

15

10

10 15 20 25

S: 0.60.50.40.30.20.10

(d)

S:

5

5

20

15

10

10 15 20 25

0 10.6 0.7 0.8 0.90.50.40.30.20.1

(e)

5

5

20

15

10

10 15 20 25

S: 0 0.6 0.7 0.8 0.90.50.40.30.20.1

(f )

5

5

20

15

10

10 15 20 25

0.05 0.15 0.25 0.35 0.45 0.55 0.65S:

(g)

5

5

20

15

10

10 15 20 25

S: 0.50.40.30.20.10

(h)

5

5

20

15

10

10 15 20 25

0.05 0.15 0.25 0.35 0.45 0.55 0.65S:

(i)

Figure 9: Principal stress difference distribution of tunnel.
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and dynamic shear. However, low dynamic shear and high
viscosity were required to control the average section re-
duction rate. In terms of controlling the number of fissures,
excessive grouting pressure caused the number of fissures to
increase, and dynamic shear had an obvious effect on
controlling the number of fissures. A suitable combination
of grouting pressure, grout density, dynamic shear force, and
viscosity could maximize the effect of grouting to strengthen
the formation. Among the various schemes, schemes 3 and 9
showed surface uplift. 0e mean surface settlement was
assigned a null value for range analysis.

0e grouting reinforcement method and grouting pa-
rameters of the underpassing existing subway tunnel section
should not be considered separately. 0ey should be con-
sidered together in a timely and reasonable manner to adjust
the dynamic shear force and viscosity of the grout. 0ere-
fore, according to the actual stratum distribution, the
grouting pressure should be appropriately reduced in an area
where joints are densely distributed. 0e grout density
should be appropriately reduced in an area where the ground
settlement must be controlled strictly.

4.2. Field Application and ActualMeasurement. In the lower
tunnel, grouting holes should be constructed first at the
bottom, then on the side wall, and finally at the top with
intervals of 1–2 rings each time. Grouting holes on the side
wall shall be in the form of “W” grouting (after completion
of grouting on the left and right). 0e grouting pipe of

drilling and injection integrated machine works on the
principle of piecewise backward grouting using a piecewise
step distance of 50–80 cm. If the pressure is high, an in-
termittent grouting principle should be adopted, and the
intermittent time is controlled in 5–10min to ensure that the
slurry is fully diffused in the formation before grouting. 0is
is done to avoid the surface uplift, segment rupture, and
slurry string caused due to excessive grouting pressure. 0e
grouting reinforcement was mainly composite grout sup-
plemented by ordinary cement and water glass. A V32mm
TSS pipe was used as the grouting pipe. A casing drill was
used to drill the hole into which the grouting pipe was
inserted. 0e water-cement ratio of the grout ranged from
0.6 :1 to 1 :1. 0e grouting pressure was controlled to
0.3–0.6MPa. Cement–water glass double-liquid grout was
used for the interlayer of the upper and lower tunnels to
compensate for the loss of the formation and to improve the
self-stability of the surrounding rock. Figure 10 shows the
grouting reinforcement scheme for the lower line crossing
tunnel.

0e tunnel construction process should be performed
under the principle of the flexible handling of grouting
reinforcement parameters. 0e surface deformation was
monitored in the overlapping section where the lower tunnel
crossed. 0e surface settlement monitoring line and mea-
surement points were restricted by the site conditions;
therefore, only two measurement lines could be set, and the
measurement points were set with a distance of ∼5m.
Figure 11 shows the measured surface settlement curve. 0e

Table 4: Comparison of grouting reinforcement effect in various simulation schemes.

Scheme
number

Average surface
settlement (mm)

Average value of void
pressure in area II (MPa)

Average section
reduction rate (%)

Number of
fissures

Maximum value of principal
stress difference (MPa)

1 56 0.79 1.66 877 0.60
2 51 0.77 1.45 1489 0.50
3 -- 0.75 1.61 2087 0.90
4 59 0.91 2.20 896 0.60
5 55 0.77 1.57 1396 1.00
6 45 0.76 1.54 2055 0.90
7 55 0.77 1.57 946 0.65
8 50 0.75 1.56 1428 0.50
9 -- 0.74 0.80 2034 0.65

Table 5: Optimal factor level ranking.

Assessment index
optimal level

Density
(kN/m3)

Grouting
pressure (MPa)

Dynamic shear
force (Pa)

Viscosity
(MPa·s) Ranking of effects

Average surface
settlement 15 0.3 4 3 Grouting pressure> viscosity> dynamic shear

force> density
Average value of void
pressure in area II 15 0.3 4 5 Grouting pressure> density> dynamic shear

force> viscosity

Average section
reduction rate 12 0.3 2 6

Grouting
pressure> density> viscosity> dynamic shear

force

Number of fissures 15 0.5 6 4 Dynamic shear
force> density> viscosity> grouting pressure

Maximum value of
principal stress
difference

12 0.5 6 3 Grouting pressure> dynamic shear
force> density> viscosity
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surface settlement curve was not obvious owing to the re-
strictions imposed by the conditions. 0e maximum set-
tlement values of the two monitoring lines were both located
above the center line of the tunnel at ∼15mm and 14mm,
respectively; this was approximately 0.25 times the simu-
lation value. Compared with the numerical simulation re-
sults, the measured values were all lower than the control
standard range of 30mm. 0is was because the parameters
were independent andmany joints were randomly generated
in the simulation process, thereby causing the surface set-
tlement deformation to become too large and to not match
the measured values.

5. Conclusions

Based on the engineering background of an existing subway
tunnel section, this study used the UDEC simulation soft-
ware to conduct nine sets of orthogonal simulation exper-
iments on the main factors affecting grouting reinforcement,
namely, grout density, grouting pressure, dynamic shear
force, and viscosity. Random joints were added in the
simulation process to restore the real formation state. 0e
following main conclusions were obtained from this study:

(1) 0e use of grouting to reinforce the surrounding
rock stratum of the tunnel can effectively improve
the stress state of the tunnel, control the surface
settlement and deformation, and reduce the section
reduction rate of the tunnels.

(2) 0e construction method and grout parameters have
an important influence on the grouting strength-
ening effect on the rock formation. Only increasing
the grouting pressure is not adequate to enhance the
stability of the surrounding rock of the tunnel. 0e
density, dynamic shear force, and viscosity of the
grout should also be considered to maximize the
technical advantages afforded by grout reinforce-
ment. An overly high grout density will increase the
cost and also increase internal fissures in the sur-
rounding rock.

(3) 0e distribution of joint fissures has an important
influence on the failure area and failure mode of the
surrounding rock of the tunnel. Joint fissures are at
risk of instability under the action of a high grouting
pressure. For formations with well-developed joint
fissures, the grouting parameters should be kept
under the principle of dynamic adjustment.

(4) 0e effective bearing range of the grouting-reinforced
formation can be discriminated and analyzed in terms
of the pore pressure value and the principal stress
difference. 0e area where the void pressure is ∼80%
of the initial grouting pressure is the bearing range of
the grouting-reinforced stratum. 0e smaller the
principal stress difference and the larger the area, the
greater the stability of the surrounding rock. At the
same time, within a certain range, a larger principal
stress difference of the supporting structure indicates
that the supporting structure is effective and has good
bearing capacity.

(5) 0e measured data show that it is advisable to use
grouting reinforcement construction for subway
tunnel crossing the existing line, and the construc-
tion method using grouting dynamically adjusted
parameters to reinforce the surrounding rock can
meet the surface settlement requirements. 0is ef-
fectively reduces the mutual disturbance between the
upper and the lower tunnels, enhances the stability of
the tunnel and its surrounding rock, and ensures the
safety of the upper and lower subway tunnels and the
surface buildings.
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