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Abstract: The complex distribution of synchronous grouting pressure results in excessive tunnel
deformation and various structural diseases, especially for ultra-large-diameter shield tunnels. In
this study, to reduce the risk of tunnel failure, a three-dimensional refined finite element model was
established for the Wuhan Lianghu highway tunnel project, taking into account the non-uniform
distribution of synchronous grouting pressure. This study focuses on investigating the development
patterns of internal forces, deformations, and damages in segment structures under varying grouting
pressure ratios. The results indicate that the primary failure mode of a segment is tensile failure
occurring at the outer edge of the arch. Moreover, an increased ratio of grouting pressure between the
arch bottom and top leads to a higher positive bending moment value and greater tensile damage at
the arch waist. The tunnel ring gradually exhibits distinct “horizontal duck egg” shape deformation.
When the grouting pressure ratio is 2.8, there is a risk of tensile cracking at the outer edge of the
arch waist. At this time, the segment convergence deformation is 39.71 mm, and the overall floating
amount reaches 43.12 mm. This research offers engineering reference for the prediction of internal
forces and deformations in ultra-large-diameter shield tunnels during grouting construction, thereby
facilitating their application in the development of resilient cities.

Keywords: numerical model; ultra-large-diameter shield tunnel; synchronous grouting; grouting
pressure ratio; tunnel convergence; tensile damage
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1. Introduction

With the continuous advancement of tunnel construction equipment and technology,
ultra-large-diameter shield tunnels have become an influential development trend [1-3].
During the shield tunneling process, it is necessary to fill the gap between the segment ring
and the surrounding strata by synchronous grouting. When the synchrotron grout pressure
is not properly controlled, large upheavals may occur, especially for ultra-large-diameter
shield tunnels, which can cause serious structural diseases, including segment cracks,
misalignment, damage, and leakage [4-7].

The pressure profile of synchronous grouting has been extensively studied by scholars
around the world. Regarding the theoretical model, in order to calculate the grout filling
pressure and diffusion distance, Li et al. [8] developed a compound diffusion model on
a semi-elliptic surface without predetermined flow channels. Ye et al. [9] developed a
hemispherical diffusion model that takes into account the percolation effect of synchronous
grouting in shield tunnel construction. In addition to theoretical models that reveal the
distribution of synchronous grouting pressure along the segment rings [10], physical
model testing, as an intuitive and direct experimental method, also plays a crucial role
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in scientific research. In practical engineering, maximum synchronous grouting pressure
can be solved by testing the control of tunnel displacement and deformation [11,12]. The
distribution and long-term evolution of grouting pressure can also be obtained through on-
site monitoring [13]. For example, Hashimoto et al. [14] outlined the development of tunnel
grouting pressure during construction and long-term grouting, and the resulting lining
bending moments. Talmon et al. [15] analyzed the grouting consolidation and formation
process of the Groene Hart tunnel under field conditions. More importantly, the theoretical
models can be verified by the physical model tests. Assuming that the grouting pressure
varies as a power function with time, Zhao et al. [16] proposed a simulation framework
to explain the observations in the model tests. Based on the existing theoretical models
and physical model tests, most of the research on synchronous grouting pressure has been
focused on conventional subway shield tunnels, while less work has been done on the
synchronous grouting pressure distribution patterns in ultra-large-diameter shield tunnels.

In addition, with the rapid development of computers, the effect of synchronous
grouting on the stress and deformation of the lining structure has also been studied through
numerical simulations. Lavasan et al. [17,18] considered three different variants of simu-
lated synchronous grouting to study the impact of synchronous grouting on the tunnel
excavation process. In variant I, the slurry is regarded as a distributed load applied on the
soil. Due to its simplicity and computational ease, this numerical simulation method is
currently used in most studies [19]. On this basis, numerous scholars have also studied the
influence of grouting pressure changes on the deformation and mechanical properties of
foundation pits and tunnels [20,21]. With the increasing size of modern tunnels, research
on large-diameter tunnels and even ultra-large-diameter tunnels is becoming more and
more significant [22]. For an ultra-large-diameter shield tunnel, the grout pressure dif-
ference between the vaults is larger due to the influence of the grout self-weight during
the synchronous grouting process, and the segment is divided into multiple blocks with
complex structures. Therefore, the stress and deformation patterns of the lining structure
are also complex, but there are few relevant studies.

In this study, to investigate the mechanical response of ultra-large-diameter tunnels
under asynchronous grouting pressure more clearly, a three-dimensional refined finite ele-
ment model was established based on the engineering case of the Wuhan Lianghu highway
tunnel. The deformation and damage properties of the tunnel segment were studied for
different grout pressure ratios, and the weak position of the segment was determined. The
results provide theoretical support for the scientific control of the synchrotron grouting
pressure in ultra-large-diameter tunnels.

2. Engineering Background
2.1. Project Overview

The Wuhan Lianghu highway tunnel is the largest double-layer, ultra-large-diameter
shield tunnel in China. The project is situated in the southern region of Wuhan City, which
serves as the capital of Hubei Province in China. Its primary objective is to facilitate direct
connectivity between the northern and southern sectors of Wuchang District, thereby
enhancing the overall road network within this district. The Lianghu Tunnel project spans
a total distance of 19.25 km, encompassing both the East Lake and South Lake sections.
The total length of the shielding section is 13.3 km. The diameter of the shield machine is
16.2 m, the outer diameter of the segment ring is 15.5 m, and the thickness of the segment is
0.65 m. The surrounding environment of the tunnel is complex, passing numerous existing
roads, Metro lines 4 and 8, and multiple underground pipelines. As shown in Figure 1, the
section of the Lianghu tunnel under the Wuxian railway was chosen for analysis in this
study. The radius of curvature of the tunnel is 700 m, the longitudinal slope is 0.5%, and
the buried depth is 16.5 m (1.02 D). The angle between Lianghu tunnel and Wuxian railway
is about 65°.
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Figure 1. Lianghu Tunnel and Wuxian Intercity Railway. (a) Location map and (b) Intersection plan.

2.2. Geological Conditions
Figure 2 shows the longitudinal geological profile. The overlying soil layer of the

shield tunnel is a sequence of plain fill, gravel, mudstone, and mudstone greywacke. The
average thickness of the plain fill and gravel soil is about 0.5 m and 4.5 m, respectively. The
inference of the formation beneath the intercity railway is based on the geological borehole
adjacent to the railway, as drilling is not feasible within the railway area. In accordance
with the geotechnical engineering geological investigation report, Table 1 presents the

corresponding geological attributes.
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Figure 2. Geological profile.

Table 1. Physical and mechanical parameters of the stratum.
Stratum 7 (kg/m?3) Eso.1-0.2 (MPa) v @) ¢ (kPa)
Plain fill 19.2 3.8 0.40 13 10
Gravel soil 19.5 25 0.29 27 10
Mudstone 235 60 0.36 28 150
Mudstone greywacke 25.6 90 0.35 29 200




Mathematics 2023, 11, 4502

40f13

3. Establishment of the Finite Element Model
3.1. Overview

The numerical model of the shield tunnel segment is shown in Figure 3. The segmented
ring has an outer diameter of 1550 mm, a thickness of 650 mm, and a width of 2000 mm.
As shown in Figure 3a, the lining ring is composed of 10 prefabricated reinforced concrete
segments, including 1 capping block (F), 2 adjacent blocks (L1 and L2) and 7 standard
blocks (B1, B2, B3, B4, B5, B6, and B7). The segments are connected by 30 oblique bolts
with a diameter of 36 mm and a length of 740 mm, which is shown in Figure 3b. The
mesh of both the segments and the bolts adopts hexahedral grids, and the element type is
eight-node linear element C3D8R. The finite element model of the whole segment ring is
shown in Figure 4.

(b)

Figure 3. Schematic diagram of (a) segment block and (b) bolt structure.

(b) (c)

Figure 4. (a) Integral ring, (b) segment, and (c) bolt.

3.2. Material Parameters

The strength grade of precast concrete used in the segment is C60, and the parameters
of its compression and tension damage characteristics are determined by the “Code for
Design of Concrete Structures” (GB50010-2010) [23]. Table 2 shows the parameters of the
plastic damage model for C60 concrete. The bolts adopt the elastic—plastic constitutive
model, with elastic modulus E = 200 GPa, Poisson’s ratio y = 0.3, yield strength f,, = 640 MPa,
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and ultimate strength f = 800 MPa. When the bolt stress reaches the yield stress, the modulus
of elasticity decreases to 1/100 of its previous value.

Table 2. C60 concrete plastic damage model parameters.

Parameter Value
p (kg/m3) 2500
E (GPa) 36
v 0.2
¥ (°) 40
€ 0.1
foo/feo 1.16
K. 0.66667
U 0.0005
o (MPa) 385
€0 0.00177
o (MPa) 2.85
€10 0.00011

3.3. Boundary Conditions and Interactions

The model of the load-structure method is developed for the calculations. As shown in
Figure 5, the interaction between the soil and the segmented lining is simulated by ground
springs arranged around the segmented ring, which can accurately reflect the resistance
generated by the stratum [24]. The ground springs consist of one normal spring and two
tangential springs (shown in Figure 6). The normal spring is only under compression
but not tension, and the parameters can be obtained by multiplying the bed coefficient of
the stratum by the unit area. In the calculated example, the bed coefficient is 5 kN / m3.
According to the results of Koyama [25] and Wang [26], the parameters of a tangential
spring are 1/3 of those of a normal spring.

ground spring
e ot

—

Figure 5. Boundary conditions.

Figure 7 shows the contact setting method for segment-segment and segment-bolt.
The contacts between adjacent segments are modeled by surface-to-surface contacts. Finite
slip tracking and face-to-face discretization methods were used in the analysis. Finite slip
tracking is the most general tracking method, allowing for arbitrary relatively separated,
sliding, and rotating contact surfaces, and is suitable for relatively large slides. Face-to-
face discretization can better solve the problem of primary surface nodes penetrating the
secondary surface. The tangential mechanical properties and normal mechanical properties
of the contact obey the penalty function and rough contact, respectively, and the friction
coefficient is 0.5 [27]. The accuracy of the calculation results of the local structure in
the model is directly influenced by the level of refinement in this part during numerical
simulation calculations. However, the focus of this study is not to study the specific analysis
of the bolt joint, so the contact between the segment and the bolt is simulated by embedding.
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Figure 6. Ground springs schematic.

bolts embedded into segments

surface to surface contact
Figure 7. Schematic diagram of the seam contact simulation setup.

3.4. Grouting Pressure Distribution

The grouting pressure is applied to the tunnel segment as an isotropic hydrostatic
pressure, and its magnitude and distribution have a strong influence on the results of
the calculation of the overall deformation of the tunnel segment. Using the non-uniform
grouting pressure distribution model that considers the self-weight of the grout, the upper
half ring adopts uniform pressure distribution, and the lower half ring increases linearly
according to the pressure difference between the top and the bottom of the tunnel (Figure 8),
which is consistent with the distribution form of grouting pressure proposed in the litera-
ture [17,28]. The pressure at the vault was determined from the pressure at the excavation
face, and the static earth pressure at the tunnel axis was 421.66 kPa. Therefore, the grouting
pressure of the vault is selected as 420 kPa, and the pressure ratio of the vault bottom and
the vault is set to 1.0, 2.0, 2.4, 2.6, and 2.8, for a total of five groups (respectively, working
conditions (1) to (5)).

grouting pressure

\}

(@ (b)

Figure 8. (a) Schematic diagram of pipe ring stress; (b) grouting pressure distribution pattern.
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4. Calculation Results Analysis
4.1. Damage Evolution of Tunnel Segment

Figures 9 and 10, respectively, show the tensile and compressive damage cloud dia-
grams of the shield tunnel concrete segments for different grouting pressure distribution
forms, where the deformation display is enlarged by 20 times. As can be seen from Figure 9,
the concrete is in a fully elastic state until the tunnel segment grouting pressure ratio is 1:2.4.
As the segmental arch bottom grouting pressure increases, the concrete tensile damage fac-
tor gradually increases and is mostly distributed at the arch waist edge position. And when
the grouting pressure ratio of the segment vault bottom and the vault reaches 1:2.8, the
tensile damage factor of the concrete reaches 0.87 and there is a risk of cracking. Since the
compressive strength of concrete is much greater than the tensile strength, the compressive
damage of concrete tunnel segments under different grouting pressure distribution forms
is significantly smaller than the tensile damage.
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Figure 9. Cloud diagram of tunnel segment tensile damage under different grouting pressure

distribution forms: (a) working conditions (D~@®); (b) working condition ®; (c¢) working condition (3.
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Figure 10. Cloud diagram of tunnel segment pressure damage under different grouting pressure

distribution forms: (a) working conditions D~(@®); (b) working condition ®; (c) working condition ).

4.2. Internal Force and Stress

Figure 11 shows the bending moment distribution curves of the shield tunnel segment
rings for different grouting pressures, and Table 3 lists the bending moments of the tunnel
segment rings at the vault, waist, and bottom of the tunnel for the five operating conditions.
During homogeneous grouting, the bending moments at different positions of the tunnel
segment ring differ by a small amount. As the grout pressure is increased, the bending
moment at the vault decreases significantly, while the bending moment at the waist of the
arch gradually increases. When the grouting pressure ratio is 2.8, the bending moments of
the vault and arch waist are —1320 kN-m and 1760 kN-m, respectively, and the difference
between them reaches 3080 kN-m. In addition, the absolute value of the maximum bending
moment of the whole ring appears at the waist of the arch under the action of the non-
uniformly distributed grout pressure. As the grouting pressure ratio gradually increases,
the absolute value difference between the arch waist and the arch crown also increases
gradually, reaching a maximum of 440 kN-m. From this, it follows that the distribution of
the grouting pressure has a large influence on the internal forces of the segment rings, and
that the position of the arch waist is the weak position.
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Figure 11. Bending moment distribution of the tunnel segment ring under different grouting pressures.

Table 3. Bending moments at different positions of the segment ring under 5 working conditions.

Working Condition Grouting Pressure Ratio Position Bending Moment/(kN-m)
arch crown (90°) 25.3
1 1.0 arch waist (180°) 259
arch soffit (270°) 24.5
arch crown (90°) —-739
2 2.0 arch waist (180°) 1020
arch soffit (270°) —742
arch crown (90°) —1040
3 24 arch waist (180°) 1400
arch soffit (270°) —1050
arch crown (90°) —1190
4 2.6 arch waist (180°) 1600
arch soffit (270°) —1210
arch crown (90°) —1320
5 2.8 arch waist (180°) 1760
arch soffit (270°) —1360

Figures 12 and 13 show, respectively, the maximum and minimum principal stress
cloud diagrams for the shield tunnel segments at a grouting pressure ratio of 2.8 for the
pipe rings and bolts. It can be seen from Figure 12 that the outer edge of the waist of
the arch and the inner edge of the vault of the segment bear a large main tensile stress.
Moreover, the principal tensile stress is greater at the outer edge of the arch waist than at
the inner edge of the vault, while the inner edge of the arch waist bears a larger principal
compressive stress. The maximum principal tensile stress of the pipe ring is 2.87 MPa,
which appears at the outer edge of the arch waist, and the maximum principal compressive
stress is 21.99 MPa, which appears at the inner edge of the arch waist. It can be seen from
Figure 13 that the maximum principal tensile stress of the bolts in the tunnel segment ring
is 337.1 MPa, which is less than the yield strength of 640 MPa, and none of the bolt yields.
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Figure 12. (a) Maximum and (b) minimum principal stress nephograms of tunnel segment rings in

working condition ®.
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Figure 13. (a) Maximum and (b) minimum principal stress nephograms of tunnel bolts in working
condition (.

4.3. Shield Tunnel Deformation

Figure 14 shows the horizontal and vertical displacement contours of the tunnel seg-
ment ring at a maximum grouting pressure ratio of 2.8, where the deformation amplification
ratio is 20. It can be clearly seen from the figure that the segment ring exhibits a large
horizontal displacement outward at the arch waist, while in terms of vertical displacement,
the segment ring as a whole is in a floating state, and the floating displacement increases
with the increase in the buried depth. At this point, with a grouting pressure ratio of 2.8,
the converged deformation of the segment ring waist reaches 39.71 mm and the overall
floating value of the tunnel ring reaches 43.12 mm.
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Figure 14. (a) Horizontal and (b) vertical displacement nephograms of segment rings in working
condition (.

Table 4 shows the segment ring convergence deformations and the overall floating
values for the five different grouting pressure ratios. As can be seen from the table, the
distribution of displacements at different positions of the pipe ring is consistent, except for
the uniform grouting. And with the increase in the grouting pressure ratio, the convergence
deformation and the overall floating value of the waist of the tunnel pipe ring also increase,
and the pipe ring as a whole presents a “horizontal duck egg” shape. Combined with
Table 3, it can be seen that in the case of uneven grouting, there is a large positive bending
moment at the waist of the arch and its transverse displacement value expands outward,
which also explains the deformed shape of the pipe ring mentioned above. Second, there is
a large negative bending moment at the bottom of the vault, but the grouting pressure at
the bottom of the vault is greater than that at the top of the vault, so the overall floating
value of the segment ring increases with the increase in the grouting pressure.

Table 4. Segment ring convergence deformation and overall floating value in working condition (3.
Lateral Lateral .
. Displacement Displacement Waist Arch Crown Arch Bottom O.V erall
Grouting . Convergence . . Floating Value
. Value of Left Value of Right . Floating Value  Floating Value .
Pressure Ratio . . Deformation of Tunnel Pipe
Arch Waist Arch Waist (mm) (mm) .
(mm) Ring (mm)
(mm) (mm)
1.0 0.99 —-0.98 1.97 -5.12 —3.15 1.97
2.0 —1.03 1.03 2.06 12.09 36.59 24.50
24 -1.49 1.49 2.98 18.91 52.57 33.66
2.6 —-1.73 1.72 3.45 22.28 60.59 38.31
2.8 —1.98 1.99 3.97 25.55 68.67 43.12

The present study conducts a comprehensive numerical simulation analysis on an
ultra-large-diameter shield tunnel subjected to asynchronous grouting, serving as a valu-
able reference for the design and construction of increasingly larger tunnels, including
ultra-large-diameter ones. The working conditions adopted in this study are commonly
encountered in practical engineering projects, and are specifically based on the Wuhan
Lianghu ultra-large-diameter highway tunnel project. To address this issue, most re-
searchers employ numerical methods and field monitoring tests to predict the impact of
grouting on tunnel deformation and internal forces. In addition, the presence of joints
and cracks in the rock surrounding the tunnel segments may induce variations in grout
pressure [29]. An emphasis on analyzing this aspect should be prioritized in future research.
Moreover, this study primarily focuses on the overall mechanical and deformation prop-



Mathematics 2023, 11, 4502 12 of 13

erties of the tunnel segment, while the localized connection between bolts and segments
remains to be explored.

5. Conclusions

In this study, based on the Wuhan Lianghu ultra-large-diameter highway tunnel
project, we developed a three-dimensional finite element model using Abaqus, analyzed
and discussed the damage evolution, overall floating, converging deformation, and stress
of the lining structure during the synchronous grouting process during the construction of
a shield tunnel, and can draw the following conclusions:

(1) The failure mode of a segment under non-uniform synchronous grouting pressure is
characterized by tensile failure at the outer edge of the arch waist. Elastic deformation
occurs in the segmental concrete of shield tunnels when the grouting pressure ratio
between the bottom and top of the vault is less than or equal to 2.4, with increasing
tensile damage as this ratio increases. When the grouting pressure ratio is 2.8, the
tensile damage to the concrete reaches 0.867.

(2) The higher the grouting pressure ratio, the greater the positive bending moment value
of the segmental arch waist, and the greater the negative bending moment value of
both the arch top and bottom. In the case of uneven grouting, a higher principal
tensile stress is experienced at the outer edge of the segmental arch waist and inner
edge of the vault. Additionally, the outer edge of the arch bears a greater principal
tensile stress than the inner edge of the vault, while the inner edge of the arch bears a
larger principal compressive stress.

(3) With the increase in the grouting pressure ratio, the tunnel ring undergoes a distinct
“horizontal ellipse” deformation, and there is also a corresponding increase in con-
vergent deformation at the waist of the tunnel pipe ring and overall floating value.
At a grouting pressure ratio of 2.8, the converged deformation at the waist measures
39.71 mm, while the overall floating value of the pipe ring reaches 43.12 mm.
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