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Abstract. The rapid expansion of underground transportation systems has given rise to a corresponding increase in the
possibility of encountering soft strata, which usually causes substantial ground settlement during shield tunneling. Cement
treatment is typically utilized to alleviate ground settlement induced by excavation. However, the implementation of an
appropriate reinforcement approach and associated system parameters can be challenging due to the complexity of on-site
geological conditions. For long-distance reinforcement projects, this study employs numerical simulations to evaluate the
effectiveness of various reinforcement methods and associated system parameters on ground settlement reduction. The
simulation results indicate that the triaxial mixing pile (TMP) outperforms the umbrella arch (UA) in settlement reduction and
applicability, making it the preferred option for long-distance pre-reinforcement projects. Compared to the scenario without
reinforcement, the ground settlement reduction using the UA is limited to 43.7%, while the TMP achieves a reduction of 67.5%
with optimal parameters. (i.e. 0.5D (tunnel diameter) reinforcement width, 0.5D depth, 0.5 pile length ratio, 3.0D tunnel buried
depth, 1P.r ~ 2P face pressure, and 22% cement incorporation ratios). These optimal TMP system parameters are also
validated through on-site monitoring. Additionally, a new model in which a disturbance correction coefficient &(x) is introduced
is proposed to predict ground settlement of reinforced strata. The findings presented in this study offer a detailed reference for
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similar tunnelling projects where ground settlement is a non-negligible concern.
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1. Introduction

Shield tunneling is frequently employed in construction
of urban underground tunnels owing to its superiorities in
terms of efficiency and safety (An et al. 2022). Providing
real-time feedback from the impact of continuous shield
machine operation on the surrounding conditions can be
challenging. To address this issue, ground settlement is
typically adopted to characterize this impact during
construction. In the past, numerous studies have been
dedicated to settlement analysis utilizing different models,
including empirical formula model (Peck 1969, O’Reilly
and New 1982, Rankin 1988) as well as equivalent stratum
loss model (Sagaseta 1987, Liang et al. 2015, Deng et al.
2022). Peck (1969) proposed the concept of settlement
trough curve that follows a Gaussian distribution and
developed an empirical model for predicting ground
settlement. Subsequently, some researchers modified the
Peck model to accommodate different on-site geological
conditions (Zhang et al. 2022, Song et al. 2019). With the
introduction of the concept of equivalent stratum loss, the
stochastic medium theory, which was initially utilized to
predict surface movement and deformation due to coal
mining, has been further extended to predict ground
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settlement in tunnel construction (Verruijt and Booke 1996,
Zhou et al. 2021). With consideration of the non-uniform
distribution of ground loss and shield shell friction, Deng et
al. (2022) developed a ground loss model for shield
tunneling in curved sections. Besides, numerical simulation
is frequently utilized to evaluate the soil response to
excavation when passing existing structures, as it permits
the quantification of ground settlement at different stages of
tunneling and can be used to simulate a variety of on-site
conditions (Zheng et al. 2020, Zhe et al. 2018, Qian ef al.
2019, Zhao et al. 2019). This numerical simulation also
provides a simplified modeling process for multivariate
analysis under complex conditions (Kasper and Meschke
2006, Chakeri et al. 2011, Mu et al. 2021). As a result,
numerical simulation is often adopted for construction plan
optimization due to its accuracy, efficiency, and cost-
effectiveness.

Underground tunnelling in soft stratum is usually
associated with significant ground deformation (Moon ef al.
2023, Liang et al. 2020, Qi et al. 2022). To mitigate this
issue, cement treatment has been widely used to improve
engineering behavior of soft soil by increasing the bearing
capacity and enhancing stability in construction (Lv et al.
2023, Zhao et al. 2021). Several cement treatment
techniques (e.g., backfill grouting, rotary jet grouting,
mixing pile, and umbrella arch (UA)) are commonly
applied on soft soils (Shao et al. 2022, Lv et al. 2020,
Morovatdar et al. 2020, Zhao et al. 2023). Wherein the pre-
reinforcement technique (i.e., rotary jet grouting, mixing
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Table 1 Soil physical and mechanical parameter

Parameter h* (m) y (kN-m) Ew(MPa) Es.(MPa) Euw (MPa) ¢ (kPa) 0(°) G (MPa)
Mixed fill 3.0 18.20 4.04 6.06 32.32 6.0 15.0 80.80
Fine sandy clay 12.0 17.30 3.00 4.50 24.00 5.0 24.0 60.00
Mucky silty clay 27.5 17.10 2.50 3.80 20.00 12.7 8.0 50.00
Medium sandy clay 7.8 18.20 3.32 4.98 36.56 4.5 26.5 66.40

*h = thickness; y = bulk weight; E,, = tangent modulus; E,. = secant modulus; E,,= unloading modulus; ¢ = cohesion; § = internal friction

angle; G= shear modulus

pile, and UA) is effective in reducing ground settlement
compared with post-reinforcement (i.e., backfill grouting)
as it can be used to reduce ground settlement before and
during excavation.

However, mixing pile, especially triaxial mixing pile
(TMP), has gained popularity for its performance in
economy and applicability (Phutthananon et al. 2021,
Yapage et al. 2014, Zhao et al. 2023). For instance, Pan et
al. (2022) evaluated the impact of soil-cement mixing pile
construction on adjacent shield tunnels. The on-site
monitoring results showed that the ground settlement could
be reduced to less than 4.3 mm with the help of soil-cement
mixing wall. Previous research on TMP focused on the
material properties, including the strength properties,
permeability, volumetric stability, and durability of the piles
(Voottipruex et al. 2011, Gonzalez et al. 2009, Consoli ef al.
2017, Yao et al. 2021). In order to enhance mechanical
properties of pile, one possible alternative is to mix
additives such as fiber, fly ash, and slag (e.g., Shu et al.
2022, Pei et al. 2015, Zhang et al. 2022). Furthermore, a
reasonable layout of mixing piles has been proven to
improve better resistance to deformation (Liu et al. 2012,
Phutthananon et al. 2021, Zhao et al. 2023). Comparative
study of deep cement mixing piles and T-shaped deep
cement mixing pile by Yi et al. (2016) and Phutthananon et
al. (2020) showed that the T-shaped deep cement mixing
pile exhibited better efficacy and less settlement. Yamashita
et al. (2013) employed a grid-form deep cement mixing
wall layout to deal with liquefied sand, which effectively
reduced the settlement of soft cohesive soil below the sand
layer. Despite widespread application of mixing pile
technology, different arrangements of mixing piles are
primarily applied to deformation control in highway
embankment, and existing research on pre-reinforcement
applied to tunnel construction is very limited. Moreover, the
impact of corresponding factors on ground settlement is not
yet fully understood.

The study aims at providing a comprehensive analysis
of the performance of TMP methods and offering practical
guidelines for ground settlement control in tunnel
construction. The suitability of TMP and UA techniques in
controlling ground settlement during tunneling is evaluated.
The optimal system parameters, including reinforcement
range, pile length ratio, tunnel buried depth, and face
pressure, for TMP are also determined through numerical
simulations. Subsequently, the optimal system parameters
are applied to the shield section project, and a modified
model is developed based on on-site monitoring data to
predict the ground settlement.
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Fig. 1 Overview of the tunnels

2. Project overview

The shield tunnel section from Foshan Line 3 Creative
Park Station to Jurong North Road Station is located in the
Pearl River Delta of China. The tunnel to be built is
composed of double lines, with an outer diameter of 6.2 m.
The buried depth of the tunnel ranges from 9.06 m to 21.32
m at a center to center spacing of 15 m. The slurry shield
used in the project is 6.45 m in mouth diameter, 6.43 m in
tail diameter, 8.2 m in length, and equipped with 0.35 m
thick segments made of C50 concrete.

The strata within the depth of the interval survey
consists of mixed fill, fine sandy clay, mucky silty clay, and
medium sandy clay (Fig. 1). The fundamental properties of
the soil strata that the shield passes through have been
determined based on a site investigation and laboratory tests
as presented in Table 1. Evidently, the tunnel mainly
traverses through the mucky silty clay layer which is
associated with a low bearing capacity and highly
susceptible to disturbance. As a result, the ground surface
would suffer from settlement problems and in-place tunnel
segments would subject to uplift. Given the complexity and
risks posed by the specific site condition, selection of an
appropriate reinforcement method is critical for safety
during tunnel excavation.

3. Numerical modeling

The section of Foshan Metro Line 3 in China,
specifically the DKI15+55.764-DK15+112.301 mileage,
which crosses through the most unfavorable soil layer, was
chosen as the modeling section for the shield tunnel. This
section, which spans a length of 57 meters, posed a
significant challenge to tunnel construction. To address this
issue, pre-reinforcement measures were deemed necessary
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Fig. 2 Simulation model for pre-reinforcement

for the soft stratum. This study employed TMP as the pre-
reinforcement solution, with UA serving as an alternative
option in situations where reinforcement from the ground
surface is not optional. In order to investigate the pre-
reinforcement technology for reducing ground settlement
during shield tunneling in soft strata, numerical simulations
and comparative studies on soil deformation were
conducted, employing TMP, UA, and no reinforcement.
Additionally, several assumptions were made to simplify
the modelling and improve the operation efficiency: (1) The
soil was homogeneous and linear elastic under undrained
condition; (2) All materials were homogeneous, continuous
and isotropic, and the soil layer was distributed horizontally
in layers; (3) Stratum deformation caused by pre-
reinforcement construction was not neglected; (4) Only
self-weight of soil and tunnel segment structure was taken
into consideration as load and the dynamic load during
construction was neglected; (5) The effective range of
synchronous grouting behind the wall was set to be the
same as the length of the shield tail ring, i.e., 1.5 m; (6)
Groundwater seepage was ignored.

3.1 Model establishment

(1) Triaxial mixing pile

A simulation model in which TMPs were applied was
developed to achieve better engineering performance and
economic efficiency. The model consists of five rows of
TMPs at a spacing of 2.4 m along the axial direction of the
tunnel. The reinforcement started from 3 m above the tunnel

vault to 14.8 m below the arch bottom, with a total height of
24 m. In the direction perpendicular to the axial direction of
the tunnel, 13 columns of TMPs were constructed at a
spacing of 1.5 m, and the reinforcement started from 3 m
above the tunnel vault to 3 m below the arch bottom, with a
total height of 12.2 m. Each TMP consists of three circular
sections with a diameter of 850 mm and a center-to-center
distance of 600 mm as shown in Fig. 2(a).

(2) Umbrella arch method

In the light of previous researches on the optimization of
UA technology (Morovatdar et al. 2020) and the specific
construction requirements of the project, a reinforcement
range of 180° along the circumferential direction of the
tunnel was chosen for the shield machine arch. To ensure
adequate resistance to deformation in the soft stratum, the
slurry diffusion radius was set to be 1.2 m and the grouting
pipe length was set at 10 m, considering the soil layer
distribution at the site and the structural characteristics of
the shield machine. The specific layout is shown in Fig.
2(b).

3.2 Model setup

In order to take the influence of size and boundary effect
on shield tunneling into consideration, the influence zone of
shield construction in all directions was selected to be 3-5
times of the tunnel diameter. Consequently, the dimension
of the model was set to be (74x70%50.3) m. To reach high
simulation accuracy, the model mesh was set as follows: the
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Fig. 3 Vertical displacement obtained using distinct reinforcement approaches
represents soil settlement,'+' represents soil heave (unit: mm)

Table 2 Physical and mechanical parameters of materials

Parameter Material model h (m) y (kN-m) E. (MPa) v¥ G (MPa)
Shield machine Linear elasticity 0.35 120 2.3x10% 0 11.5x103
Cement-soil mixture Mohr-Coulomb -- 20 165 0.2 60.0
Concrete segment Linear elasticity 0.35 27 3.1x10% 0.1 --

*y = Poisson’s ratio; E. = elastic modulus

10-node tetrahedral solid element was adopted to simulate
the soil element, reinforced bodies, and tunnel segment with
roughness coefficients of 1, 0.5, and 0.3, respectively. The
shield machine was simulated using 6-node plate elements,
while the contact surface between the shield machine and
soil were simulated using 12-node interface elements.
Moreover, to simulate the loss of stratum, the face
shrinkage of the shield machine was set as (6.45-
6.43)/6.43=0.3%. The grouting process was also accounted
for, with the grouting pressure set within 1.5 m at the end of
the shield to simulate grouting, while the grouting pressure
at the upper and lower pipe was set to be 0.2 MPa and 0.25
MPa, respectively. The convergence criterion for numerical
analysis is defined by the global error (i.e., force and
moment residuals), with a threshold of less than 0.01. This
strict standard ensures accurate force equilibrium within the
system. Furthermore, each phase was restricted to a
maximum of 30 iterations to maintain computational
efficiency. This limit prevents excessive computation time
while preserving the required accuracy for modeling ground
settlement in shield tunneling.

3.3 Mechanical parameters for pre-reinforcement
models

A soil constitutive model should be able to capture the
stress-strain  behavior of soil under diverse loading
conditions. Stress redistribution and soil disturbance from
shield tunneling in soft ground is usually associated with
substantial deformation, characterized by pronounced
nonlinear stress-strain behavior. The hardening soil model
with small-strain stiffness (HSS) is suitable to simulate soil
compressibility through nonlinear constitutive law, which is
uniquely superior in simulating soft clay (Benz 2007).
Additionally, the HSS model is able to capture plastic flow
and shear strength variations in soft soil and is applicable to

settlement predictions across various soft soil strata
(Schiena et al. 2024). Consequently, the HSS model was
selected for the simulation in this study. The main material
parameters for the HSS were determined through a
combination of investigation reports and laboratory studies
as presented in Table 2.

3.4 Simulation results

The displacement fields (i.e. axial profile of the tunnel)
obtained through different reinforcement approaches are
depicted in Fig. 3. The results reveal two similar
displacement patterns: (1) During tunneling, the soil layer
below the shield experienced a settlement and the soil layer
above was subjected to heave due to the compression of soil
during shield tunneling. (2) The deformation of the soil
occurred mainly at the gap between the shield and the
segment due to the release of stress after the excavation. As
a result, the soil deformation could be effectively mitigated
by timely and synchronous grouting at the shield tail and by
appropriately increasing the grouting pressure and volume.

As illustrated in Fig. 3(a), due to the disturbance
introduced by tunneling, the maximum settlement of the
shield tunnel upon arrival without reinforcement is 26.9
mm, which is not satisfactory for settlement control. The
effectiveness of pre-reinforcement in controlling ground
settlement is demonstrated in Figs. 3(b) and 3(c) in which
the settlement reduced to less than 10 mm after the
treatment. Comparing with Fig. 3(a), the deformation of the
soil treated by UA or TMP method is significantly lower
than that of soil without reinforcement. This is attributed to
the hydration of cement which turns the soft soil into a
cement-soil mixture with better integrity, water stability,
and strength. Consequently, the disturbance to the
surrounding soil during tunneling can be significantly
reduced with help of the UA or TMP.
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Fig. 4 Ground settlement curve of transverse section
under distinct reinforcement approaches

Fig. 4 illuminates the ground settlement at the same
transverse section of the shield upon arrival, obtained
through  simulation using different reinforcement
approaches. The settlement curve is asymmetric and
approximately V-shaped. The maximum settlement deviates
from the tunnel centerline towards the direction of the left
side which is already subjected to excavation. The
surrounding soil at the left is reinforced by synchronous
grouting after tunneling, which results in a better
performance in overall strength and stability.

The results illustrated in Fig. 4 indicate a significant
reduction in ground settlement after reinforcement.
Specifically, the maximum ground settlement decreased
from 27.7 mm with no reinforcement to 15.6 mm after
adopting UA, and to 8.9 mm after TMP treatment. The TMP
performs better than UA in terms of reducing ground
settlement. This is attributed to the TMP is implemented
through mixing the slurry with in-situ soil by stirring,
resulting in less disturbance to the surrounding soil
compared with UA. Additionally, the reinforcement zone of
TMP is larger than that of UA. Notably, the reinforcement
mechanism of UA relies on two parts, namely the grouted
steel pipes erected ahead of the tunnel face and the injected
cement grouting, both of which do not involve any
construction on ground surface. Therefore, UA is only
preferable when reinforcement from the ground surface is
not optional.

4. Parametric study

Previous section has validated that TMP is a preferrable
pre-reinforcement method against UA in cases when
construction on ground surface is allowable. To further
reduce ground settlement more effectively, it is necessary to
quantitatively determine the optimal system parameters.

4.1 Reinforcement zone

The determination of reinforcement zone on ground
settlement was divided into two steps: (1) The
reinforcement depth was fixed at 0.5D (where D is the
tunnel diameter) above the tunnel vault to 0.5D below the
tunnel arch bottom, with the pile length ratio (short pile:
long pile) and tunnel buried depth of 1:2 and 3.0D,
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Fig. 5 Curve diagram of ground settlement varying with
reinforcement range of short pile

respectively. The reinforcement width was then adjusted to
be 0.4, 0.5, 0.8, 1.0, and 1.2D on both sides of the tunnel;
(2) The reinforcement width, pile length ratio, and tunnel
buried depth were fixed at 0.5D, 1:2, and 3.0D,
respectively. The reinforcement depth was then selected as
0.3,0.4, 0.5, and 1D.

Fig. 5 presents the variation of the ground settlement
curves with different sizes of the reinforcement zone. The
shapes of the ground settlement curves are similar with a
slight variation in the maximum ground settlement. This
variation mainly occurred near the centerline of the tunnel,
and the settlement gradually decreased with increasing
distance from the tunnel centerline. Moreover, there exist a
critical reinforcement range for the impact on ground
settlement. As depicted in Fig. 5(a), an increase in the
reinforcement width from 0.4D to 1.2D resulted in a sharp
decline in the maximum ground settlement from 11.2 mm
(0.4D) to 9.0 mm (0.5D), followed by a continuous
decrease to 7.5 mm (1.2D). This phenomenon is attributed
to the fact that the soil disturbance caused by excavation
decreases as the distance from the tunnel increases.
Therefore, to effectively control ground settlement, it is
recommended to use a reinforcement width of 0.5D, which
strikes a balance between reinforcement effectiveness and
cost-effectiveness.

As shown in Fig. 5(b), the resistance of the reinforced
body was insufficient to effectively restrain soil
deformation when the reinforcement depth was 0.3D,
resulting in a maximum ground settlement exceeding 20
mm. However, the ground settlement was reduced to 9.0
mm when the reinforcement depth was increased to 0.5D,
which was only 32.5% of the settlement without
reinforcement. Further increasing the reinforcement depth
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to 1D only slightly reduced the ground settlement due to the
limited range of soil disturbance during tunneling.
Therefore, the optimal reinforcement depth is recommended
to be from 0.5D above the tunnel vault to 0.5D below the
tunnel arch bottom.

Fig. 6 depicts the maximum ground settlement with
different sizes of reinforcement zones. The results indicated
that the influence of the depth on ground settlement was
greater than that of the width within a reinforcement of
0.5D. This is because the stratum loss mainly concentrates
above the tunnel. The impact on settlement caused by the
reinforcement range beyond 0.5D is almost the same. In
addition, the disturbed soil resulted in localized stress
variation, which means that there exists an optimal
reinforcement range. As shown in Fig. 6, the soil
redistributes from the three-dimensional stress state to the
radial stress o, and tangential stress o;, forming two regions
around the tunnel, i.e., the loose ring (stress-concentrated
area), and the tight ring (stress-relaxed area). The stress in
the tight ring is unable to transfer effectively to the distant
soil. Therefore, timely and effective reinforcement can limit
soil deformation and reduce the expansion radius of the
plastic zone. In this case, the range of 0.5D outside the
tunnel has already offset most of the stress and deformation.

Sufficient self-stiffness and total stability of the cement-
soil mixture is the key to ensure minimal settlement, where
pile stability is achieved by inserting the pile into the firm
layer generally. However, in areas where the soft stratum is
particularly thick, this will result in high cost of the project.
To achieve both effectiveness and economy, this study
adopts a long and short pile arrangement, where the depth
of the long pile is determined by the ratio of long and short
piles. The results of ground settlement under different pile
length ratios are presented in Fig. 7. It can be observed that
with an increase in the pile length ratio, the settlement
decreases. This is attributed to the increased friction caused
by the increased contact surface between the pile and the
surrounding soil, which in turn improves the integrity of the
cement-soil mixture. The maximum ground settlement was
14.8 mm when the pile length ratio was 1:1, while it was
significantly reduced to 6.4 mm (43.2%) with a pile length
ratio of 1:2. As the pile length ratio increased from 1:2 to
1:3, the reduction in settlement was only 1.3 mm (7.7%).
Therefore, it can be concluded that the optimal
reinforcement effect can be achieved when the pile length
ratio is 1:2.
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Fig. 7 Ground settlement curve of transverse section
under different pile length ratio

4.2 Tunnel buried depth

Considering the complexity of the ground conditions in
the study area, it is necessary to conduct a thorough analysis
of the buried depth of tunnels to determine the most feasible
alternative. In this study, a parameter based on varying
tunnel buried depths was used for modeling, and the buried
depths considered were set at 1.5D (9 m), 2D (12 m), 2.5D
(15 m), 3D (18 m), and 3.5D (21 m). The influence of
varying tunnel buried depths on ground settlement is
presented in Fig. 8. The results indicate that with increasing
buried depth, the ground settlement gradually decreases
between the inflection point on both sides of the centerline,
while the opposite trend is observed outside the inflection
point on both sides. Furthermore, as the ground settlement
increases, the width of the settlement trough becomes
narrower, which is attributed to the soil near the centerline
of the tunnel sinking and exerting a squeezing effect on the
soil on both sides and the effect becomes more pronounced
with the increase of the settlement. Moreover, after a certain
buried depth (3D), the influence on the vertical
displacement stabilizes. Therefore, it is recommended to
control the buried depth of the tunnel around 3D, which can
effectively reduce ground settlement. Additionally, Fig. 9
depicts the impact of different tunnel buried depths on
ground settlement. The settlement trough curve is relatively
deep and narrow at a shallow buried depth of the tunnel
since the range of soil disturbance is limited. The ground
settlement trough gradually changes from an approximate
V-type to W-type, which indicates that under shallow
buried depth, the superposition effect between double-track
tunnels is smaller.

Based on a large number of measured data, Zhu (2021)
concluded that the settlement trough shape is approximately
a primary function of H/D and L/D. Fig. 9 shows the
dividing curve of the settlement curve form. When the
location parameter coordinates of the tunnel are in the lower
region of the function, the ground settlement trough form is
single-peaked (i.e., V-type). On the other hand, when the
location parameter coordinates are in the upper region of
the function, the settlement trough form is double-peaked
(i.e., W-type). In this study, L/D = 1.5, which corresponds
to the curve H/D = 2.15, indicating that the settlement curve
is double-peaked W-shaped when H/D is less than 2.15 and
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single-peaked V-shaped when it is greater than 2.15. This is
consistent with the change of curve shape observed in this
study, suggesting that the tunnel spacing and burial depth
primarily influence the settlement trough shape, while the
influence of the stratum is smaller.

4.3 Pressure of tunnel face

The excavation process of a slurry shield involves
resisting earth pressure and water pressure by utilizing the
hydraulic pressure of the muddy water. The pressure
generated is commonly referred to as the tunnel face
pressure and its value is highly dependent on the soil
constraint conditions (Park 2022). Determining a suitable
range for the face pressure is of utmost importance to
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Fig. 10 Vertical displacement curve of transverse section
under Tunnel face pressure

ensure the safety and cost-effectiveness of the tunnel
construction. Generally, the face pressure is set to exceed
the static earth pressure Py, which can be calculated using
the following formula

R, =@-sing)-y -h 1)

Where 6; is friction angle (°), y; denotes bulk weight of
overburden soil (kN-m3) , %; is thickness of stratum (m).

When adopting the cement-soil mixing method to reinforce
soft foundation, the bulk weight of slurry mixed into the
soft soil is similar to that of in-situ soil. Therefore, the bulk
weight of the cement-soil mixture is approximately taken as
the bulk weight of natural soil, and the friction angle of the
cement-soil mixture is taken as 45° for safety. Without
considering groundwater, the static soil pressure Py at the
tunnel face pressure can be calculated using formula (1) as
Py = 170 KPa. Taking Prr = 0.17 MPa as the reference
equilibrium pressure, the analysis was conducted for three
values of the pressure of tunnel face, namely Prer, 2Prer, and
3P ref.

Fig. 10 illustrates the vertical displacement curve of the
transverse section under varying tunnel face pressure. The
magnitude of ground displacement increased as the distance
from the central axis of the tunnel decreased, with the
displacement peak value observed on the central axis.
Furthermore, as the pressure increased, the deformation
changed from settlement to heave. Settlement occurred
when the tunnel face pressure (Prf) was smaller than the
lateral earth pressure, leading to the squeezing of the
surrounding soil towards the inner side of the cutter head.
Conversely, when the pressure (2Prr) exceeded the lateral
earth pressure, the deformation presented a heave. Beyond
the pressure of 2Py, the ground deformation in front of the
cutter head gradually increased. However, the vertical
displacement difference was slight when the tunnel face
pressure varied between Prs ~ 2Prf, indicating that the
stratum after reinforcement withstands a wider range of
variation of tunnel face pressure. Additionally, the preferred
face pressure results are consistent with the (1.4~1.6) Po
provided by Mao (2006), suggesting that reinforcement has
little effect on the tunnel face pressure and is mainly
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influenced by the tunnel buried depth and geological
properties. Based on the most unfavorable working
conditions and safety factors, the range of tunnel face
pressure between Prr ~ 2Pt was recommended as it was
rational for resisting earth pressure.

5. Engineering application
5.1 Project reinforcement scheme

According to the research results of numerical
simulation and combined with the actual situation, the grid
type TMP was finally utilized for pre-reinforcement in this
project, using parameters optimized in the previous
numerical simulation (the range of short pile and the buried
depth of the tunnel were set to be 0.5D and 3D,
respectively, the depth of long pile is set to 2 times of short
pile, and the face pressure was to be within Prer ~ 2Prer).

To determine the project configuration of slurry through
the mechanical properties of the cement-soil mixture, this
section investigated the stress-strain relationship curves of
mucky silty clay at diverse cement incorporation ratios (4%,
10%, 16%, 22%, 28%) at a 28-day curing period. As shown
in Fig. 11, with the increase of cement admixture ratio, the
compressive strength of soil sample gradually increases and
the brittle characteristic gradually became obvious, this was
since the brittle characteristics of the cement-soil mixture
were obvious when the cement admixture reached a certain
amount, which was typical of brittle damage. Besides, the
maximum stress appeared at a smaller strain (before 1%)
after the cement incorporation ratio reached 22%, and the
peak shear strain increased gradually with decreasing
incorporation ratio, while the stress grown slowly with
increasing strain at low cement incorporation ratio.
Combined with the specific working conditions of the
project, it is recommended that the compressive strength of
the mixture design should be maintained at a minimum of
0.8 MPa. Accordingly, it is deemed appropriate to select a
cement admixture ratio of 22%.

The interval reinforcement adopted 850@600 triaxial
mixing pile (i.e., the effective cross-sectional area of the
single pile was 1.495 m?), the amount of P.O 42.5 silicate
cement in the slurry, average unit weight of stratum and the

Tunnel centerline

Fig. 12 Diagrammatic drawing of monitoring point layout

water-cement ratio in the field were 22%, 1.8 X 10° kg /m?
and 1.5~2.0, respectively, then the amount of cement per
meter for a single pile was 1800 kg/m3x1.495 m?x1 mx22
%=592 kg, and the amount of cement slurry per meter for a
single pile was 592 kg + 592 kgx (1.5~2.0) = (1.48~1.78) X
10° kg.

To monitor the ground settlement, 10 measuring points
were installed transversely every 50 m in the tunnel, and
symmetrically arranged from the centerline of the tunnel to
the two sides at a distance of 2 m, 7 m, 12 m, 22 m and 37
m respectively, the specific arrangement of the monitoring
point is depicted in Fig. 12.

5.2 Discussion of settlement and modified model

In this section, some research methods and results on
ground settlement are discussed, and modified based on
existing models, a modified model is developed to simplify
the prediction of the ground settlement trough curve of the
reinforced stratum.

The concept of settlement trough curve conforming to
Gaussian distribution was first proposed by Peck (1969),
who also developed an empirical model for predicting
ground settlement.

XZ

27

S(x) = él exp(-

Where x is the distance from tunnel centerline (m), S(x)
is the ground settlement value at x from the tunnel
centerline (mm), 7 is settlement trough width (m) and V; is
stratum loss per unit length of tunnel. Subsequently, various
studies revolve around the modification of parameters i and
V71 in the Peck model to suit different construction condition.
In this study, the stratum loss rate is based on the experience
of the Foshan soft soil area (Wu and Zhu 2018), and the
average value is V; = 1.57%. Settlement trough width i is
determined through an empirical method developed by Mair
etal. (1993), i.e., Eq. (3).

i=K(H-2) ?)

) )

Where K is a constant for a specific depth, z is depth of
the settlement trough from the ground surface (m). Wang et
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al. (2016) obtained (H - z) / H = -2.8 K + 2.1 through
extensive model tests. When z takes the value of 0, K=0.4,
and then Eq. (4) is obtained as ground settlement model.

2 2

VI
27 xKH expl- 2(KH)] 2.63exp(- 2x 722) “)

However, numerous studies have taken inconsistent
estimates of parameter i. Therefore, considering the non-
uniform stratum loss during shield tunneling, Sagaseta
(1987) proposed an equivalent ground loss model without
parameter i

S(x) =

Vi_H
7zX+H2

S(x)=— ®)

Where, H is the buried depth of tunnel (m). Based on a
large number of measurement data of tunnel excavation.
However, none of the above models have specific
application specific soil layers. Therefore, Loganathan and
Poulos (1998) proposed a non-uniform radial analytic
solution suitable for clays (6)

(6)

_ 2
S(x)=Smax-exp{ 1.38x }

(H+D/2)>

Where Smax 1s the maximum of ground settlement (mm).
Regarding complex conditions with limited data, Smax is
difficult to obtain in the Loganathan model, Therefore, the
Sagatega solution is used to estimate this value.

\

max =
7H

S ()

In order to optimize the calculation, this paper assumes
that the settlement trough of the double track tunnel remains
axisymmetric, hence the obtained model results are all
shifted to the left by 2 m. As depicted in Fig. 14, the results
of the above models do not agree with the measured results,
it is attributed to that these models have great regional
limitations and none of them consider the effect of pre-
reinforcement on ground settlement. Therefore, considering
that the soil disturbance decreases exponentially with
increasing off-axis distance (Zhou et al. 2021), this paper
introduces the disturbance correction coefficient &(x) to
predict ground settlement.

E(X) =C +C (e —1) (8)

Where C is coefficient related to the layout of two
tunnels, operating condition (Shield tail clearance, turning
radius of the tunnel, and grouting effect), and geological
condition. the maximum ¢&(x) is C above the axis, and the
minimum ¢&(x) is close to 0 at the edge of the settlement
trough. Modified based on existing models, the new model
is as follows

_ 500V, -1.38x2
()= 7H eX'{(H+D/2)Z} ©)

When C = 0.321 is basically the same as the measured
settlement curve, hence the ground settlement caused by
tunneling after pre-reinforcement can be modified as
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Fig. 13 Measurement and diverse models results of
ground settlement

0.321+0.321(e °®* —1) |-v, ~1.38x2
S(x):[ ] : P[
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Fig. 13 displays a comparison between the measured
settlement data and the results obtained from various
models. The settlement predictions from Sagaseta (1987)
and Loganathan and Poulos (1998) are obviously excessive,
mainly because they neglect the impact of soft soil
reinforcement on reducing ground settlement. On the other
hand, Wang et al. (2016) underestimate the settlement value
since they fail to consider the superposition effect of the
double line on the settlement. In contrast, the simulation
and modified model proposed in this article demonstrate
good agreement with the measured data. These results
rationally reflect the actual settlement on the site and
highlight the superiority of the modified model compared to
existing models.

6. Conclusions

Numerical simulation was adopted to evaluate the
performance of TMP and UA for ground settlement control
and determine the optimal system parameters for the
implementation of TMP during shield tunneling in soft
stratum, and the preferable method (i.e. TMP) was applied
to Chuangju shield section project of Foshan Metro Line 3.
In addition, by taking advantage of field measurement data,
a modified model was developed to predict the ground
settlement of similar pre-reinforcement projects. The
following conclusions can be drawn:

* The ground settlement is primarily caused by soil
deformation at the gap between the shield and segment and
can be significantly reduced by pre-reinforcement.
Compared to the scenario without reinforcement, the
ground settlement can be reduced by 43.7% using the UA,
67.5% using the TMP with optimal system parameters.

* TMP outperforms UA in settlement reduction and
applicability, making it the preferred option for long-
distance pre-reinforcement projects. There exists a critical
reinforcement range (approximately 0.5D in this study)
when the TMP was adopted for reinforcement, within which
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the ground settlement decreases rapidly with the increase of
the reinforcement range, and sensitivity of ground
settlement to the reinforcement depth was greater than that
to the reinforcement width; however, beyond the critical
value, the reinforcement range only demonstrate a slight
impact and difference on reducing ground settlement. For
better reinforcement benefits, it was recommended that the
reinforcement depth of short piles should be controlled from
0.5D above the tunnel vault to 0.5D below the tunnel arch
bottom, the length of long piles should be controlled at
twice the length of short piles, and the reinforcement width
should be 0.5D on both sides of the tunnel.

* The shape of ground settlement trough changes from
approximate W-type to V-type with the increase of buried
depth. There are two inflection points, and the maximum
ground settlement between the inflection points gradually
decreases and tends to be stable after 3D. Meanwhile, it
gradually increases outside the inflection points. The
deformation of the soil in front of the cutter head changes
from settlement to heave with the increase of the face
pressure when the buried depth of the tunnel is 3D. Besides,
the stratum after reinforcement withstands a wider range of
variation of tunnel face pressure, and it is relatively
balanced with the surrounding earth pressure under the face
pressure of Prer ~ 2 Prer, with little disturbance to the soil.

* The disturbance correction coefficient &(x) is introduced
to correct stratum loss rate, and it varies exponentially with
distance x from the axis of the tunnel. The results of
simulation and the modified model in this article for ground
settlement are in good agreement with the measurement
results, and equivalent ground loss models based on soft
ground are better applied to modify and predict ground
settlement for double track tunnel after pre-reinforcement.
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