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Abstract: The pressure distribution and the force on tunnel segments of synchronous grouting in the
shield tail gap channel of shield tunnels are key to controlling the stability and surface settlement
of the strata surrounding such tunnels. Based on the basic principles of fluid mechanics and the
limit equilibrium method, this study establishes a mathematical model of synchronous grouting in
shield tunnels, derives the expressions of the grouting pressure and the force on tunnel segments in
the shield tail gap channel, and verifies them using an engineering case study. Studies have shown
that the force on tunnel segments and the speed of shield excavation are increasing. An excessive
shield excavation speed will cause the load on tunnel segments to increase, which exacerbates the
uneven distribution of the grouting pressure. The force on tunnel segments and the grouting pressure
also have a positive relationship with the thickness of the shield tail gap, but the impact is limited
to a certain range. With an increase in the tunnel radius, the number of grouting holes should be
appropriately increased to balance the water and soil pressure in the surrounding strata. These
research results can provide a theoretical reference for the design of synchronous grouting for shield
tunnels in the future.

Keywords: shield tunnel; grouting pressure; force on tunnel segments; excavation speed; thickness
of the shield tail gap

1. Introduction

With the rapid development of China’s subway system, the control of the deformation
of shields caused by the construction of various buildings is becoming more and more
stringent [1-4]. The grouting behind walls is key to the construction of shield tunnels,
and filling gaps in shields and reinforcing the soil can also cause a certain pressure on
tunnel segments, which may cause them to be disturbed, the strata to be deformed, and
surrounding buildings to be tilted [5-8]. The study of the mechanism of simultaneous
grouting in shield tunnels and the analysis of the distribution patterns of the grouting
pressure and influencing factors of the force on tunnel segments are of great significance
for guiding the design of synchronous grouting for shield tunnels [9-12].

In recent years, experts and scholars in China and elsewhere have carried out much
research on the mechanism of grouting behind the shield wall. Outside of China, Koyama,
Y. (2003) found through a model test that, if it was too large or too small, the grouting
pressure could cause an uneven distribution of soil pressure and disturb the surrounding
strata [13]. Through the real-time monitoring of a spot, Bezuijen et al. (2004) analyzed
the changes in the grouting pressure at different stages and found that it was gradually
reduced over time [14]. Through a numerical simulation, Kasper et al. (2006) found that
the grouting pressure distribution has a decisive effect on the deformation of strata and
the load has a decisive effect on tunnel segments [15]. Koyama et al. (1998) conducted
a large number of physical model tests on the grouting behind a shield tunnel wall to
study the influence of grouting pressure on soil pressure [16]. In China, Zhang et al. (2015)
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explored the distribution pattern and dissipation process of slurry pressure in a shield tail
gap, as well as the flow path and the diffusion pattern of a slurry, using a model test [17].
Liang et al. (2018) comprehensively considered the filling and diffusion of slurry during
synchronous grouting, as well as the subsequent pressure dissipation caused by seepage,
and they obtained a theoretical calculation formula for the longitudinal distribution of
slurry pressure along the segment ring [18]. Qiu (2015) researched the process of the circular
filling of the synchronous grouting of a shield tail with slurry, established a mechanical
model of the grouting pressure, and analyzed the impacts of factors such as the shield
tail gap on the distribution pattern of the slurry pressure [19]. Li Peinan et al. (2020)
analyzed the diffusion mode mechanism of synchronous grouting in shield tunnels based
on the Bingham fluid constitutive model and fluid mechanics principles and established a
theoretical model of the longitudinal circumferential diffusion of synchronous grouting
at the shield tail [20]. On the basis of existing research, Ye Fei et al. (2023) established a
grouting compaction splitting diffusion model for shield tunnel walls in low-permeability
strata by calculating the distribution of circumferential slurry pressure and the initial
splitting pressure in shield tunnels [21]. The above research helps us to better understand
the mechanism of grouting behind shield tunnel walls. However, the above theoretical
model of synchronous grouting in shield tunnels only studied the distribution law of
grouting pressure and did not consider the force on the tunnel segments. In fact, the force
on the tunnel segment directly controls the deformation of the surrounding strata. When
exploring the distribution law of grouting pressure, a theoretical analysis of the force on
the tunnel segments is also necessary.

Based on previous findings, the basic principles of fluid mechanics, and the limit equi-
librium method, we established a mathematical model of synchronous grouting in shield
tunnels, derived the expressions of the grouting pressure and the force on tunnel segments
in the shield tail gap channel, performed a contrastive analysis using the measured results,
and verified the validity and reliability of the theory. Our focus was on the impacts of the
speed of shield excavation, the thickness of the shield tail gap, and the radius of the shield
tunnel on the grouting pressure and the impacts of the force on tunnel segments. This
study intends to provide theoretical references for the design of synchronous grouting in
shield tunnels.

2. The Mathematical Model of Synchronous Grouting in Shield Tunnels
2.1. Synchronous Grouting

Synchronous grouting behind a shield tunnel wall is generally constructed with a
grouting tube that is built into the shield shell. A sinking tube is implemented while the
shield is excavated. The size and location of the grouting tube are set according to the needs
of the project. The slurry gradually fills the shield tail gap generated by the shield under
the grouting pressure, as shown in Figure 1.

Stratum Stratum
Shield shell Gap filling area
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Figure 1. A diagram of synchronous grouting behind a wall.
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2.2. Assumption

The process of synchronous grouting behind a shield tunnel wall involves hydrauli-
cally injecting grout into the gap at the tail of the shield through grouting pipes and holes
that are installed on the segments while the shield is advancing and gradually filling the
entire gap with grout. This process of filling and flow is a dynamic and complex process in
space. In order to simplify its study, the formation and dissipation of slurry pressure within
the thickness range of the shield tail gap are divided into two relatively independent stages.
The first stage is the formation of the slurry pressure, which is mainly circularly spread
along the tunnel; the second stage is the dissipation of the slurry pressure, which is mainly
longitudinally spread along the tunnel. This study only analyzes the formation process of
the slurry pressure in the cross-section of the shield tail gap. In order to build a pressure
distribution model for synchronous grouting, the following assumptions are made:

(1) The slurry is a non-compressed Bingham fluid and a monocomponent cement slurry;

(2) The slurry exists only inside the gap channel, and its quality is not lost with the flow;

(3) The boundary of the gap channel (the external border is the ground, and the inner
boundary is the tunnel segment) does not experience slipping, and the slurry flow
is laminar;

(4) Only the radial speed of the slurry along the tunnel is considered, and the loss of
speed of the slurry is not included.

Due to the relaxation of stress in a certain range of the surrounding soil caused by
the gap at the shield tail, the displacement of the segment towards the outer wall occurs,
resulting in the porosity of the soil mass in a certain range being far greater than the original
porosity, thus greatly improving its permeability coefficient. A model of the diffusion of
synchronous grouting behind a wall is shown in Figure 2: P is the grouting pressure, v
is the shield excavation speed, R is the radius of the tunnel segment, x is the diffusion
distance for the slurry, ag is the angle between the position of the grouting hole and the
shaft z, d is the thickness of the shield tail gap, and K is the injection rate. In the process
of shield excavation, when the number of grouting holes is n and the shield excavation
distance is v;t, the average shield tail gap volume that needs filling with a single grouting
tube per unit of time is, theoretically, as follows:

K (d* + 2Rd) vy
n

V =

1)

Gap filling area

¥—< Shield segment
I —
< L °
x| |
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N | d :
I o | Grouting hole
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Figure 2. Synchronous grouting and model of penetrating diffusion behind a wall.
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2.3. Synchronous Grouting Pressure Distribution Equation

When the slurry’s flow is that of a Bingham fluid, the shear force applied must be
greater than the initial shear force so that the slurry can undergo a relative flow, and it
shows a similarly solid nature. The form of its constitutive equation is as follows [22]:

do
T—To—l—u’)/—To-i-u(dr) 2)
In the equation, 7 is the shear stress of the slurry, 1 is the initial shear stress, u is the
plastic viscosity of the slurry, vy is the shear rate, v is the migration rate of the slurry, and r
is the vertical distance in the direction of migration.
The slurry performs a laminar flow movement upwards in the shield tail gap channel.
An analysis of the force on the microbody of the slurry is shown in Figure 3.

Figure 3. Analysis of the force on the microbody of a slurry for the upwards movement.

Due to the symmetry of the circular tunnel structure and the distribution of grouting
holes, it can be considered that there is a symmetrical distribution of grouting pressure on
both sides of the shaft z. The force on the microbody of the slurry is analyzed in the direction
of the center line of the streamline as the symmetrical axis. The microbody undergoes
laminar flow at the speed of v in the direction of the streamline’s center line; its surface
is affected by the shear stress T, whose direction is opposite to that of the flow velocity.
The pressure on both ends is P + dP and P. « is the angle between the tunnel radius and
the shaft z, and B is the angle between the tunnel radius and the shaft x; then, dx = Rdp.
According to the stress balance of the microbody, the shear stress is as follows [23]:

dp
T= _r<Rd,B +pgcosﬁ> 3
The following velocity gradient equation is derived from (2) and (3):

dvo r/dP 31
dr—u(Wd+P8C05ﬁ> (4)

When T < 19, there is a central stream nuclear area, the width of which is 2h. When
—h <r<h,v=u(r==+h); whenr = £d/2, v = 0. Because the pressure gradient of the
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slurry is generally far greater than its initial shear stress, the small high-end item is ignored.
The average flow rate of the slurry in the fracture section can be simplified as follows:

_ —d2< dP 37
U=

Ton Rdﬁ—d‘f‘PgCOSﬁ) (5)

According to the law of conservation of mass, the amount of grouting flowing upwards
per unit of time g is as follows:

Z)dd3 ( dp 3T0

qs = dvg0 = —— w_d+PgCOS/3> (6)

The variables in Equation (6) are separated; then, the pressure gradient of the slurry in
the shield tail gap channel is as follows:

dP  12uRgs 3R
B~ gl T q  Rescosh 7

When x = xq (the grouting hole position), that is, § = By, the slurry has not spread
from the grouting hole. At this time, the grouting pressure is P, and the distribution
equation of the grouting pressure in the shield tail gap channel is as follows:

P(B) =Py + Rpg(sing — sin[%) + 12;;525 (g - ,3) + @ (ﬁ - g) (8)

In this equation, By < B < By, Bo is the angle between the position of the grouting
hole and the shaft x, and B, is the upward diffusion range of the grouting from the
grouting hole.

Because the slurry performs an upward laminar flow movement, 8 is an angle rotating
clockwise around the x axis. When S is replaced with « and § = 7t/2 — a, it can be seen that
when grout moves upwards from the grouting holes, the grouting pressure is distributed
as follows:

Py(a) =Py + Rpg(sin% - coszx) + 12{2535 (zx - g) + BTSR (g - oc) )

In this equation, &, < a < g, ag is the angle between the position of the grout-
ing hole and the shaft z, and «,, is the upward diffusion range of the grouting from the
grouting hole.

The slurry undergoes a downward laminar flow movement in the shield tail gap
channel. An analysis of the force on the microbody of the slurry is shown in Figure 4.

Figure 4. Analysis of the force on the microbody of a slurry for the downwards movement.



Buildings 2024, 14, 1099 6 of 12

This reasoning, which includes the upward flow of the slurry, has the
following conclusions.

According to the law of conservation of mass, gx is the amount of grouting moving
downward per unit of time, and the pressure distribution of the slurry in the shield tail gap
channel when the slurry performs a downward laminar flow movement is as follows:

P3(a) = Py + Rpg(cosg — Cos oc) + 12;;1;3% (g - oc) + 312R (lx - %) (10)

In this equation, ay < a < ay, &g is the angle between the position of the grouting
hole and the shaft z, and a; is the downward diffusion range of the grouting from the
grouting hole.

2.4. The Synchronous Grouting Pressure Distribution Calculation Model

In summary, according to Equations (9) and (10), the grouting pressure distribution can
be extended to the case of porous grouting. When the typical four-hole grouting method is
adopted, the calculation model for the grouting slurry pressure distribution is as follows.

When the grouting holes are located at ag = 77/4, the slurry has not spread from them.
At this time, the grouting pressure is Py, and the distribution equation of the grouting
pressure in the shield tail gap channel is as follows:

12uRgs (zx _ 71) 3R (E

Udd3 4 d 4

T
Py(a) =Py + Rpg(sin 7~ cos tx) + 1

—a) (0<a<F) (11)

4

IN

12uRqgx (E _ a) 3T0R< 71) (%

Udd3 4 + “

Py(a) = Py + Rpg(cos T cos tx) + 7

. x<g) (12)

When the grouting holes are located at oy = 371/4, the slurry has not spread from
them. At this time, the grouting pressure is Py, and the distribution equation of the grouting
pressure in the shield tail gap channel is as follows:

_opr T 12uRqs (37 3R (31 . 3

Py () = P Rpg(cosz + cos zx) + oud® (tx 4) +— <4 oc) (5 <a<3F) (13)
_pt T 12uRqgx 3£ _ 3R _ 3£ 37

Py(a) = P} Rpg(sm 7 T eos oc) + RWE ( 1 oc) +— <zx 1 ) (F<a<m) (14)

2.5. The Stress of Shield Tunnel Segments in the Gap Channel at the Tail of the Shield

Since Equations (11)—(14) make up the calculation model for the synchronous grouting
pressure distribution, the force generated by the slurry on the tunnel segment is as follows:

n s 3 T
F= 2(/4 Py (a)vyRda + /2 P3(a)vgRde —i—/ ! Pz(vc)vdea+/3 P4(uc)vdea> (15)
0 % % TH

Equations (11)—(14) are integrated into Equation (15), and it can be shown that the
force generated by the slurry on the tunnel segment is as follows:
2uR? 3m21yv R?

16d

37
F = v4R(Py + P§) + 4v4R*0g —

e (16)

(9s +qx) +

In Equation (1), it can be seen that when the four-hole grouting method is used, the
amount of grouting g of a single grouting hole per unit of time is as follows:

K (d? + 2Rd)v
g = ( 7 ) d (17)
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The amount of grouting g5 of a single grouting hole per unit of time and the amount of
downward-moving grouting gx are g = gs + gx. Equation (17) is integrated into Equation
(16), and the following expression of the force on the tunnel segments per unit of time
is obtained:

3muKR?v,
842

37T2T07)dR2

F=v,R(Py+ P¥) +4v;R?*0¢ —
v4R(Py + Py) +4v4Rpg Tod

(d+2R) + (18)

Equation (18) is the expression for the force exerted by the shield tunnel slurry on the
tunnel segments. From this, we can see that the pressure distribution of the synchronous
grouting in the shield tunnel and the force on the tunnel segments are related to many
factors, such as the grouting pressure, slurry performance, thickness of the shield tail gap,

shield excavation speed, and outer radius of the tunnel segments.

3. Engineering Case Study
3.1. Example Verification

The parameters related to the construction of shields for a subway tunnel in Shanghai
are shown in the table below [19].

In the table, R is the outer radius of the tunnel segments, d is the thickness of the
shield tail gap, v, is the shield excavation speed, n is the number of grouting holes, and the
grouting method is four-hole grouting. P, is the downward-moving grouting pressure, Py
is the upward-moving grouting pressure, p is the slurry density, u is the plastic viscosity,
Ty is the initial shear stress, K is the injection rate, gg is the amount of upward-moving
grouting, and gx is the amount of downward-moving grouting.

The above parameters are integrated into Equations (11)-(14), and the specific pressure
distribution of the slurry in the shield tail gap is shown in Figure 5. The measured and
theoretical values of the slurry pressure on the tunnel vault, arch bottom, and two arch
waists are shown in Table 1.

Table 1. The parameters related to the construction of shields for a subway tunnel in Shanghai.

Parameter R d (o n Py Py

Value 3100 mm 100 mm 20 cm-min~! 4 0.16 MPa 0.23 MPa
Parameter 0 u T K qs qx

Value 1500 kg/m? 0.09 Pa's 9 Pa 15 124 x 1074 m3/s 371 x 1074 m3/s

An analysis of the graph and table shows the following:

(1) InFigure 5, it can be observed that the theoretical calculation of the slurry pressure
is basically consistent with the measured growth trend of the slurry pressure, and
the slurry pressure shows a nonlinear increasing distribution from the arch top to the
arch bottom. This is because when the slurry is filled in an upward direction, gravity
performs negative work, while when it is filled in a downward direction, gravity
performs positive work.

(2) Through the comparison in Table 2, it was found that the theoretical and measured
values of the slurry pressure at the tunnel arch crown, arch bottom, and two arch
waists were 98.6%, 94.5%, 92.7%, and 101.1%, respectively. The error between the
theoretical calculation results and the measured pressure on site did not exceed
10%, and the error was still within the allowable range of the project. Therefore,
the theoretical model of synchronous grouting in shield tunnels in this study can
effectively guide the design and construction of on-site shield tunnel grouting.
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Figure 5. Pressure distribution curve of the slurry in the shield tail gap.

Table 2. Measured and theoretical values of the slurry pressure.

Location Tunnel Vault  Arch Bottom  Left Arch Waist  Right Arch Waist
Measured value [19] 0.148 MPa 0.265 MPa 0.206 MPa 0.189 MPa
Theoretical value 0.146 MPa 0.242 MPa 0.191 MPa 0.191 MPa

3.2. Analysis of Influencing Factors

Based on the aforementioned theory, this section mainly analyzes the impacts of the
thickness of the shield tail gap, the shield excavation speed, and the radius of the shield
tunnel on the grouting pressure and the impacts of the force on tunnel segments. The
values of the grouting parameters used are shown in Table 3.

Table 3. The grouting parameters.

Parameter Py Py 0 K u T
Value 0.16 MPa 0.23 MPa 1500 kg/m3 15 0.09 Pa-s 9 Pa

3.2.1. The Shield Excavation Speed

The impacts of the shield excavation speed on the grouting pressure and the force on
tunnel segments when the shield excavation speed v, is 5, 10, 15, 20, 25, and 30 cm-min !
are as shown in Figure 6.

According to the analysis in Figure 6, as the speed of the shield excavation increases,
the grouting pressure in the shield tail gap remains unchanged, but the force on the tunnel
segments per unit of time linearly increases, and the growth trend is obvious. For example,
when the shield excavation speed increases from 5 cm-min~! to 30 cm-min—!, the force on
the tunnel segments increases from 90.89 kN to 537.73 kN, an increase of 446.84 kN.

In the process of the construction of synchronous grouting in a shield tunnel, the speed
of shield excavation is closely related to the grouting rate. An excessive speed of shield
excavation will lead to an increase in the amount of grouting and an uneven distribution
of the grouting pressure; it can also increase the load on tunnel segments, resulting in the
occurrence of slurry overflow and the deformation of strata. Therefore, the speed of shield
excavation should be strictly controlled.
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Figure 6. The influence of the shield excavation speed on the grouting pressure and tunnel
segment stress.
3.2.2. The Thickness of the Shield Tail Gap
In order to study the effects of the thickness of the shield tail gap d on the grouting
pressure distribution and the force on tunnel segments, this study used values of 0.06, 0.08,
0.1,0.15, 0.2, 0.25, and 0.3 m. The results are shown in Figure 7.
,,,,, . ,I ,; ; ; —— The grouting pressure
fe— o9 > 364 of arch bottom
Q/ 7. |—— The grouting pressure
| 4362 f\é of arch vault
i 5 The grouting pressure
I i 1360 £ | ofarch waist
i / E —o— The force on tunnel
J é’ segments per unit time
-4 358 3
=
L S
o
4356 2
£
2
° 4354 &
T—O0— 9= hd ”’# o o
L | | 1 | L | 3 52
.05 0.10 0.15 0.20 0.25 0.30

The thickness of the shield tail gap/mm

Figure 7. The influence of the shield tail gap’s thickness on the grouting pressure and tunnel
segment stress.

According to the analysis in Figure 7, it can be observed that as the thickness of the
shield tail gap increases, the amount of slurry filling increases, and the force on the segment
per unit of time also increases. However, once the thickness surpasses a certain threshold,
the pressure stabilizes. For example, when the thickness increases from 0.06 m to 0.2 m,
the force on the tunnel segments rises from 353.76 kN to 363.39 kN. Beyond a thickness of
0.2 m, the force remains relatively stable at 363.50 kN. This trend is also evident in the
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The grouting pressure/MPa
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grouting pressure within the shield tail gap, including the arch vault, arch bottom, and
arch waist. However, the impact of the thickness on the grouting pressure is limited to the
range of 0.2 m.

During the actual excavation and construction of a shield, deviations between the
actual and theoretical thickness of the shield tail gap may occur due to factors such as
excessive excavation, correction, or turning. Consequently, the actual grouting volume in
soft soil areas can exceed the theoretical grouting volume. Therefore, it is crucial to control
the thickness of the shield tail gap within reasonable limits. This helps to prevent issues
such as excessive grouting pressure, which can cause the ground surface to rise, resulting
in undue force on tunnel segments.

3.2.3. The Radius of the Shield Tunnel

The influence of the shield tunnel radius on the grouting pressure and the force on
tunnel segments is shown in Figure 8; we use values of 2, 2.5, 3, 3.5, 4, 4.5, and 5 m.

——9
——o— ¥

/ 4340
074\ 4
—
@ T/
| L | | | |

T T T T T T T T T T | 440 o .
the grouting pressure
; ] of arch bottom
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- 400

the grouting pressure
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- 380

/ 4 360

—9— the force on tunnel
segments per unit time

The force on tunnel segments/kN

— 320

2.0

25 3.0 35 4.0 4.5 5.0

The outer radius of shield tunnel segments/m

Figure 8. The influence of the shield tunnel radius on the grouting pressure and tunnel
segment stress.

Based on the analysis presented in Figure 8, it is evident that an increase in the radius
of the shield tunnel leads to a proportional linear increase in the force on the tunnel segment
per unit of time. This growth trend becomes more pronounced as the radius increases.
For instance, when the outer radius of the shield tunnel segment expands from 2 m to
5 m, the segment force rises from 320.35 kN to 432.35 kN, indicating an increase of
112.00 kN. Additionally, as the tunnel radius increases, the slurry pressure at different
sections of the arch undergoes changes. The slurry pressure decreases at the top of the
arch while it increases at the bottom and waist of the arch. When the outer radius of the
tunnel segment increases from 2 m to 5 m, the grouting pressure at the top of the arch is
reduced from 0.1513 MPa to 0.1365 MPa, reflecting a decrease of 0.0148 MPa. Conversely,
the grouting pressure at the arch bottom increases from 0.2379 MPa to 0.2451 MPa, showing
an increase of 0.0072 MPa. The reason for the relatively small increase in grouting pressure
at the bottom of the arch is that when the slurry is filled upwards, both the viscous force
and gravity perform negative work. However, when filling downwards, gravity performs
positive work, although the viscous force continues to perform negative work.

From these observations, it becomes apparent that as the tunnel radius increases, the
slurry-filling path within the gap at the shield tail also expands. Using only four holes
for grouting leads to a significant deficiency in the slurry-filling rate at the top of the arch,
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while the slurry pressure at the bottom of the arch becomes excessively high, thereby failing
to effectively balance the water and soil pressure of the surrounding strata. Consequently,
instability in the strata occurs. This is why large-diameter shield tunnels typically employ
six or even eight holes for grouting purposes.

4. Conclusions

Based on the movement of slurry as a Bingham fluid, this study established a math-
ematical model of synchronous grouting in shield tunnels, derived the expression of the
grouting pressure and the force on tunnel segments in the shield tail gap channel, and
verified the model using an engineering case study.

The speed of shield excavation is closely related to the grouting rate. An excessive
speed of shield excavation will lead to an increase in the amount of grouting and an uneven
distribution of the grouting pressure; it can also increase the load on tunnel segments,
resulting in the occurrence of slurry overflow and the deformation of strata. Therefore, the
speed of shield excavation should be strictly controlled.

In the process of the actual excavation and construction of shields, the thickness of
the shield tail gap should be reasonably controlled to avoid increasing the thickness due
to excessive excavation, correction, and turning, thus causing an increase in the grouting
pressure and force on tunnel segments.

When the radius of the tunnel increases to a certain extent, the filling path of the slurry
in the gap at the tail of the shield increases accordingly. Four-hole grouting causes a serious
shortage in the slurry filling rate at the top of the shield, and six-hole grouting or eight-hole
grouting must be used to meet the filling requirements at the arch crown.

5. Shortcomings and Prospects

On the basis of previous research, this article optimizes the mathematical model of and
analyzes the relationship between shield tunneling speed and grouting pressure. At the
same time, we focused on studying the relationship between the force on tunnel segments
and the speed and radius of shield tunneling. However, the established mathematical
model did not consider the mud filtration effect. In subsequent research, it is necessary to
simultaneously consider the time-varying viscosity of the slurry and the filtration effect of
the slurry in order to establish a more realistic mathematical model.
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