
Citation: Liang, J.; Tang, X.; Wang, T.;

Lin, W.; Yan, J.; Fu, C. Analysis for

Ground Deformation Induced by

Undercrossed Shield Tunnels at a

Small Proximity Based on Equivalent

Layer Method. Sustainability 2022, 14,

9972. https://doi.org/10.3390/

su14169972

Academic Editors: Xi Jiang, Pengjiao

Jia, Peixin Shi and Cheng Cheng

Received: 13 July 2022

Accepted: 8 August 2022

Published: 12 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Analysis for Ground Deformation Induced by Undercrossed
Shield Tunnels at a Small Proximity Based on Equivalent
Layer Method
Jiaxin Liang 1,2 , Xiaowu Tang 1,2,*, Tianqi Wang 1,2, Weikang Lin 1,2, Jing Yan 3 and Chunqing Fu 4

1 Research Center of Coastal and Urban Geotechnical Engineering, Department of Civil Engineering,
Zhejiang University, Hangzhou 310058, China

2 Engineering Research Center of Urban Underground Space Development of Zhejiang Province,
Hangzhou 310058, China

3 School of Civil Engineering, Southwest Jiaotong University Hope College, Chengdu 610400, China
4 Beijing Uni-Construction Group Co., Ltd., Beijing 100101, China
* Correspondence: tangxiaowu@zju.edu.cn

Abstract: Shield excavation and tail grouting are the main causes of ground deformation in tunnel
construction, especially in the case of new tunnels undercrossing existing tunnels, which have stricter
requirements for settlement control. This paper investigates the equivalent layer method, which is
used to simulate ground deformation induced by shield construction and tail grouting via numerical
analysis. The research is based on a case study of Beijing’s newly built Metro Line 12 undercrossing
the existing Metro Line 10, which is constructed in soft soil. Three-dimensional finite simulation via
Plaxis 3D is performed, incorporating the equivalent layer method. Parametric analysis is carried out
to explore the influence of the thickness (δ) and elastic modulus (E) of the equivalent layer on surface
settlement. It is shown that the surface settlement increases almost linearly with the increase in δ,
and it is insensitive to changes in E. The δ is the dominating factor affecting the surface settlement.
Based on the Beijing Metro Lines project, the predicted surface settlement is analyzed and compared
with monitoring data. Based on a case study of Beijing Metro, the applicability of the equivalent layer
method is verified, and the empirical values for δ and E are summarized. δ = 1.8 Gp and E = 2 MPa
are suitable values for analysis, which could be references for other shield tunnel constructions in
soft soil. With the obtained empirical values of the equivalent layer method, the deformation caused
by grouting and undercrossing tunnels could be accurately predicted, which is benefit for reducing
budget and environmental protection.

Keywords: tunneling; ground deformation; numerical analysis; equivalent layer method

1. Introduction

Due to the rapid development and accelerating urbanization of China, underground
traffic construction has been widely adopted to alleviate traffic pressure. Inevitably,
an increasing number of subway and road tunnels are being planned and constructed,
and the number of newly built tunnels overlapping with existing tunnels or structures
is also increasing. Shield tunneling is considered as a commonly used technology for
tunnel construction. The difficulty of applying shield tunneling in urban areas with pros-
perous business districts nearby is in controlling the ground deformation caused by over-
excavation [1–6]. Over-excavation and the strata loss of shield construction may be caused
by the gap between soil and the lining, since the diameter of the shield shell is larger than
the diameter of the lining. In order to control ground deformation, the tail grouting method
is commonly used in practice.

In the shield tail grouting method, liquid grouting materials are injected into the
annular shield tail gap between the segment and the ground through a grouting hole
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behind the shield tail. During the construction of the shield, as the shield advances,
the grouting pipe keeps a certain pressure and continuous grouting to the shield tail, filling
the construction gap of the shield tail, thereby reducing the deformation of the ground [7].

Tunnel construction will inevitably induce varying degrees of ground movement and
result in ground surface settlement. Many studies on the prediction of ground deformation
in tunnel construction have been carried out by using empirical methods [4,8–12], analytical
methods [13,14], and numerical methods [15–18]. Empirical and analytical methods are
more suitable for simple excavation applications, which do not take complex construction
situations and existing structures into account. Numerical methods are considered as
a more accurate way to predict tunneling-induced deformation, which could simulate
different construction details.

Predicting shield excavation and grouting by numerical simulation is an effective
and efficient method that is currently used. In the process of numerical simulation,
the simulation of formation loss can be mainly divided into three categories: the stress
release method [15], the displacement convergence method [17,19–21], and the equivalent
layer method [22–28]. The ground loss caused by tunnel excavation and grouting is difficult
to measure in practice to obtain an accurate value, and the existing simulation methods
have certain limitations. The stress release method parameters have limited correlation
with the ground loss rate [29]. As for the displacement convergence method, the relation-
ship between the different ground losses and the displacement shrinkage ratio produced
under different construction situations is not clear [17,30]. The equivalent layer method is
simple to use in numerical analysis with wide applicability [22–28]. The parameters of the
equivalent layer method are relatively simple, which have no correlation with construction
parameters such as grouting amount and grouting pressure. The parameters of the equiv-
alent layer are taken from empirical values [22,26]. The present studies mainly take the
values of parameters of the equivalent layer method according to different soil properties
with a large range. The degree of the influence of a parameter on the surface settlement
and the accurate empirical values of parameters for different soil layers still need to be
explored based on actual engineering applications. Especially for cases of undercrossed
shield tunnels at a small proximity, accurate empirical values of equivalent layer methods
are of great importance in numerical simulations.

This paper investigates the equivalent layer method, which is used to simulate the
ground deformation induced by shield construction and tail grouting via numerical analysis.
The research is based on a case study of Beijing’s newly built Metro Line 12 undercrossing
the existing Metro Line 10, which is constructed in soft soil. A three-dimensional finite sim-
ulation via Plaxis 3D is performed, incorporating the equivalent layer method. Parametric
analysis is carried out to explore the influence of the thickness (δ) and elastic modulus (E)
of the equivalent layer on surface settlement. Based on a case study of the Beijing Metro
Lines project, the predicted surface settlement is analyzed and compared with monitoring
data. The applicability of the equivalent layer method is verified, and the empirical values
for δ and E are summarized, which could be references for other shield tunnel constructions
in soft soil. Based on the case study of undercrossed shield tunnels at a small proximity,
the obtained empirical values from the equivalent layer method could accurately predict
the deformation caused by grouting and undercrossing tunnels, especially in soft soils. The
accurate prediction through methods in this paper shows the influence of tail grouting
on ground deformation; it could control the volume of grouting materials in construction,
which is beneficial to reducing budgets and environmental protection.

2. Project Overview

This research is based on the shield tunnel project of Beijing’s newly built Metro Line
12 undercrossing the existing Metro Line 10. The overlapping section of Metro Line 12 starts
from Sanyuanqiao Station in the east and passes through the existing Line 10 Liangmaqiao
Sanyuanqiao Station section.
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2.1. Geological Conditions

The plain view of Line 12 and Line 10 is shown in Figure 1. The newly built shield
tunnel of Line 12 passes under the twin tunnels of the existing Line 10 with the skew angle
of 60 degrees. As shown in Figure 2, the internal and external diameters of the tunnel
linings are 5.4 m and 6.0 m. The width of each segment is 1.2 m. The horizontal distance
between the central axis of the newly built Line 12 is 35.0 m with a buried depth of 15.8 m.
The newly built Line 12 undercrosses the existing Line 10 with a small vertical clear distance.
The distance between the right line of Line 10 and the shield section of Line 12 is 4.50 m,
and the buried depth is 14.52 m. The distance between the left line of Line 10 and the shield
section of Line 12 is 2.19 m, and the buried depth is 16.31 m.
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The typical geological profile of Line 12 and the existing Line 10 is shown in Figure 2.
The profile shows that the existing tunnels and new tunnels are mainly located in silt clay,
which is considered to have properties of low shear strength and high compressibility. The
ground water is about 12.09 m below the ground surface. The geotechnical parameters of
soils obtained by the site investigation are listed in Table 1.
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Table 1. Geotechnical properties of soil layers.

No. Scheme
Permeability Unit Weight Compression

Modulus Cohesion Internal
Friction Angle

Poisson
Ratio

k (cm/s) γ (kN/m3) Es (MPa) c′ (kPa) ϕ′ (◦) ν

1 Miscellaneous fill – 18.0 4.00 2 10 0.28
2 Silt 3.5 × 10−4 20.2 8.71 15.27 26.74 0.28
3 Silty fine sand 6.9 × 10−3 20.1 4.52 10 28 0.28
4 Silty clay 5.9 × 10−5 20.5 8.43 26.77 13.95 0.27
5 Silty clay (2) 5.6 × 10−5 19.9 14.00 32.92 13.64 0.33
6 Silty fine sand (2) 6.9 × 10−3 20.4 30.00 10 32 0.26
7 Silty clay (3) 5.6 × 10−5 20.2 12.21 28.2 13.28 0.29
8 Silt (2) 3.5 × 10−4 20.5 16.41 18.03 27.90 0.26
9 Medium–fine sand 2.7 × 10−4 20.5 40.00 5 36 0.23

2.2. Driving Paremeters of EPBS

Two EPBS machines (CTE6650) manufactured by China Railway Engineering Equip-
ment Group Co., Ltd. (Singapore), were employed in the construction of the new tunnels.
The shield machine has basic functions such as an excavation system, ballast removal
system, ballast soil improvement system, segment installation system, grouting system,
power system, control system, measurement and guidance system, and video monitoring
system. It can meet the requirements of excavation in gravel strata, medium and fine
sand strata, and clay strata, and has the ability to control the direction with high precision,
meeting the requirements of environmental protection.

According to the relative distance between the shield machine and Metro Line 10,
the tail grouting of left and right lines is divided into a test section and an undercrossing
section, and different construction measures are taken, as shown in Figures 3 and 4. During
the excavation of new tunnels, 94–163 rings of the left line and 94–188 rings of the right
line were considered as test sections. The driving parameters of the shield machine of
the test section were used as references. Based on the construction of the test section,
the driving parameters of the undercrossing section were optimized constantly to reduce
the deformation of existing tunnels and control the process of tail grouting. Four rings of
segment were injected with polyurethane material to isolate the undercrossing section to
prevent tail grouting materials’ channeling. The detailed driving parameters of the shield
machine are listed in Table 2.

Sustainability 2022, 14, x FOR PEER REVIEW 4 of 18 
 

Table 1. Geotechnical properties of soil layers. 

No. Scheme 
Permeability Unit Weight Compression 

Modulus Cohesion Internal Fric-
tion Angle 

Poisson 
Ratio 

k (cm/s) 𝜸 (kN/m3) 𝑬𝒔 (MPa) c′ (kPa) 𝝋′ (°) 𝝂 
1 Miscellaneous fill -- 18.0 4.00 2 10 0.28 
2 Silt 3.5 × 10−4 20.2 8.71 15.27 26.74 0.28 
3 Silty fine sand 6.9 × 10−3 20.1 4.52 10 28 0.28 
4 Silty clay 5.9 × 10−5 20.5 8.43 26.77 13.95 0.27 
5 Silty clay (2) 5.6 × 10−5 19.9 14.00 32.92 13.64 0.33 
6 Silty fine sand (2) 6.9 × 10−3 20.4 30.00 10 32 0.26 
7 Silty clay (3) 5.6 × 10−5 20.2 12.21 28.2 13.28 0.29 
8 Silt (2) 3.5 × 10−4 20.5 16.41 18.03 27.90 0.26 

9 
Medium–fine 

sand 
2.7 × 10−4 20.5 40.00 5 36 0.23 

2.2. Driving Paremeters of EPBS 
Two EPBS machines (CTE6650) manufactured by China Railway Engineering Equip-

ment Group Co., Ltd. (Singapore), were employed in the construction of the new tunnels. 
The shield machine has basic functions such as an excavation system, ballast removal sys-
tem, ballast soil improvement system, segment installation system, grouting system, 
power system, control system, measurement and guidance system, and video monitoring 
system. It can meet the requirements of excavation in gravel strata, medium and fine sand 
strata, and clay strata, and has the ability to control the direction with high precision, 
meeting the requirements of environmental protection. 

According to the relative distance between the shield machine and Metro Line 10, the 
tail grouting of left and right lines is divided into a test section and an undercrossing sec-
tion, and different construction measures are taken, as shown in Figures 3 and 4. During 
the excavation of new tunnels, 94–163 rings of the left line and 94–188 rings of the right 
line were considered as test sections. The driving parameters of the shield machine of the 
test section were used as references. Based on the construction of the test section, the driv-
ing parameters of the undercrossing section were optimized constantly to reduce the de-
formation of existing tunnels and control the process of tail grouting. Four rings of seg-
ment were injected with polyurethane material to isolate the undercrossing section to pre-
vent tail grouting materials’ channeling. The detailed driving parameters of the shield 
machine are listed in Table 2. 

 

Figure 3. Layout of the test section and undercrossing section of tail grouting. 
Figure 3. Layout of the test section and undercrossing section of tail grouting.



Sustainability 2022, 14, 9972 5 of 18Sustainability 2022, 14, x FOR PEER REVIEW 5 of 18 
 

 

Figure 4. Detailed arrangements of test section and undercrossing section of tail grouting. 

Table 2. Main parameters of EPBS machines (CTE6650). 

Items Parameters Items Parameters 

Excavation diameter 6680 mm 
Number of drive 

groups 9 groups 

Advance speed 10~15 mm/min Rated torque 7375 kNm 
Cutter pressure 0.9~1.2 Bar Breakout torque 8600 kNm 

Cutter opening rate 60% Screw machine 880 × 560 mm 

Drive form Hydraulic drive Maximum design 
pressure 5 Bar 

Minimum horizontal turn-
ing radius 250 m 

Maximum slag capac-
ity 440 m3/h 

Power of machine 1750.75 KW Articulation form Passive articulation 

Tail grouting is considered as an effective way to control ground deformation, which 
fills the tail gap between the segment and the ground. The effect of tail grouting is mainly 
influenced by the composition of grouting materials, grouting volume, and grouting pres-
sure. Tail grouting adopts double-liquid grout, which is composed of cement and sodium 
silicate. The mix proportion of grouts is shown in Table 3. The grouting range of each ring 
is within 270° of the top of the tunnel, the grouting depth is 2 m, and the strength of the 
reinforced soil is not less than 1 MPa. The tail grouting volume of each ring is proposed 
to be 4.5 m3, which is 140% of the theoretical void volume. The grouting pressure is 
0.2~0.35 Mpa. 

Table 3. Mix proportion of grouts (per m3). 

Liquid A Liquid B 
Cement (kg) Water (kg) Sodium silicate (kg) 
608  304 660.5 

2.3. Arrangement of Measurement 
The clear distance between the new tunnel and the existing Line 10 is small, of which 

the construction risk is high. To grasp the influence of tunnel excavation on the surround-
ing environment, the settlement of the tunnel structures and horizontal convergence were 
carefully measured in the research region. Thirty monitoring sections were arranged 
along Metro Line 10; the layout of the monitoring points is shown in Figure 5, and the 
detailed arrangement of the measuring points is shown in Figure 6. 

The data collection frequency of the automated monitoring system was generally 
once per 20 min when the new tunnel undercrossed the existing tunnel. The data collec-
tion frequency was once per 4-6 h after the new tunnel undercrossed the existing tunnel. 

Figure 4. Detailed arrangements of test section and undercrossing section of tail grouting.

Table 2. Main parameters of EPBS machines (CTE6650).

Items Parameters Items Parameters

Excavation diameter 6680 mm Number of drive
groups 9 groups

Advance speed 10~15 mm/min Rated torque 7375 kNm
Cutter pressure 0.9~1.2 Bar Breakout torque 8600 kNm

Cutter opening rate 60% Screw machine 880 × 560 mm

Drive form Hydraulic drive Maximum design
pressure 5 Bar

Minimum horizontal
turning radius 250 m Maximum slag

capacity 440 m3/h

Power of machine 1750.75 KW Articulation form Passive articulation

Tail grouting is considered as an effective way to control ground deformation, which
fills the tail gap between the segment and the ground. The effect of tail grouting is mainly
influenced by the composition of grouting materials, grouting volume, and grouting
pressure. Tail grouting adopts double-liquid grout, which is composed of cement and
sodium silicate. The mix proportion of grouts is shown in Table 3. The grouting range
of each ring is within 270◦ of the top of the tunnel, the grouting depth is 2 m, and the
strength of the reinforced soil is not less than 1 MPa. The tail grouting volume of each
ring is proposed to be 4.5 m3, which is 140% of the theoretical void volume. The grouting
pressure is 0.2~0.35 Mpa.

Table 3. Mix proportion of grouts (per m3).

Liquid A Liquid B

Cement (kg) Water (kg) Sodium silicate (kg)
608 304 660.5

2.3. Arrangement of Measurement

The clear distance between the new tunnel and the existing Line 10 is small, of which
the construction risk is high. To grasp the influence of tunnel excavation on the surrounding
environment, the settlement of the tunnel structures and horizontal convergence were
carefully measured in the research region. Thirty monitoring sections were arranged along
Metro Line 10; the layout of the monitoring points is shown in Figure 5, and the detailed
arrangement of the measuring points is shown in Figure 6.
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The data collection frequency of the automated monitoring system was generally once
per 20 min when the new tunnel undercrossed the existing tunnel. The data collection
frequency was once per 4-6 h after the new tunnel undercrossed the existing tunnel. Manual
monitoring was performed once a day during the underpass construction, once every
2–3 days after the undercrossing construction was completed, and once every 2–3 days
after exiting the affected area. Table 4 shows the accuracy and restrictions of the devices
used in each monitoring item.
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Table 4. Accuracy and restrictions of devices of monitoring items.

Monitoring Items Monitoring Device Monitoring
Accuracy/mm

Deformation
Restriction/mm

Remote real-time
monitoring of existing

line structures
Static level 0.1 3.0

Tunnel structure
settlement and track bed

structure settlement
Level 0.3 2.0

Track geometry Track gauge 0.1 /
Tunnel convergence Convergence meter 0.1 1.0
Segment staggering Vernier caliper 0.01 1.0

3. Equivalent Layer Method
3.1. Model of Equivalent Layer

In actual construction, it is difficult to quantify factors such as the filling of shield
tail gaps in tail grouting and the distribution of grout after grouting. The equivalent layer
method uses a homogeneous, equal thickness, elastic soil layer to simulate reinforced soil
around the tunnel linings [22,26]. Ground deformation is simulated by replacing the actual
soil layer and grouting around the lining with the equivalent layer.

The equivalent layer is an abstraction of the disturbance of the soil around the tunnel
and the effect of backfilling and grouting. For certain strata and construction methods,
the thickness and mechanical parameters of the equivalent layer should be certain values.
The materials of the equivalent layer are made of soil, cement paste, and a mixture of
soil and cement paste. The composition ratio is related to the properties of soil, grouting
materials, grouting pressure, and grouting volume. The equivalent layer can be regarded
as an elastic material. Mechanical properties and thickness are very important parameters
for the equivalent layer method, which has a great impact on the simulation results of
tail grouting.

The mechanical properties of the equivalent layer include the elastic modulus (E)
and Poisson’s ratio (υ). The materials in the equivalent layer are soil, cement grouts,
and a mixture of soil and cement grouts. Its elastic modulus (E) should be between soil
and cement. Generally, it can be obtained by referring to the compressive modulus (Es) of
cement soil, which is related to the properties of soil, grouting materials, and its composition
ratio. Since the range of Poisson’s ratio (υ) is not large, its value has limited influence on
the simulation of ground deformation. Therefore, the Poisson’s ratio (υ) of the equivalent
layer can be taken as 0.2 with reference to the Poisson’s ratio (υ) of cement–soil [26,31].

The thickness of the equivalent layer is closely related to the tail gap and the actual
grouting volume and the severity and range of disturbed surrounding soil during the
construction. It can be calculated by [22]:

δ = η Gp (1)

where δ is the thickness of the equivalent layer, η is the coefficient, and Gp is the computed
shield tail gap, which is half the difference between the shield diameter and the outer
diameter of tunnel lining. For different soils, the value range of η is also different: for loose
sand, η is 1.3~1.8; for dense sand, η is 0.9~1.3; for soft clay, η is 1.6~2.0 [22,26].

In the process of simulating the effect of tail grouting on the ground deformation by
using the equivalent layer method, the ground deformation is affected by the thickness and
the elastic modulus of the equivalent layer. It is necessary to analyze the sensitivity of the
ground deformation to the parameters of the equivalent layer method. The concept of the
equivalent layer method used in the numerical analysis is shown in Figure 7.
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3.2. Numerical Model of Equivalent Layer Method

Plaxis 3D was used to establish the numerical model in this paper. As shown in
Figure 8, the three-dimensional finite element model was used out to analyze the sensitivity
of the parameters of the equivalent layer method on ground deformation. The dimension
of the model was 50 m× 120 m× 50 m, considering the construction scheme and boundary
effect. Since the tunnel was symmetrical, half of the tunnel was taken for the study. The
tunnel’s buried depth is 20 m, and the diameter of the tunnel is 6 m with the lining of 0.3 m.
The boundary conditions were presented as follows: (1) no horizontal displacement along
the four vertical mesh boundaries and (2) no vertical or horizontal displacement along the
bottom boundary of the mesh. The lining was simulated by soil elements. It was considered
to be reinforced concrete; the elastic modulus (E) was 26 GPa after considering the stiffness
reduction, and the Poisson’s ratio was 0.1 [30–32]. The simulation was conducted under
drained conditions. An elastic perfectly plastic model with the Mohr–Coulomb failure
criterion was assumed for the soil, and the geotechnical properties of soils and the lining
are shown in Table 5.
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Table 5. Properties of lining.

Item Simulation
Element

Thickness
(t)/m

Unit Weight
(γ)/kN/m3

Elastic Modulus
(E)/MPa

Poisson
Ratio (ν)

Lining Soil element 0.3 27.0 31,000 0.1

Figure 9 shows the influence of the thickness of the equivalent layer (δ) on ground
deformation with the same E of the equivalent layer. The δ had a great impact on the ground
deformation. As the δ increased from 10 cm to 50 cm, the surface settlement increased from
35 mm to 63 mm. The surface settlement increased almost linearly with the increase in the δ.
This is because the E of the equivalent layer was smaller than that of the soil, and the larger
the δ was, the larger the deformation that was induced. The δ was related to the volume of
grouting and the disturbance of surrounding soil during excavation. This indicates that
for better control of the surface settlement, the δ should be reduced. The grouting volume
should be reasonably controlled during tunnel construction, and the over-excavation and
disturbance of the surrounding soil should be avoided as much as possible.
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Figure 9. Surface settlement with different thicknesses of equivalent layer (δ).

Figure 10 shows the influence of the E of the equivalent layer on ground deformation
with the same δ. When the E of the equivalent layer was very large (10 MPa) or small
(0.1 MPa), the surface settlement was rather small, while when the E of the equivalent layer
was in the middle value (1 MPa), the surface settlement was large. The surface deformation
was insensitive to changes in E. The reason for this is that when the E of the equivalent
layer was large, the deformation of the equivalent layer itself was small. The equivalent
layer could support the overburdened soil; in this way the surface settlement was reduced.
When the E of the equivalent layer was too small, the support of the equivalent layer on
the overburdened soil was almost non-existent, the lateral compression of the soil made
the tunnel lining uplift, and the surface settlement decreased. The E of equivalent the layer
was related to the properties of the grouting materials. This indicates that for the better
control of the surface settlement, the optimization of the ratio of the grouting materials
should be explored.

From the above parametric analysis, it could be seen that the δ and E of the equivalent
layer both had different influences on the surface settlement. In the numerical simulation
of shield tunnels, it is very important to select the parameters of the equivalent layer
method correctly. At present, most of the values of the equivalent layer parameters come
from empirical values, which will inevitably affect the calculation accuracy of the surface
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settlement. In construction, the composition of the grouts used in tail grouting only differ a
little [33–35]. Combined with the above sensitivity analysis, the E of the equivalent layer can
be referenced to the empirical value of the strength of the conventional grouts [34,35]. The
thickness of the equivalent layer could use the measured monitoring data by back analysis
to find the suitable value. With the empirical value of E and the calculated thickness of the
equivalent layer, the ground deformation could be predicted more accurately.
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4. Numerical Simulation
4.1. Numerical Model

Based on the project overview in Section 2, the research area of the newly built tunnel
Line 12 and the existing tunnel Line 10 was about 100 m × 120 m. In order to simplify
the model, it was approximately considered that Line 12 and Line 10 intersected in a
straight line with an angle of 60 degrees. The numerical model is shown in Figure 11. The
dimensions of the numerical model were 100 m × 120 m × 50 m, the boundary conditions
were the same as the numerical model in Section 3.2, and the buried depth and diameter of
the tunnel were according to the project overview in Section 2. The finite-element model
consisted of approximately 188,000 nodes and 106,000 elements.
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The Hardening Soil Small-Strain (HSS) constitutive model was adopted for the ground
soils’ modeling, which considers the nonlinear relationship between shear stiffness and soil
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strain within the range of small strains. The power exponent (m) related to the stress level is
generally 0.5 for silt and sandy soil [36]; for cohesive soil, the value of m ranges from 0.5 to
1. The Poisson’s ratio υur is assumed to be a constant, which is 0.2 in analyses. The reference
stress pre f is generally taken as 100 kPa. The dilatation angle Ψ′ can be taken as ϕ′ − 30◦

for sandy soils, and generally 0 for cohesive soils [37]. The stiffness parameters include
the tangent stiffness for primary oedometer loading (Ere f

oed), secant stiffness in the standard

drained triaxial test (Ere f
50 ), and unloading/reloading stiffness from drained triaxial test

(Ere f
ur ). According to the existing research [38], the three parameters used in this study could

be calculated (see in Appendix A). The reference shear modulus at very small strains (Gre f
0 )

was different for cohesive soil and sandy soil (see in Appendix A). The detailed parameters
of different soils in the numerical simulation are listed in Table 6.

Table 6. Geotechnical properties of soil layers in numerical analysis.

Soil Layers γ
(kN/m3) Eref

50 /MPa Eref
oed/MPa Eref

ur /MPa c′/kPa ϕ′(◦) Gref
0 /MPa m γ0.7

1 18.0 5.40 3.60 25.20 2 10 100.80 0.5 0.00020
2 20.2 11.76 7.84 54.88 15.27 26.74 219.52 0.5 0.00015
3 20.1 6.10 4.07 28.49 10 28 113.96 0.6 0.00020
4 20.5 11.38 7.59 53.13 26.77 13.95 212.52 0.5 0.00015
5 19.9 18.90 12.60 88.20 32.92 13.64 352.80 0.5 0.00015
6 20.4 40.50 27.00 189.00 10 32 756.00 0.6 0.00020
7 20.2 16.48 10.99 76.93 28.2 13.28 307.72 0.5 0.00015
8 20.5 22.15 14.77 103.38 18.03 27.90 413.53 0.5 0.00015
9 20.5 54.00 36.00 252.00 5 36 1008.00 0.7 0.00020

γ0.7 = threshold shear strain.

The numerical models of the tunnel and the tail grouting simulated using the equiva-
lent layer method are shown in Figure 11. The lining was simulated by soil elements with
the same parameters listed in Table 5. The shield shell was simulated by a plate element,
and the tail grouting was simulated by soil elements by using the equivalent layer method,
the detailed geotechnical properties of which are shown in Table 7.

Table 7. Geotechnical properties of shield shell and equivalent layer.

Items Simulation
Element

Unit Weight
(γ)/kN/m3

Elastic Modulus
(E)/MPa

Poisson Ration
(ν)

Shield shell Plate element 120 23,000 0.15
Equivalent layer Soil element 22 1~8 0.20

4.2. Numerical Results

Figure 12 shows the transverse settlement profile of the newly built tunnel Line 12 with
the advancement of the shield tunnel face. With the advancement of the shield, the surface
settlement continued to increase and finally tended to be stabilized. When the tunnel face
exceeded the observation section, the rate of settlement growth decreased. The transverse
settlement profile was distributed with two peaks. Since the left line was excavated ahead
of the right line, the surface settlement above the left line was always larger than the surface
above the right line during the construction process. After the completion of the twin lines’
construction, the surface settlement curve basically presented symmetrical distribution.
With the advancement of the tunnel face, the settlement trough gradually expanded. This
indicates that tunnel face excavation is the main cause of surface settlement.

Figure 13 shows the comparison of monitoring data and the simulated results of the
transverse settlement of the newly built tunnel Line 12 with different η of the equivalent
layer in the final excavation step. It can be seen in Figure 13 that the settlement with
η = 1.8 was the closest to the monitoring data, when E = 2 MPa. The simulated results of
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the settlement of the existing tunnel using the equivalent layer method with η = 1.8 was
consistent with the field monitoring data, which were considered as the calibrated values
to predict the thickness of the equivalent layer. With the increase in η, the deformation
of the existing tunnel decreased. The physical mechanism of η was closely related to
the disturbance of surrounding soil during excavation. A larger η represented a greater
disturbance range to surrounding soil. In order to reduce the deformation of the existing
tunnel, disturbance to the surrounding soil caused by tunnel over-excavation was supposed
to be controlled. In this way, grouting materials with higher strengths were supposed to be
injected into the tail gap. For the better control of the surface settlement, the δ should be
reduced. The grouting volume should be reasonably controlled during tunnel construction.
When the grouting volume is too little, the tail gap cannot be filled, which leads to the larger
deformation of existing tunnels. When the grouting volume is too much, the grout disturbs
the surrounding soil too much, which also leads to larger deformation. A more advanced
shield machine should be put into use to reduce the over-excavation and disturbance
induced by shield construction.
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Figure 13. Deformation of right line (a) and left line (b) of existing Line 10 after excavation of Line 12
with different η.
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Figure 14 shows the comparison of monitoring data and the simulated results of the
transverse settlement of the newly built tunnel Line 12 with different E of the equivalent
layer at the final excavation step. It can be seen in Figure 14 that the settlement with
E = 2 MPa was the closest to the monitoring data when η = 1.8. This is because the E of the
grouting materials used in Beijing Metro Line 12 was close to 2 MPa. The value of E used
in numerical analysis should refer to the properties of grouting materials in construction.
With the increase in E, the deformation of existing tunnels reduced. This is because the
higher strength of tail grouts could resist soil deformation. However, the higher strength
of tail grouts needs more materials consumption, which will raise the budget for tunnel
excavation. In order to pursue a balance between deformation control and budget, a proper
ratio of grouting materials should be arranged. Materials with E = 2 MPa are suitable for
the deformation control of undercrossed tunnels.
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Figure 14. Deformation of right line (a) and left line (b) of existing Line 10 after excavation of Line 12
with different E.

Figure 15 shows the comparison of monitoring data and the simulated settlement of
a single point that varied with time of the newly built tunnel Line 12 when η = 1.8 and
E = 2 MPa. It can be seen from Figure 15 that the numerical model could accurately predict
the settlement of the tunnels. Both the numerical results and the measured data show that
the settlement of the left line of Line 10 was larger, which was due to the tunnel on the left
line of Line 10 being closer to the excavation tunnel. For soft soil such as silt and silty clay,
η = 1.8 and E = 2 MPa were considered as proper empirical values for the equivalent layer
method, which could be used as references for other shield tunnel constructions in soft soil.

The empirical formulation proposed by Peck [8] was used to verify the rationality of
the numerical results. It is the most extensively utilized empirical method in engineering
practice, which assumes the transverse ground surface settlement trough can be represented
by a Gaussian distribution curve. The formulation is:

S(x) = Smax · exp
(
− x2

2i2

)
(2)

where S(x) is the settlement at the offset distance x from the tunnel center line, Smax is
the maximum settlement above the tunnel center line, and i is the width coefficient of the
surface settlement trough.
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Figure 15. Comparison of numerical results and monitoring data at monitoring point M06-02 (a) and
M06-01 (b).

Figure 16 shows the comparison of numerical results and the Peck prediction of the
right line and left line of the existing Line 10 after the excavation of Line 12 with the
parameters calibrated above. It can be seen that the numerical results are close to the Peck
prediction. The rationality of the equivalent layer method with calibrated parameters is
verified. The numerical results show larger deformation at the tunnel center than that
of Peck prediction. When the deformation restrictions are relatively strict, the method
proposed by this paper can more accurately predict the deformation caused by tunnel
undercrossing. In the process of construction, the strength and volume of grouts should be
increased to control the excessive settlement.
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Figure 16. Comparison of numerical results and Peck prediction of right line (a) and left line (b) of
existing Line 10 after excavation of Line 12.

From the above analysis, it can be seen that the tail grouting and construction of
a new tunnel undercrossing an existing tunnel could be accurately simulated by using
the equivalent layer method. For soft soil such as silt and silty clay, the thickness of the
equivalent layer (δ) is suggested to be 1.8 times of the shield tail gap (η = 1.8), which could
be a reference for other shield tunnel constructions in soft soil. From the numerical results,
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it can be seen that after the new tunnel is excavated, the maximum settlement of the existing
structure mainly occurs at the undercrossing position of the shield. Tunnel face excavation
is the main cause of surface settlement. The effect of tail grouting also has an influence on
the surface settlement. The surface settlement caused by grouting with different thicknesses
and different proportions of grouts accounts for about 10% of the total settlement.

5. Conclusions

In this paper, the equivalent layer method was investigated, which was used to
simulate ground deformation induced by shield construction and tail grouting by numerical
analysis. A three-dimensional finite simulation was used to explore the equivalent layer
method by parametric analysis. Based on a shield tunnel project of Beijing’s newly built
Metro Line 12 undercrossing the existing Metro Line 10, the applicability of the equivalent
layer method was verified, and the empirical value for the equivalent layer method was
summarized. The conclusions are as follows:

(1) The equivalent layer method uses a homogeneous, equal thickness, elastic soil layer
to simulate the reinforced soil around the tunnel linings. Ground deformation is
simulated by replacing the actual soil layer and grouting around the lining with the
equivalent layer. The equivalent layer method is simple to use in numerical analysis
to analyze the construction and tail grouting of shield tunnel with wide applicability.

(2) The parametric analysis was carried out to study the influence of the thickness (δ)
and elastic modulus (E) of the equivalent layer on surface settlement. The surface
settlement increases almost linearly with the increase in the δ. The surface deforma-
tion is insensitive to changes in E. When the E of the equivalent layer is very large
(10 MPa) or small (0.1 MPa), the surface settlement is rather small, while when the E
of equivalent layer is in the middle value (1 MPa), the surface settlement is large. The
δ is the dominating factor affecting the surface settlement.

(3) Based on the case study of Beijing Metro Lines project, a numerical model was es-
tablished with the equivalent layer method. The predicted surface settlement was
analyzed and compared with monitoring data. The applicability of the equivalent
layer method was verified. Tunnel face excavation was the main cause of surface
settlement. Empirical values for the equivalent layer method were summarized, which
were η = 1.8 and E equal to that of cement soil. The empirical values summarized from
field data could be a reference for other shield tunnel constructions in soft soil. The
accurate prediction using methods in this paper shows the influence of tail grouting on
ground deformation; it could control the volume of grouting materials in construction,
which is beneficial for reducing budgets and environmental protection.

(4) There are still some limitations in this paper. The research in this paper was carried
out based on the case study of Beijing Metro Line 10 and 12, and the empirical values
of the equivalent layer method obtained are more suitable for soft soil. The empirical
values for sand or other special soils require more back-analysis based on field cases.
The E of the equivalent layer is derived from the empirical values and back analysis. If
the grouting layer can be sampled on-site, a more accurate prediction can be obtained,
and the empirical value can be compared and corrected. In the future, more research
can be carried out based on the case of tunnels excavated in different soils.
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Abbreviations

Notation
δ Thickness of equivalent layer;
E Elastic modulus;
Gp Computed shield tail gap;
η Coefficient of equivalent layer method;
k Permeability;
γ Unit weight;
Es Compression modulus;
c′ Effective cohesion;
ϕ′ Effective internal friction angle;
ν Poisson’s ratio;
t Thickness of lining;
Ere f

50 Secant stiffness in standard drained triaxial test;
Ere f

oed Tangent stiffness for primary oedometer loading;
Ere f

ur Unloading/reloading stiffness from drained triaxial test;
Gre f

0 Reference shear modulus at very small strains;
m Power exponent;
γ0.7 Threshold shear strain;
S(x) The settlement at the offset distance x from the tunnel center line;
Smax The maximum settlement above the tunnel center line;
i The width coefficient of the surface settlement trough.

Appendix A

The parameters for the HSS model are listed as follows:

Ere f
oed = 0.9 Es (A1)

Ere f
50 = 1.5 Ere f

oed (A2)

Ere f
ur = 7.0 Ere f

oed (A3)

Gre f
0 = 4.0 Ere f

ur (cohesive soil); 5.0 Ere f
ur (sandy soil) (A4)
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