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Abstract: Research on tunnel excavation has rarely considered the effect of the tunnel excavation
on a complete building. Therefore, this paper considered a building with a double basement and
piles, and a three-dimensional finite-element model for shield tunnels undercrossing an existing
building was established to study the effects of the excavation of double-shield tunnels on the
displacement and internal forces of soil, segments, piles, and buildings. Grouting reinforcement
technology was used in the model to analyze the effect of grouting reinforcement on pile displacement
and building subsidence. The results showed that for every 100 kPa increase in grouting pressure,
the maximum subsidence of the soil was reduced by 3.512 mm. The successive excavation of double-
shield tunnels resulted in elliptical segments. The longitudinal and transverse stresses of the segments
were effectively reduced by grouting pressure of 250 kPa. The excavation of tunnels had an obvious
nonlinear effect on the maximum lateral displacement of the piles along the direction of excavation
and the maximum subsidence of the building. When using deep-hole grouting reinforcement, the
maximum lateral displacement of piles and the maximum subsidence of the building were effectively
reduced by increasing the radial grouting reinforcement radius and adjusting the reinforcement range.

Keywords: double-shield tunnels; mathematical simulation; grouting pressure; ground surface
subsidence; segment internal force; building; grouting reinforcement

1. Introduction

With increasing urban populations, vehicle traffic in cities is becoming increasingly
congested [1,2]. Metro systems greatly free up space at the street level, so hastening
the construction of metro systems is one of the important means of relieving such urban
problems as overground traffic congestion [3,4]. As one of the methods of tunnel excavation,
shield tunneling is widely used because of its fast construction and small disturbance to the
surrounding environment [5]. However, shield tunnels inevitably pass through complex
strata, even under buildings. Therefore, during the construction phase of shield tunneling,
it is very important to ensure little deformation of the soil and good mechanical properties
of the segments and to control the deformation and subsidence of buildings [6,7].

Much research has been carried out on not only the subsidence and damage of soil
but also the influencing factors of the mechanical properties of segments and improvement
methods in the excavation stage of shield tunnels [8–10]. On the basis of monitoring
data, Liu et al. [11] established a logical curve model to forecast surface subsidence. Lou
et al. [12–14] researched the effects of working conditions on the ground surface and rock
formation by establishing a 3D finite-element model for double-shield tunnels’ underpass
pits, excavation of double-shield tunnels with steep slopes, and shield tunneling with
small radii, respectively. Zhang et al. [15] proposed a new set of analytical methods for
predicting ground-level subsidence and that of tunnels due to joint leakage. For a more
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rational selection of parameters for shield tunneling, Hou et al. [16] proposed the EAIW-
IPSO algorithm. Islam and Iskander [17] summarized effect factors such as construction
sequence, pillar width, and overburden depth on ground subsidence and internal force
of tunnel lining by collecting a large quantity of field-measured data, experimental test
data, and finite-element analysis data. Lv J et al. [18] developed a numerical model and
concluded that shield tunnel construction with isolation pile reinforcement could abate
the deformation of the tunnel lining and ground subsidence. Lin et al. [19] developed a
numerical model to study ground subsidence in straight and curved tunnels by shield-
and pipe-jacking methods. Hou et al. [20] proposed a new, simplified method of exploring
the relationship between coupling resonance frequency and Young’s modulus for tunnels.
Using a 3D finite-difference simulation approach, Do et al. [21] evaluated the impact of
shield performance factors on surface subsidence and lining reactions. Kang et al. [22]
proposed a deformation-analysis method for shield tunnels considering the tunnel-shear
effect and tunnel depth and verified the effectiveness and feasibility of the method by
using three-dimensional finite-element analysis and measured data. Gan et al. [23] and Liu
et al. [24] used theoretical methods to study the impact of ground displacement caused by
tunnel excavation on existing tunnels. Lu et al. [25] developed suitability charts that can
reasonably select stabilizers for improving the engineering performance of tunnels.

As can be seen from the above, some scholars [8–11] studied the impact of shield
tunneling on soil subsidence, while others [16,17,25] studied the impact of shield parameters
on surface subsidence. Other scholars [12,23,24] conducted studies on the impact of shield
tunnel excavation on existing pits and tunnels. From the existing studies, most scholars
have focused on the effects of shield tunnel excavation on soil, segments, existing pits,
and tunnels. However, few have considered the effects of shield tunnel excavation on
external buildings, especially the effect of tunnel excavation on complete buildings with
basements and piles. Many scholars have conducted studies on grouting reinforcement
technology, but many of these focused on the effects of grouting reinforcement technology
on shield tunnels and soils and a few on the effects of grouting reinforcement technology
on complete buildings with basements and piles. In view of this, this paper studies the
effect of double-shield tunnel excavation on a complete building with a basement and piles
by using a mathematical model and combining engineering measurement data. We add
grouting reinforcement measures to the model to study the effect of grouting reinforcement
technology on a complete building with a basement and piles, which will make up for the
shortcomings of existing research and provide a theoretical basis for future excavation of
shield tunnels undercrossing existing buildings.

Against a background of a section of Changsha Metro Line 6 where double-shield
tunnels cross under an existing building, as shown in Figure 1, this paper establishes the
model of the eight-story building with a double basement and piles, with shield tunnel
excavation carried out under the building. Using the established model, the effects of
the excavation of double-shield tunnels on soil displacement, segment displacement and
internal force, pile displacement, and building subsidence were studied. In addition, the
influence of grouting pressure on soil displacement, segment displacement and internal
force, pile displacement, and building subsidence was analyzed, and reasonable grouting
pressure parameters were further explored. At the same time, grouting reinforcement
technology was used in the model, and the control effect of grouting reinforcement on pile
displacement and building subsidence was analyzed. Grouting reinforcement parameters
that can effectively reduce pile foundation displacement and building subsidence caused
by shield tunnel excavation are further proposed.
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the centers of the two lines was 12 m, the average thickness of the soil layer above the 
tunnel was 21.22 m, and the thickness and the width of the shield section were 0.35 m and 
1.5 m, respectively. The excavation scheme was firstly the left line tunnel and then the 
right line tunnel after the grouting body of the left line tunnel was hardened. The section 
of double shield tunnels was under the existing building. The building was an eight-story 
concrete structure with two basement floors buried in the soil, each of which was a height 
of 6 m. The dimensions of the rectangular column were 0.6 m × 0.6 m. The diameters of 
the bearing and retaining piles of the building were 0.9 m and 1.2 m, respectively. The soil 
layers from top to bottom were the plain filled soil with a thickness of 0.5 m, the silty clay 
with a thickness of 3 m, the fully weathered slate with a thickness of 6.5 m, and the 
strongly weathered slate with a thickness of 40 m. The cross-sections of bearing and re-
taining piles, double tunnels, and strata are shown in Figure 2. From the field geotechnical 
tests, Table 1 shows the calculated parameters of soil (rock) layers and materials. 
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Figure 1. Reality view of double shield tunnels undercrossing an existing building.

2. Engineering Background

Double shield tunnels in a section of Changsha Metro Line 6 passed through an
existing building, and the outside diameter of the tunnel was 6.2 m, the distance between
the centers of the two lines was 12 m, the average thickness of the soil layer above the
tunnel was 21.22 m, and the thickness and the width of the shield section were 0.35 m and
1.5 m, respectively. The excavation scheme was firstly the left line tunnel and then the right
line tunnel after the grouting body of the left line tunnel was hardened. The section of
double shield tunnels was under the existing building. The building was an eight-story
concrete structure with two basement floors buried in the soil, each of which was a height
of 6 m. The dimensions of the rectangular column were 0.6 m × 0.6 m. The diameters of
the bearing and retaining piles of the building were 0.9 m and 1.2 m, respectively. The soil
layers from top to bottom were the plain filled soil with a thickness of 0.5 m, the silty clay
with a thickness of 3 m, the fully weathered slate with a thickness of 6.5 m, and the strongly
weathered slate with a thickness of 40 m. The cross-sections of bearing and retaining piles,
double tunnels, and strata are shown in Figure 2. From the field geotechnical tests, Table 1
shows the calculated parameters of soil (rock) layers and materials.
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Table 1. Calculation parameters of soil (rock) layer and material.

Soil (Rock) Layers
and Materials

Severe/
(kN·m−3)

Cohesive Force/
(kN·m−2)

Friction Angle/
(◦)

Modulus of Elasticity/
(kN·m−2)

Poisson’s
Ratio

Plain filled soil 19 16 11 4000 0.28
Silty clay 19 15 8 6000 0.31

Fully weathered slate 20 15 35 8500 0.23
Strongly weathered

slate 23.3 50 29 120,000 0.2

segment 25 — — 3.45 × 107 0.2

Grouting layer 21 — — 1000 (soft)
0.210,000 (hard)

Pile 25 2 × 106 0.3
Shield shell 78.5 2.1 × 1010 0.2

3. Mathematical Model

The mathematical model was established to simulate the construction process of the
double shield tunnels by the Midas GTS NX software. The dimensions of the model for
length, width, and height were 100 m, 50 m, and 50 m, respectively. The flow chart of the
modeling steps of the model is shown in Figure 3.
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The modeling steps of the model are as follows.
Step 1: Build the geometric model.

(1) Plain fill, silty clay, completely weathered slate, and strongly weathered slate were sim-
ulated by 3D solid units. The constitutive models were the isotropic Mohr–Coulomb
model [26], abbreviated as the MC model, an ideal elastic–plastic model that combines
Hooke’s law and Coulomb’s failure criterion widely used to simulate most geotechni-
cal materials. The MC model used the Coulomb formula as the shear strength formula,
and the failure criterion was based on whether the shear stress reached the shear
strength. As shown in Equation (1), when the shear stress at a point on any plane in
the soil was equal to the shear strength of the soil, that point was in a critical state
of near failure, which was called the “ultimate equilibrium state”. The relationship
between various stresses in this state was called the “ultimate equilibrium condition”.
In the MC model of Midas GTS NX, elastic modulus and Poisson’s ratio controlled
elastic behavior, while cohesion, internal friction angle, and shear expansion angle
controlled plastic behavior.

τf = f (σ) (1)

where τf is the shear strength of soil, and σ is the soil stress.
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(2) Bearing piles, retaining piles, basement columns, and building columns were simu-
lated by beam element, while the basement floors and building floors were simulated
by 2D plate element with the constitutive model of the isotropic elastic model. Sup-
pose the property of a material did not change with direction, which was isotropic.
The isotropic elastic material had the same elastic modulus, Poisson’s ratio, thermal
expansion coefficient, and thermal conductivity in all directions. The expression for
isotropic elasticity is shown in Equation (2).

σij =
E

1 + υ
εij +

υE
(1 + υ)(1 − 2υ)

εkkσij (2)

where E is elastic modulus, υ is Poisson’s ratio, and σ and ε are the stress and strain of
the material.

(3) The segment and shield shell were simulated by a 2D plate element, and the constitu-
tive model was the isotropic elastic model. The grouting body was simulated by a 3D
solid element, and the constitutive model was an isotropic MC model.

Step 2: Assign material properties.
Assign various parameters and attributes to the corresponding geometric model.
Step 3: Create mesh.
In order to highlight the research focus, the pile and shield tunnel structures were

divided into mesh with a spacing of 2 m, and the soil was divided into mesh with a spacing
of 4 m. Because of the higher accuracy of the hexahedron element, the hexahedron hybrid
mesh generator was used to generate soil and shield tunnel structures.

Step 4: Apply boundary conditions.
The upper surface of the model was free [27], a fixed constraint was applied to the

lower surface, and a normal constraint was applied to the other four sides of the model.
Step 5: Apply load.
The weight of the building was converted into a single-column load, which was

simulated by applying concentrated force to the bottom of the floor column.
In order to improve computational efficiency, the following assumptions were adopted

during the modeling process.
Due to the small thickness of the segments and shield shells, shell elements were used

to simulate the segments and shield shells. Piles and columns were simulated as beam
elements, while basement floors and building floors were simulated by 2D plate elements
with the constitutive model of the isotropic elastic model. Using the equivalent layer theory
to simulate the grouting layer, without considering the intermediate process from softening
to hardening of the grouting layer, the process from softening to hardening of the grouting
layer was simulated by changing the elastic modulus of the grouting layer.

As shown in Figures 4–6, the excavation pressure was applied to the front surface of
the soil to be excavated in the next step to simulate the pressure caused by excavation soil
in shield tunnels. The jack force was applied to the segment to simulate the advance of the
shield. The grouting pressure acted on the inner and outer surface of the grouting body,
simulating the extrusion effect of the grouting body on the outer surrounding rock and the
inner segment.
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In the shield tunneling simulation, the forward distance of each step was 3 m. By
methodically altering the grouting body’s calculation parameters, the grouting hardening
process was simulated during the shield tunneling. The simulations of the shield tunnel’s
excavation stage are as follows.

(1) Conduct the initial stress field analysis, load the soil layer, clear displacement, and
complete consolidation subsidence.
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(2) Carry out building construction; that is, load the building and pile, and clear the dis-
placement.

(3) Excavation of the soil using the shield method, with a forward distance of 3 m for
each step and a shield shell to support the newly excavated tunnel.

(4) Continuation of step (3), removal of the shield shell from step (1), and installation of
the segment and grouting body (soft) around the tunnel in the previous step.

(5) Repeat step (4) continuously and harden the foremost soft grouting body when the
excavation distance reaches 10 segments’ width (15 m).

(6) Continue steps (3)–(5) until the excavation of double shield tunnels is completed.

4. Model Validation

In the actual construction stage, with an excavation pressure of 200 kPa, a jack pres-
sure of 150 kPa, and a grouting pressure of 250 kPa, the successive excavation scheme was
adopted. The placement of the eight monitoring stations at the building site was depicted
in Figure 9, and there were eight measuring points installed at the site to track the subsi-
dence of the ground surface. Figure 10 shows the measured surface subsidence and the
mathematical simulation results when the excavation of the shield tunnels was completed.
Table 2 displays the error computation of the monitoring values and the values of the
mathematical simulation. From Figure 3 and Table 2, it can be seen that the values of the
mathematical simulation were relatively similar to the monitoring data, which confirmed
that the mathematical model was reliable.
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Table 2. Comparison of simulation and measured results.

Monitoring
Points

Measured
Results (mm)

Simulation
Results (mm) Deviation (mm) Deviation

Percentage

1 −1.89 2.06 0.17 8.99%
2 −6.28 −6.59 0.31 4.94%
3 −6.71 −6.97 0.26 3.87%
4 −6.75 −6.88 0.13 1.93%
5 −7.05 −6.93 0.12 1.70%
6 −6.87 −7.11 0.24 3.49%
7 −6.51 −6.22 0.29 4.45%
8 −2.27 −2.08 0.19 8.37%

5. Effect of the Successive Excavation of Double Shield Tunnels on the Mechanical
Behaviors of Soil, Segment, and Building

The project used a distributed excavation method in which the left line tunnel was
excavated first and then the right line tunnel. For the sake of exploring the effect of
the successive excavation of double shield tunnels on the mechanical behaviors of soil,
segment, and building, the excavation pressure of 200 kPa, a jack pressure of 150 kPa, and
the grouting pressure of 250 kPa remained unchanged according to the common parameter
settings of most domestic projects.

5.1. Effect of Successive Excavation of Double Shield Tunnels on Displacements of Soil

The vertical and lateral displacements of soil after the completion of the double shield
tunnel excavation are shown in Figure 11. From Figure 11a, it can be found that the balance
of soil stress was destroyed during the tunnel excavation, and the soil released stress to
the excavation face, forming a “bowl-shaped” subsidence area above the excavation face
and an “inverted bowl-shaped” uplift area below the excavation face. From Figure 11b, it
can be found that due to the displacement of the soil above and below the tunnel in the
direction of the tunnel, the soil outside the extrusion tunnel was displaced to both sides,
making the lateral displacement of the soil in a “butterfly shape”.

The top of the tunnel vault was where the maximum subsidence of the soil was during
the excavation of double shield tunnels. The cross-section in the middle of the model was
selected to explore the law of subsidence of soil above the double tunnels. Figure 12 shows
the subsidence of the soil at the plane directly above the tunnel. It can be found that the
subsidence of soil on the left and right sides of the centerline of the double tunnels was
basically symmetrically distributed, which was basically consistent with the conclusion in
reference [28]. The maximum subsidence of the soil in reference [28] was close to 12 mm.
From Figure 12, it can be seen that the maximum subsidence of the soil in this article
was close to 17 mm. This is because there were no buildings above the shield tunnels in
reference [28], while there was an existing building above the shield tunnels in this article.
The gravity of the existing building will further increase the soil subsidence caused by
tunnel excavation. The subsidence curve of soil above the tunnel with the distance from
the center line shows the “M” shaped distribution. The two maximum subsidence of soil
were located directly above the two tunnels. As the distance from the center line got closer,
the subsidence of soil gradually reduced. This was due to the fact that the excavation of the
double shield tunnels caused the surrounding soil to squeeze, causing the surrounding soil
to have a tendency to converge towards the centerline of the tunnels.
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5.2. Effect of Successive Excavation of Double Shield Tunnels on Displacements and Internal Forces
of Segment
5.2.1. Displacements of Segment

After the completion of the excavation of double shield tunnels, the ring segment
below the center of the building was considered the analysis objective. Figure 13 shows the
corresponding vertical and lateral displacements of the segment. It can be found that the
top and bottom of the segment had downward and upward displacements, respectively,
and the waist of the segments had a displacement towards the outside of the tunnel,
resulting in the elliptical shape of the segment. In Figure 14, it is shown that the maximum
subsidence value of 7.19 mm, the maximum bulge value of 3.34 mm, and the maximum
lateral displacement of 4.27 mm were located at the vault, upset, and waist of the segment,
respectively. From this, it was clear that the segment subsidence was the most significant
after the completion of the excavation of double shield tunnels. Therefore, the subsidence
of the arch crown segment should be monitored during excavation.
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5.2.2. Internal Forces of Segment

Figures 15 and 16 show the nephograms of the bending moment and axial force of
the segment, respectively. Figure 15 shows that the bending moment of the segment was
symmetrically distributed. The top and bottom of the segment were subject to positive
bending moments, while the waist of the segments was subject to negative bending mo-
ments, which was basically consistent with the conclusion in reference [29]. The maximum
positive bending moment of 85.07 kN·m was located at the vault, and the maximum nega-
tive bending moment of −82.12 kN·m was located at the waist. Figure 16 shows that the
pressure was everywhere in the segment. The pressure at the front end of the segment was
greater than that at the rear end, and the maximum pressure was 1186.98 kN.
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Figure 16. Axial force nephogram of segment.

For the convenience of describing the bending moment and axial force at different
circumferential positions of the segment, as shown in Figure 17, different numbers were
used, and the numbers were counterclockwise from the left side of the segment at the arch
waist (number 1). Figures 18 and 19, respectively, showed the bending moments and the
axial forces at different circumferential positions of segments of left and right tunnels under
successive excavation of double shield tunnels, in which the left and right tunnels denoted
the left and right excavation tunnels, respectively.
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From Figure 18, it can be found that for the sake of the secondary disturbance to the
soil caused by the excavation of the right tunnel [30], the magnitudes and locations of
the maximum positive and negative bending moments of the segments of the left and
right tunnels were different. The maximum positive and negative bending moments of the
left tunnel were 87.64 kN·m and −88.56 kN·m, respectively, while the maximum positive
and negative bending moments of the right tunnel were 74.01 kN·m and −77.68 kN·m,
respectively. Compared to the left tunnel, the maximum positive bending moment of the
segment of the right tunnel was reduced by 15.56%, and the maximum negative bending
moment was reduced by 12.29%.
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From Figure 19, it can be found that the maximum and minimum axial forces and
the positions of the segments of the left and right tunnels were different. The excavation
resulted in a secondary release of soil stress so that the maximum axial force of the right
tunnel segment was smaller than that of the left tunnel segment. The pressure was every-
where in the segment. The maximum axial forces of the left and right tunnel segments
were 1218.7 kN and 1136.9 kN, respectively. The maximum circumferential axial force of
the segment of the right tunnel was 6.71% lower than that of the left tunnel.

During the construction process, the maximum positive bending moment, the max-
imum negative bending moment, and the maximum circumferential axial force applied
to the segment of the left tunnel were larger than those of the right tunnel. Therefore, for
the successive excavation, the bending moment and axial force of the segment of the left
tunnel should be monitored in real-time.

5.3. Effect of Successive Excavation of Double Shield Tunnels on Mechanical Behaviors of Building

Using excavation distance as the horizontal coordinate, the effects of double shield
tunnel excavation on the mechanical properties of the building were studied. Figure 20
shows the variation of building subsidence and lateral displacement of piles (in the direction
of shield excavation) with excavation distance, while Figure 21 shows the variation of the
basement tensile stress and pile shear with excavation distance. The left side of the vertical
dotted line in the Figures 20 and 21 represented the excavation of the left line tunnel, while
the right side represented the excavation of the right line tunnel.
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Figure 20. Variations of building subsidence and lateral displacement of pile with excavation distance.

From Figure 20, it can be found that the successive excavation of double shield tunnels
had a significant nonlinear effect on the lateral displacement of the pile along the excavation
direction and the subsidence of the building. Building subsidence increases with the
increase of shield tunneling distance, and the building subsidence increases from 0.09 mm
at the beginning to 7.22 mm at the end of the excavation. When the excavation distance
of the left (right) tunnel was less than 50 m, the subsidence of the building increased
sharply with the increase of shield tunneling distance. When the excavation distance was
greater than 50 m, the subsidence of the building increased slowly with the shield tunneling
distance. This phenomenon was similar to the conclusions obtained in reference [31]. Due
to the accumulation of subsidence and the secondary disturbance to the soil of the right
tunnel excavation, the subsidence of the building caused by the excavation of the right line
tunnel was always greater than the subsidence of the building caused by the excavation
of the left line tunnel. The lateral displacement of the pile increased from 0.09 mm at the
beginning to 3.82 mm during the excavation of the right tunnel. In addition, from Figure 20,
it can be found that when the left (right) line excavation distance was less than 50 m, the
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lateral displacement of the pile increased sharply with the increase of shield tunneling
distance. When the excavation distance was greater than 50 m, the lateral displacement of
the pile reduced slowly with the excavation of the shield tunnel.
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Figure 21. Variations of tensile stress of basement and shear force of pile with excavation distance.

From Figure 21, it can be found that with the construction of shield tunnels, the tensile
stress in the basement varied from 7902.7 kPa to 7958.2 kPa, with a variation of 0.70%. The
shear force of the pile varied from 111.8 kN to 113.2 kN, with a variation of 1.25%. It can be
seen that the effect of the successive excavation of the shield tunnels on the tensile stress of
the basement and the shear force of the pile can be ignored.

From Figure 22, combined with the variation of the subsidence of the building with the
excavation distance, it can be found that the shield tunneling caused uneven subsidence of
the building. When the excavation of the shield tunnel started, subsidence would occur in
front of the building along the shield excavation direction but not yet behind the building,
causing the building to tilt and leading to lateral displacement of the pile. When the shield
tunneling reached the rear part of the building, the rear part of the building also gradually
started to settle, which made the uneven subsidence of the building balanced. Therefore
the tilt of the building gradually reduced, and the lateral displacement of the pile also
slowly reduced. In addition, the excavation of the double shield tunnels would result in
lateral displacement of the soil around the tunnel. Lateral displacement of the pile would
also occur due to the interaction between the piles and the soil. Due to the secondary
disturbance of soil caused by the excavation of the right tunnel and the accumulation of
subsidence, the maximum lateral displacement of the pile caused by the excavation of the
right tunnel was always greater than that caused by the excavation of the left tunnel.
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6. Effect of Grouting Pressure on Mechanical Behaviors of Soil, Segment,
and Building

To investigate the effect of grouting pressure on soil, segment, and building, we
adopted the successive excavation scheme; the excavation pressure was taken as 200 kPa,
and the jack pressure was taken as 150 kPa. The grouting pressure was changed from
50 kPa to 550 kPa with an increment of 100 kPa.

6.1. Effect of Grouting Pressure on Displacements of Soil

The cross-section in the middle of the model was taken to study the law of soil
subsidence above the double tunnels. Figure 23 shows the change curves of soil subsidence
at each position above the tunnels with different grouting pressures. From Figure 23,
it can be found that the change laws of soil subsidence were the same for the different
grouting pressures. The subsidence of soil directly above the double shield tunnel was
the largest. As shown in Figure 24, the maximum subsidence of soil reduced linearly with
the increase of grouting pressure. For the grouting pressures of 50 kPa and 550 kPa, the
corresponding maximum subsidence of soil were 23.93 mm and 6.37 mm, with a reduction
of 73.38%. According to the calculation, the maximum subsidence value of the soil mass
would decrease by 3.512 mm when the grouting pressure increased by 100 kPa. From this, it
is clear that increasing the grouting pressure appropriately during the excavation of double
shield tunnels can effectively reduce the subsidence of soil, which was consistent with the
conclusion in reference [32].
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6.2. Effect of Grouting Pressure on Internal Forces of Segment

Similar to Section 5.2.1, the ring segment below the center of the building was consid-
ered the analysis objective. The numbers at different circumferential positions of the segment
were also found in Figure 17. Figures 25 and 26 show the variation curves of the bending
moment and circumferential axial force of segments with grouting pressure, respectively.
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From Figure 25, it can be found that for the same segment, no matter the left tunnel
or the right tunnel, the variety rule of the bending moment was the same with different
grouting pressures. The maximum positive bending moment of the segments still occurred
near the tunnel arch crown and arch bottom, and the maximum negative bending moment
occurred near the arch waist. For the segment of the left line tunnel, when the grouting
pressure was 150 kPa, the bending moment of the segment was the largest, and its maximum
value was 89.73 kN·m. When the grouting pressure was 550 kPa, the maximum bending
moment of the segment was 61.24 kN·m, which was 31.75% less than the maximum bending
moment of the segment for the grouting pressure of 150 kPa. For the segment of the right
line tunnel, when the grouting pressure was 150 kPa, the bending moment of the segment
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was the largest, and its maximum value was 72.65 kN·m. While the grouting pressure
was 550 kPa, the maximum bending moment of the segment was 57.33 kN·m, which was
21.09% less than the maximum bending moment of the segment for the grouting pressure
of 150 kPa.

From Figure 26, it can be found that for the same segment, no matter which tunnel,
the variety rule of axial force was the same with different grouting pressures. The axial
force everywhere in the segment was still pressure. For the left line tunnel, when the
grouting pressure increased, the axial force of the segment also increased. When the
grouting pressure was 50 kPa, the maximum axial force of the segment was 810.56 kN;
when the grouting pressure was 550 kPa, the maximum axial force of the segment was
1782.71 kN, which was 119.34% higher than that for the grouting pressure of 50 kPa. From
Figure 26, it can be found that for the right line tunnel, when the grouting pressures were
50 kPa, 150 kPa, and 250 kPa, the axial forces of the segment directly below the right line
tunnel building were basically the same, and the maximum value was 1178.94 kN, while
the grouting pressures were within the range of 250~550 kPa, the axial force of the segment
of the right line tunnel increased with the increase of the grouting pressure. While the
grouting pressure was 550 kPa, the maximum axial force of the segment was 1768.52 kN,
which was 50.01% higher than that for the grouting pressures of 50 kPa, 150 kPa, and
250 kPa.

For researching the effect of grouting pressure on the extremum of internal force of
segment of double shield tunnels, the maximum longitudinal and transverse stresses of
all segments of double shield tunnels under each grouting pressure value were extracted.
Figure 27 shows the curve of its relationship with grouting pressure. From Figure 27,
it can be found that when the grouting pressures were in the range of 50 kPa~250 kPa,
the maximum longitudinal and transverse stresses reduced linearly with the increase of
grouting pressure. When the grouting pressures were in the range of 250 kPa~550 kPa,
the maximum longitudinal and transverse stresses increased linearly with the increase of
grouting pressure.
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6.3. Effect of Grouting Pressure on Mechanical Behaviors of Building

From Section 5.3, the successive excavation of the double shield tunnels had an obvious
nonlinear effect on the subsidence of the building and the lateral displacement of the pile
along the excavation direction, while the effect on the tensile stress of the basement and
the shear force of the pile can be negligible. Therefore, this section explored the variety of
rules of the lateral displacement of piles and the subsidence of buildings under different
grouting pressures. Figures 28 and 29 show the subsidence of the building and the lateral
displacement of the pile under different grouting pressures, respectively.
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From Figure 28, it can be found that the changing pattern of building subsidence
with the shield tunneling process was the same for different grouting pressures, and the
subsidence of the building reduced gradually with the increase of grouting pressure. For
the grouting pressure was 50 kPa, the subsidence of the building was 12.14 mm, while
the grouting pressure was 550 kPa, the subsidence of the building was 1.36 mm, which
was 88.80% less than that for the grouting pressure of 50 kPa. From Figure 29, it can be
found that different grouting pressures resulted in comparable patterns of change in the
lateral displacement of the pile during shield tunneling, and the lateral displacement of the
pile gradually reduced as grouting pressure increased. When the grouting pressure was
50 kPa, the lateral displacement of the pile was 5.07 mm, while the grouting pressure was
550 kPa, the lateral displacement of the pile was 2.36 mm, which was 53.45% less than that
for grouting pressure of 50 kPa. It can be seen from this that the stability of the building
and piles can be effectively guaranteed by appropriately increasing the grouting pressure
when excavating the double shield tunnels successively.

7. Deep Hole Grouting Reinforcement Technology for Shield Tunnel

From Section 5.3, the successive excavation of the double shield tunnels had an obvious
nonlinear effect on the subsidence of the building and the lateral displacement of the pile
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along the excavation direction, affecting the safety and durability of the building and
piles. The grouting reinforcement technology was one of the effective measures to reduce
this impact [33,34]. At present, the grouting reinforcement technology is divided into
the ground grouting measures and the deep hole grouting reinforcement technology in
the tunnel. The latter was gradually becoming one of the main auxiliary measures for
shield tunneling through various buildings due to its good reinforcement effect, as it can
be carried out inside the tunnel and is not impacted by the external environment. This
section studied the impact of the technical parameters of deep hole grouting reinforcement
on the building and piles caused by the successive excavation of double shield tunnels. The
radius of radial reinforcement and the reinforcement range before and after the building
were considered the main technical parameters. The effects of these two parameters on the
maximum subsidence of the building and the maximum lateral displacement of the pile
were analyzed. Table 3 shows the comparison of the parameters of soil after grouting and
the parameters of undisturbed soil.

Table 3. Comparison of parameters of reinforced soil and undisturbed soil.

Soil Elastic
Modulus/MPa Poisson’s Ratio Severe/(kN·m−3) Cohesion/kPa Internal Friction

Angle/(◦)

Strongly
weathered slate 120 0.2 23.3 50 29

Reinforce soil 500 0.2 21 30 43

7.1. Effect of Radius of Radial Reinforcement on Reinforcement Effect of Deep Hole Grouting
in Tunnel

The radius of radial reinforcement refers to the length of the grouting pipe entering the
soil layer and extending out of the shield segments. As the pressure of deep hole grouting
was usually large, if the grouting was done too early, the slurry would break the shield
tail brush and cause damage to the shield machine, making the synchronous grouting
slurry leak and inadequate grouting, so the deep hole grouting reinforcement was generally
carried out after the segments were released from the five rings of the shield tail. Therefore,
in this section, the surrounding soil would be grouted for reinforcement after the segments
were separated from the five rings at the tail of the shield. According to the above analysis,
the grouting pressure was set to 250 kPa, the excavation pressure was still set to 200 kPa,
and the jack pressure was still set to 150 kPa. The slurry solidified and hardened after five
rings of grouting. There was a small clear distance for the double shield tunnels, and the
distance was only 6.1 m between the outer walls of the two tunnels, so the radius of radial
reinforcement was selected as 1 m, 2 m, and 3 m, respectively. The grouting range in front
and behind the building was taken as eight rings. The maximum lateral displacement of
the pile and the maximum subsidence of the building with the excavation of the shield
tunnels under different radii of radial reinforcement were shown in Figures 30 and 31,
respectively. Figure 32 shows the histogram of the maximum subsidence of the building
and the maximum lateral displacement of the pile with the excavation of the shield tunnels
under different radii of radial reinforcement where the grouting reinforcement radius of
0 m meant no grouting reinforcement measures.

From Figure 30, it can be found that the variety rule of the maximum subsidence of
building under different radii of grouting reinforcement was basically the same during
the excavation of the tunnel. Compared with no grouting reinforcement measures, the
use of grouting reinforcement measures for deep holes in the tunnel can effectively reduce
the subsidence of the building. When the radius of grouting reinforcement was 2 m, the
subsidence of the building can be reduced to the maximum extent. Figure 32 showed that
the maximum subsidence of the building was 7.37 mm without grouting reinforcement,
while the radius of grouting reinforcement was 2 m, the maximum subsidence of the
building was 4.82 mm for the radius of grouting reinforcement of 2 m, with the reduction
of 34.60%. From Figure 31, it can be found that the lateral displacement of the pile with
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different radii of grouting reinforcement during shield tunneling was basically the same.
Compared with no grouting reinforcement measures, the use of grouting reinforcement
measures for deep holes in the tunnels can evidently abate the lateral displacement of
piles, and as the radius of grouting reinforcement increases, the lateral displacement of
piles is reduced. Figure 32 shows that the maximum subsidence of the building was
3.83 mm without grouting reinforcement, while the maximum subsidence of the building
was 2.69 mm for the radius of grouting reinforcement of 3 m, with a reduction of 29.77%.
Therefore, if the deep hole grouting reinforcement measures were taken in this project to
reduce the impact of the excavation of shield tunnels on the building and piles, the radius of
radial grouting reinforcement can be set to 2 m or 3 m, which was similar to the conclusion
in reference [35].
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7.2. Effect of the Reinforcement Range before and after the Building on the Reinforcement Effect of
Deep Hole Grouting in Tunnel

The reinforcement range before and after the building referred to the surrounding
soil of the segments participating in the deep hole grouting reinforcement in the front and
rear of the building. As analyzed above, in this section, the surrounding soil was grouted
and reinforced after the segments came out of the five rings at the tail of the shield. The
grouting pressure was set to 250 kPa, and the excavation pressure was still set to 200 kPa,
the jack pressure was still set to 150 kPa. The slurry solidified and hardened after five
rings of grouting. The radius of grouting reinforcement was taken as 3 m. The soil within
the range of rings of 0, 2, 4, 6, and 8 in front and behind the building was reinforced.
The ring of 0 was only used to reinforce the soil around the segments under the building.
During the shield tunneling process, the maximum subsidence of the building and the
maximum lateral displacement of the pile with the excavation of the shield tunnels under
different reinforcement ranges were shown in Figures 33 and 34, respectively. Figure 35
shows the histogram of the maximum subsidence of the building and the maximum lateral
displacement of the pile under the different reinforcement ranges during shield tunneling.
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Figure 34. Relation between the lateral displacement of pile and reinforcement range before and
after building.
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From Figure 33, it can be found that the variety rule of the subsidence of building
with different reinforcement ranges was basically the same during the process of shield
tunneling. Compared with no grouting reinforcement measures, the use of grouting
reinforcement measures for deep holes in the tunnels can evidently abate the subsidence of
the building. When the reinforcement range was 0–6 rings, the subsidence of the building
reduced with the increase of the reinforcement range, while the building subsidence
increased when the reinforcement range increased to eight rings. Figure 35 shows that
the maximum subsidence of the building was 7.37 mm without grouting reinforcement,
while the maximum subsidence of the building was 4.59 mm for the reinforcement range
of 6 rings, with a reduction of 37.72%. From Figure 34, it can be found that the variety
rule of the lateral displacement of the pile with the different reinforcement ranges was
basically the same during the process of shield tunneling. Compared with no grouting
reinforcement measures, the use of grouting reinforcement measures for deep holes in the
tunnels can evidently abate the lateral displacement of the pile. When the reinforcement
range was approximately zero to six rings, with an increase in the reinforcement range,
the pile’s lateral displacement increased, while the lateral displacement of the pile reduced
when the reinforcement range was eight rings. Figure 35 shows that the maximum lateral
displacement of the pile was 3.83 mm without grouting reinforcement, while the maximum
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lateral displacement of 2.18 mm of the pile was the minimum for the reinforcement range
of zero rings, with a reduction of 43.08%.

8. Discussion
8.1. Discussion on the Effect of the Excavation of Double Shield Tunnels on Soil, Segment
and Building

From Figure 11, it can be seen that the excavation of double shield tunnels caused the
soil around the tunnel to approach the tunnel in the longitudinal direction and stay away
from the tunnel in the lateral direction, causing the soil at the midpoint of the connection
between the two tunnels to be compressed, thus offsetting some of the subsidence of the
soil. As a result, the subsidence of the soil above the tunnels was distributed in an “M”
shape with the distance from the centerline, as shown in Figure 12. The displacement of
the soil around the tunnel caused the tunnel to be compressed by the soil, resulting in an
elliptical shape of the segments, as shown in Figure 14. The maximum subsidence value of
7.19 mm, the maximum bulge value of 3.34 mm, and the maximum lateral displacement of
4.27 mm were located at the vault, upset, and waist of the segment, respectively.

As shown in Figure 36, due to the gravity effect of the upper building and the squeez-
ing effect of the soil, and the subsidence of the soil above the tunnel is greater than the uplift
of the soil below the tunnel, the tunnel generated a certain degree of contraction along the
excavation direction and a certain degree of expansion along the horizontal direction. As
shown in Figures 15 and 16, this effect caused pressure to be applied to the segments in all
longitudinal directions, and the segments at the top and bottom of the tunnel arch were
subjected to positive bending moments, while the segments at the arch waists on both sides
are subjected to negative bending moments.
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As shown in Figure 22, shield tunneling caused uneven subsidence of the building,
resulting in lateral displacement of the pile. In addition, shield tunneling excavation caused
the lateral displacement of the soil around the tunnel. Due to the interaction between piles
and soil, the pile can also experience lateral displacement. Building subsidence increased
with the increase of shield tunneling distance, and the building subsidence increased from
0.09 mm at the beginning to 7.22 mm at the end of the excavation. The lateral displacement
of the pile increased from 0.09 mm at the beginning to 3.82 mm during the excavation of
the right tunnel.

8.2. Discussion on the Effect of Grouting Pressure on Mechanical Behaviors of Soil, Segment,
and Building

As shown in Figure 24, the maximum subsidence of soil reduced linearly with the
increase of grouting pressure. For the grouting pressures of 50 kPa and 550 kPa, the
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corresponding maximum subsidence of soil were 23.93 mm and 6.37 mm, with a reduction
of 73.38%. According to the calculation, the maximum subsidence value of the soil mass
would decrease by 3.512 mm when the grouting pressure increased by 100 kPa. This is
because an increase in grouting pressure would increase the support effect on the soil
around the tunnel, resulting in a decrease in the subsidence of the soil above the tunnel.

Figure 26 shows the relationship curves between the maximum longitudinal and
transverse stresses of the segment and the grouting pressure. From Figure 26, it can be
found that when the grouting pressures were in the range of 50~250 kPa, the maximum
longitudinal and transverse stresses reduced linearly with the increase of grouting pressure.
When the grouting pressures were in the range of 250~550 kPa, The maximum longitudinal
and transverse stresses increased linearly with the increase of grouting pressure. This was
because when the grouting pressure increased appropriately, it reduced the subsidence of
the soil above the tunnel, thereby reducing the compression effect of the soil on the tunnel,
resulting in a decrease in the longitudinal and transverse stresses of the segment. When
the grouting pressure increased to a certain value, the greater the grouting pressure, the
greater the compression effect of the grouting body on the segment, resulting in an increase
in the longitudinal and transverse stresses of the segment.

From Section 5.3, the successive excavation of the double shield tunnels had an obvious
nonlinear effect on the subsidence of the building and the lateral displacement of the pile
along the excavation direction. Figure 37 shows the variation of maximum subsidence
of the building and maximum lateral displacement of piles with grouting pressure. As
shown in Figure 37, the subsidence of the building and the lateral displacement of piles
decreased linearly with the increase of grouting pressure. According to the calculation, for
every increase in grouting pressure of 100 kPa, the subsidence of the building decreased
by approximately 2.138 mm, and the longitudinal displacement of the pile decreased by
approximately 0.548 mm. This was because the increase in grouting pressure reduced soil
subsidence, thereby increasing the support effect on the building, resulting in a decrease in
building subsidence and pile lateral displacement.
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8.3. Discussion on the Impact of Deep Hole Grouting Reinforcement Technology on Building
and Pile

Compared with no grouting reinforcement measures, the use of grouting reinforce-
ment measures for deep holes in the tunnel can effectively reduce the subsidence of the
building and the lateral displacement of the pile. Reasonable selection of appropriate grout-
ing reinforcement radius and grouting reinforcement range can more effectively reduce
building subsidence and pile lateral displacement. Based on the actual situation of the
project in this article, the radius of radial grouting reinforcement can be set to 2 m or 3 m,
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and the reinforcement range before and after the buildings can be set as approximately two
to six rings.

This was because the engineering example used in this article is a small clear, distance
double shield tunnel, which meant the center distance of the two tunnels was relatively
close. Using an excessively large grouting reinforcement radius would cause the soil in the
middle of the two tunnels to be completely grouted and reinforced, causing the soil in the
middle to be crushed, which would further reduce the stability of the building. Therefore,
setting the grouting reinforcement radius to 2~3 m is appropriate. Moreover, due to the
distance between the two ends of the model and the building, grouting reinforcement at
a distance from the building had little impact on the stability of the building. Therefore,
setting the grouting reinforcement range to approximately two to six rings can maximize
the stability of the building.

9. Conclusions

Taking the double shield tunnels of Changsha Metro Line 6 as an engineering back-
ground, this paper considered the building with a double basement and pile foundations
and established the model for the shield tunnel to penetrate the existing building. Using
the established model, the effects of the successive excavation, the parameter of grouting
pressure, and the grouting reinforcement technology of shield tunnel on the mechanical
behaviors of soil, segment, and building were researched. The conclusions were as follows.

(1) The successive excavation of double shield tunnels led to the subsidence and uplift of
the soils above and below the excavation face, respectively, and the outward lateral
displacements of the soil on both sides. Grouting pressure had a significant impact
on soil displacement. According to the calculation, the maximum subsidence value
of the soil mass would decrease by 3.512 mm when the grouting pressure increased
by 100 kPa. The subsidence of the soil above the tunnels was distributed in an “M”
shape with the distance from the centerline because the soil at the midpoint of the
connection between the two tunnels was compressed.

(2) Due to the gravity effect of the upper building and the squeezing effect of the soil, the
successive excavation of double shield tunnels caused the elliptical deformation of
segments, and the maximum subsidence value of 7.19 mm, the maximum bulge value
of 3.34 mm, and the maximum lateral displacement of 4.27 mm the segment were
located at the vault, upset and waist, respectively. The subsidence of the segment of
double shield tunnels was the most significant after the completion of the successive
excavation, and the subsidence of arch segments should be monitored in real-time
during excavation.

(3) The grouting pressure had a nonlinear relationship with the segment bending moment
and the segment circumferential axial force. The maximum positive bending moment
and the maximum negative bending moment of the segments were located near the
tunnel arch crown and arch bottom, respectively, and the maximum axial force and
the minimum axial force of the segments were located near the arch waist and arch
crown, respectively. When the grouting pressure was in the range of 50~250 kPa,
the maximum longitudinal and transverse stress basically increased linearly with
the increase of grouting pressure. The maximum longitudinal and transverse stress
increased linearly with the change of grouting pressure when the grouting pressure
was in the range of 250~550 kPa.

(4) When the double shield tunnels passed through the building, tunnel excavation
had a significant nonlinear impact on the lateral displacement of the pile along the
excavation direction and the subsidence of the building but little impact on the tensile
stress of the basement and the shear force of the pile. The increase of the grouting
pressure can effectively reduce building subsidence and the lateral displacement of
the pile. For every increase in grouting pressure of 100 kPa, the subsidence of the
building decreased by approximately 2.138 mm, and the longitudinal displacement of
the pile decreased by approximately 0.548 mm.
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(5) Increasing the radius of radial reinforcement within a certain range and adjusting
the range of reinforcement before and after the building can effectively reduce the
lateral displacement of the pile and the subsidence of the building. In this project,
if the deep hole grouting reinforcement measures were taken to reduce the impact
of shield tunnel construction and excavation on the building and piles, the radius of
radial grouting reinforcement can be set as 2~3 m, and the reinforcement range before
and after the buildings can be set as approximately two to six rings.

Nowadays, with the rapid development of subway transportation, more and more
subway tunnels are penetrating existing buildings. According to the research in this arti-
cle, shield tunnel excavation can have a significant impact on soil displacement, segment
internal force and displacement, pile foundation displacement, and building subsidence.
During shield tunnel excavation, reasonable grouting pressure should be selected, grouting
reinforcement measures can be adopted if necessary, and optimal grouting reinforcement
parameters can be set to better reduce pile foundation displacement and building subsi-
dence. The research results of this paper can provide the theoretical basis for shield tunnel
excavation in cities.

However, the research in this article also had certain limitations, such as the modeling
of a building not being specific enough and using equivalent layers to simulate the grouting
layer. In the future, we will continue to improve our research, conduct relevant experiments
to ensure the accuracy of parameters, and use 3D solid elements to simulate the building so
as to comprehensively study the impact of shield tunnel excavation on the superstructure.
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