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Earth pressure balanced shield machine (EPBS) is widely adopted for metro tunnel construction in urban areas.
Support pressure on excavation face and grouting at the EPBS tail are the main measures to control the ground
disturbance and settlement. The post-construction settlement is of signiﬁcance to the serviceability of metro
tunnel. By weakening the compression parameters of underlying soils related to soil disturbance degree (SDD)
and using layer-wise summation method, this study developed a method to predict the post-construction ground
and tunnel settlement. The SDD is quantitatively evaluated by the shear-strain state obtained from a series of
isotropically consolidated undrained triaxial compression (CIU) tests. Based on a case history of metro tunnel
constructed in structured soft soils, a suite of three dimensional ﬁnite-element analyses are performed to investigate soil disturbance during tunneling construction. The numerical simulation and the applicability of the
proposed method are validated by comparing the numerical results with the ﬁeld measurements. In addition,
inﬂuences of support pressure and grout ratio on the tunneling-induced soil disturbance, ground and tunnel
settlement are revealed. The SDD shows remarkable falloﬀ within 0.32D above the tunnel crown, while 0.24D
below the tunnel invert. Furthermore, within the above distance range, the linear relation between the SDD and
distance from the tunnel crown or invert can be built. The analysis results show that the excessively high or low
support pressure and grout ratio can both cause severe SDD which results in the signiﬁcant post-construction
settlement. Grout ratio of about 200% and support pressure of 2.2–2.4P0 are eﬀective for reducing both the postconstruction ground and tunnel settlement. The research presented in this paper provides a reference for controlling the post-construction ground and tunnel settlement constructed in structured soft soils.

1. Introduction
Metro tunnels have been increasingly developed in urban areas
where buildings and infrastructures are densely distributed. The postconstruction tunnel settlement is of great concern for the serviceability
in consideration of the signiﬁcant continuous settlement with time (e.g.
Schmidt and Grantz, 1979; Komiya et al., 2006; Ng et al., 2013; Di
et al., 2016; Tan et al., 2016). Ng et al. (2013) reported that the postconstruction settlement of Shanghai Metro Line 1 was continuous with
time and reached a maximum of 288 mm after 12.5 years’ operation.
The long-term settlement of shield tunnel constructed in the soft
deposit is mainly caused by: the recompression settlement following
construction, the secondary consolidation settlement, the train-loadinduced settlement, the local leakage and/or nearby construction-induced settlement. Of all the causes, the recompression settlement
contributes the most according to Di et al. (2016), in which a combination of the typical equivalent entity method and the layer-wise

⁎

summation method was employed to obtain the recompression settlement. However, the eﬀect of tunneling-induced soil disturbance on the
compressibility of under-layered soils was not considered, which may
led to non-conservative results.
The surrounding soils are inevitably disturbed due to the tunneling
construction (e.g. Yi et al., 1993; Adachi et al., 2003; Xu et al., 2003;
Gomes, 2013). The disturbance is severer in structured soft clays that
are widely distributed in Eastern China. Burland (1990) indicated that
natural sedimentary clays diﬀered from the reconstituted soils both
respect to fabric and bonding. The strength on a shear surface dropped
rapidly to a reasonably steady value after only a few millimeters’ relative displacement. Xu et al. (2003) deﬁned the stress disturbance
degree of Shanghai silty clay by the change of in situ eﬀective stress
before and just after tunneling, and developed the relationships between the mechanical properties and stress disturbance degree.
For the soil disturbance degree (SDD), Xu et al. (2003) pointed out
that the soil disturbance during tunneling consists of two parts: stress
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Nomenclature

Pc
pco
Pinc
PJ
Pref
Ps
q
qf
Rinter
SDD
Spt
SPT-N
su
Rf
w
γ
γs
vur
φ'
Ψ
vur
σpc
σpd
σ'z
σz0
σzd

C
c'
Cc
Ccd

contraction ratio
eﬀective cohesion of soil
compression index for intact soil within remoulded range
compression index for disturbed soil within remoulded
range
Ccr
compression index for remoulded soil
Cg
contraction ratio for grout ratio simulation
Cs
compression index for intact soil within elastic range
Csd
compression index for disturbed soil within elastic range
D
tunnel diameter
dc
distance above the tunnel crown
di
distance below the tunnel invert
e
void ratio
e0
initial void ratio for intact soil
E'
eﬀective Young’s modulus
EPWP
excess pore-water pressure
Eref 50 reference secant stiﬀness of trial axial compression stress
paths
Eref oed reference stiﬀness from one-dimensional compression tests
Eref ur reference stiﬀness for unloading/reloading stiﬀness
Gr
grout ratio
k0
at-rest earth pressure coeﬃcient
m
power that controls the stress dependency of stiﬀness
p'
mean eﬀective stress

1. The shear strain state is adopted (obtained from CIU tests) to calculate the soil disturbance degree.
2. The distribution of shear strain induced by shield-tunneling is obtained by three-dimensional numerical simulation.
3. The compression parameters of underlying soils are quantitatively
reduced based on the SDD distribution below tunnel invert.
4. The post-construction tunnel settlement is obtained by using layerwise summation method.

disturbance (deﬁned by the change of eﬀective stress) and strain disturbance (not deﬁned in their study). The undrained shear strength (su)
obtained from in-situ vane shear test was used for quantitatively evaluating the SDD (Chen et al., 2015). The SDD equals to the ratio of su
under disturbed state to that for intact soil. However, the above evaluation method cannot be used to predict the tunneling-induced SDD
before construction. Salehnia et al. (2015) employed shear strain localization, which was obtained from numerical simulation to predict
the extent of excavation damage zone induced by tunneling construction. Similarly, it is reasonable to adopt γs to evaluate the SDD. Hence,
the shear strain state is adopted to evaluate the SDD as expressed by the
following formula:

SDD = (γs/ γf ) × 100%

earth pressure acted on the tunnel crown
consolidation pressure
increment of support pressure with depth
jacking thrust
support pressure exerted on the top of the excavation face
support pressure
deviator stress
peak deviator stress;
strength factor of interface element
soil disturbance degree
post-construction tunnel settlement
N value of standard penetration test
undrained shear strength
failure ratio
water content
unit weight
shear strain
poisson's ratio of unloading/reloading
eﬀective friction angle
dilatancy angle
Poisson’s ratio of unloading/reloading
structured yield stress for intact soil
structured yield stress for disturbed soil
eﬀective gravity stress
apparent gravity stress for intact soil
apparent gravity stress for disturbed soil

2. Post-construction tunnel settlement considering soil
disturbance
Fig. 1 depicts the e − log p' curve of structured soft soil under different disturbed states. For the intact soil (e.g. Schertmann, 1953;
Nagaraj et al., 1990; Chen et al., 2007), the soil compression is negligible up to the eﬀective gravity stress (σz0), beyond which sudden

(1)

where γs is the shear strain induced by tunneling construction, and γf is
the failure shear strain that can be obtained from CIU tests.
Currently, some constitutive models (e.g. Rouainia and Muir Wood,
2000; Rocchi et al., 2013) have been reported to model the structured
property of soft soils. However, the research on the constitutive model
that implemented into the ﬁnite-element analysis code to calculate the
ground deformation is rarely seen. For structured soft clays, the soil
disturbance can naturally lead to the weakened soil compression indices (e.g. Santagata and Germaine, 2002) thus causes ground settlement. To date, tunneling-induced ground settlements were generally
estimated by empirical methods (e.g. Peck, 1969; Attewell and
Woodman, 1982), numerical methods (e.g. Kasper and Meschke, 2004;
Hajjar et al., 2014) and analytical methods (e.g. Loganathan and
Poulos, 1998; Park, 2004). Appropriate shield-driving parameters are
eﬀective for limiting the tunneling-induced volume loss and ground
settlement. However, very limited research works were seen on the
relationship between the tunneling-induced soil disturbance, and the
post-construction ground settlement, not to say their correlations with
the shield-driving parameters.
In summary, this study aims to develop a method for evaluating the
tunneling-induced soil disturbance and post-construction tunnel settlement considering the following four aspects:

e
zd

e0

Intact
Disturbed
Remoulded

z0

Csd

pd

Ccr
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Ccd
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0.42e0

log p'
Fig. 1. e − log p' curves of structured soft soils at diﬀerent disturbed states.
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excavation gap existing in the EPBS tail, and Ps represents the soil
chamber pressure imposed on excavation face at the depth of tunnel
centerline. The tunneling construction of the S46 (referred to as
transversal monitoring section at ring 46) is selected for investigation.
The average PJ, Gr and Ps of this section are 12,400 kN, 211% and
270 kPa (1.53P0), respectively.

compression can be observed through the slight tilted slope (elastic
compression stage), and then turns into steep slope (remolded compression stage) when exceeding structured yield stress (σpc).
When the soil is disturbed, it is assumed that the eﬀective gravity
stress (σz0) is declined to σzd (referred to as apparent gravity stress). The
apparent gravity stress is decreased to zero when the soil is completely
disturbed, which can be expressed by the following equation:

σzd = (1−SDD) × σz0

3.2. Geological conditions

(2)

The strata at the construction site can be divided into ﬁve main
layers and the soft subsoil is about 30 m thick. The water table is located at a depth of 1 m below the existing grade. The basic physical
parameters and depths range for these soils are given in Table. 1. Thin
ﬁll (layer ①1) is located on the surface and the muddy clay (layer ①3) is
underneath. Layers ②3 and ②4 with high compressibility and low shear
strength are muddy silty clay and muddy clay, respectively. The major
soil of layer ③ is silty clay, and clayey silt or sandy silt is locally distributed. Layer ④ consisting of muddy clay (layer ④1) and muddy silty
clay (layer ④2) is the major soil layer beneath the tunnel invert, and
layer ⑤ is silty clay. Relatively low undrained shear strength (su) of the
above clays is detected from vane shear tests. The ratio of su to the
eﬀective gravity stress (σ'z) at the corresponding depth is only about
0.14 compared with 0.22–0.3 reported in Taipei (Lim et al., 2010) and
Hangzhou (Chen et al. 2015).
As mentioned above, soil compression indices are crucial for the
post-construction settlement. Based on the information from Fig. 1, the
basic compression indices of muddy silty clay are obtained and listed in
Table 2. For simpliﬁcation, the compression indices and void ratios for
the intact and remoulded soils are assumed herein to be constant
throughout the buried depths.
Nagaraj et al. (1990) reported that, for Canadian sensitive soils, σpc
and su determined from vane shear tests showed linear relation. As
discussed earlier, su increases linearly with the σ'z. Hence, it is appropriate to build linear relation between σpc and σ'z. Based on the method
to obtain σpc discussed in Section 2, it is found that σpc and σ'z of the
muddy silty clay also shows linear relation (σpc = 1.30σ'z).

Similarly, the structured yield stress (σpd) in disturbed state is calculated from the following expression:

σpd = (1−SDD) × σpc

(3)

Similarly, the compression indices within the elastic and remolded
compression ranges, i.e., Csd and Ccd, for disturbed soils are decreased
in proportion with those (referred to as Cs and Cc) of the intact soils
(Hong and Onitsuka, 1998), which are deﬁned as the following equations (the compression index for remolded soil is named as Ccr):

Csd = (1−SDD) × (Cs−Ccr ) + Ccr

(4)

Ccd = (1−SDD) × (Cc−Ccr ) + Ccr

(5)

When completely remolded, the σz0 and σpc are assumed to decrease
to zero (agrees with Hong and Han 2007). The Cs and Cc are both decreased to Ccr.
The post-construction tunnel settlement (Spt) can be determined by
layer-wise summation method:
n

Spt =

∑
i=1

n

Spt =

∑
i=1

σzoi + Δpi ⎤
hi ⎡
Csdi log
, when σzoi + Δpi ⩽ σpdi
⎥
1 + e0i ⎢
σzdi
⎦
⎣

(6)

σpdi
σz0i + Δpi ⎤
hi ⎡
, when σzoi
Csdi log
+ Ccdi log
⎥
1 + e0i ⎢
σ
σpdi
zdi
⎣
⎦

+ Δpi > σpdi

(7)

where hi, e0i, σz0i+Δpi, and σpdi indicate the thickness, the initial void
ratio, the post-construction vertical eﬀective stress, and the structured
yield stress of each separated soil layer, respectively. The general
technical path of the methodology to calculate post-construction tunnel
settlement is schematically depicted in Fig. 2.

4. SDD of muddy silty clay
The muddy silty clay (layer ②3) is the main soft soil within the depth
range of tunneling. Fig. 3 shows the q-γs curves gained from CIU tests
(ASTM Standard, 2004) under three consolidation pressures (Pc). The
in-situ eﬀective gravity stress of tested samples is about 63.5 kPa.
The muddy silty clay (layer ②3) in this study has rather low

3. Case description
3.1. Overview
The beginning 150 m-length section of the right tunnel of Ningbo
Metro Line 2 in Eastern China is selected for case study in this paper.
Typical structured soft clays are widely distributed at the construction
site. This section starts from Tao-Du Road Station in the northeast and
ends at the Gu-Lou Road Station in the southwest. The average cover
depth of the studied section is about 13.5 m. Each ring of linings consists of six 35 cm-thick precast reinforced concrete segments with a
width of 1.2 m. These segments are connected by crooked steel bolts in
both longitudinal and circumferential directions. The outer diameter of
the tunnel lining is 6.2 m. The Young’s modulus of the concrete used for
linings is 34.5 GPa. This interval was driven by earth pressure balanced
shield machine (EPBS) manufactured by Herrenknecht AG. The total
weight and the length of the EPBS are about 4.2E5 kilograms and 8.5 m,
respectively. Cross sectional area at the tail of the cone-shaped EPBS is
0.5% smaller than the front with the diameter of 6.39 m. The cutter
opening ratio is approximately 45%. The Young’s modulus of the EPBS
shell is assumed to be about 2.3E8 kN/m2.
In this study, the main shield-driving parameters, including jacking
thrust (PJ), grout ratio (Gr) and support pressure (Ps), for the studied
section are collected from the ﬁeld measurement during construction.
Gr denotes the ratio of grout volume to the theoretical volume of

SDD evaluation method based on the failure
shear strain from CIU tests (Eq. (1))
Shear strain distribution calculated
from 3D FEM for shield-tunneling
SDD distribution around tunnel
Weakened soil compression
parameters from SDD (Fig. 1)
(Eqs. (2) - (6))
Weakened compression
parameters of soils around tunnel
Layer-wise summation method
(Eqs. (6) - (7))

Post-construction vertical
effective stress from 3D FEM

Post-construction tunnel settlement
Fig. 2. Schematic of the methodology to calculate post-construction tunnel
settlement.
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Based on the failure shear strain (γf = 5.28%), the SDD can be
quantitatively evaluated by the shear strain state:

Table 1
Main geotechnical parameters of soils at the construction site.
Soil layer

Void
ratio
qe0

Unit
weight γ
(kN/m3)

Water
content w
(%)

At-rest earth
pressure
coeﬃcient k0

0–2.6
2.6–8.9

0.95
0.895

18.5
18.9

34.0
32.5

0.50
0.46

8.9–15.0

1.06

18.1

37.1

0.60

15.0–18.0

1.393

17.3

50.0

0.60

18.0–20.5
20.5–22.7

0.924
1.1

18.7
17.9

32.0
37.8

0.44
0.60

22.7–27.4
27.4–30.8
30.8–45

1.263
0.81
0.977

17.5
19.3
18.6

43.6
28.3
34.5

0.60
0.60
0.60

Depth (m)

①1: ﬁll
②1a: sandy
silt
②3: muddy
silty clay
②4: muddy
clay
③2: silty clay
④1: muddy
silty clay
④2: clay
⑤2: silty clay
⑥2: silty clay

SDD = γs/ γf = 100 × γs/5.28

It should be noted herein that the stress paths of soils at diﬀerent
positions around tunnel are beyond the scope of this paper.
Furthermore, it is assumed that soil disturbance is not caused under the
elastic shear strain. For the muddy silty clay, the shear strain within
elastic range is relatively small (10−5–10−6) compared with the shear
strain (10−4–10−2) caused by tunneling (e.g. Benz, 2007; Brinkgreve
et al., 2012; Vardanega and Bolton, 2013). Hence, the elastic shear
strain can be negligible when evaluating the SDD in this study.
5. Numerical simulation
5.1. Material model and parameters
The detailed numerical analyses of the tunneling construction are
performed with FE-code PLAXIS 3D program (Brinkgreve et al., 2006).
The FE model includes soils, shield machine, tunnel lining, excavation
face and EPBS tail section (Fig. 4). The EPBS is modeled as an elastic,
deformable and movable contact body. The length of EPBS is set to be
8.4 m equal to width of 7 rings. The cross sectional area at the coneshaped EPBS tail is 0.5% smaller than the front. The reduction of the
diameter is realized over the front 7.2 m-length section of the EPBS. The
remaining 1.2 m-length section has a constant diameter. This means
that the 1.2 m-length section has a uniform contraction and the front
7.2 m-length section has a linear contraction with a reference value of
0.5% (Cref) at the tail with increment of −0.0694%/m (Cinc).
Tunnel linings and soil layers are modeled using the 10-nodes
wedge element, and the EPBS shell is simulated by the 6-nodes plate
element. The mechanical behavior of tunnel linings and EPBS is assumed to be linear elastic. To simulate the interaction between EPBS
and soil layers, a 12-nodes interface element is used which allows the
interface condition to be analyzed. A strength factor Rinter is introduced
to deﬁne the strength parameters of the interface relative to those of the
original material (Brinkgreve et al. 2006). In this study, the value of
Rinter employed is 0.7 for all the interfaces by referring to Chen et al.
(2016a, 2016b). However, the role of Rinter on the ground response due
to tunneling is beyond the scope of this research. The eﬀects of joints
between every two contiguous segments are considered by setting the
eﬀective rigidity ratio of tunnel lining to be 0.7 (Huang et al., 2013).
The Hardening soil (HS) model (Schanz et al, 1999) is employed to
simulate the behavior of soft soils (layers ②3, ②4, ③2, ④1, ④2 and ⑤2)
within the tunneling-induced unloaded zone (Lim et al., 2010). MohrCoulomb (MC) model is used to simulate the behavior of the stiﬀer soils
above the tunnel (layers ① and ②1a) and on the base of the model (layer
⑥2), respectively. The selection of constitutive model for soils within
diﬀerent zones is similar to Chen et al. (2016a, 2016b). In the HS
model, the total strains are calculated using a stress-dependent stiﬀness
which is distinct for loading and unloading/reloading (Surarak et al.,
2012). The hardening is assumed to be isotropic, depending on the
plastic shear and volumetric strains. A non-associated ﬂow rule is
adopted when related to frictional hardening, and an associated ﬂow
rule is assumed for the cap hardening. Two families of yield surfaces are
incorporated in the model to account for both volumetric and shear
plastic strains. The soil parameters used for analysis in this study are
obtained from a set of laboratory tests which are conducted by referring
to Surarak et al. (2012). The input soils properties and tunnel lining
parameters for numerical modeling are listed in Table 3.

Table 2
Compression indices for muddy silty clay.
Initial void
ratio for
intact soil
e0

Elastic compression
index for intact soil
Cs

Remoulded
compression index
for intact soil Cc

Remoulded
compression index
for remoulded soil Ccr

1.61

0.253

0.541

0.296

100

qf3

90
80

q (kPa)

70

qf2

60
50

qf1

40
30

f

20

=5.28%

pco1=45 kPa
pco2=90 kPa

10
0
0

pco3=150 kPa
1

(8)

2

3

4

5

6

7

8

9

10 11 12 13 14 15

s (%)
Fig. 3. q − γs relationship of muddy silty clay.

permeability with values of 2.5 × 10−9 and 3.5 × 10−9 m/s in vertical
and horizontal directions, respectively. Due to insuﬃcient time for
dissipating excess pore-water pressure, the undrained condition agrees
with the tunneling process. At-rest earth pressure coeﬃcient (k0) of the
muddy silty clay is about 0.67 determined from ﬂat dilatometer tests. It
should also be noted that both initial stress state and stress path of CIU
tests are not consistent with in-situ tunneling condition. However, CIU
test can generally model the stress-strain behavior of variable soils. The
CIU test is widely adopted in determining the basic parameters for three
diﬀerent constitutive models: Cam-Clay, Mohr-Coulomb and Hardening
Soil models. Hence, q-γs curves obtained from CIU tests are employed
for SDD evaluation. Fig. 3 indicates that the ultimate deviator stresses
(qf) under diﬀerent consolidation pressures (pco) are achieved almost at
the same shear strain (γf) level. This trend was also reported by Surarak
et al. (2012). In addition, Pineda et al. (2016) also found that failure
shear strains for soil samples with diﬀerent burial depths were also
close for Ballina clay. The role of initial stress state and stress path
during tunneling process is a subject of further study.

5.2. Simulation cases
The grout ratio (Gr) is simulated by setting lining contraction ratio
(Cg, half the volume loss as a percentage of the tunnel volume) for the
ring (modeled by plate element with mechanical parameters same as
56
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150m
80m
Excavation face
EPBS

45m

Y

Shield Contraction

Cg

Z

Pj

Cref =0.5%; Cinc =-0.0694%/m

Installed linings
Gr=

Ps

EPBS

1-Cg×100)×100%
C=2.0%

Note: All the meanings of the
symbols are described in the
notation list

Surrounding soils
Fig. 4. Finite-element mesh (case 1) and shield-driving details.

tunnel lining) just behind the EPBS tail (Fig. 4). The gap of the EPBS tail
is about 2% of the tunnel volume. The relationship between Gr and Cg is
assumed to be Gr = (1 − Cg × 100) × 100%.
In this study, case 1 (simulation for in situ conditions discussed
earlier) is simulated to verify the numerical model and the input
parameters. The tunneling construction under homogeneous ground
condition (muddy silty clay), called case 2, is also simulated. In case 2,
the inﬂuence of shield-driving parameters, including Ps (case S1 to S9 in
which Ps = 0.8P0–2.8P0) and Gr (case G1 to G8 in which Gr = 0–500%),
on the soil disturbance is also evaluated. The above cases are listed in
Table 4.

Table 4
Numerical analysis cases.
Case

Ground condition

Ps (P0)

Gr (%)

1
S1-S9
G1-G8

In situ
Homogeneous
Homogeneous

1.53
0.8–2.8
1.0

211
100
0–500

In the numerical model, the initial stresses are generated in the ﬁrst
step using the K0 procedure. For simpliﬁcation, as illustrated in Fig. 5,
installation of the starting 25 rings from Yu-Yao Road Station is simulated by lining reduction method (Schikora and Fink, 1982, tunnel
volume is uniformly decreased). The lining contraction ratio is set to be
2% after a series of trial by comparing the calculated and measured
(provided in the subsection) ground settlement. Subsequently, the
tunneling of the following 52 rings (ring 26 to ring 77) is simulated
ring-by-ring (Fig. 4). The general simulation sequences of the tunneling
construction are listed in Table. 5.

5.3. Tunneling construction simulation
According to the ﬁeld measurements (Li et al., 2015), ground settlement begins to develop when the excavation face is 3D away from
the measured section. Then the settlement becomes stable when the
excavation face passes 6D away. In this study, detailed shield-tunneling
(Fig. 4), with the distance range of −4D–6D (ring 25 to ring 77) to S46
is simulated. Thus, it is believed that the tunneling simulation process
can adequately capture all signiﬁcant changes in soil disturbance and
ground settlement occurring at S46.

5.4. Model geometry and boundary conditions
The lateral boundaries are extended to more than 4 times of the

Table 3
Input parameters for soils and tunnel lining in the FE model.
Parameter type (units)

①1

②1a

②3

②4

③2

④1

④2

⑤2

⑥2

Tunnel lining

Constitutive model
Eref 50 (MPa)
Eref ur (MPa)
Eref oed (MPa)
E′ (MPa)
c′ (kPa)
φ′ (°)
Ψ(°)
m
vur
Rf

MC
—
—
—
6.0
5.0
30
0
—
0.3
—

MC
—
—
—
13.2
3.0
32.7
2.7
—
0.3
—

HS
2.7
15.7
1.68
—
2.0
23.7
0
1.0
0.2
0.9

HS
2.05
21.1
2.11
—
6.0
25.7
0
1.0
0.2
0.9

HS
5.4
54.0
4.7
—
0
33.9
0
0.9
0.2
0.9

HS
4.58
45.8
3.0
—
0
23.6
0
1.0
0.2
0.9

HS
2.09
21.9
1.96
—
8.0
27.0
0
1.0
0.2
0.9

HS
7.0
21.0
7.0
—
15.3
27.6
0
1.0
0.2
0.9

MC
—
—
—
20.0
18.3
25.3
0
—
0.3
—

Linear elastic
—
—
—
2.815E4
—
—
—
—
0.15
—

Note: Eref 50 = reference secant stiﬀness of trial axial compression stress paths; Eref ur = reference stiﬀness for unloading/reloading stiﬀness; Eref oed = reference
stiﬀness from one-dimensional compression tests; E′ = eﬀective Young’s modulus; c′ = eﬀective cohesion; φ′ = eﬀective friction angle; m = power that controls the
stress dependency of stiﬀness; Ψ = dilatancy angle; vur = Poisson’s ratio of unloading/reloading; and Rf = failure ratio.
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Top boundary

Ground surface

Ring 25
Lining reduction method
Tao-Du (contraction ratio C=2%)
Road
Station

4D

Ring 46 (S46)

Ring 77

6D

Remaining section

Detailed tunneling
construction simulation
EPBS

30 m

62.4 m

45 m

Z

Y

57.6 m

Tunneling direction
Lateral boundary

Lateral boundary

Bottom boundary
Fig. 5. Global view of tunneling simulation in the FE model.
Table 5
Simulation sequences of the tunneling construction.
Simulation sequences

1
2
3–54

Generating initial stresses using the K0 procedure
Lining reduction method for ring 1 – ring 25
Ring-by-ring simulation for ring 26 – ring 77

0

Vertical displacement (mm)

Stage

5

tunnel diameter. The dimension of the models is 150 m (length) × 80 m
(width) × 45 m (depth) by considering the symmetry. The lateral
boundary at the beginning of tunneling construction (Y = 0, Fig. 5) is
ﬁxed in both horizontal and vertical directions, as well as the bottom
boundary. The rest of lateral boundaries are ﬁxed only in horizontal
direction. Ground water level for all the numerical models is 1 m below
the ground surface. The pore-water pressure obtained from the previous
calculation stage is employed as input for the current deformation
analysis. Due to the rather low permeability of muddy silty clay (layer
②3), the pore-water pressure generated during the previous stage is set
as input for the next stage without consolidation-coupled calculation.
As a result, the excess pore-water pressure will not be dissipated during
the calculation process. The permeability of the grout and soil slurry of
shield chamber is relatively low compared with the surrounding soils.
Therefore, impermeable hydraulic boundaries are attached to grouting
interface at the EPBS tail and excavation face, as well as the EPBS shell.
The FE mesh for case 1 comprised of 331,068 wedge elements is illustrated in Fig. 4.
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6. Results and discussions
6.1. Model and method veriﬁcation

0

Calculated
Measured

-5
-10
-15
-20

S46

-25
-30

EPBS

-35

To verify the reliability of the numerical models and input parameters, the calculated ground settlement in case 1 is compared with the
ﬁeld measurements during the tunnel construction. When the excavation face passes 6D away, the calculated settlement trough at S46 shows
good match with the ﬁeld measurements, as well as the ground vertical
displacement along tunnel centerline, as depicted in Fig. 6(a), and (b).
Therefore, it is reasonable to conclude that the numerical models and
input parameters are robust.
According to the ﬁeld measurement, the settlement of ground
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Distance from S46 (D)

(b)
Fig. 6. Calculated and measured vertical displacement of ground surface: (a)
Settlement trough at S46 during construction stage; (b) Vertical displacement of
ground surface along tunnel centerline when the EPBS arrived at S46.
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instability if the support pressure is high enough. Then, the pore-water
pressure becomes stable when the EPBS tail passes with negative value
(unloading). However, the severe disturbance caused by excessively
high support pressure may not recover after the excavation face passes.
Fig. 9(b) reveals that relatively high excess pore-water pressure is induced under high grout ratios (Gr = 300%, 500%) after the EPBS tail
passes. The excess pore-water pressure are almost indistinguishable
from each grout ratio before the excavation face reaches. The inﬂuence
of grout ratio becomes signiﬁcant just after the EPBS tail passes.
Fig. 10 plots the variation of SDD distribution above the tunnel
crown with support pressure and grout ratio (the excavation face arrives at S77). The relatively low SDD is induced under 1.0P0 and 1.8P0
(Fig. 10(a)). The SDD under diﬀerent PS is 10% higher within 0.2D
above the tunnel crown. Comparatively, 2.6P0 induces the SDD up to
35% within 0.2D, and beyond 20% for the full depth. The SDD under
2.8P0 is signiﬁcantly higher than other support pressures, which can be
explained by the remarkably high excess pore-water pressure during the
excavation face approaches (Fig. 9(a)). The severe disturbance caused
by the high support pressure can not recover after the EPBS tail passes.
Grout ratio has signiﬁcant impacts on the SDD above the tunnel crown
just within 0.2D (Fig. 10(b)). The SDD right above the tunnel crown is
greater than 50% under diﬀerent grout ratios, and the lowest SDD is
caused under the grout ratio of 300%. Within 0.8–0.16D, the SDD increases with the increase of grout ratio. The SDD above the tunnel
crown shows remarkable decline within 0.32D despite the variation of
shield-driving parameters. For depth below 0.32D, the linear relation
between the distance from the tunnel crown (dc) and the SDD can be
ﬁtted by curve of SDD = −1.56dc + 0.53.
On the basis of SDD and the weakened soil compression parameters,
the post-construction ground settlement above the S46 is obtained by
using layer-wise summation method. The ground settlement during
construction stage is predicted from the numerical results after the
excavation face passes 6D away. Fig. 11(a) indicates that the ground
settlement during construction stage decreases with the increasing
support pressure, while the post-construction settlement develops when
the support pressure exceeds 2.2P0. As a result, the variation of total
settlement with support pressure is similar to the post-construction
settlement. As illustrated in Figs. 9(a) and 10(a), the relatively signiﬁcant post-construction settlement under high support pressure
(2.8P0) is due to the severe disturbance caused by tunneling. For instance, the post-construction settlement and total settlement under
1.2P0 are 1.8 and 2.8 times of the settlement during construction stage,
respectively. As demonstrated in Fig. 11(b), the grout ratio has less
inﬂuence on the ground settlement when compared with support
pressure. The settlement during construction stage experiences slight
growth with the increase of grout ratio. The minimum post-construction

surface become stable after the excavation face passed 120 days. Fig. 7
draws the comparisons between the calculated and measured postconstruction ground surface settlement at S46 when the excavation face
reaches Ring 587 (130 days after passing S46). It should be noted herein
that only half side of the measurement is presented to compare with the
calculation results since they are all symmetrical. The σz0i + Δpi after
130 days’ consolidation is used for the calculation. The post-construction settlement of layers ②3 and ②4 are just considered on account of
that they are the main soft clays in the vicinity of tunnel with low
failure shear strain. Meanwhile, the compression parameters of layer ②4
are assumed to be equal to layer ②3 due to their similar physical and
mechanical properties. It can be seen that the method yields good estimations, which match with the ﬁeld measurements. It is also found
that the consolidation settlement by FEM without SDD is relatively
small comparing with the measurements, thus leads to no-conservative
results. The short-term and post-construction settlements at the tunnel
centerline are 21.0 mm and 30.6 mm, respectively. The ratio of them is
about 0.67 which is close to the ﬁeld measurement (0.74) of Heathrow
Express trial tunnel Type 2 (Wongsaroj et al. 2013). It should be noted
herein that the measured post-construction settlement in the literature
was taken about 3.3 years after completion of tunnel construction.
There are two peaks at both sides of tunnel for the calculated and
measured post-construction settlement. The peaks determined from the
proposed method considering SDD and ﬁeld measurement are located
at about 0.56D outside the tunnel in transversal direction. The postconstruction settlement is an integrated result of the factors shown in
Eqs. (2)–(7). Even though, since SDD is a major factor that inﬂuences
post-construction settlement (Eqs. (2)–(7)), the occurrence of the peaks
may be explained by the shape of the disturbed zone which may dramatically shrink outside the tunnel, which will be discussed below.
6.2. Soil disturbed zone
When the excavation face arrives at S77, shear strain distribution at
S46 (31 rings, i.e. 6D, away from S46) was obtained to depict the disturbed zone on transversal section. The I zone (SDD ≥ 10%) obtained in
case S2 (Ps = 1.0P0 and Gr = 100%) is depicted in Fig. 8. It demonstrates that the I zone looks like an “eye”. The “eye” extends to nearly
0.63D beyond the tunnel springline in horizontal direction, 0.23D
below the tunnel invert and 0.36D above the tunnel crown in vertical
direction. The I zone herein is similar to the eye-shaped excavation
damaged zone (extension of localized shear bands), extending about
0.56D horizontally and 0.12D vertically, induced by shield-tunneling
and was also reported by Salehnia et al. (2015). As discussed in Section
6.2, regardless of the diﬀerence of ground condition and shield-driving
parameters between these two cases, the location of peaks of postconstruction ground settlement is close to the boundary of disturbed
zone. That means that the sharp shrink of disturbed zone outside the
tunnel may cause the occurrence of peak of post-construction settlement.

-20

Ground settlement (mm)

-10

6.3. Soil disturbance above the tunnel and ground settlement
The evolution of excess pore-water pressure above the tunnel crown
can reﬂect the soil disturbance and the post-construction ground settlement. The excess pore-water pressure at point A (S46) versus support
pressure and grout ratio are shown in Fig. 9. High support pressure
(2.4–2.8P0) leads to the increase (loading) of pore-water pressure before approaching the excavation face, and the minimum pore-water
pressure occurs just after the EPBS tail reaches (Fig. 9(a)). Under support pressures of 2.6P0 and 2.8P0, before the excavation face arrives,
the remarkable rise of the excess pore-water pressure can be explained
by the knowledge that the excessively high support pressure on the
excavation face will cause more severely disturbance on the surrounding soils. Additionally, it is well understood from a geotechnical
framework that the excavation face may even experience negative

0
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Fig. 7. Calculated and measured ground settlement trough at S46.
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Fig. 8. Schematic plot of I zone (SDD ≥ 10%) in case S2 based on shear strain distribution.
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Fig. 10. SDD distribution above tunnel crown at S46 under diﬀerent shielddriving parameters: (a) Support pressure; (b) Grout ratio.

(b)
Fig. 9. Evolution of excess pore-water pressure at point A (S46) under diﬀerent
shield-driving parameters: (a) Support pressure; (b) Grout ratio.

settlement is caused under Gr = 200% which is the common ratio
adopted in engineering practice (e.g. Li et al., 2015). The variation of
total settlement also shows similar tendency as the post-construction
settlement. The relatively low total settlement is caused under
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2.4

a process of “unloading eﬀect”. When the support pressure is excessively high (2.6–2.8P0), the pressure can cause “loading eﬀect” and
then severer disturbance. This phenomenon can be explained by the
evolution of excess pore-water pressure discussed in Fig. 12(a).
Fig. 13(b) reveals that grout ratio has less eﬀects on the SDD below the
tunnel invert. The SDD of soils just below the tunnel invert decreases
with the increase of grout ratio. Also, the SDD below the tunnel invert
experiences sharp falloﬀ within 0.2D depth. The linear relation between
the distance below tunnel invert (di) and the SDD can be ﬁtted by
equation SDD = −2.8di + 0.73 for depth below 0.24D.
The post-construction tunnel settlement above the S46 is also obtained by using layer-wise summation method. The eﬀects of shielddriving parameters on post-construction tunnel settlement are revealed
in Fig. 14. It also indicates that the support pressure exhibits greater
inﬂuence than the grout ratio on the settlement, where the ground
settlement experiences initial reduction and then growth with the increase of these parameters. This phenomenon can be explained by the
variations of excess pore-water pressure (Fig. 12) and SDD distribution
(Fig. 13) with support pressure discussed above. The minimum tunnel
settlement is caused under Ps = 2.4P0 and Gr = 200%. The tunnel settlement decreased from 22.3 mm to 16.0 mm (reduction ratio is 28.3%)
when the grout ratio increases from 0 to 200%. The grout ratio, however, shows less eﬀects when the grout ratio exceeds 200%. The settlement experiences a sharp growth (7.5 mm–31.1 mm with growth
ratio of 314.7%) when the support pressure increases from 2.6P0 to
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Fig. 11. Variations of ground settlement with shield-driving parameters: (a)
Support pressure; (b) Grout ratio.
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6.4. Soil disturbance beneath the tunnel and tunnel settlement
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25
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Fig. 12(a) shows the evolution of excess pore-water pressure at
point B. It exhibits that high support pressures (2.4–2.8P0) result in the
rise of pore-water pressure when the excavation approaches (loading),
while low support pressures leads to the decrease (unloading). The
EPBS tail passing causes a sharp decrease of pore-water pressure which
then becomes stable. As depicted in Fig. 12(b), the pore-water pressure
decreases gradually as the EPBS tail approaches during which the lower
grout ratio induces lower pore-water pressure. After the EPBS tail
passes, the pore-water pressure becomes stable.
Fig. 13(a) presents the variation of SDD below the tunnel invert
with support pressure. It is clear that the SDD within 0.2D is higher than
10%. Overall, within distance of 0–0.1D, the lowest SDD is induced
under 2.4P0, while the highest SDD under 0.8P0. Beyond 0.1D, the
highest SDD is caused under 2.8P0. Within 0.1D below the tunnel invert, the SDD is higher than 20% for all support pressures except for
2.4P0. The relatively high SDD is caused under 0.8P0 and 2.6P0 with
distance of 0.2–0.6D. Judging by appearance, the relationship between
SDD and support pressure indicates that excessively high and low
support pressures will both cause severer disturbance. When the support pressure is relatively low (0.8–2.4P0), the disturbance is weakened
with the increasing support pressure since the tunneling construction is
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Fig. 12. Evolution of excess pore-water pressures at point B (S46) under
varying shield-driving parameters: (a) Support pressure; (b) Grout ratio.
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7. Guidelines for engineering practices
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In summary, the proposed method for predicting the post-construction settlement in structured soft soils can be carried out with the
following steps:
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0.4

2.4P0

1. Firstly, the compression indices and structural yield stress of intact
soils of neighbouring tunnel need to be obtained by oedometer tests.
Subsequently, CIU tests should be carried out to obtain the q-γs
curve and then interpret the failure shear strain.
2. Secondly, the distribution of SDD above tunnel crown and below
tunnel invert should be achieved, which diﬀers from the ground
condition and cover-to-diameter ratio etc. For instance, the linear
relations between SDD and distance from the tunnel crown and
tunnel invert are built in the studied case history.
3. The post-construction vertical eﬀective stress should be obtained by
FEM. The compression indices and structured yield stress are reduced linearly in proportion to the SDD distribution. Finally, the
post-construction ground and tunnel settlement can be predicted by
layer-wise summation method.
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8. Conclusions
In this paper, a novel approach is developed to evaluate the tunneling-induced soil disturbance, post-construction ground, and tunnel
settlement in structured soft soils. Based on the ﬁeld investigations and
numerical analyses, the following main conclusions can be drawn:
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1. Compared with the measured post-construction ground settlement,
the proposed method showed good estimations of the post-construction ground and tunnel settlement. Without considering the soil
disturbance, the calculated consolidation-induced settlement is relatively small compared with the ﬁeld measurements. There are two
peaks at both sides of tunnel like the consolidation settlement
without SDD, which may be caused by the shape of the disturbed
zone.
2. Under homogeneous ground condition (muddy silty clay) and a
certain shield-driving condition (Ps = 1.0P0 and Gr = 100%), the I
zone (SDD ≥ 10%) looks like an eye. The eye extends to nearly
0.63D beyond the tunnel springline in horizontal direction, 0.23D
below the tunnel invert and 0.36D above the tunnel crown in vertical direction. It is similar to the shape of excavation damaged zone
(about 0.56D beyond springline and 0.12D below tunnel invert)
reported by Salehnia et al. (2015).
3. At a depth below 0.32D, a linear relation, SDD = −1.56dc + 0.53,
has been achieved where dc is the distance to the tunnel crown,.
Similarly, linear relation between the distance below tunnel invert
and the SDD has been obtained, where SDD = −2.8di + 0.73, for
the depths below 0.24D.
4. The minimum post-construction ground settlement occurs under
grout ratio of 200%, and then the settlement experiences slight increase with the growth or decrease of grout ratio. The post-construction ground settlement decreases with the increase of support
pressure when lower than 2.2P0, and then experiences a sharp increase when the support exceeds 2.6P0.
5. The grout ratio shows less impact on the post-construction tunnel
settlement than the support pressure. The tunnel settlement decreased from 22.3 mm to 16.0 mm when the grout ratio increased
from 0 to 200%. The grout ratio shows less eﬀects when the grout
ratio exceeds 200%. The tunnel settlement decreases with the increase of support pressure (0.8–2.4P0) and then experiences a sharp
growth when the support pressure increases from 2.6P0 to 2.8P0.
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(b)
Fig. 13. SDD distribution below tunnel invert at S46 under varying shielddriving parameters: (a) Support pressure; (b) Grout ratio.
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Fig. 14. Variations of post-construction tunnel settlement versus shield-driving
parameters.

The proposed method is validated to be a robust approach to predict
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the tunneling-induced SDD, post-construction ground settlement, and
tunnel settlement. The support pressure is found to have greater impacts than the grout ratio on the post-construction tunnel settlement,
and excessively high support pressure was found to aggravate both the
post-construction ground and tunnel settlement.
Acknowledgements
The research presented herein is ﬁnancially supported by funds of
the National Key Research and Development Program of China
(2016YFC0800207), the Industrial Technology and Development
Program
of
Zhongjian
Tunnel
Construction
Co.,
Ltd
(17430102000417), and the Research Program of Construction
Engineering of Shenzhen (20151118003B).
References
Adachi, T., Kimura, M., Kishida, K., 2003. Experimental study on the distribution of earth
pressure and surface settlement through three-dimensional trapdoor tests. Tunn.
Undergr. Space Technol. 18, 171–183.
Attewell, P.B., Woodman, J.P., 1982. Predicting the dynamics of ground settlement and
its derivatives caused by tunneling in soil. Ground Eng. 15 (8), 13–20.
Benz, T., 2007. Small-strain stiﬀness of soil and its numerical consequences. Ph.D. thesis,
Univ. of Stuttgart, Stuttgart, Germany, 193.
Brinkgreve, R.B.J., Broere, W., Waterman, D., 2012. Plaxis 3D material models manual.
Delft Univ. of Technology and Plaxis bv, Delft, Netherlands, pp. 202.
Brinkgreve, R.B.J., Broere, W., Waterman, D., 2006. Finite element code for soil and rock
analyses. Users Manual, Plaxis, Rotterdam, Netherlands.
Burland, J.B., 1990. On the compressibility and shear strength of natural clays.
Géotechnique. 40 (3), 329–378.
Chen, R.P., Li, Z.C., Chen, Y.M., Ou, C.Y., Hu, Q., Rao, M., 2015. Failure investigation at a
collapsed deep excavation in sensitive organic soft clay. J. Perform. Constr. Facil 29
(3), 04014078.
Chen, R.P., Meng, F.Y., Li, Z.C., Ye, Y.H., Ye, J.N., 2016a. Investigation of response of
metro tunnels due to adjacent large excavation and protective measures in soft soils.
Tunn. Undergr. Space Technol. 58, 224–235.
Chen, S.L., Lee, S.C., Wei, Y.S., 2016b. Numerical analysis of ground surface settlement
induced by double-o tube shield tunneling. J. Performance Construct. Facilities 30 (5)
04016012.
Chen, Y.M., Tang, X.W., Jia, N., 2007. Consolidation of sensitive clay with vertical drain.
Int. J. Numer. Anal. Methods Geomech. 31, 1695–1713.
Di, H.G., Zhou, S.H., Xiao, J.H., Gong, Q.M., Luo, Z., 2016. Investigation of the long-term
settlement of a cut-and-cover metro tunnel in a soft deposit. Eng. Geol. 204, 33–40.
Gomes, R.C., 2013. Eﬀect of stress disturbance induced by construction on the seismic
response of shallow bored tunnels. Comput. Geotech. 49, 338–351.
Hajjar, M., Nemati Hayati, A., Ahmadi, M.M., Sadrnejad, S.A., 2014. Longitudinal settlement proﬁle in shallow tunnels in drained conditions. Int. J. Geomech. 15 (6),
04014097.
Hong, Z.S., Han, J., 2007. Evaluation of sample quality of sensitive clay using intrinsic
compression concept. J. Geotech. Geoenviron. Eng. 113 (1), 83–90.
Hong, Z.S., Onitsuka, K., 1998. A method of correcting yield stress and compression index
of Ariake clays for sample disturbance. Soils Found. 38 (2), 211–222.
Huang, X., Schweiger, H.F., Huang, H.W., 2013. Inﬂuence of deep excavations on nearby
existing tunnels. Int. J. Geomech. 13 (2), 170–180.

63

