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Abstract: The shield tunnel end reinforcement is important in the water-rich sandy strata. In
this paper, a trapezoidal freezing soil mass was proposed to reinforce the shield tunnel end, and
the reinforcement effects were evaluated based on the Wuhu River-Crossing Tunnel. Firstly, the
influences of the freezing soil mass geometric dimensions on the stability of the tunnel portal were
analyzed. Then, displacements of the tunnel portal with different trapezoidal freezing soil masses
were simulated. Finally, the trapezoidal freezing soil mass was applied in the Wuhu River-Crossing
Tunnel. The results show that the portal’s stability is improved significantly with increased freezing
soil mass longitudinal length if the length is less than the tunnel diameter. The lower side of the
trapezoidal freezing soil mass has a greater influence on the tunnel portal stability than the upper
side. The trapezoidal freezing soil mass is more effective than the rectangular freezing soil mass for
the Wuhu River-Crossing Tunnel end reinforcement. The trapezoidal freezing soil mass is a good
choice for the shield tunnel end soil reinforcement in water-rich sandy strata. This study provides a
freezing reinforcement method for the large-diameter shield tunnel end, which provides guidelines
for similar engineering.

Keywords: shield tunnel; end reinforcement; trapezoidal freezing soil mass; Wuhu River-Crossing Tunnel

1. Introduction

With population growth and economic development, the demand for underground
space is stronger and stronger. Therefore, tunnel construction is reaching its peak [1,2]. For
tunnel construction, the shield method is commonly used. In the construction process of
the shield tunnel, after the sealed gate is broken, the tunnel’s end soil stress distribution
changes greatly, which seriously endangers the stability of the end soil. Especially for
large-diameter shield tunnels in water-rich sand layers, portal breakage will cause serious
engineering accidents easily if the end reinforcement method is unreasonable [3–6]. Thus, a
reasonable tunnel-end reinforcement method is required to avoid the engineering accidents.

Many studies have been carried out on tunnel-end soil reinforcement. Chambon [7]
studied the effects of the length of the tunnel’s unlined segment on the instability of the
tunnel face in a sand soil layer using centrifugal model tests. Leca and Dormieux [8]
believed that the tunnel face could be maintained in a self-stability state if a positive
uniformly distributed force of 10 kPa were provided on the tunnel face. Anagnoston
and Kovari [9] concluded that the destabilizing load of the tunnel face is linearly related
to the tunnel diameter, and is not affected by the tunnel’s burial depth and soil density.
Wei et al. [10] carried out a theoretical analysis of the portal soil stability, using different
computational models, based on the Fuxing East Road river-crossing tunnel in Shanghai,
China. It was verified that the stability calculated by the sliding theory was conservative
and the soil cohesion c was a dominant factor in the stability.

The three-axis mixing pile and artificial freezing method are commonly used for
shield tunnel end reinforcement. The three-axis mixing pile can significantly improve soil
strength, and is often used to reinforce the shield’s initial end [11]. However, the sealing
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effect of the three-axis mixing pile is poor, which causes the water and mud inrush to
occur in water-rich sand layers. The artificial freezing method can overcome the above
shortcomings. The rectangular freezing soil mass formed by the artificial freezing method
not only significantly improves the strength of the tunnel end soil, but also can stop water
fully. It has strong collapse resistance, and the construction safety can be greatly improved.
The artificial freezing method is an ideal shield tunnel end reinforcement technology. It is
especially suitable for the high water-pressure sand soil layer [12–14]. After the 1990s, the
application of artificial ground-freezing technology became more widespread. The artificial
freezing method was used to effectively avoid water gushing in the Valencia subway [15].
The strength of the frozen soil mass was improved by increasing the water content of the
soil in the Dusseldorf central railway station construction [16]. Li et al. [17] summarized
the basic principles and characteristics of the artificial freezing method. Compared with
other methods of ground reinforcement, the artificial freezing method is more effective at
controlling surface displacement and vault settlement. Hu et al. [18] pointed out that the
freezing method cannot be replaced by other methods for tunnel construction in water-rich
soft soil layers, due to its good performance. Yang et al. [19] discussed the rectangular
freezing soil mass’ design, construction, and influences on the surrounding environment
based on the Zhangfuyuan Station of Nanjing Metro, and concluded that the rectangular
freezing soil mass was efficient for portal reinforcement. The rectangular freezing soil
mass would swell during the construction of the tunnel portal, which would have negative
influences on the surrounding environment. It was concluded that a reasonable model
must be used to predict the ground swelling deformation during the design stage of the
tunnel [20,21]. Zhang [22] studied the performance of a cup-shaped freezing body through
field monitoring and numerical analysis, and proposed a model of water-thermal-force
coupling to evaluate the swelling deformation of the ground surface. Chen [23] conducted
two types of frost heaving tests, namely vertical freezing and lateral freezing tests of
remodeled clay soils. The swelling characteristics of the rectangular freezing soil mass were
revealed by analyzing the differences between the two types of test results.

In summary, the above research mainly focused on the performance of the rectangular
freezing soil mass, and there is little research on the trapezoidal freezing soil mass for
tunnel portal reinforcement. For the rectangular freezing soil mass, the differences in soil
load between the top and bottom of the large-diameter tunnel were not taken into account,
and the top and bottom of the tunnel were reinforced in the same way. This caused a huge
economic waste.

In this paper, trapezoidal freezing soil mass was proposed to reinforce the soil at
the tunnel’s initial end. Based on the Wuhu River-Crossing Tunnel, the relationship be-
tween the longitudinal length of trapezoidal freezing soil mass and portal stability is
established according to the tunnel portal damage mode. Then, the numerical simulation
method is applied to study the influences of the length of the upper and lower sides of
the trapezoidal freezing soil mass on the displacement of the tunnel portal. Finally, the
trapezoidal freezing soil mass was applied in the Wuhu River-Crossing Tunnel and the
reinforcement effects were analyzed. This study provides an optimized solution for the soil
reinforcement of shield tunnel portals in the water-rich sand layer, which has important
engineering significance.

2. Project Profile

The Wuhu River-Crossing Tunnel is located at the Yangtze River in Wuhu City, Anhui
Province, China, as shown in Figure 1. The river-crossing tunnel is an urban expressway
tunnel. The expressway has six lanes and the design speed is 80 km/h. The inner diameter
of the shield tunnel is 13.3 m and the outer diameter is 14.5 m.
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complex. The strata from top to bottom are silty clay, silty powder clay, powder sand, and 
fine sand. The thicknesses of the strata are about 1 m, 7.5 m, 18 m, and 20 m, respectively. 
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tunnel, as shown in Figure 2. 
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The rectangular freezing soil mass and three-axis mixing pile were used for reinforc-
ing the right line’s initial end. Figure 3 shows the schematic diagram of the Wuhu River-

Figure 1. Position of Wuhu River-Crossing Tunnel.

The landform of the engineering site belongs to the alluvial plain of the middle and
lower reaches of the Yangtze River, which is mainly the first-class terrace of the Yangtze
River. The elevation of Wuwei bank ranges from 2.0 to 11.5 m, and that of Wuhu bank
ranges from 3.5 to 11.7 m. The Yangtze River flows through the tunnel site area in the
southwest–northeast direction, and the riverbed is irregularly U-shaped. The perennial
water depth is about 30 m. As shown in Figure 2, the stratigraphic structure of this site is
complex. The strata from top to bottom are silty clay, silty powder clay, powder sand, and
fine sand. The thicknesses of the strata are about 1 m, 7.5 m, 18 m, and 20 m, respectively.
The buried depth of the tunnel’s initial end is approximately 10.43 m. During the tunneling
process, monitoring points were set up at the top, bottom, left, and right sides of the tunnel,
as shown in Figure 2.
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Figure 2. Geological profile of the site.

The rectangular freezing soil mass and three-axis mixing pile were used for reinforcing
the right line’s initial end. Figure 3 shows the schematic diagram of the Wuhu River-
Crossing Tunnel end reinforcement. The reinforcement body’s dimensions are as follows:
the longitudinal length of the mixing pile (along the tunnel axis) is 20 m; the height of the
mixing pile is 29.93 m; and the width of the mixing pile and freezing soil mass is 45.5 m.
The longitudinal length of the rectangular freezing soil mass is 3 m, and the height of the
freezing soil mass is 28.93 m.
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3. Theoretical Analysis of Tunnel Portal Stability

The soil body of the tunnel portal is subjected to the upper soil body load and ground
load P. When the sealing door is removed, the tunnel portal soil body equilibrium is broken
and a sliding surface may be formed. Thus, damage occurs, as shown by the dashed line
in Figure 4. This sliding surface is assumed to be a circular arc, with the top of the tunnel
portal as the center and the diameter D1 of the tunnel portal as the radius. The sliding
moment is greater than the resistance moment on the circular arc surface. To enhance the
stability of the soil body in the tunnel portal area, it is necessary to reinforce the soil body
and enhance the resistance moment on the sliding surface. The sliding moment of the soil
body consists of three parts, which are the sliding moment caused by the ground load
P, the sliding moment caused by the self-weight of the upper soil body, and the sliding
moment caused by the self-weight of the sliding soil body. The resistance moment of the
soil body is composed of the resistance moment of the soil body before reinforcement
and the increasing resistance moment after reinforcement of the soil body. The increased
resistance moment after reinforcement of the soil body is especially critical for tunnel portal
stability. These expressions can be computed as followed.

Sliding moment M, M = M1 + M2 + M3 (1)

M1(kN·m) is the sliding moment due to ground load P;
M2(kN·m) is the sliding moment caused by the self-weight of the upper soil;
M3(kN·m) is the sliding moment caused by the sliding soil body.

Sliding resistance moment Md, Md = Mr + ∆Mr (2)

Mr(kN·m) is the resistance moment before soil reinforcement;
∆Mr(kN·m) is the increased resistance moment after soil body reinforcement.
Increased resistance moment after soil body reinforcement ∆Mr:

∆Mr = ∆c · θ · D2
1 = ∆c · arcsin

L
D1

· D2
1 (3)

∆c(kPa) is the increased value of cohesion after soil body reinforcement;
θ is the center angle of the circle corresponding to the reinforcement body, θ ≤ π/2;
D1(m) is the diameter of the tunnel portal;
L(m) is the longitudinal length of the rectangular freezing soil mass.
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The equilibrium condition for the stable soil mass:

KM = Md (4)

K is the slip stability coefficient.
The relationship between slip stability coefficient K and θ is as follows.

K =
Mr

M
+

∆c · D2
1

M
· θ (5)Appl. Sci. 2022, 12, x FOR PEER REVIEW 5 of 17 
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When the rectangular freezing soil mass longitudinal length L is smaller than the
diameter of tunnel portal D1, i.e., θ ≤ π/2, the center angle of circle θ increases with the
increase in longitudinal length L. According to Equation (5), the stability coefficient of
the tunnel portal also increases with increase in the center angle of the circle θ. When the
longitudinal length L is greater than the diameter of tunnel portal D1, the center angle of
circle θ equal π/2 and the slip stability coefficient will be constant.

From the Equations (3) and (5), it is known that with the reinforcement width increas-
ing, the resistance moment of the soil body will not increase, and the stability coefficient
of the tunnel portal will remain unchanged. Compared with the freezing soil mass length
L, the influences of freezing soil mass width on the resistant moment are very small. The
influences of freezing soil mass width were ignored, and the width was kept the same in
the paper.

From the above analysis, it is clear that the magnitude of the sliding resistance moment
is determined by the central angle θ. In addition, the angle affects the stability coefficient
of the tunnel portal. Figures 5 and 6 show the theoretical calculation model diagram and
the trapezoidal freezing soil mass local enlargement diagram, respectively. The effects of
upper side L1 and lower side L2 of trapezoidal freezing soil mass on the central angle θ are
analyzed as follows.

The trapezoidal freezing soil mass, which is shown in Figure 6a, is separated from
Figure 5. The dimensions in Figure 6a have the following relationship.

d
2d + D1

=
a1

L2 − L1
(6)

a = L1 + a1 (7)

d + D1

2d + D1
=

b1

L2 − L1
(8)
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b = L1 + b1 (9)

Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 17 
 

of the tunnel portal will remain unchanged. Compared with the freezing soil mass length 
L, the influences of freezing soil mass width on the resistant moment are very small. The 
influences of freezing soil mass width were ignored, and the width was kept the same in 
the paper. 

From the above analysis, it is clear that the magnitude of the sliding resistance mo-
ment is determined by the central angle θ. In addition, the angle affects the stability coef-
ficient of the tunnel portal. Figures 5 and 6 show the theoretical calculation model diagram 
and the trapezoidal freezing soil mass local enlargement diagram, respectively. The effects 
of upper side L1 and lower side L2 of trapezoidal freezing soil mass on the central angle θ 
are analyzed as follows. 

 
Figure 5. The stability calculation model of the tunnel portal with the trapezoidal freezing soil 
mass. 

 
(a) tunnel portal reinforcement diagram (b) local enlargement diagram 

Figure 6. The trapezoidal freezing soil mass 

The trapezoidal freezing soil mass, which is shown in Figure 6a, is separated from 
Figure 5. The dimensions in Figure 6a have the following relationship. 

Figure 5. The stability calculation model of the tunnel portal with the trapezoidal freezing soil mass.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 17 
 

of the tunnel portal will remain unchanged. Compared with the freezing soil mass length 
L, the influences of freezing soil mass width on the resistant moment are very small. The 
influences of freezing soil mass width were ignored, and the width was kept the same in 
the paper. 

From the above analysis, it is clear that the magnitude of the sliding resistance mo-
ment is determined by the central angle θ. In addition, the angle affects the stability coef-
ficient of the tunnel portal. Figures 5 and 6 show the theoretical calculation model diagram 
and the trapezoidal freezing soil mass local enlargement diagram, respectively. The effects 
of upper side L1 and lower side L2 of trapezoidal freezing soil mass on the central angle θ 
are analyzed as follows. 

 
Figure 5. The stability calculation model of the tunnel portal with the trapezoidal freezing soil 
mass. 

 
(a) tunnel portal reinforcement diagram (b) local enlargement diagram 

Figure 6. The trapezoidal freezing soil mass 

The trapezoidal freezing soil mass, which is shown in Figure 6a, is separated from 
Figure 5. The dimensions in Figure 6a have the following relationship. 

Figure 6. The trapezoidal freezing soil mass.

Substitute Equation (6) into Equation (7), the Equation (10) can be gained.

a =
L1D1 + dL1 + dL2

2d + D1
(10)

Substitute Equation (8) into Equation (9), the Equation (11) can be gained.

b =
L2D1 + dL1 + dL2

2d + D1
(11)

b − a =
D1(L2 − L1)

2d + D1
(12)
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The part in the red box of Figure 6a was isolated, as shown in Figure 6b. The tunnel
portal with trapezoidal freezing soil mass was analyzed separately. The dimensions in
Figure 6b have the following relationship.√

(b − a)2 + D2
1 =

D1

sin θ1
(13)

D1

sin(π − θ1)
=

a
sin θ2

(14)

θ = π/2 − [π − θ2 − (π − θ1)] (15)

Substitute Equations (13) and (14) into Equation (15), Equation (16) is obtained.

θ =
π

2
− arcsin

D1√
(b − a)2 + D2

1

+ arcsin
a√

(b − a)2 + D2
1

(16)

Substitute Equations (10), (11), and (12) into Equation (16), the center angle of the
circle can be computed by Equation (17).

θ =
π

2
− arcsin

2d + D1√
(L2 − L1)

2 + (2d + D1)
2
+ arcsin

L1D1 + dL1 + dL2

D1

√
(L2 − L1)

2 + (2d + D1)
2

(17)

L1(m) is the upper side length of the trapezoidal freezing soil mass;
L2(m) is the lower side length of the trapezoidal freezing soil mass;
d(m) is the length from upper side of the trapezoidal freezing soil mass to the top of

the tunnel;
D1(m) is the diameter of the tunnel portal, D1 = 14.5 m.
Firstly, the lower side’s length L2 of the trapezoidal freezing soil mass is 4 m, while the

upper side’s length L1 ranges from 2 m to 4 m. The upper side length of the trapezoidal
soil mass is 2 m, while the lower side’s length L2 ranges from 2 m to 4 m. Figure 7 shows
the value of the central angle θ for different L1, and L2. The relationship between θ and
L1 can be obtained by linear fitting with θ = 0.012105L1 + 0.23107 when the correlation
coefficient is above 0.99. The relationship between θ and L2 can be obtained by linear fitting
with θ = 0.05845L2 + 0.02143, and the correlation coefficient is also above 0.99.
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From the above fitting formulas, it can be seen that the central angle θ increases with
the increase in L1 and L2, respectively. The increasing ratio of θ with the L2 increasing is
4.83 times greater than that with the L1 increasing. It means that the central angle θ is more
sensitive to L2 than to L1, and that L2 has greater influences on the central angle θ. From
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Equation (5), it is known that the tunnel portal stability coefficient is proportional to the
central angle θ. Therefore, increasing L2 is more effective than increasing L1 for tunnel
portal stability. To improve the reinforcement effect, the upper side length of the freezing
soil mass can be reduced and the lower side length can be increased. Thus, the trapezoidal
freezing soil mass can be used to reinforce the tunnel portal, and its reinforcement effects
are superior to the rectangular freezing soil mass.

From the above analysis, it is known that the freezing reinforcement scheme of the
Wuhu River-Crossing Tunnel can be optimized. The optimized scheme is as follows. The
upper side length of the freezing soil mass is reduced (from 3 m to 2 m), while the lower
side length freezing soil mass is increased (from 3 m to 4 m). The freezing soil mass
transverse dimensions remain unchanged. The optimized freezing reinforcement body
profile is shown in Figure 8.
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4. Three-Dimensional Numerical Simulation on the Influences of Trapezoidal
Freezing Soil Mass on Tunnel Portal Displacement

The above derivation process of the theoretical formula is somewhat simplified. For
example, the increased cohesion of different soils after reinforcement are regarded as the
same. The soil in the freezing area is composed of two types of layers, namely clay and
sand, and the cohesion of the reinforced soils is different for the two types of layers. The
above theory roughly reveals the influences of trapezoidal freezing soil mass on tunnel
portal stability. Therefore, it is necessary to further study the tunnel portal’s stability.

Due to the requirements of complex equipment and the high cost of the experiment,
numerical simulation has become an effective method for further research. The numerical
simulation method was used to further study the influences of trapezoidal freezing soil
mass on the deformation of the tunnel portal.

4.1. Model Establishment

In this section, the numerical simulation method is used to study the influences of
upper and lower side dimensions of trapezoidal freezing soil mass on portal deformation.

According to the engineering design data, the outer and inner diameters of the tunnel
are 14.5 m and 13.3 m, respectively. The distance between the two tunnels is 21 m, and the
buried depth of the tunnel center is 17.68 m. The length of the numerical model is 151.5 m,
the width is 90 m, and the height is 69.93 m. The model is divided into five strata: silty
clay, muddy silty clay, silt, fine sand, and medium-weathered siltstone, from top to bottom.
The thickness for each stratum is 1 m, 7.5 m, 18 m, 20.5 m, and 22.93 m, respectively. The
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numerical calculation model is shown in Figure 9, and was established using FLAC3D
numerical simulation software.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 17 
 

 
Figure 9. Three-dimensional numerical calculation model. 

The physical and mechanical parameters of the in situ soil, cement-soil, and freezing 
cement-soil are shown in Tables 1–3, respectively. These parameters were obtained as fol-
lows. Firstly, a series of indoor experiments were conducted, including an unconfined 
compressive test, a triaxial compression test, and a physical parameters test. Thus, the 
physical and mechanical parameters of soil, cement-soil, and freezing cement-soil were 
obtained. However, the indoor test conditions were not exactly the same as those of the 
field. Therefore, the obtained parameters cannot be used in the numerical model. Thus, 
the parameters should be corrected. In order to guarantee the model to be in reasonable 
agreement with the field observations, the parameters were corrected according to the 
field observations. The corrected parameters are shown in Tables 1–3, and were used in 
the numerical model. 

Table 1. Physical and mechanical parameters of the in situ soil. 

Soil Horizons Elastic Modulus 
E/MPa 

Poisson’s 
Ratio v 

Volume Weight 
γ/(kN/m3) 

Cohesion 
c/kPa 

Internal Friction 
Angle φ/(°) 

Soil Thick-
ness/m 

Silty clay 6.2 0.32 17.1 12 6 1 
Muddy silty clay 10.0 0.30 18.4 15 22 7.5 

Silt 20.6 0.28 19.5 2 27 18 
Fine sand 25.0 0.28 20.0 3 30 20.5 

Medium-weathered siltstone 21 × 10³ 0.23 21.9 15 × 10³ 38 22.93 

Table 2. Physical and mechanical parameters of the cement-soil. 

Cement-Reinforced 
Soil Layer 

Elastic Modulus 
E/MPa 

Poisson’s 
Ratio v 

Internal Friction 
Angle φ/(°) 

Cohesion 
c/kPa 

Tensile Strength 
σt/MPa 

Volume Weight 
γ/(kN/m3) 

Silty clay 50.4 0.3 26.2 120 0.028 18.0 
Muddy silty clay 83.16 0.28 40.1 150 0.074 19.0 

Sand 165.2 0.25 50.1 300 0.085 20.0 

Table 3. Physical and mechanical parameters of the freezing cement-soil. 

Freezing Ce-
ment-Soil 

Elastic Modulus 
E/MPa 

Poisson’s 
Ratio v 

Internal Friction 
Angle φ/(°) 

Cohesion c/kPa Tensile Strength 
σt/MPa 

Volume Weight 
γ/(kN/m3) 

Silty clay 170 0.3 40.25 300 0.096 20.0 
Muddy silty clay 299.02 0.28 53.2 400 0.265 21.0 

Sand 684.46 0.25 61.8 700 0.352 22.0 

Figure 9. Three-dimensional numerical calculation model.

The boundary condition was set as followed. The Y direction displacement was fixed
on the front and rear boundary of the model; the X direction displacement was fixed on the
left and right boundary of the model. The upper boundary of the model was free, and the
lower boundary was fixed in the X, Y, and Z directions. The Mohr–Coulomb constitutive
model was adopted for every soil layer.

The physical and mechanical parameters of the in situ soil, cement-soil, and freezing
cement-soil are shown in Tables 1–3, respectively. These parameters were obtained as
follows. Firstly, a series of indoor experiments were conducted, including an unconfined
compressive test, a triaxial compression test, and a physical parameters test. Thus, the
physical and mechanical parameters of soil, cement-soil, and freezing cement-soil were
obtained. However, the indoor test conditions were not exactly the same as those of the
field. Therefore, the obtained parameters cannot be used in the numerical model. Thus,
the parameters should be corrected. In order to guarantee the model to be in reasonable
agreement with the field observations, the parameters were corrected according to the field
observations. The corrected parameters are shown in Tables 1–3, and were used in the
numerical model.

Table 1. Physical and mechanical parameters of the in situ soil.

Soil Horizons Elastic Modulus
E/MPa

Poisson’s
Ratio v

Volume Weight
γ/(kN/m3)

Cohesion
c/kPa

Internal Friction
Angle ϕ/(◦)

Soil
Thickness/m

Silty clay 6.2 0.32 17.1 12 6 1
Muddy silty clay 10.0 0.30 18.4 15 22 7.5

Silt 20.6 0.28 19.5 2 27 18
Fine sand 25.0 0.28 20.0 3 30 20.5

Medium-weathered
siltstone 21 × 103 0.23 21.9 15 × 103 38 22.93

Table 2. Physical and mechanical parameters of the cement-soil.

Cement-Reinforced
Soil Layer

Elastic Modulus
E/MPa

Poisson’s
Ratio v

Internal Friction
Angle ϕ/(◦)

Cohesion
c/kPa

Tensile Strength
σt/MPa

Volume Weight
γ/(kN/m3)

Silty clay 50.4 0.3 26.2 120 0.028 18.0
Muddy silty clay 83.16 0.28 40.1 150 0.074 19.0

Sand 165.2 0.25 50.1 300 0.085 20.0
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Table 3. Physical and mechanical parameters of the freezing cement-soil.

Freezing
Cement-Soil

Elastic Modulus
E/MPa

Poisson’s
Ratio v

Internal Friction
Angle ϕ/(◦)

Cohesion
c/kPa

Tensile Strength
σt/MPa

Volume Weight
γ/(kN/m3)

Silty clay 170 0.3 40.25 300 0.096 20.0
Muddy silty clay 299.02 0.28 53.2 400 0.265 21.0

Sand 684.46 0.25 61.8 700 0.352 22.0

4.2. Model Validation
4.2.1. Deformation of the Unreinforced Tunnel Portal

Figure 10 shows the z-direction displacement contour of the unreinforced end when
the tunnel portal was broken. It can be seen from the figure that the maximum z-direction
displacement is 4.09 m at the top of the portal. The value is much larger than the allowable
value. This shows that the tunnel portal is unstable if the tunnel end soils are not reinforced.
Therefore, it is necessary to reinforce the tunnel end before the tunnel portal is broken.
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4.2.2. Portal Deformation of the Wuhu River-Crossing Tunnel

The portal deformation of the Wuhu River-Crossing Tunnel with the real end rein-
forcement method was simulated. Figure 11 shows the x and z direction displacement
contour of the portal with the real reinforcement method.

From Figure 11, it can be seen that the x-direction displacement is the largest on the
left and right sides of the portal, which are −1.74 mm and 1.34 mm, respectively. The
z-direction displacement is the largest at the top and bottom of the tunnel, which are
1.49 mm and −1.56 mm, respectively. Compared with the displacement of the unreinforced
portal, the z-direction displacement of the reinforced portal decreases significantly.

Figure 12 is the y-direction displacement contour on the longitudinal section of the
tunnel with the real end reinforcement method. It can be seen from the figure that when
the portal is broken, the soil behind the portal shows an outward movement trend. The
y-direction displacement at the center of the portal is the largest, at −9.91 mm.

Figure 13 shows field observation displacement and numerical displacement at the
portal monitoring point. From the figure, it can be seen that the numerical results at the
portal are consistent with the field observation results, and the error does not exceed 10%.
This demonstrates that the simulated model is in reasonable agreement with the field
observation.

4.3. Influences of Upper and Lower Side Dimensions of Trapezoidal Freezing Soil Mass on the
Portal Deformation

From the theoretical analysis in Section 2, it can be seen that the trapezoidal freezing
soil mass has a better reinforcement effect than the rectangle freezing soil mass. To further
evaluate the performance of trapezoidal freezing soil mass, the influences of trapezoidal
freezing soil mass dimensions on the tunnel portal deformation were studied in this section.
Firstly, the upper side length of the trapezoidal freezing soil mass L1 was 3 m, while the
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lower side length L2 was 3 m, 4 m, and 5 m, respectively. The influences of the lower
side length of the trapezoidal freezing soil mass on the tunnel portal deformation were
analyzed. Then, the lower side length L2 was 3 m, while the upper side length L1 was 1 m,
2 m, and 3 m, respectively. The influences of the upper side length on portal deformation
were studied. Finally, the deformation of the tunnel portal, with a longitudinal length of
3 m of rectangular freezing soil mass, was simulated.
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The triaxial mixing pile and rectangle freezing method were used in the Wuhu River-
Crossing Tunnel. The authors have carried out many studies on the triaxial mixing piles
reinforcing the tunnel end alone. The results show that if the triaxial mixing pile’s longitu-
dinal length is 5 m, the maximum tunnel portal deformation is approximately 25 mm. The
deformation value is above the allowable value of 15 mm [24,25]. To highlight the effect of
the freezing soil mass, the triaxial mixing pile’s longitudinal length was 5 m in this section.
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4.3.1. Influences of the Lower Side Length on the Portal Deformation

Figure 14 shows maximum displacement of the tunnel portal to different lower side
lengths of the trapezoidal freezing soil mass. The maximum displacements of the portal
were all less than the allowable value of 15 mm. The maximum displacement of the tunnel
portal gradually decreased, with the lower side’s length increasing. When the lower side
length increased from 3 m to 5 m, the maximum displacement of the tunnel portal decreased
by an average of 4.76 mm. This means that the lower side length of the trapezoidal freezing
soil mass has an obvious effect on the tunnel portal.
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4.3.2. Influences of the Upper Side Length on the Portal Deformation

Figure 15 shows the maximum displacement of tunnel portal, corresponding to dif-
ferent upper side lengths of the trapezoidal freezing soil mass. It can be seen from the
figure that the maximum displacement of the tunnel portal gradually decreases with the
increase in the upper side length. When the upper side length increased from 1 m to 3 m,
the maximum displacement of the tunnel portal decreased by an average of 0.93 mm. The
decreased value of the maximum tunnel portal displacement with the increase in the lower
side length is 5.12 times that with the increase in the upper side length. It can be concluded
that increasing the lower side length is more effective than increasing the upper side length
for the stability of the tunnel portal, which is consistent with the theoretical analysis results.
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When the longitudinal length of the rectangular freezing soil mass was 3 m and
the upper and lower side length of the trapezoidal freezing soil mass were 2 m and
4 m, respectively, the volumes of the freezing soil masses were the same. The maximum
displacements of the tunnel portal in the x, y, and z directions are shown in Table 4. The
maximum displacements of the portal reinforced by the trapezoidal freezing soil mass
were all lower than those of the portal reinforced by the rectangular freezing soil mass.
Thus, when the portal is broken, the trapezoidal freezing soil mass is safer and more
reliable than the rectangular freezing soil mass. This also verifies the accuracy of the above
theoretical analysis.

Table 4. Displacement of the tunnel portal with trapezoidal freezing soil mass or rectangular freezing
soil mass.

Maximum y-Direction
Displacement

Maximum x-Direction
Displacement

Maximum z-Direction
Displacement

trapezoidal freezing soil mass 6.64 mm 1.27 mm 1.30 mm
rectangular freezing soil mass 9.24 mm 1.86 mm 1.67 mm

Note: Longitudinal length of the rectangular freezing soil mass is 3 m; the upper and lower side lengths of the
trapezoidal freezing soil mass are 2 m and 4 m, respectively.

5. The Application of Trapezoidal Freezing Soil Mass in the Wuhu River-Crossing Tunnel

In order to verify the reinforcement effects of the trapezoidal freezing soil mass, it was
applied in the Wuhu River-Crossing Tunnel. As mentioned in Section 3, the optimized
freezing soil mass dimensions are as follows. The upper and lower side lengths of the
trapezoidal freezing soil mass were 2 m and 4 m, respectively. The height and width of
the freezing soil mass were unchanged. The mixing pile dimensions were also the same
as those in real engineering. The portal displacement was analyzed by the numerical
simulation method.

Figure 16 shows the displacement contour of the tunnel portal with the optimization
scheme. Figure 16a shows that x-direction displacement is relatively larger on the left
and right sides of the portal. The maximum x-direction displacements are −1.09 mm and
1.14 mm, respectively, on the left and right sides of the tunnel portal. Figure 16b shows
that the z-direction displacement is relatively larger on the top and bottom of the tunnel
portal. The maximum z-direction displacements of the portal are −1.12 mm and 1.14 mm,
respectively, on the top and bottom of the tunnel portal.
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Figure 17 is the y-direction displacement contour on the longitudinal section of the
tunnel with the optimization scheme. From the figure, it can be seen that the portal’s central
displacement is the highest. The maximum y-direction displacement is −5.66 mm. The
maximum displacement value is much less than the allowable value of 15 mm [24,25]. This
means the optimized scheme can also meet the safety requirements of real engineering.
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Figure 18 shows the monitoring point displacement of the tunnel portal with the
optimization scheme or the original scheme. From the figure, it can be seen that the
displacement of the portal with the optimization scheme is always lower than that of the
portal with the original scheme. The maximum reduction ratio is 37.4% and the minimum
reduction ratio is 14.2%.
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Figure 18. The monitoring point displacement of the tunnel portal with the optimization scheme and
the original scheme.

The portal’s central displacement was 9.91 mm for the original scheme, while it was
5.56 mm for the optimization scheme. The reduction rate was 42.9%. This means that the
optimization scheme is more effective than the original scheme in controlling the portal
displacement. It can be concluded that the trapezoidal freezing soil mass is more effective
for the tunnel end soil reinforcement compared with the rectangular freezing soil mass.

6. Conclusions

In this paper, the trapezoidal freezing soil mass was proposed to reinforce the shield
tunnel end, and the reinforcing effect was analyzed by theoretical analysis and numerical
simulation. The trapezoidal freezing soil mass was applied in the Wuhu River-Crossing
Tunnel, and the following conclusions were drawn.

• When the longitudinal length of the freezing soil mass is less than the tunnel diameter,
the tunnel portal stability is improved significantly, with the longitudinal reinforce-
ment length increasing. When the longitudinal reinforcement length is greater than
the tunnel diameter, the tunnel portal’s stability is not improved significantly with the
increase in longitudinal reinforcement length.

• The lower side length of the trapezoidal freezing soil mass has a greater influence on
the deformation of the portal than the upper side length of the trapezoidal freezing
soil mass. The decreased value of the maximum tunnel portal displacement with the
increase in the lower side length is more than five times that with the increase in the
upper side length.

• For the Wuhu River-Crossing Tunnel end reinforcement, the trapezoidal freezing soil
mass is more effective than the rectangular freezing soil mass. The trapezoidal freezing
soil mass can be used to replace the rectangular freezing soil mass in order to reinforce
the tunnel end.
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