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Abstract: The underground hole pile excavation method causes a large vertical displacement in
a weak stratum, which affects the safety of structures. For the first time, the hole pile excavation
method is being used to construct a subway station in South China, and the settlement law of the area
is not clear. It is important to clarify the deformation law of the hole pile excavation method in weak
strata and the effect achieved by appropriate reinforcement measures. In this paper, by establishing a
three-dimensional finite element model of the structure–soil contact element and combining it with
the field monitoring data, the law of surface settlement caused by the hole pile excavation method
with different thicknesses of the weak stratum has been studied. In order to improve the stability
of the surrounding rock and reduce the vertical deformation of the surface, the Metro Jet System
(MJS) is used to form inclined piles in the area of large surface deformation, and the effect after
reinforcement was evaluated. The results show that as the weak layer thickness ratio increases, the
surface settlement also increases. In the case of no reinforcement, a vertical settlement of 116 mm
can be achieved when the thickness of the weak layer is 14 m. The vault of the tunnel is in the weak
layer and the deformation is obvious. When the vault is not in the weak layer, the settlement is
obviously reduced. After MJS pile reinforcement, under the action of soil extrusion, the self-stability
of the surrounding rock is strengthened, and the oblique jet grouted pile forms a stable ‘triangle’. The
vertical settlement value is basically stable at around 30 mm, which meets the requirements of the
regulations. If the tunnel is not reinforced, the self-stability of the surrounding rock above the tunnel
arch is poor and the maximum settlement is at the surface. After MJS reinforcement, the maximum
settlement is at the vault. The vertical settlement of the ground surface can be effectively controlled
by using the MJS pile forming technology in the middle of the tunnel pile driving method.

Keywords: tunneling; pile excavation method; weak stratum; MJS method; structure–soil interaction

1. Introduction

As urbanization continues, the influx of large numbers of people into the city has
led to traffic congestion [1]. Rail transit can better solve the problem of traffic congestion
and provide residents with fast and convenient travel due to its barrier-free underground
passage [2,3]. Subway construction is mainly based on the cut-and-cover method and the
undercutting methods. Compared with the undercutting method, the open cut method
does not require much consideration of geological conditions, but it does require excavation
of the road, which disrupts traffic. Especially for the main roads of megacities, it seriously
affects the travel of citizens and even interferes with the operation of the city. In the city
center, to build subway stations, most cities still use the underground excavation method.
In China, Turkey, Vietnam, the United States, Denmark and other countries, there are
a large number of soft strata in coastal areas, and since most of the urban rail transit is
underground, the concealed subway station is inevitably built in the soft strata [4,5]. As a
special geological environment, the weak layer has a low quality of the surrounding rock.
After tunnel excavation, the stress released by the free face is relatively large, which easily
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causes the structure to settle, affecting the tunnel under construction and the surrounding
environment [6,7]. Every year, the number of surface landslides caused by underground
excavation and construction of underground projects around the world is large, which
seriously affects traffic safety and the safety of people’s lives and property. Therefore,
the construction of subway station by an underground excavation method must strictly
control the surface subsidence to prevent collapse. The hole pile excavation method has
relatively high settlement requirements. From the existing research, it can be known that the
construction of the pilot tunnel and the arch structure are the main causes of settlement [8].
It is particularly important to study the influence of the depth of the weak layer on the
surface settlement of the underground pile-face method.

The high-pressure jet grouting method can be considered for the reinforcement of
tunnel-surrounding rocks with poor stability [9,10]. The traditional high-pressure rotary
jet grouting method will have a large squeezing effect on the surrounding area during
the construction process, causing ground uplift, surface cracking, etc., which will affect
the normal use of surrounding buildings and municipal pipelines, and even cause more
serious damage [11]. Anchor reinforcement and pipe roof reinforcement can play a role in
some projects, but they are slightly inferior to those in areas with large soft strata. Based on
the high-pressure rotary jet grouting method, an all-round high pressure rotary jet grouting
method, known as MJS, has been developed [12,13]. The unique porous pipe and front-end
positive suction device are used to realize positive grouting in the borehole and pressure
monitoring in the ground. By using this technology, the slurry discharge can be adjusted,
the ground pressure can be effectively controlled, the ground pressure condition can be
stabilized, the surface settlement can be reduced, and the environmental impact can be
greatly reduced. Compared with the traditional jet grouting technology, this technology
is more advanced and environmentally friendly, which can significantly ensure the pile
diameter and engineering safety.

Due to its complex mechanical conversion system [14], the excavation area of an
underground subway station is relatively large. Historically, it has been difficult to con-
struct subway stations using concealed piles in soft ground due to economic and technical
constraints. With the development of the economy and the improvement of technology, the
technology of underground pile driving in soft ground has gradually been applied to the
construction of subway stations. However, it often causes relatively large surface subsi-
dence, which requires repeated grouting reinforcement, which easily delays construction
progress, but also causes layer instability and increases risks. Based on the data of field
monitoring, the horizontal MJS grouting method [15,16] can effectively control the settle-
ment of a soft soil tunnel, achieve the effect of strengthening the foundation, and reduce the
surface uplift caused by grouting to achieve the effect of micro-disturbance. The MJS pile
can also be used to reinforce the weak foundation in the vertical direction to improve the
bearing capacity of the foundation [17]. The MJS grouting method does not require a large
area, and it can also be used to reinforce the foundation in a narrow space, such as when
the shield tunnel passes through the pedestrian passage and the bridge pile [18]. The MJS
grouting method can also be used in karst areas to avoid the influence of ground movement
of adjacent piles caused by deep excavation [13]. The tunnel pile driving method does
not need to destroy the road surface and does not affect the construction technology of
traffic operation [19]. Taking advantage of the MJS method, which can be grouted at any
angle, the surface settlement caused by the tunnel pile excavation subway is grouted and
reinforced, and then the tunnel soil is excavated to reduce the stress loss and control the
surface settlement.

The development of computers has been helpful in solving the non-linear problem of
tunnelling, and the numerical approximate solution of the partial differential equation can
be solved by powerful computing power [20,21]. The maximum vertical displacement of
existing adjacent tunnels is analyzed using the finite element principle [22]. Finite element
numerical simulation is used to study the settlement control problem caused by excavation
of the tunnel arch structure [23]. MJS grouted reinforcement forms piles. The contact area
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between the soil and the pile is relatively large. When the soil moves, relative displacement
occurs. At this time, the structure–soil contact must be considered. The structure–soil
contact problem is a very complex, non-linear problem, but the finite element analysis
software can solve the pile–soil and structure–soil contact problems [24,25].

MJS pile-forming technology is most commonly used for vertical or horizontal foun-
dation reinforcement. For the section with large settlements, the original method of large
tubular sheathing and grouting cannot reinforce the strength of the surrounding rock. In
the first construction stage of the bored pile method, the construction of the pilot tunnel
causes large settlements. Therefore, this paper explores the use of the MJS method to
reinforce the foundation and establishes a nonlinear finite element model considering the
structure–soil contact, and comprehensively evaluates the effect of MJS pile reinforcement.
At the same time, the influence of different thicknesses of the weak layer on the surface
settlement is also analyzed, which lays the foundation and accumulates experience for the
promotion of the cavity pile concealed excavation method in South China, and even in
countries or regions around the world where there are soft soil areas.

2. Engineering Case
2.1. Engineering Overview and Difficulties

The metro station under construction is located on the busy Guangzhou Dongfeng
Road, and a large number of pipelines are buried under the road. In order to avoid
disruption of traffic and pipeline relocation, the construction unit clearly adopts the hole
pile method in the feasibility analysis report. Before the construction of the hole pile method,
the first step is to excavate the vertical shaft, similar to the foundation pit, vertically and
on the road surface. After reaching the specified height, the horizontal trench is excavated
vertically and on the cross section of the road, and then the underground station is excavated
horizontally with the road. The first step in the hole pile method is to excavate the pilot
tunnel and construct the lining. In this case, it is a hole pile method with three pilot tunnels
and double arches. The second step is to construct side piles and steel pipe piles in the
pilot tunnel; the third step is to construct two vaults to form a stable pile-beam-arch frame
structure in the tunnel to protect a large area of the excavation. The fourth step is to excavate
the negative second floor of the station and construct the side wall, central slab, and floor
slab, as shown in Figure 1. However, due to the variable complexity of the geology in South
China, the station is located in the thick section of the weak layer during the construction
process. The surface settlement caused by the excavation is relatively large and requires
continuous grouting reinforcement, which seriously affects the construction progress and
even causes safety accidents. Above the underground excavation station is a normal road,
which cannot be completely closed during construction.

2.2. Geological Engineering Condition

The stratigraphy of the subway station is not uniform from east to west, and the
thickness of the weak layer gradually increases, leading to an increase in unstable factors.
The soil layers from top to bottom are plain fill, plastic residual soil, heavily weathered
siltstone, and lightly weathered conglomerate, with alternating hard plastic residual soil
and fully weathered clastic rock. The stratigraphic section is shown in Figure 2. Due to
the uneven distribution of the strata, some of the pilot tunnels are located in the plastic
residual soil, resulting in a relatively large settlement of the pilot tunnel excavation to the
east. The plastic residual soil is brownish red and other colors. It is wet and plastic. It is
mainly composed of silt and clay particles. It is an argillaceous siltstone weathered residual
soil. There are many fine sand particles and a small amount of weathered rock debris that
easily softens and disintegrates in water. The residual soil after the excavation of the pilot
tunnel releases a lot of stress, and the weather in southern China is hot, humid, and rainy,
which accelerates the softening and disintegration of the soil, resulting in a sharp increase
in surface subsidence.
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Figure 2. Geological distribution map.

2.3. Research Case

The underground station is a shallowly buried station that is basically at the same
level. However, due to the uneven burial depth of the plastic residual soil, it shows a state
of thickness in the east and thinness in the west. Therefore, it is convenient to study the
settlement law of the underground excavation hole pile method in different weak layer
thicknesses. The layer is divided into five working conditions, and the corresponding
residual soil thicknesses are 6 m (Case 1), 8 m (Case 2), 10 m (Case 3), 12 m (Case 4), and
14 m (Case 5), and the length of each working condition is about 30 m. The corresponding
five working conditions are used to construct a three-dimensional model by using the finite
element analysis software GTS NX, and the settlement law before reinforcement and the
settlement control effect after MJS reinforcement are analyzed.
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2.4. Reinforcement Scheme

In the actual monitoring, it is found that the surface settlement of the section with the
largest residual soil thickness reaches 102 mm, far exceeding the warning control value of
40 mm [26]. After finding the early warning, the construction unit immediately adopts a
series of measures such as grouting reinforcement, small pipe reinforcement, and anchor
reinforcement to reinforce the layer, which increases the investment of manpower and
material resources and also affects the construction time. The upper part of the bored pile
method is a normal driving road, so the whole section cannot be closed for reinforcement,
so the traditional high-pressure jet grouting pile cannot be used for foundation treatment.

There are many high-rise buildings in the vicinity of the station, and foundation
strengthening is carried out in dense building clusters. A foundation strengthening method
with micro-disturbance and strong controllability is urgently needed. With the improve-
ment of technology, the MJS method based on high-pressure jet grouting technology was
developed. During the construction process, when the pressure in the hole measured by
the pressure sensor is high, the opening size of the suction hole can be controlled by the
oil pressure connection, so as to adjust the mud discharge amount to control the pressure
value range in the ground. It greatly reduces the impact on the environment and avoids
the squeezing effect, which greatly reduces the occurrence of surface deformation, build-
ing cracking, and structural displacement during construction. MJS can realize grouting
reinforcement at any angle, with a small floor area and large pile diameter. The general
reinforcement plan of the MJS method is to grout the piles from the middle of the road.
The expected diameter of the piles on both sides is 2 m, and the expected diameter of the
middle pile is 1.5 m, so that a stable triangular reinforcement area is formed above the
guide hole, as shown in Figure 3.

Buildings 2023, 13, x FOR PEER REVIEW 6 of 19 
 

of the middle pile is 1.5 m, so that a stable triangular reinforcement area is formed above 
the guide hole, as shown in Figure 3. 

 
Figure 3. Reinforcement diagram. 

3. MJS Pile Diameter 
The diameter of an MJS pile is an important design index of engineering. The diam-

eter calculation method of MJS pile foundation is introduced as the pile diameter of three-
dimensional finite element model. 

3.1. Circular Free Turbulence Theory 
Jet theory is the basis of the jet breaking mechanism, and high-pressure jet grouting 

is a turbulent jet. In practice, the boundary between the jet and the surrounding fluid is 
not obvious. To simplify the calculation model, the jet is usually divided into the initial 
and main sections according to the flow characteristics, and the transition section is ig-
nored. x represents the axial coordinate calculated from the jet source point, and r is the 
radial coordinate perpendicular to the x-axis, as shown in Figure 4. The high-pressure jet 
grout is sprayed from a small-diameter nozzle through a high-pressure pump to collect 
the enormous energy of the liquid, forming a high-speed jet flow and cutting the sur-
rounding soil. 

Figure 3. Reinforcement diagram.

3. MJS Pile Diameter

The diameter of an MJS pile is an important design index of engineering. The di-
ameter calculation method of MJS pile foundation is introduced as the pile diameter of
three-dimensional finite element model.

3.1. Circular Free Turbulence Theory

Jet theory is the basis of the jet breaking mechanism, and high-pressure jet grouting
is a turbulent jet. In practice, the boundary between the jet and the surrounding fluid
is not obvious. To simplify the calculation model, the jet is usually divided into the
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initial and main sections according to the flow characteristics, and the transition section
is ignored. x represents the axial coordinate calculated from the jet source point, and
r is the radial coordinate perpendicular to the x-axis, as shown in Figure 4. The high-
pressure jet grout is sprayed from a small-diameter nozzle through a high-pressure pump
to collect the enormous energy of the liquid, forming a high-speed jet flow and cutting the
surrounding soil.
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3.2. MJS Pile Diameter Derivation

In the similarity analysis of the jet, the velocity on the axis of the starting section (x > x0)
is constant as the initial velocity (ν0). The boundary of the jet in the main section expands
linearly, and the maximum axial time-averaged velocity (νxm) decays with the first power
(1/x) of x, that is:

νxm

ν0
= α

d0

x
(1)

where ν0 is the exit velocity of shotcrete, α is a dimensionless factor quantifying interaction
between jet and surrounding fluid [27], d0 is the diameter of the nozzle, and x is the distance
of the stroke of the spray liquid.

The maximum velocity at the center of the axis can be derived:

νxm =
αd0ν0

x
(2)

The impact force generated by the slurry from the nozzle hitting the surrounding soil
with a high-pressure jet can be divided into stagnation pressure and water hammer pressure.
The generation of water hammer pressure is related to the inertia and compressibility of
the fluid. The soil is a kind of incomplete elastic body with discrete characteristics. It is
easily damaged after being hit by the slurry, which buffers the water hammer pressure of
the jet. Generally, only the stagnation pressure is considered [28] and can be calculated by
the following formula:

P =
ρν2

xm
2

(3)

and since MJS is a triple-fluid jet grouting method, the liquid for punching and cutting the
soil is water, so ρ is the density of water.

The impact force will decay with the increase in r, and the velocity on the center line is
the largest. Bringing (2) into (4) we obtain the maximum jet impact force:

Pm =
ρα2d2

0ν
2
0

2x2 (4)
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The initial speed can be calculated using the following formula:

ν0 =

√
2Pj

ρ
(5)

where Pj is the injection pressure.
The impact force on the beam axis decreases with the increase in Pm. When it decreases

to the maximum resistance F of the soil, the failure area of the soil reaches the limit, and the
corresponding x is the limit cutting distance xl.

For cohesive soil, the theoretical formula proposed by Ho [29] can be used to calculate
the soil resistance:

F = 2.4Su (6)

Flora [27] and Shen [30] derived the decay coefficient as:

α =

(
1 + 0.054

pa
patm

)
αw (7)

where pa = pressure of the injected air (between 0.5 and 1.5 MPa), patm = atmospheric
pressure (100 kPa), and αw is equal to 16 [31].

Let Pm = F,

xl = αd0ν0

√
ρ

4.8Su
(8)

where Su is the undrained shear strength of cohesive soil; there is no correlation between
pile radius and slurry density.

Therefore, the diameter D of the MJS pile can be expressed as:

D = d0 + 2xl (9)

4. Field Monitoring and Finite Element Analysis
4.1. Location of Monitoring Points

In order to ensure the safety of the small pilot tunnel and the main body and the
surrounding area during the construction process and to guide the construction correctly, it
is necessary to monitor the small pilot tunnel and the main body enclosure structure and
the surrounding area. According to the specification [26], a monitoring point is set up every
15 m in the longitudinal direction of the road surface above the tunnel, and a monitoring
point is also set up every 10 m in the transverse direction. The level will be used to monitor
daily changes in surface settlement. DC11 is the first monitoring point, DC20 is the tenth
monitoring point, and 01–05 is the horizontal monitoring point. The monitoring layout is
shown in Figure 5.
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4.2. Finite Element Model

The finite element analysis software GTS NX is used to construct a three-dimensional
finite element model. The layer structure method is used to study the settlement law of the
underground pile driving method in uneven layers and to evaluate the effect of the MJS
method on surface settlement control. In the theory of geomechanics, when the grid size is
six times the excavation diameter, the calculation error is small. Therefore, the size of the
finite element three-dimensional model X is 150 m, Y is 30 m, and Z is 50 m, as shown in
Figure 6.
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In this paper, only the effect of MJS piles on surface settlement control in the excavation
of concealed cavity piles is investigated, and the modeling process of MJS pile refinement is
not considered at present. Therefore, in the finite element model, the MJS pile is numerically
simulated by activating the unit in segments and changing the unit properties, and the
tunnel excavation is carried out after the MJS pile is loaded. The preliminary parameters
of MJS are: Pj = 40 MPa, the density of the injection fluid is taken as the density of
water ρ = 1000 kN/m3, the undrained shear strength of soft soil Su = 50 kPa measured
at the construction site, the nozzle diameter d0 = 25 mm, and the injection air pressure
patm = 0.65 MPa. The diameter of the MJS pile can be initially calculated by Equation (9).
Bringing (5)–(8) into (9) we obtain:

D = d0

[
1 + 2αw

(
1 + 0.054 pa

Patm

)√
2Pj

4.8Su

]
= 0.0025×

[
1 + 2× 16×

(
1 + 0.054× 650

100
)
×
√

2×40×106

4.8×50×103

]
= 1.976(m)

(10)

In the finite element model, the diameter of the MJS pile was set to 2 m. To match the
tunnel excavation process, the diameter of the inner MJS pile was set to 1.5 m by changing
the grouting parameters. The effect of the cement setting process of the MJS piles was not
considered, and the construction phase of the MJS was set to zero for displacement prior to
tunnel excavation.

4.2.1. Basic Assumptions and Boundary Conditions

Basic assumptions:

(1) Field groundwater is not abundant, so the finite element analysis ignores the infiltra-
tion of groundwater;

(2) Uniform horizontal distribution between soil layers;
(3) Materials are isotropic and homogeneous;



Buildings 2023, 13, 1943 9 of 17

(4) The modified Mohr–Coulomb constitutive is used for soil, and the elastic constitutive
is used for concrete;

(5) The time effect of concrete from initial setting to expected strength is not considered;
(6) Soil–structure interaction is considered.

Contact Element:
In GTS NX software, the structure–soil interaction is composed of a solid element and

a contact element, and the contact element represents the contact relationship between pile
and soil. The contact element consists of tangential spring and normal spring stiffnesses.
The values of the normal stiffness modulus Kn and tangential stiffness modulus Kt can be
automatically calculated by the three-dimensional model in GTS NX software.

Boundary Conditions:
The top nodes of the model are free and do not impose any constraints. The bottom

nodes apply vertical constraints and the surrounding nodes apply horizontal constraints.

4.2.2. Finite Element Parameters

The geological prospecting report is simplified to one layer, and the soil types from
top to bottom are: miscellaneous fill, plastic residual soil, highly weathered siltstone,
and conglomerate. The pile diameter of the MJS pile is calculated using the derived
Formula (10). The soil material parameters obtained from the field and laboratory test data
are shown in Table 1.

Table 1. Mechanical parameter table.

Structure

Parameter Cohesion
(Mpa)

Poisson’s
Ratio

Volumetric
Weight (kN/m3)

Internal Friction
Angle (β)

Eref
50

(MPa)
Eref

oed
(MPa)

Ere
fur

(MPa)
E

(MPa)

miscellaneous fill 0.010 0.35 21 10 4.16 3.28 26.06 \

plastic residual soil 0.023 0.4 24 18 7.02 5.85 40.95 \

highly weathered siltstone 0.045 0.3 25 25 12.96 10.8 75.6 \

conglomerate \ 0.3 27 40 \ \ \ 6000

C25 lining \ 0.2 25 \ \ \ \ 30,000

MJS \ 0.2 25 \ \ \ \ 400

Eref
50 , secant elastic modulus in shear hardening; Eref

oed, secant elastic modulus in shear hardening; Ere
fur elastic

modulus at unloading; E, elastic modulus.

4.2.3. Simulation of Construction Stage

In the study of the existing hole pile method [8,32], it was found that the excavation
of the guide hole was the main construction stage that caused the surface settlement.
Controlling the settlement of the guide hole is conducive to controlling the settlement of
the subsequent construction process. Therefore, the working conditions of the stage in
this study include the excavation construction simulation of the guide hole of the hole pile
excavation method and the construction simulation of the MJS pile. The birth and death
element method is used to simulate the excavation process, and the construction process of
the MJS pile is simulated by changing the element properties. The specific construction
steps are as follows:

(1) Initial stress field (activate soil, load, and boundary conditions and set deformation
clearing);

(2) MJS pile reinforcement treatment simulation (study of the reinforcement effect) in
which a total of two kinds of MJS pile are set up, with an outer diameter of 2 m and
an inner diameter of 1.5 m;

(3) Pilot hole excavation simulation (excavation according to the site construction plan,
digging 1 m per day) starting with the first pilot hole excavation, followed by
the right pilot hole excavation, and finally the left pilot hole excavation, a total of
45 construction steps.
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5. Results Analysis
5.1. Field Monitoring Results
5.1.1. Longitudinal Settlement Analysis

In the process of tunnel excavation, it can be known from the Peck curve that the set-
tlement value of the observation point in the middle of the tunnel is the largest. Therefore,
DC1003–DC1203, DC1203–DC1403, DC1403–DC1603, DC1603–DC1803, and DC1803–DC2003
are adopted, corresponding to the plastic residual soil (soft soil layer) thickness of 6 (Case 1),
8 (Case 2), 10 (Case 3), 12 (Case 4) and 14 (Case 5) meters. According to the actual construc-
tion schedule of digging 1 m per day, the middle pilot tunnel is excavated first, then the
right pilot tunnel is excavated, and finally the left pilot tunnel is excavated. Each working
condition lasts for 90 days. The monitoring data in Figure 6 show that the records start
30 m west of each monitoring point. It can be seen from Figure 7 that the thicker the plastic
residual soil is, the greater the surface settlement caused by tunnel excavation. When the
thickness of the weak layer is 14 m, the diffusion range of settlement is expanded. During
the excavation of the middle pilot tunnel, the settlement growth rate is large, while the
settlement rate of the left and right pilot tunnels is moderate, and the settlement is mainly
concentrated in the excavation process of the middle pilot tunnel. In the soft layer, after the
first stress release, the settlement caused by the second stress release is greatly weakened,
so it is necessary to focus on the reinforcement of the middle pilot hole.
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5.1.2. Lateral Settlement Analysis

From the lateral settlement distribution map in Figure 8, it can be seen that the lateral
settlement in the weak stratum basically corresponds to the Peck curve distribution, with
large settlement in the center and small settlement on both sides. The closer to the center of
the tunnel, the faster the settlement rate. The buried depth of the tunnel is basically the
same, so the inflection point of each working condition appears about 10 m away from the
center of the tunnel. When the thickness of the weak stratum is 14 m, the whole section
of the pilot tunnel is in the weak stratum, and the bearing stratum of the tunnel cannot
provide sufficient bearing capacity, which makes the surface settlement of this working
condition more serious and the settlement amount increases rapidly. If the whole tunnel
section is in a weak stratum without reinforcement, it is not recommended to excavate
the tunnel.

5.2. Comparative Analysis of Monitoring and Simulation Data

Using the finite element software GTS NX, the construction process of the small pilot
tunnel is simulated by the finite element construction stage, and the change of the surface
settlement law is calculated, as shown in Figure 9. A total of five working conditions are set
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up, each with a length of 30 m. The small number is the observation point, that is, the change
trend of the settlement process after excavation. The large number is another observation
point, that is, the change trend of the settlement process 30 m from the excavation face.
With the increase in the thickness of the soft soil layer, both the simulated value and the
observation value of the surface settlement value show an increase, and the increasing trend
of the surface is gradually accelerated. It can be seen from Figure 9 that the front observation
point of each working condition shows that the settlement rate is continuously weakened,
and it first increases sharply and then gradually converges. Each time a large settlement is
generated, it is the first step in the excavation of the pilot tunnel. The settlement rate of the
rear observation point continues to increase, first slowly and then rapidly. The settlement is
mainly concentrated in the construction stage of the middle pilot tunnel, which is about 2/3
of the total settlement value. When the thickness of the weak layer exceeds 8 m (Figure 10a),
the tunnel vault is under the weak layer, and the surface settlement does not exceed the
threshold value, which is within the controllable range. When the thickness of the weak
layer is 12 m (Figure 10b), the tunnel is in the weak layer and the surface settlement value
is about two times the threshold value. When the thickness of the weak layer is 14 m
(Figure 10c), the whole guide tunnel is in the weak layer, and the surface settlement value
is about three times the threshold value.
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Overall, the greater the thickness of the weak layer, the more accurate the simulated
value and the measured value. The relatively large relative errors between the monitoring
values and the simulation of operating conditions 1, 2, and 3 are due to the assumptions.
In the finite element simulation, the layer is too simplified. In the actual field, the layer
varies greatly in the cross section, and there are still areas of good geological conditions that
are considered weak layers in the simulation. As a result, the properties of the formation
changed in the simulation, resulting in a large error. The monitoring values of working
conditions 3 and 4 are relatively close to the simulated values. This is because the actual
engineering and simulated soil properties are relatively familiar, so the error is relatively
small. However, no matter what kind of working condition, it can be seen from Figure 9
that the change trend of simulated value and measured value is about the same. After
the large settlement caused by the excavation of the middle pilot tunnel, the settlement of
the excavation of the following two pilot tunnels is significantly alleviated, both of which
indicate that the excavation of the middle pilot tunnel is the main construction stage leading
to settlement.

The results of the finite element simulation were verified by the field monitoring data.
Although there are errors in the monitoring data, the error range is reasonable, and the
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accuracy of the finite element model can be basically determined. It provides authenticity
and accuracy for the effect of surface settlement control of the MJS pile reinforced concealed
hole pile method in soft ground below.
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Tunnel excavation has caused excessive settlement of the urban surface, which will
endanger the operation of the whole city. Therefore, for the excessive settlement caused
by excavation, this paper explores the use of the MJS method to pile foundation treatment
in advance, before carrying out tunnel excavation to ensure that the settlement value is
controlled within a reasonable range.
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5.3. MJS Method Pile Reinforcement Effect

In Section 5.2, the measured data and simulated data are compared to prove the
rationality of the finite element model. Under the condition that other conditions remain
unchanged, the finite element simulation of the settlement foundation reinforcement of the
hole pile method is carried out by using the pile diameter of the MJS pile derived from the
Formula (10), and the reinforcement effect is now evaluated.

5.3.1. Longitudinal Soil Settlement

In Figure 9a, the settlement value caused by the excavation of the hole pile method in
working condition 1 does not exceed the threshold value, so it is not necessary to reinforce
the foundation. The oblique jet finite element reinforcement model of the MJS method is
carried out for working Case 2, 3, 4 and 5. In Figures 11 and 12 and Table 2, the most severe
surface settlement in working Case 5 can reach 116 mm. After MJS pile reinforcement, the
surface settlement is effectively suppressed so that the final surface settlement value is
34 mm, which is reduced by 70%. In other working conditions, the settlement of more than
50% is also reduced by MJS pile reinforcement, which is below the threshold of 40 mm.
The soil after reinforcement can be excavated in the next step. The maximum value of
unreinforced settlement appears on the surface, and the maximum value appears on the
vault of the left and right guide holes after MJS reinforcement.

Figure 11a–c shows the settlement analysis of the center guide hole, right guide hole,
and left guide hole vault selected from the rear observation point. From Figure 11a–c, it can
be seen that the surface settlement becomes obvious when each pilot tunnel is excavated,
and the increment is large, indicating that the mutual disturbance of each pilot tunnel
excavation is not obvious. This is because the MJS method divides the three pilot tunnels
into the upper area, so that the three pilot tunnels do not cause too much disturbance when
they are excavated separately. At the same time, the MJS pile forms a stable triangular
structure above the pilot tunnel, which is conducive to reducing formation loss and con-
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trolling deformation. This is because the MJS method can control the opening size of the
suction hole through the oil pressure joint when the pressure in the hole measured by the
pressure sensor is high, so as to adjust the mud discharge amount to control the pressure
value range in the ground. Therefore, it is found in Figure 11d that the surface settlement
caused by MJS pile construction can be basically controlled within the threshold range.
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Table 2. MJS reinforcement settlement effect table.

Type Unreinforced Settlement
(mm)

Reinforcement Settlement
(mm) Decrement Proportion

Case 2 48.57 24.16 24.41 50.30%
Case 3 65.40 29.89 35.51 54.30%
Case 4 79.64 33.90 45.74 57.40%
Case 5 116.3 34.66 81.64 70.20%

5.3.2. Lateral Surface Deformation

Under the reinforcement of the MJS pile, the change trend of the surface transverse
deformation and the Peck curve are not the same. In Figure 13, in the case of reinforcement
treatment, the settlement value of the center guide hole is lower than the settlement value
of the two sides of the guide hole, which is different from the case without reinforcement
treatment. This change is because there is a stable triangular area in the upper part of the
center guide hole, and under the action of MJS piles on both sides, the weak silt is squeezed
to increase the cohesion and friction angle of the soil. Under the action of two factors, the
settlement of the center guide is greatly reduced, which is conducive to solving the problem
of the excessive settlement rate of the center guide hole mentioned above.
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Figure 13. Lateral deformation diagram after reinforcement: (a) Across settlement trough; (b) Across
settlement cloud picture.
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6. Conclusions

In this paper, three-dimensional finite element analysis was used to analyze the
settlement law of different soft stratum thicknesses and the reinforcement effect of MJS
piles. The idea of this paper was to first use the monitoring data and simulation data to
verify the accuracy of the finite element simulation. After determining the rationality of the
finite element model, without changing other parameters, the MJS construction method was
used to reinforce the stratum by using the pile diameter of the MJS construction method.
The following conclusions are drawn:

(1) The greater the thickness of the plastic residual soil, the more unstable the ground
surface caused by the excavation of the hole pile excavation method, the greater the
settlement, and the greater the risk of collapse. The tunnel vault is located under the
weak stratum, and the surface deformation is within the control value, so it does not
need to be reinforced. The surface settlement of the whole tunnel section in the soft
stratum is the fastest. The settlement is the largest, so the whole tunnel section in
South China is in the thickness of plastic residual soil. It is necessary to go through
the foundation reinforcement treatment before the next construction.

(2) By comparing the monitoring value and the simulated value, it can be found that the
surface deformation of the excavation of the pilot tunnel in the middle is obviously
larger than that of the excavation of the pilot tunnel on both sides. After the primary
stress release of the plastic residual soil, the amount of surface loss caused by the sec-
ondary stress release will be smaller. Therefore, by controlling the surface settlement
of the central pilot tunnel, the total surface settlement can be controlled.

(3) The MJS oblique jet grouting pile can reduce more than 50% of the deformation; the
greater the thickness of the weak layer, the more obvious the effect, and eventually
can reduce the settlement warning value. At the same time, in the formation process
of the MJS pile, the plastic residual soil is squeezed, which improves the mechanical
properties of the soil and is beneficial to controlling the deformation. Therefore, the
oblique jet pile technology of the MJS construction method has a good reinforcing
effect on the plastic residual soil.
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