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Abstract: In coastal cities, some paralleled twin tunnels must be constructed in soft soil layers, and
stratum reinforcement is necessary to enhance the stability of the tunnel. However, the influence of
construction of the following tunnel on the preceding tunnel in reinforced strata is not clear. This
study focuses on four kinds of reinforcement strategies: ring reinforcement of the right tunnel (RR),
ring reinforcement of the left tunnel (LR), ring reinforcement of twin tunnels (TR), and cement wall
reinforcement between left and right tunnels (CR). The interaction mechanism of the twin tunnels
during construction, in terms of surface settlement, tunnel deformation, convergence deformation
of the tunnel lining, and internal force of the tunnel lining, is revealed by a series of three-dimen-
sional numerical analyses. It was found that the LR offers an appropriate strategy in terms of both
engineering safety and cost savings, and it can significantly reduce the disturbance of the following
tunnel excavation on the preceding tunnel.

Keywords: following tunnel; preceding tunnel; soft soil; reinforcement; excavation

1. Introduction

In recent years, there has been a significant increase in the demand for tunnels in
urban areas, especially for public transport purposes. Paralleled twin tunnels that are
closely spaced are often adopted to save underground resources [1]. Due to the restriction
of construction conditions and the consideration of safety, the second tunnel is not built
until the first tunnel is completed for a period of time [2,3]. Thus, predicting the influence
of construction of the following tunnel on the preceding tunnel plays a key role in avoid-
ing any damage to the preceding tunnel and excessive ground settlement during excava-
tion of the following tunnel [4].

In the past, a variety of approaches have been used to study the interaction between
paralleled twin tunnels, including physical model testing, field observations, analytical
derivation, and finite element modeling. The physical model testing can reflect the spatial
relationship of the adjacent tunnels realistically. There are mainly two types of model tests,
i.e., 1-g model tests [5,6] and centrifugal tests [7-9]. Kim et al. [5] adopted 1-g scale-model
experiments to analyze interaction between the following tunnel and the preceding tunnel,
emphasizing the influence of the properties of soil and lining, the geometric dimensions
of the tunnel, and the excavation method. The simulation of each excavation stage of the
tunnel was adopted by Choi et al. [7] using centrifugal experiments. The influence of the
size of the existing tunnel, the distance between tunnel centers, and the earth pressure
coefficient, K, on the mechanical behavior of new tunnels were investigated and analyzed,
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and an appropriate distance between tunnel centers was obtained. Field observation is
still the key approach to understand the interaction between adjacent tunneling, in which
measurement data can be used to explore the influence of construction operation [10],
inhomogeneous soil layer [7,11], and asymmetric parallel tunnels [12,13]. Unfortunately,
however, monitoring points are only placed on specific sections, which often results in
incomplete information. In addition, accuracy of the data is also affected by factors such
as buried location of transducers and survival rate of transducers [14].

The analytical methods have definite practical significance for investigating the in-
teraction mechanism of parallel tunnels, which are usually based on the theory of beam
on elastic foundation. The approaches can be used to predict tunnel deformation from soil
deformation [15,16] and predict tunnel deformation based on the additional load [17,18].
Finite element modeling seems to be a promising method for addressing this issue. It can
simulate shield tunneling realistically, by considering the advancement of tunnel face,
shield conicity, grout injection, concrete lining, and ground loss. Many in-depth studies
have been carried out on the interaction of adjacent twin tunneling in unimproved soil by
means of finite element modeling [19-23]. Chehade et al. [21] established a numerical
model for twin tunnels and carried out the study on the influence of factors such as the
relative position of tunnels and construction procedure on soil deformation and internal
force. Do et al. [22] presented a refined three-dimensional numerical model, which took
into consideration the effects of lining joint patterns, including segmental lining joints and
their connections, to assess tunnel lining behavior and displacement fields around the
tunnel. Zhao et al. [23] established a numerical model using COMSOL Multiphysics to
study the influence of excavation of twin tunnels on ground settlement patterns in com-
posite strata. The results indicate that the excavation face stability of parallel tunnels is
inferior to that of a single tunnel and degrades as spacing between the two tunnels de-
creases [24].

In coastal cities, tunnels are often constructed in soft ground. Owing to the high com-
pressibility, low shear strength, thixotropy, and other unfavorable properties of soft soil,
it is a great challenge to excavate tunnels in soft ground without improvement. Collapse
of the excavation face in the soft soil layer related to adjacent twin tunnels has been re-
ported to occur during construction [24]. In such cases, cement treatment is often used to
create stiffer zones and to enhance tunnel stability during construction [24-26]. However,
the stability of the adjacent twin tunnels around improved soil has not been studied com-
prehensively, and the influence of the following tunnel on the preceding tunnel in the
enhanced ground still remains unclear.

By virtue of the three-dimensional finite element analyses, this paper focuses on the
effect of ground reinforcement strategies on the interaction between the paralleled twin
tunnels. Firstly, based on the practical engineering, four reinforcement strategies, i.e., ring
reinforcement of the right tunnel (RR), ring reinforcement of the left tunnel (LR), ring re-
inforcement of twin tunnels (TR), and cement wall reinforcement between left and right
tunnels (CR), are put forward. Then, a three-dimensional model of paralleled twin tunnels
is established by PLAXIS 3D, and the small strain-hardening (HSS) model is adopted as
the constitutive model of the soil layer. After that, the interaction mechanism of the twin
tunnels, in terms of ground surface settlement, tunnel deformation, convergence defor-
mation of the tunnel lining, and internal force of the tunnel lining, is disclosed. Finally,
the most appropriate reinforcement strategy is obtained based on the numerical results,
which provides theoretical support for engineering design.

2. Engineering Background and Ground Reinforcement Strategies

In this investigation, the Mangzhou Tunnel Project in Zhuhai, Guangdong Province,
China, was considered for the research background. As shown in Figure 1, the project
consists of a pair of paralleled tunnels, with the preceding tunnel (on the right) of 1995 m
and the following tunnel (on the left) of 2032 m. A slurry-balance shield with a diameter
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(D) of 15 m was used to excavate the twin tunnels. The minimum space between the cen-
ters of the twin tunnels is 1.6 D and the minimum burial depth is 0.5 D. The tunnels were
located in the ground, which consisted mainly of soft clay, which has an effective friction
angle of 13.3° and effective cohesion of 13.1 kPa.

Figure 1. Location of the Mangzhou Tunnel project in Zhuhai, China

Due to the disadvantages of the natural geological conditions, the reinforcement
method was implemented in the actual construction process to ensure the stability of the
excavation face for the twin tunnels. The influence mechanism of the left tunnel excava-
tion (following excavation) on the right tunnel (preceding excavation) is taken as the main
focus of this paper. In particular, the effect of reinforcement strategies will be emphasized
and compared. As shown in Figure 2, four different reinforcement strategies were inves-
tigated: (a) ring reinforcement of right tunnel (denoted by RR) [26-28]; (b) ring reinforce-
ment of left tunnel (denoted by LR); (c) ring reinforcement of twin tunnels (denoted by
TR); (d) cement wall reinforcement between the left and the right tunnels (denoted by
CR). The yellow zone in Figure 2 is the reinforcement layer and the symbol ¢ represents
the thickness of the reinforcement. Furthermore, to obtain the suitable thickness of rein-
forcement, six cases, i.e., t=0 D, 0.05 D, 0.10 D, 0.15 D, 0.20 D, 0.30 D, were studied and
compared for each reinforcement strategy.

on the left

Following tunnel

A A
_ Preceding tunnel Following tunnel _ Preceding tunnel
¢=0.5D on the right on the left VC 0.5D on the right

t z .
Reinforcement layer. X Ri?lnforcement layer,
thickness ¢ thickness ¢

(a) (b)



Appl. Sci. 2022, 12, 10335

4 of 17

Following tunnel [ ~_) 57y Preceding tunnel Following tunnel (“:(L 5 Preceding tunnel
y

on the left

7 :
| X Reinforcement layer,
thickness ¢

F 3 A

on the right on the left : on the right
o \ 4

.4D

»!
>
1

h . ~
& Reinforcement layer,
thickness ¢

(c) (d)

Figure 2. Sketch of reinforcement strategies for paralleled twin tunnels: (a) RR; (b) LR; (c) TR; (d)
CR.

3. Three-Dimensional Finite Element Modeling

The model was developed using PLAXIS 3D software. This software has been used
and validated by many researchers to investigate different problems related to tunneling
[29-31]. The small strain-hardening (HSS) model was adopted to mimic soil behaviors.
The model could take into account the nonlinear characteristics and the unloading behav-
ior of soils reasonably well. The values of model parameters were determined based on
the ground investigation report, and they are listed in Table 1.

Table 1. Main parameters of the HSS model.

Value Value
Parameter Method Parameter Method
Soft Soillmproved Soil Soft Soillmproved Soil
¢’ (kPa) 13.1 350 Triaxial consolidated and drained testGo¥(MPa) 40.1 350 Go¢=(1.5~2.5)Eu"[32]
o' (°) 13.3 43 Triaxial consolidated and drained test P¥(kPa) 100 100 Plaxis manual
W (°) 0.1 0.1 V=0 when ¢’ <30° [33] Vur 0.2 0.2 Plaxis manual
Ko 0.77 0.318 Ko=1 -sin ¢’ [34] Ew¥(MPa) 16.03 200 Euwsf= (3~8)Eoed™[35]
Ry 0.9 0.9 Plaxis manual m 0.8 0.1 Plaxis manual
Esv¥(MPa) 2.29 30 Eso¢= (0.7~1.0) Es12[35] Yoz 1x10* 4x10* yor=(1~4) x 10~ [32]
Eoea(MPa) 1.91 27 Eoea=0.9Es1-2[35]

(Note: ¢”: effective cohesion; ¢': effective friction angle; W: dilation angle; Ko: lateral pressure coeffi-
cient; Ry failure ratio; Eso™: secant stiffness in standard drained triaxial test; Eoes?: tangent stiffness
for primary oedometer loading; Go'*": reference shear modulus at very small strains (¢ < 107); Pr:
reference stiffness stress; vur: Poisson’s ratio for unloading-reloading; Ew: unloading/reloading
stiffness from drained triaxial test; m: power for stress-level dependency of stiffness; yo7: shear strain
corresponding to an initial shear modulus of 70%).

A schematic view of the FEM model is provided in Figure 3. The diameter and cover
depth of both tunnels were 15 and 7.5 m, respectively. The model was sufficiently large to
avoid boundary effects with 13 D along the X directions and 5 D along the Z direction,
and the excavation length along the Y direction was about 17 D. The boundary conditions
for the model are as follows: the ground surface was free, the four vertical surfaces were
fixed in the normal directions, and the base of the model was fixed. The groundwater table
was assumed to be well below the tunnel invert; therefore, seepage was not considered in
the analyses. The model includes approximately 101,675 non-uniform elements and
160,266 nodes, and the 10-node tetrahedral elements were adopted. In order to analyze
the impact of construction of the following tunnel on the preceding tunnel, the transverse
monitoring section (marked with a red dashed line in Figure 3) was set at a distance of 6
D from the starting location of excavation.
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Figure 3. Finite element model for construction simulation of paralleled twin tunnels.

The tunnel construction process was modeled using a step-by-step approach. Each
excavation step corresponds to an advancement of the tunnel face of 4 m, which is equal
to the width of two lining rings [4]. A pressure equal to the initial ground horizontal stress
was applied at the tunnel face [36]. The distribution of the jacking force, which acts on
linings of the last ring, was assumed to be linear over the height of the tunnel [19,20]. A
radial pressure was used to simulate the grouting pressure, taking into account the effect
of gravity, over a length of 4 m behind the shield. The procedures for excavation of paral-
leled twin tunnels are summarized as follows [37]:

(1) According to the lateral pressure coefficient Ko, the initial boundary and stress con-
ditions of the soil layer are established under the self-weight of soil.

(2) The soft soil layer is reinforced and then the displacement caused by the reinforce-
ment is reset.

(3) The right tunnel is excavated, 4 m at each step, and relevant pressure is applied.

(4) Since the focus of this paper is on the influence mechanism of the left tunnel excava-
tion (the following tunnel) on the right tunnel (preceding tunnel), the soil displace-
ment will be cleared away after the completion of the excavation of the right tunnel.

(5) The left tunnel is excavated, 4 m at each step, and relevant pressure is applied until
the construction is completed.

Furthermore, the established numerical model was calibrated by adopting the theo-
retical formula on surface settlement of paralleled twin tunnels presented by Zhou et al.
[37]. Considering the disturbance caused by preceding tunnel excavation, the disturbance
correction factor 1 is introduced as follows:

2 _w?

nx)=M(e? -D(I-e® Y +1+M 1

where 1 + M is the maximum disturbance correction factor, W is influence range of the
surface subsidence, x is the horizontal distance between the point and the axis of the pre-
ceding tunnel. With 1), the equation of the surface settlement caused by the following tun-
nel construction considering the influence of the preceding tunnel excavation is proposed
[37]:
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S(x) =n()- Jz—,exp(_(’;;d) J )

where V is the stratum loss, i is the width of settlement trough, and d is the distance be-
tween paralleled twin tunnels.

Figure 4 presents the comparison between the numerical and analytical results, in
which Equations (1) and (2) were adopted to predict ground settlement caused by exca-
vation of twin tunnels in unreinforced stratum, i.e., t =0.00 D. It can be seen that the trends
of the two curves are consistent, and the R? (goodness of fit) is about 0.936. Both of the
results show that the maximum settlement point at the ground surface is not located on
the axis of the following tunnel but is offset by about 0.3 D to the preceding tunnel.
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Figure 4. Comparison between numerical and analytical results [37].

4. Results and Analyses

In order to understand the impact of excavation of the following tunnel (left) on the
preceding tunnel (right), this section presents settlement of the ground surface, displace-
ment of the preceding tunnel, convergence deformation of the preceding tunnel, and in-
ternal force of lining of the preceding tunnel as the excavation face of the following tunnel
advances. The responses of the transverse section corresponding to the 45th ring (counting
from the model boundary at y = 0 m) have been extracted. For simplicity, the section and
the ring hereafter is called the transverse monitoring section and the measured ring, re-
spectively.

4.1. Settlement of Ground Surface

During construction, the additional soil stress caused by the excavation of the follow-
ing tunnel is transmitted through the ground movements and thus affects the stability of
the preceding tunnel. Therefore, in order to understand the twin tunnels’ interactions, it
is important to investigate the ground surface settlement (vertical downward displace-
ment at the ground surface), and especially, ground movements between the twin tunnels
[4,20,38,39].

Figure 5 shows the settlement of the ground surface at the transverse monitoring
section under different scenarios. Figure 5a shows the surface settlements for the ring re-
inforcement of the right tunnel (RR). It can be clearly seen that the surface settlement pro-
file is asymmetric but still approximately conforms to Peck’s curve. An asymmetric profile
of the settlement has also been observed through field measurements at shield tunneling
sites [37]. The maximum settlement, Smax, is 35.78, 32.60, 30.30, 28.66, 27.54, and 26.95 mm
for t=0.0 D, 0.05 D, 0.10 D, 0.15 D, 0.20 D, and 0.30 D, respectively. When ¢ = 0.30 D, the
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Smax is reduced by about 24.6% compared with the case of t = 0.0 D, indicating that the RR
has some effect on decreasing the surface settlement.
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Figure 5. Settlement of ground surface at the transverse monitoring section: (a) RR; (b) LR; (c) TR;
(d) CR.

The surface settlement for the cases with the ring reinforcement of the left tunnel (LR)
and the twin tunnels (TR) are shown in Figure 5b,c. The shapes and values of two sets of
profiles are relatively close. During the excavation process of the following tunnel, the
accumulated ground loss was mainly caused by the following tunnel, and the stress re-
lease zone was concentrated around the following tunnel. Therefore, the LR could effec-
tively hinder the transmission of soil stress and reduce the disturbance to the ground sur-
face. It suggests that the reinforcement of the following tunnel plays a more important
role in surface settlement, while the reinforcement of the preceding tunnel plays an aux-
iliary role. When ¢ is relatively small (f < 0.10 D), the surface is subject to settlement. How-
ever, with the increase in ¢ (¢ > 0.10 D), the surface starts to heave. This is because the
stiffness and thickness of the reinforcement layer are relatively large, and the accumulated
ground loss caused by excavation of the following tunnel is small, but the rebound of the
soil layer due to the release of soil stress is relatively large. In Figure 5b, Smax is 35.78, 16.25,
2.45,2.81, 3.38, and 3.49 mm for t=0.0 D, 0.05 D, 0.10 D, 0.15 D, 0.20 D, and 0.30 D, respec-
tively. When t = 0.30 D, the Smax is reduced by about 90.2% compared with the case of ¢ =
0.0 D. The degree of impact by the TR is similar. The results indicate that the LR and TR
can play a significant role in reducing surface settlement.

Figure 5d shows the surface settlement for the cases with cement wall reinforcement
(CR). It is seen that the left and right sides of the settlement curve are not symmetrical
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with respect to the symmetrical axis of the left tunnel. The CR has blocked the transmis-
sion of the soil displacement caused by the loss of soil layer around the following tunnel,
but the heaving of soil due to stress release during excavation of the following tunnel still
propagates to the right side of the wall reinforcement. This results in heaving of the
ground surface on the right. However, the accumulated loss of the soil layer still causes a
certain surface settlement on the left side of the wall reinforcement. Generally, with the
increase in f, the ground settlement has not changed significantly. The Smax is 35.78, 39.81,
32.09, 30.26, 29.68, and 29.28 mm for ¢ = 0.0 D, 0.05 D, 0.10 D, 0.15 D, 0.20 D, and 0.30 D,
respectively. When t = 0.30 D, the Smax is reduced by about 18.2% compared with the case
of +=0.0 D. Similarly, it shows that the CR has no significant effect in reducing the settle-
ment of the ground surface.

Figure 6 shows the variation of the maximum surface settlement with ¢ under differ-
ent reinforcement strategies. In general, both the RR and CR limit the transmission of the
stress release from the following tunnel excavation to the preceding tunnel, but do not
directly limit its transmission to the surface, so that the surface settlement has not been
significantly reduced by the RR and CR to the allowable value (Smax <20 mm). For the LR
and TR, the soil layer around the following tunnel is reinforced, which can effectively
decrease the disturbance to the ground surface due to excavation of the following tunnel.

>

:
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o>
o
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Maximum surface settlement (mm)

-20F \
&)\’ -[]-RR LR
N —/=-TR CR
-10F Y
\s
\
oy
V'S
o= —- N m e - - - - —
S A A
1 1 . 1 A Ui Rk V)
0.00 0.05 0.10 0.15 0.20 0.25 0.30
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Figure 6. Variation of the maximum surface settlement with ¢.

4.2. Displacement of the Preceding Tunnel

The displacement of the preceding tunnel resulting from construction of the follow-
ing tunnel is another major concern, which refers to the horizontal or vertical displace-
ment of the tunnel along the excavation direction. According to a previous study on the
influence mechanism of the following tunnel on the preceding tunnel, it was found that
the maximum horizontal displacement of the preceding tunnel was located at the tunnel
shoulder and the maximum vertical displacement was located at the tunnel crown [40,41].
Therefore, after the excavation of the following tunnel was completed, the horizontal at
the shoulder and the vertical displacement at the crown of the preceding tunnel would be
monitored, and the maximum displacement would be extracted. In this paper, the hori-
zontal displacement to the right and the vertical displacement in the upward direction is
defined as positive.

The maximum displacements under different cases as obtained from the numerical
simulation are presented in Table 2. Explanation of the data, e.g., 27.25/17.96 is the maxi-
mum horizontal displacement/maximum vertical displacement at ¢ = 0.00D of the RR. In
addition, decrease rate = (value ~o.00p — value +o.30p)/value =o00p. It can be seen that, with the
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increase in ¢, the maximum value of horizontal and vertical displacement gradually de-
creases. In terms of the decrease rate, the LR and TR are more effective than RR and CR.
Figure 7 shows the variation of the maximum horizontal displacement at the shoul-
der and the vertical displacement at the crown of the preceding tunnel with the reinforce-
ment thickness. It can clearly be seen that the trends of different curves are similar. During
the excavation of the following tunnel, the LR and TR could effectively reduce both dis-
placements of the preceding tunnel, while the CR could only significantly reduce the hor-
izontal displacement and RR could only significantly reduce the vertical displacement.

Table 2. The maximum value of horizontal and vertical displacements (in mm).

Reinf D R
einforcement . _000  #D=005 #D=010 #D=015 #D=020 #D=030 "ccreaseRate
Strategy (%) @
RR 27.25/17.96 ® 21.09/13.21 17.11/10.02 15.25/8.87  14.62/8.06  13.99/7.68 48.7/57.2
LR 27.25/17.96 ~ 18.75/12.91  13.22/9.22 10.15/7.76 8.26/7.21 7.32/6.65 73.1/63.0
TR 27.25/17.96  17.56/12.56  12.87/9.01 10.21/7.51 8.14/7.14 7.21/6.51 73.5/63.8
CR 27.25/17.96  20.06/15.63 16.25/13.53 13.12/12.38 11.09/11.67 8.02/11.23 70.6/37.5
Note: (1) The maximum horizontal displacement/the maximum vertical displacement; (2) decrease
rate = (Value to0.00p— Value +o300)/Value +o.00p.
30 20 —
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Figure 7. The maximum displacement of the preceding tunnel: (a) horizontal displacement; (b) ver-
tical displacement.

4.3. Convergence of the Preceding Tunnel

The convergence deformation of the lining in the transverse monitoring section of
the preceding tunnel after the completion of the following tunnel is depicted in Figure 8.
The black line in the figure shows the shape of the lining before excavation of the follow-
ing tunnel and the lines in other colors show the deformed shape after excavation. In ad-
dition, the convergence deformation of lining is defined as the variation of tunnel diame-
ter. The horizontal convergence is the variation of tunnel diameter in the horizontal direc-
tion, and the vertical convergence is the variation of tunnel diameter in the vertical direc-
tion. A positive value of convergence deformation indicates an increase in the diameter
when quantifying the deformation.

Figure 8a shows the convergence deformation of lining for the cases of RR. With the
increase in f, the deformation tends to decrease. The vertical convergence is 22.4, 18.6, 15.0,
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12.6, 11.2, and 10.3 mm, and the horizontal convergence values are -12.6, -8.8, —6.2, 4.1,
-2.5, and -1.7 mm for t =0.0 D, 0.05 D, 0.10 D, 0.15 D, 0.20 D, and 0.30 D, respectively.

In the case of t = 0.0 D (i.e., the soil is not improved), the tunnel is elongated in the
vertical direction while compressed in the horizontal direction and the shape of the lining
resembles a standing “duck egg” [42,43]. As the value of f increases, the “duck egg” grad-
ually becomes oblique.

Figure 8b shows the convergence deformation of the linings for the LR. It can be seen
that the variation of the shape with the change of ¢ is similar to that of the RR. The vertical
convergence of the linings are 22.4, 15.6, 12.7, 11.3, 10.5, and 9.7 mm and the horizontal
convergence values are -12.6, 6.8, -3.2, -1.8, -1.0, and -0.2 mm for ¢ = 0.0 D, 0.05 D, 0.10
D, 0.15 D, 0.20 D, and 0.30 D, respectively. As the value of t increases, the convergence
decreases faster in the LR than in the RR. It indicates that the LR has a better restraint
effect on convergence deformation of the preceding tunnel lining than the RR.

Reference circle (Right tunnel)
——1=0.00D t=0.05D
——1=0.10D ——1=0.15D
———1=0.20D ——=0.30D

Figure 8. The shape of the preceding tunnel: (a) RR; (b) LR; (¢) TR; (d) CR.

Figure 8c shows the convergence deformation of the lining for the TR. With the in-
crease in ¢, the convergence deformation of the lining gradually decreases. The tendency
is very close to the cases of LR. The vertical convergence values of the linings are 22.4,
12.4,10.6,10.1, 9.6, and 9.2 mm and the horizontal convergence values are -12.6, 4.6, 2.2,
-0.6,-0.3, and -0.1 mm for +=0.0 D, 0.05 D, 0.10 D, 0.15 D, 0.20 D, and 0.30 D, respectively.
It should be noted that, at the moment in which the following tunnel passes over the meas-
ured section of the preceding tunnel, the release stress can be effectively reduced by the
LR, so the disturbance transmitted to the preceding tunnel has been very small, and the
reinforcement of the preceding tunnel plays a less obvious role here. Therefore, in accord-
ance with the phenomena observed in the above-mentioned ground settlement and tunnel
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deformation, only the LR can effectively reduce the disturbance of the excavation to the
preceding tunnel.

The convergence deformations of the linings for the CR are shown in Figure 8d. The
vertical convergence values of the linings are 22.4, 20.3, 19.1, 18.2, 17.6, and 16.5 mm and
the horizontal convergence values are -12.6, -11.3, -10.6, -10.3, -10.1, and —9.9 mm for ¢ =
0.0 D, 0.05 D, 0.10 D, 0.15 D, 0.20 D, and 0.30 D, respectively. Compared with other strat-
egies, when t = 0.3 D, the convergence of the lining by the CR still remains large, which
indicates that the CR has a weaker effect on the control of the development of convergence
deformation of the preceding tunnel lining.

Based on the results in Figure 8, the maximum convergence under different cases is
summarized, as shown in Figure 9. With the increase of #, the maximum convergence de-
creases under all of the four strategies, but the effectiveness of increasing reinforcement
thickness becomes weak when ¢ is larger than 0.2 D. Among all strategies, TR is the most
effective at controlling the development of convergence. When ¢ =0.3 D, this approach can
reduce the horizontal convergence by 98.4% and vertical convergence by 56.7% when
compared with the case of t = 0.0 D. The LR shows a similar effect, which results in a
reduction of 86.5% horizontally and 54% vertically. In light of these observations, rein-
forcement of the soil layer around the following tunnel is vital in controlling the impact
of construction of the following tunnel on the preceding one.
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Figure 9. Variation of the maximum convergence of the preceding tunnel with ¢: (a) horizontal di-
rection; (b) vertical direction.

4.4. Internal Force of the Lining of the Preceding Tunnel
4.4.1. Axial Force

Figure 10 presents the axial force distribution of the lining of the preceding tunnel
under different reinforcement strategies, where the axial force refers to the internal force
on the tunnel lining that coincides with the hoop axis. In the figure, the negative value of
axial force corresponds to the tension of tunnel lining. The force on the center of the circle
is —1000 kN/m, while the force on the outermost circle is —2200 kN/m.

The axial force of the lining of the preceding tunnel upon the completion of the fol-
lowing tunnel when the soil layer is reinforced with the strategies of RR is shown in Figure
10a. It is seen that, with the increase in t, the axial force of the preceding tunnel lining
generally decreases. In the case of t = 0.00 D, the maximum and minimum absolute values
of axial forces are 2115.1 and 1432.5 kN/m, respectively, while in the case of ¢t = 0.30 D, the
corresponding values are 1785.3 and 1352.6 kN/m, respectively. For reinforcement with ¢
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=0.30 D, the maximum absolute axial force decreases by about 15.6%, and the minimum
absolute axial force decreases by about 5.6%, which is not a significant change.
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Figure 10. Axial force of the lining of preceding tunnel under different cases: (a) RR; (b) LR; (c) TR;
(d) CR.

Figure 10b shows the axial force of lining of the preceding tunnel upon the comple-
tion of the following tunnel when the soil layer is reinforced with the strategies of LR. It
can clearly be seen that the variation trend of axial force with the increase in f is similar to
Figure 10a, but the decrease rate is faster. The LR can reduce the disturbance to the pre-
ceding tunnel due to the excavation of the following tunnel more effectively. When t =
0.30 D, the maximum and minimum absolute values of axial forces are 1516.9 and 1039.8
kN/m. Compared with the case t = 0.00 D, the maximum absolute axial force decreases by
about 28.3%, and the minimum absolute axial force decreases by about 27.4%.

For the cases of TR, the maximum and minimum absolute values of axial forces are
1513.9 and 1034.8 kN/m when ¢t = 0.30 D. Compared with the case of ¢ = 0.00 D, the maxi-
mum absolute axial force decreases by about 28.5%, and the minimum absolute axial force
decreases by about 27.7%. The degree of impact of reinforcement in TR is similar to that
in LR, which also indicates that reinforcement of the preceding tunnel plays a minor role.

For the cases of CR, the maximum and minimum axial forces are 2010.7 and 1390.8
kN/m, respectively, when t = 0.30 D. Compared with f = 0 D, the maximum absolute axial
force decreases by about 5.0%, and the minimum absolute axial force decreases by about
3%. This shows that, during the excavation of the following tunnel, the CR has a weak
ability to reduce the axial force of the preceding tunnel lining.
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4.4.2. Bending Moment of the Lining of the Preceding Tunnel

Figure 11 shows the distribution of the bending moment of the measured lining of
the preceding tunnel, where the bending moment refers to the moment induced by all
axial forces acting on the cross section of the tunnel lining. In the figure, the positive value
of the bending moment corresponds to the case that the outer side of the lining is in ten-
sion, or the inner side is in compression.

Figure 11a shows the bending moment of the preceding tunnel lining upon the com-
pletion of the following tunnel when the soil layer is reinforced with the strategies of the
RR. With the increase in ¢, the bending moments at the tunnel vault and tunnel intrados
gradually decrease, while the bending moments at the right and left haunch gradually
increase. These phenomena are closely related to the deformation presented in Figure 8a.
When t = 0.00 D, the shape of the preceding tunnel lining resembles a standing “duck
egg”, and the maximum bending moment of the lining is basically located on the arch
crown and arch invert. With the increase in ¢, the shape of the lining shown in Figure 8a
gradually changes to the oblique “duck egg”; the maximum bending moment is basically
located on the left and right haunch. When t = 0.00 D, the bending moment at 90° is 74.4
kN-m/m. When ¢ = 0.30 D, the bending moment at 90° is 49 kN-m/m, and reinforcement of
the soil layer around the preceding tunnel results in a reduction of about 33.8%.

The bending moment distributions of the preceding tunnel lining upon the comple-
tion of the following tunnel when the soil layer is reinforced with the strategies of the LR
are shown in Figure 11b. With the increase in ¢, the variation trend of the bending moment
is similar to the cases of the RR. From Figure 8b, it can be found that, as ¢ increases, the
convergence decreases at a faster rate in the LR than in the RR, and the same is the case
for the variation rate of the bending moment. The position of the maximum bending mo-
ment in the cases of the LR is gradually shifted from 90° or 270° to 165° or 345° of the
lining. When t = 0.30 D, the maximum bending moment at 90° is 42.1 kN-m/m, which
decreases by about 43.4% in comparison with the case of t =0.00 D.

Figure 11c shows the bending moments for the cases of the TR. It can be clearly seen
that the characteristic of the bending moments is the same as that of the LR. When ¢ =0.30
D, the maximum bending moment at 90° is 41.3 kN-m/m. Compared with the case of ¢ =
0.00 D, the maximum bending moment decreases by about 44.5%.

Figure 11d presents the bending moments for the cases of the CR. Similar to the axial
force response presented in Figure 10d, the reinforcement strategy of the CR seems to have
little effect on reducing the bending moment of the lining of the preceding tunnel. When
t =0.30 D, the bending moment at 90° is 71.8 kN-m/m. Compared with ¢ = 0.00 D, it de-
creases by only 3.0%.

Figure 12 summarizes the variation of the maximum axial force and bending moment
at 90° of the preceding tunnel lining with t. It can clearly be seen that, with the increase in
t, the decreasing rate in the cases of the LR is similar to that in the cases of the TR, while
the decreasing rate in the cases of the CR is the lowest. During the excavation of the fol-
lowing tunnel, the transfer of construction disturbances can be effectively hindered only
by the reinforcement of the following tunnel, and the effect of the reinforcement of only
the preceding tunnel is less significant. Reinforcement of the soil layer between the two
tunnels seems to have a very weak effect in terms of controlling the disturbance.
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Figure 11. Bending moment of the lining of preceding tunnel: (a) RR; (b) LR; (c) TR; (d) CR.
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Figure 12. Variation of the maximum axial force and the bending moment at 90° of the preceding
tunnel lining with ¢: (a) axial force; (b) bending moment.

4.5. Comparison

Table 3 shows the improvement efficiency of different reinforcement strategies in
terms of response of the ground surface and the preceding tunnel. The data in the table
refer to the decreased rate of the maximum value in the case of ¢t =0.30 D compared with
that in the case of t =0.00 D. It is clear that the efficiency of the LR and TR are very close,
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both of which seem to be very effective in reducing the disturbance to the preceding tun-
nel. However, the reinforcement strategies of the CR and RR are not as effective as ex-
pected. To take both engineering safety and cost savings into account, reinforcement of
the soil layer around the following tunnel should be an appropriate strategy.

Table 3. Comparison of improvement efficiency.

Reinforcement Surface Tunnel Displacement Lining Convergence . Bending Moment
. . - ; Axial Force
Strategy Settlement Horizontal Vertical Horizontal Vertical at 90°
RR 24.6% 48.7% 57.2% 86.5% 54% 5.6% 33.8%
LR 90.2% 73.1% 63.0% 98.4% 56.7% 27.4% 43.4%
TR 90.6% 73.5% 63.8% 98.6% 57.3% 27.7% 44.5%
CR 18.2% 70.6% 37.5% 21.4% 26.3% 3.0% 3.0%

5. Conclusions

In this study, a series of three-dimensional numerical analyses were carried out, to
simulate construction of a pair of paralleled twin tunnels in a reinforced soil layer. The
influence of the following tunnel excavation on the preceding tunnel when adopting dif-
ferent reinforcement strategies was revealed. On the basis of the numerical results, it is
possible to draw the following conclusions:

(1) The surface settlement profile due to the excavation of the twin tunnels is asymmetric.
The reinforcement strategies of the LR and TR can reduce the surface ground settle-
ment and preceding tunnel deformation more effectively than the strategies of the
RR or CR. When f=0.30 D, the LR and TR can reduce the settlement by more than
90%, the maximum horizontal displacement of the preceding tunnel by more than
73%, and the maximum vertical displacement of the preceding tunnel by more than
63%.

(2) After the completion of the excavation of the following tunnel, with an increase in ¢,
the shape of the preceding tunnel lining gradually changes from a standing “duck
egg” to an oblique “duck egg”. Among all strategies, the TR is the most effective at
controlling the development of convergence. When t = 0.3 D, this approach can re-
duce the horizontal convergence by 98.4% and vertical convergence by 56.7% when
compared with the case of ¢ =0.0 D. The LR shows a similar effect, which results in a
reduction of 86.5% horizontally and 54% vertically.

(3) With an increase in ¢, the bending moments at the tunnel vault and tunnel intrados
gradually decrease, while the bending moments at the right and left haunch gradu-
ally increase. When t=0.30 D, the LR and TR can reduce the maximum bending mo-
ment at 90° by more than 43%.

(4) Inlight of the numerical observations, the reinforcement of the soil layer around the
following tunnel (i.e., LR) is an appropriate strategy, considering both engineering
safety and cost savings.
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