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Earth pressure balance or slurry shield tunnelling will squeeze the subsoils and lead to lateral outward ground displacement.
However, current methods to estimate the shield tunnelling-induced ground displacements generally use the methods based on
the face unsupported tunnelling (e.g., New Austrian tunnelling and open shield excavation), which cannot predict the lateral
ground movement due to shield tunnelling. In this paper, a novel simpliﬁed analytical method is proposed to predict the ground
lateral displacement during the shield advancing process. The key shield tunnelling operation factors, including the additional
pressure of cutter head, the friction forces around shield body, the back-ﬁll grouting pressure, and the soil volume loss are all
considered. The lateral ground displacements induced by the four former factors are calculated by using Mindlin’s solutions. The
soil volume loss-induced lateral ground displacement is calculated by employing the expression introduced by Pinto and Whittle.
Combining with the displacement obtained from all the factors, the analytical method for lateral ground displacement induced by
shield tunnelling is obtained. The applicability of the proposed analytical approach is veriﬁed with three well-documented case
histories involving slurry shield and EPB shield machines.

1. Introduction
Earth pressure balance (EPB) or slurry shield tunnelling
technology has advantage of rapid construction eﬃciency
and minor environment disturbance, which is widely used
in metro tunnel construction in densely urban area.
However, the shield tunnelling method is kind of a face
pressured tunnelling method, which will squeeze the
ground and lead to large horizontal ground displacement.
The ground movement mechanisms associated with shield
tunnelling are totally diﬀerent from the face unsupported
tunnelling, such as New Austrian tunnelling and open
shield excavation, in which the inward ground movements
are usually observed because of none face pressure or
grouting pressure imposing on the excavation face.
Therefore, accurate evaluation of the shield tunnellinginduced ground deformation is vital before assessment of
the adverse eﬀects on adjacent buildings and the nearby

underground utilities (e.g., shallow foundations, exiting
tunnels, piles, and gas pipelines).
During the last decades, various approaches have been
established for predicting the ground deformation associated with space unsupported tunnelling methods, namely,
empirical method, analytical method, and ﬁnite-element
method [1–11]. Peck [1] and Attewell and Woodman [2]
indicated that the ground surface movement proﬁle-induced
tunnel excavation can be empirically described using
Gaussian distribution curve. Mair et al. [3] and Fang et al. [4]
further modiﬁed and improved the Peck formula and applied to predict the subsurface settlement caused by tunnel
excavation. In recent years, lots of analytical methods have
been established to predict the tunnelling-induced displacements. Sagaseta [5] and Verruijt and Booker [6] presented closed-form solutions for three-dimensional soil
movements induced by tunnelling-caused soil loss in isotropic incompressible ground and compressible ground,
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respectively. Loganathan and Polous [7] redeﬁned equivalent ground loss and proposed a new analytical method to
calculate the vertical and lateral soil movements in nonuniform convergence pattern. Bobet [8] and Osman et al. [9]
deduced a series of solutions for two-dimensional soil
movements based on the elasticity theory. The abovementioned analytical solutions are more suitable for estimating the ground movement associated with face
unsupported tunnelling. Franza and Marshall [10] proposed
empirical and semianalytical methods for evaluating the
ground settlements induced by tunnelling in sands. Zhang
et al. [11] proposed a closed-form elastic analytical solution
for prediction of the tunnelling-ground displacement.
However, the detailed observations from San Francisco [12],
London [13], Shanghai [14], France [15], and Taipei [16]
indicated that heaves and outward ground movements were
always observed during tunnel excavation by using the
advanced shield tunnelling methods (EPB and slurry shield
machines). The main reason for the diﬀerence is due to the
mechanization of shield tunnelling procedures. During the
shield tunnelling, the subsoil is excavated by rotating cutter
head. Then, the shield moves forwards by hydraulic jacks.
Finally, back-ﬁll grouting is carried out to ﬁll the construction gap. All the procedures may lead to ground displacement which makes the ground movement pattern quite
diﬀerent from that of conventional tunnelling. Therefore, a
suitable analytical method is urgently needed to reliably
predict ground displacements due to shield tunnelling.
With the development of computer technology, the
nonlinear ﬁnite-element analysis (FEA) has been carried out
to simulate the entire tunnelling excavation process. Lee and
Rowe [17] performed a 3D elastoplastic FE analysis to investigate the eﬀects of shield tunnelling on the surface and
subsurface ground movements. Dias and Kastner [15]
established 3D ﬁnite-element models to simulate the slurry
shield excavation processes in tunnel projects in France and
China, respectively. Undoubtedly, the FEA is a direct
method to model the 3D soil deformations, as well as
tunnelling stages. Yiu et al. [18] explored the masonry
building responses to shallow tunnelling using 3D
ﬁnite-element modelling. Zhang et al. [19] established a 3D
ﬂuid-solid coupling ﬁnite-element model to investigate the
unexpected ground settlement when the shield machine
advanced from the low-permeability ground to the highpermeability ground.
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In this paper, a novel simpliﬁed analytical method is
proposed to predict the lateral ground displacements caused
by shield tunnelling in soft ground. The key shield tunnelling
operation parameters such as additional pressure of cutter
head, the frictions around shield shell, the grout injection
pressure, and the soil volume loss are taken into account in
the proposed method to consider the shield tunnel construction performance. The proposed analytical method is
veriﬁed against three well-documented case histories in San
Francisco tunnel, Shanghai Metro Line-2 tunnel, and France
Vaise subway tunnel.

2. Simplified Analytical Method for Predicting
Lateral Ground Movement Induced by
Shield Tunnelling
The mechanism of the interaction between shield tunnelling
excavation and soil surrounding is highly complex. The
ground deformation is mainly inﬂuenced additional pressures of cutter-head q, frictions around shied shell skin f, the
tail grouting pressure p, and the soil volume loss vl during
shield machine advancing. Therefore, the four main inﬂuencing factors are considered in the proposed method.
Figure 1 shows the mechanical model of shield tunnelling in
ground. The lateral ground displacements induced by the
variants of q, f, and p are estimated by using Mindlin’s
solutions [20]. The analytical solutions suggested by Pinto
and Whittle [21] are applied to compute the lateral ground
displacements caused by the soil volume loss vl . Finally, the
total lateral displacements can be estimated by superposing
the results calculated by these separated variants. In the
proposed method, the lateral displacement induced by shield
tunnelling at transversal and longitudinal directions is
considered.
Shield machine usually advances at a shallow depth, and
the ground displacements caused by the variants q, f, and p
are typical semi-inﬁnite problems. Correspondingly, semiinﬁnite Mindlin’s solutions [20] are selected to calculate the
ground displacements caused by the variants q, f, and p in
this analysis. A concentrated force ph parallel to the surface
boundary acting at a point in the interior of a half-space is
shown in Figure 2.
The response of lateral displacements at both longitudinal and transversal directions to the horizontal concentrated force Ph is expressed as follows:
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Figure 1: Mechanical model of shield tunnelling in soft ground.
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where vh and uh are the lateral displacements in longitudinal
and transversal directions, respectively.
μ is Poisson’s ratio;
����������������
G is the shear modulus. R1 �
����������������
2
2
R2 � x′ + y′ + (z′ + c)2 .

R

2π

u1q �   qr dr dθ
0

+

0

2

2

x′ + y′ + (z′ − c)2 ,

2.1. Lateral Ground Displacements Induced by the Additional
Pressure of Cutter-Head q. Figure 3 shows the sketch of
integration of additional pressure of cutter head. The lateral
displacements at both longitudinal and transversal directions induced by additional pressure of cutter-head q are
obtained by integrating (1) and (2), respectively:
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where u1q and v1q are the lateral displacements at both
longitudinal and transversal directions, respectively; R is the
radius�������������������������������
of cutter head; R1 and R2 can be� expressed as
R � x2 + (y − r cos θ)2 + (z − H + r sin θ)2 and R2 �
1��������������������������������
x2 + (y − r cos θ)2 + (z + H − r sin θ)2 , respectively.
The additional face pressure q is assumed to be distributed uniformly at the cutter head. For a tunnel constructed by a slurry shield tunnel machine, the additional
pressure of cutter-head q can be regarded as the diﬀerence
between the measured slurry pressure psl and the in situ
earth pressure at rest K0 cH at the depth of tunnel axis:
q � psl − K0 cH,

(4)

where K0 is the coeﬃcient of lateral earth pressure at rest; c
and H are the representative unit weight and the depth from
the ground surface to the spring-line of the tunnel,
respectively.
However, for tunnel constructed by an EPB machine,
Standing et al. [22] found the ground moved outward was
measured and the pore-water pressures continuously increased in spite of the fact that the measured earth pressures
at the soil chamber were signiﬁcantly lower than the earth
pressure at rest. Standing et al. [22] indicated that the actual
normal stresses at cutter head were much larger than the
measured earth pressure at the soil chamber. This phenomenon can be interpreted as ground squeezing eﬀect
caused by the rotating cutter head of EPB machine [23].
Taking the key cutting parameters and ground conditions
into consideration, Wang [23] presented a theoretical

solution to calculate the squeezing normal stress ahead of the
cutter head. In this study, the squeezing normal stress is
taken as the additional pressure of the cutter-head q:
q�

10.13(1 − μ)Eu π](1 − ξ)2
+ Δp′ ,
(1 + μ)(3 − 4μ)Dkw

(5)

where Eu is undrained Young’s modulus of soil; v is the
driving rate of the shield; ξ is the open ratio of the cutter
head; D is the diameter of the cutter head; k is number of the
blind slots; w is the angular speed; and Δp is the squeezing
′
pressure at the opening of cutter head, ranging from 10 kPa
to 20 kPa.
The operation parameters, such as the driving rate v and
the rotating rate w, are continuously recorded during the
advancing. Undrained Young’s modulus of soil Eu in clayey
ground can be obtained by the approximately relation between Eu and the undrained shear strength cu as Eu � 350 cu
[24].
2.2. Lateral Ground Displacements Induced by the Frictions
around Shield Body f. The frictions around shield body f are
generated by the interaction between the moving shield body
and the contacted soils. As shown in Figure 4, it is assumed
that the frictions around shield body f are distributed
uniformly in the longitudinal direction along the shield
body, but nonuniformly around the shield periphery. The
lateral ground displacements at longitudinal and transversal
directions induced by the frictions around shield body f are
obtained by integrating (1) and (2), respectively, as follows:
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Figure 3: The sketch of integration of additional pressure of cutter head.
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where L is the length of shield shell; u2f and v2f are the
lateral ground displacements in the longitudinal and
transversal
directions, respectively; R1 is equal to
�������������������������������������

(x + l)2 + (y − R cos θ)2 + (z − H + R sin θ)2 ; R2 is equal
�������������������������������������
to (x + l)2 + (y − R cos θ)2 + (z + H − R sin θ)2 .
The friction around shield body f is estimated by

f � τ sr

(7)

� βs σ θ tan δ,
where τ sr is the residual shear force at the pile-soil interface;
βs is the softening coeﬃcient, which is deﬁned as the ratio of
the residual shear force τ sr to the ultimate shear force τ u at
the steel-soil interface. Its value varies from 0.83 to 0.97 for
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soft soils [25]. δ is the interior angel between the shield shell
and the contacted soils, which is presented in Table 1 based
on Alonso et al.’s [26] interface shearing experiments.
σ θ is the normal stress acting on the shield body:
σ θ � σ v sin2 θ + σ h cos2 θ,

(8)

where σ v and σ h are the vertical and horizontal eﬀective
stresses acting on the shield body, respectively:
σ v � σ t − cR sin θ,
σ h � K0 σ v ,

(9)

where σ t is the vertical earth stress at the shield axis.
2.3. Lateral Ground Displacements Induced by the Tail
Grouting Pressure p. As the shield moves forward, the
grouting materials are injected synchronously to fulﬁll the
annual void between the segmental lining and the excavation
face. The back-ﬁll grouting can eﬀectively prevent the
ground moving into the annual void. However, when the tail
grouting pressure p is larger than the in situ earth pressure
(both vertical and horizontal), the surrounding ground will
be pushed away laterally and ground upheaval and outward

S

2π

v3p �  
0

0

Table 1: The value of interface friction angle δ between diﬀerent
soils and smooth steel material.
Type of soils
Clays
Sands
Clayey gravel
∗

Interface angel
∗
6.5°∼9° or 0.55∼0.56 ϕ′
∗
°
°
23.5 ∼24 or 0.55∼0.64 ϕ′
∗
°
°
′
7.5 ∼9.5 or 0.44∼0.58 ϕ

ϕ′ is the eﬀective interior angle of soil.

displacements occur. Therefore, the eﬀects of tail grouting
on the ground movements should be considered.
Figure 5 illustrates the calculation model of the lateral
ground displacements induced by the tail grouting pressure
p. It is assumed that the grouting pressure distributes
uniformly around the shield tail periphery and the grouting
length is equal to the width of the segmental lining. In reality,
the tail grouting pressure p is continuously monitored
during the shield advancing.
It is noted that the grouting pressure has little inﬂuence
on the lateral ground displacement at longitudinal direction.
Therefore, lateral ground displacement at longitudinal direction is not considered in this analysis. Based on Mindlin’s
solutions, the lateral displacements at transversal direction
are obtained as follows:

p − σ θ cos θR ds dθ 3 − 4μ 1 (y − R cos θ)2 (3 − 4μ)(y − R cos θ)2
+ +
+

16πG(1 − μ)
R1
R2
R31
R32

(10)

2(H − R sin θ)z
3(y − R cos θ)2
4(1 − μ)(1 − 2μ)
(y − R cos θ)2
1
−
1
−
+
+



,
R2 R2 + z + H − R sin θ
R2 + z + H − R sin θ
R22
R32
where S is the inﬂuencing length of grouting. As mentioned
above,
S is taken as the width of segmental lining. R1 is equal
����������������������������������������
to (y − R cos θ)2 + (x + L + s)2 + (z − H + R sin θ)2 , and
is
equal
to
R2����������������������������������������

(y − R cos θ)2 + (x + L + s)2 + (z + H − R sin θ)2 .
2.4. Lateral Ground Displacements Induced by the Soil Volume
Loss vl. Many studies have been proposed to estimate the
lateral soil displacements associated with tunnelling-induced soil losses [7–11]. However, all of these methods oﬀer

two-dimensional solutions, which are unable to capture the
three-dimensional behavior of soil deformations associated
with shield tunnelling. In this study, three-dimensional
analytical solutions introduced by Pinto and Whittle [21] are
applied to predict the lateral ground displacements.
Assuming the soil volume loss distributed uniformly
along the tunnel axis, Pinto and Whittle [21] deduced threedimensional closed-form solutions for ground displacements induced by the soil volume losses. The lateral ground
displacement solutions in both longitudinal and transversal
directions of shield advancing are given as follows:

u4vl �

vl 1 (3 − 4μ) 2z(z − H)
+
−

,
3
4π R11
R22
R22

(11)

v4vl �

⎨ yR11 − (x + L) (3 − 4μ)yR22 − (x + L) yz(z + H)2(x + L)3R222 − (x + L)2  − 4R322 ⎫
⎬
vl ⎧
+
+
2
2
4
3
⎩
⎭,
4π
r2 R22
r1 R11
r2 R22

(12)

where u4vl and v4vl are the lateral ground displacements in
both longitudinal and transversal directions of shield advancing, respectively; vl is the soil volume loss, vl � 2πRuε ,

where uε is the distance between the segmental lining and the
excavated soils in uniform convergence pattern. The correlation between the soil volume loss vl and the ratio of soil
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loss vloss is vl ������������
vloss · πR2t , where
Rt is the
radius of �tunnel
�
�����������
2
2
2
lining; r1 is y + (z + H) ; r2 is y + (z − H)2 ; R11
��������������������
is
y2 + (x + L)2 + (z + H)2 ;
is
R22
��������������������
y2 + (x + L)2 + (z − H)2 .
However, for the real situation, the presence of the shield
body will signiﬁcantly prevent the deformations transforming from the overexcavated soil volume loss around the
tail. Thus, the longitudinal lateral displacements induced by
the soil volume loss (12) around the shield tail are assumed
as zero.
2.5. Total Lateral Ground Displacements Induced by Shield
Tunnelling. Combining the lateral ground displacements
induced by the additional pressure of cutter-head q, the
frictions around shield body f, the tail grouting pressure p,
and the soil volume loss vl during shield advancing, the
analytical solutions for predicting the lateral ground displacements in both longitudinal and transversal directions
are obtained, respectively. They can be expressed as
u � u1q + u2f + u4vl ,
v � v1q + v2f + v3p ,

(13)

where u and v are the lateral ground displacements in
longitudinal and transversal directions, respectively.

3. Cases Studies
Three previously published well-documented case histories
are selected to assess the applicability of the proposed analytical solutions in this section. The measured ﬁeld data, as
well as FEA results, are compared with the predicted results.
3.1. Case 1: San Francisco Tunnel N-2 Contract. A 3.7 m outer
diameter earth pressure balanced shield with 5 m long was
employed to the San Francisco Clean Water tunnel project
N-2 contract. A 917 m long, 3.55 m outer diameter tunnel
was constructed in soft, saturated, and low-strength and
permeability Bay Mud clay. Field instrumentation program
was carefully conducted to observe the response of the
ground during and after shield advancement. This well-

documented project provides a unique opportunity to study
the lateral ground responses to shield construction. The
predictions of the longitudinal lateral ground displacements
are compared with the measured results, as well as the FEA
simulation results.
A subsoil proﬁle is shown in Figure 6. As shown in
Figure 6, the tunnel axis was located at the depth of 10.9 m
below the ground surface, which was entirely in the soft
saturated stratum, known as recent Bay mud. The overlying
and underlying strata were rubble ﬁll with intermediate
density and sandy colluvial soil, respectively. Detailed description of the site conditions and the shield tunnelling
operation can be referred to Finno and Clough [27] and
Clough et al. [12].
Some related parameters obtained from the Finno and
Clough [27] are given as follows: based on the site investigation and laboratory tests, the average unit weight of the
ground, including the ﬁll ground and the Bay mud, can be
taken as 17.6 kN/m3. The undrained shear strength su of
recent Bay mud is 24.3 kPa at the top of layer and increases
linearly with depth at 0.63 kPa/m. The shear modulus G is
taken 3.24 MPa for recent Bay mud, which is approximately
about 120 times of undrain shear strength su according to
Hashimoto et al.’s [24] study. Undrained Young’ modulus Eu
is about 9.72MPa according to Eu � 2(1 + u)G. Poisson’s
ratio u is assumed to be 0.5 for the undrained conditions of
the soft recent Bay mud clay. The opening ratio of the
applied EPB shield ξ and the number of blind slots k are
assumed to be 30% and 3, respectively [27]. The average
driving rate v is 9.1 m/day. The coeﬃcient of earth pressure
at rest K0 is assumed to be 1. The angular speed w is assumed
to be 3.6πrad/min. The softening coeﬃcient β and the interface interior angle δ are taken as 0.9 and 9°, respectively.
Thus, the calculated additional pressure of cutter head is
about 24.5 kPa. Respecting that the grouting is ineﬃcient in
this project, the eﬀects of the tail grouting on the ground are
ignored in calculation.
The predicted and observed longitudinal horizontal
displacements at 1.22 m and 2.44 m front of the shield face
are plotted in Figures 6(a) and 6(b), respectively. It is found
that the predictions at diﬀerent distances at the front of the
tunnel face are generally in good agreement with the ﬁeld
observations as well as the FEA results, although the predicted results are slightly larger than the observations below
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and above the tunnel lining level. It may be attributed to the
site conditions where the overlaid rubble ﬁll ground and
underlaid colluvial soils would signiﬁcantly conﬁne the
movements of inclinometers. Generally, the prediction accuracy is in an acceptable manner.
From Figures 6(a) and 6(b), it is noted that the lateral
displacements contributed by frictions around the shield
body f are obviously larger than the contribution of the
additional pressure of cutter-head q. However, this diﬀers
from the common understanding that the additional pressure of cutter-head q contributes a large portion of the
displacements. In general, the proposed analytical method
can be reasonably used to predict the lateral ground displacements at the longitudinal direction of the advancing
shield.
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3.2. Case 2: Shanghai Metro Line-2 Tunnel. Shanghai Metro
Line-2 tunnel was constructed through soft, sensitive, saturated, and low-permeable soft clay by means of an advanced EPB shield machine. A typical soil proﬁle of this
project is presented in Figure 7. The responses of the soft
ground during and after the advancement of tunnelling
machine were carefully monitored. The inclinometer was
located at 6.2 m beside the shield axis and the lateral displacement at transversal direction was monitored. The axis
of 6.2 m-diameter tunnel was located at a depth of 15 m blow
the ground surface. The detailed monitoring program and
the measurements were well interpreted and discussed by
Lee et al. [14].
The main parameters related to the analysis are listed as
follows: the outer diameter of the shield D is 6.34 m; the
length of the shield L is 6.24 m, the width of the segmental
ling s is 1 m; the grouting pressure p is 250 kPa; the advancing rate v is 12 m/d; the equivalent Poisson ratio u is

Measured [14]

q = 192 kPa

Calculated

p = 250kPa

f

v1 = 0.14%

Figure 7: Comparison between the measured and the predicted
lateral ground displacements at the transversal direction at the
distance of one tunnel diameter ahead of the shield face, Shanghai
Metro Line-2 tunnel.

0.35; the coeﬃcient of lateral earth pressure K0 is 0.57; based
on the soil investigation, the equivalent undrained Young’s
modulus of the ground Eu is 9.3 MPa, so the equivalent soil
shear modulus G is 3.5 MPa; the interface internal angel δ
and the softening coeﬃcient β is 9° and 0.9, respectively; the
short-term soil volume loss ratio v1 is 0.14%. Based on the
related construction experience in Shanghai, the blind bolts
of cutter-head k, the open ratio ξ, and the angel speed w are
assumed to be 4, 40%, and 0.6 rad/min, respectively.

Advances in Civil Engineering

9

20
–3

–2

Fill

Beige silt
Ochre silt
Grey sandy silt
Grey sand
Purple clay

–1

0

Depth (m)

–4

15

Tunnel

0

1

2

3

4

v (mm)

10
5.7 m away for I14
4.5 m away for I17
5

–5
Sand and
gravel

–10
–15
–20

I-14 measured [15]

I-17 measured [15]

I-14 calculated

I-17 calculated

Figure 8: Comparison between the measured and predicted lateral
ground displacements at the transversal direction at diﬀerent
distance away from the tunnel, France Vaise subway tunnel.

Therefore, the additional pressure of cutter-head q is
192 kPa.
The lateral displacements at transversal direction are
presented and compared with predictions from the proposed method, as shown in Figure 7. It is observed that the
prominent lateral outward deﬂections are concentrated at
the level of shield centerline. As illustrated in Figure 7, the
contribution to the calculated displacements is mainly from
the additional pressure of cutter-head q and the frictions
around the shield body f. The calculated lateral displacements at transversal direction below the tunnel invert are
slightly larger than the observations. The reason may be due
to the assumption of homogenous ground of the proposed
method, which indicates the ground movement range is
slightly greater that the observation. In general, the predicted
lateral ground displacements are in good agreement with the
measurements.

Poisson ratio u, shear modulus G, and the coeﬃcient of
lateral earth pressure K0 are assumed to be 0.4, 2.5 MPa, and
0.57, respectively. The grouting pressure is assumed to be
280 kPa in this analysis. The interface internal angel δ and
the softening coeﬃcient β are 9° and 0.9, respectively.
The calculated transversal lateral ground displacements
at the inclinometer I14 and I17 are also plotted in Figure 8.
The comparison between the measured and predicted results
indicates that, although the maximum lateral displacements
calculated by proposed method are slightly larger than the
observations, the trends of distribution of the calculated
results are generally in good agreement with that of the
monitored data.
Finally, the feasibility of the proposed analytical method
is veriﬁed with three case histories. The proposed method
takes the additional pressure of cutter head, frictions around
the shield body, back-ﬁll grouting pressure, and soil volume
loss into account, which will generally reﬂect the interaction
between the shield advancing and ground. The proposed
method provides a novel method to predict the lateral
ground responses to shield tunnelling.

4. Conclusions
(1) In this paper, a simpliﬁed analytical method is
proposed to predict lateral ground displacements
associated with shield tunnelling advancing. Key
operation variants, such as the additional pressure of
cutter-head q, frictions around shield body f, the
grouting pressure p, and the soil volume loss v1 , are
incorporated into the analytical method.
(2) The applicability of the proposed method is veriﬁed
through with three well-documented case histories
involving earth pressure balanced shield and slurry
shield. Good agreements have been achieved between the ﬁled measurements and the predictions.
(3) The proposed methods are able to estimate the lateral
displacements associated with shield tunnelling.

Data Availability
3.3. Case 3: France Vaise Subway Tunnel. Extension project
of Line D subway network in Lyon, France, was constructed
by slurry shield boring machine. The extension tunnel was
approximately 1000-m long and had an outer diameter of
6.27 m. The tunnel axis is located at 17.4 m blow the ground
surface, and the shield was mainly excavated through grey
sandy slit, grey sand, and purple clay. Geotechnical investigation revealed that the subsurface stratiﬁcation was relatively nonuniform, as shown in Figure 8. The lateral
displacements were measured by two inclinometers, I14 and
I17, located at 5.7 m and 4.5 m away from the tunnel axis.
Detailed ﬁeld measuring of lateral soil displacements and site
properties are well described and interpreted by Dias and
Kastner [15] and Emeriault et al. [28].
The monitored slurry pressure at the shield face was
about 120 kPa. The grouting pressures varied from 200 kPa
to 300 kPa. Based on the soil tests results [15], the equivalent

Some or all data, models, or codes generated or used during
the study are available from the corresponding author upon
request (list items).
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Géotechnique, vol. 64, no. 7, pp. 581–583, 2014.
[23] H. Wang, “Eﬀect of cutterhead compressing the front soil and
inﬂuence of head aperture ratio on contact pressure of EPB
shield to the front soil,” China Civil Engineering Journal,
vol. 42, no. 7, pp. 113–118, 2009.
[24] T. Hashimoto, J. Nagaya, and T. Konda, “Prediction of ground
deformation due to shield excavation in clayey soils,” Soils and
Foundations, vol. 39, no. 3, pp. 53–61, 1999.
[25] Q. Zhang, S. Li, and L. Li, “Simpliﬁed method for settlement
prediction of pile groups considering skin friction softening
and end resistance hardening,” Chinese Journal of Rock
Mechanics and Engineering, vol. 32, no. 3, pp. 615–624, 2013.
[26] E. E. Alonso, A. Josa, and A. Ledesma, “Negative skin friction
on piles: a simpliﬁed analysis and prediction procedure,”
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