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+is paper investigates the ground deformation characteristics induced by mechanized shield twin tunnelling along curved
alignments by adopting the nonlinear three-dimensional (3D) finite element method (FEM). +e performance of the adopted
FEM is demonstrated to be satisfactory by comparing the numerical analysis results with the field monitoring data in a typical case
history and with the predicted results generated by a modified version of the Peck’s empirical Gaussian formula. It has been found
that the tunnelling-induced transverse ground surface settlement troughs and the distributions of the subsurface horizontal and
vertical ground displacements are mostly similar in both form and magnitude for the considered various radii of curvature of
tunnel alignment including 50m, 100m, 150m, 200m, 250m, 300m, 400m, and infinity (i.e., straight-line tunnel). Considering
the variational characteristics of the ground deformations with the magnitude of the radius of curvature, the radius of curvature of
100m can be regarded as a critical tunnel alignment radius of curvature controlling the transformation of the curved tunnelling-
induced ground deformational behaviors. For the benefit of geotechnical engineers interested in curved tunnelling with a small
radius of curvature, a discussion of the technologies for reducing the overexcavation and improving the accuracy of tunnel lining
segment installation is also presented.

1. Introduction

Tunnels play an important part in the development of
economics and society, and they have many uses such as
transportation, including canals, trains, metros, road vehi-
cles, etc., for mining ores, and for conducting sewage and
water [1–3]. It has been estimated that the length of the
tunnels constructed annually since 2013 reaches approxi-
mately 5200 km, and that the current tunnelling market
represents 6–7% of the global infrastructure construction
market. +erefore, tunnelling has always been a significant
focus of research in the area of civil engineering [4–6].

Depending on the considerations of various factors such
as geological conditions, environmental impacts, con-
struction cost and period, and tunnel dimensions, a tunnel
may be excavated using one of the commonly adopted
methods including mainly the cut-and-cover method [7, 8],
drill-and-blast method [9, 10], mechanized shield tunnelling
method using a tunnel boring machine (TBM) [11, 12], new
Austrian tunnelling method [13, 14], and jacked box tun-
nelling method [15, 16]. Among these methods, the
mechanized shield tunnelling method has been widely used
for constructing metros in many urban areas in the world
[17–19]. +is is because this method has several advantages
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over the other methods. +e advantages are, for example,
reduced environmental impacts in relation to noise, dust,
ground surface settlement, vibrations, and disturbance to
surrounding infrastructure; reduced labor cost and risk to
the life of workers; enhanced tunnelling rate, especially in
soft soils; and high automation construction level [20–24].

+e construction procedure for mechanized shield
tunnelling method includes four repeated steps: TBM ad-
vancement by thrust of hydraulic jacks, soil excavation by
cutterhead, ring segment installation, and synchronous tail
void grouting. +ese steps involve a complex interaction
between TBM and the surrounding soil, which controls the
behavior of the tunnel structure as well as the impact of the
tunnelling process on the surrounding ground and facilities.
To address this issue, a substantial amount of studies has
been made. Two-dimensional (2D) finite-element (FE)
models were established in the early days to estimate the
ground movements induced by shield tunnelling [25–28].
Despite the simplicity and convenience in application of the
2D FE models, they have neglected the three-dimensional
(3D) nature of tunnelling–soil interaction. For a more re-
alistic simulation, fully 3D FE and finite-difference (FD)
models were then developed to investigate the tunnel be-
havior and the tunnelling effects on the surrounding ground
and infrastructure [29–37].

Despite the fact that an abundance of 3D FE or FD
analysis has been made to investigate the behavior or in-
fluence of mechanized shield tunnelling, most of them only
focus on mechanized shield tunnelling along straight
alignments. +e mechanism of the behavior of mechanized
shield tunnelling along curved alignments as well as its effect
on ground deformations and performance of adjacent
existing structures are not well understood due to the limited
investigations. By virtue of 3D FE analysis and real-time
monitoring in the field, Xie and Tang [38] investigated the
effect of curved shield tunnelling on the additional settle-
ment of an existing electric cable tunnel. It was found that
curved tunnel construction could cause adverse effects on
the existing tunnel. Li et al. [29] performed numerical
simulations and on-site monitoring to investigate the in-
teraction between a curved shield tunnelling and a straight-
line shield tunnelling. Zhang et al. [39] reported an in-depth
numerical analysis of the whole shield tunnelling process
along a curved trajectory. +ey concluded that the ground
surface settlement induced by curved shield tunnelling is
greater than that induced by straight-line shield tunnelling,
due to the overcutting and yaw excavation loadings. By using
3D FEM, Sugimoto et al. [40] simulated the shield tunnelling
behavior along a curved alignment in a multilayered ground.
+ey pointed out that the ground movement at the exca-
vated surface has a major role in the surrounding ground
displacements during shield tunnelling.

+e existing studies on the shield tunnelling behavior
along curved alignment have not captured the effect of the
magnitude of the curvature radius on the ground move-
ments induced by curved shield tunnelling. A good un-
derstanding of this effect is indispensable for optimizing the
alignment of a curved shield tunnel when the response of the
adjacent structures to the tunnelling-induced ground

movements needs to be strictly controlled. Moreover, shield
twin tunnelling along curved alignments is booming in
practice with the rapid urbanization. However, the char-
acteristics of ground movements induced by shield twin
tunnelling along curved alignments have not been thor-
oughly investigated so far. In addition, a summary of the
critical construction technology for ensuring safety and
stability during curved shield tunnelling is not available in
the literature, which may hinder the development of the
related technologies and even urbanization, especially in
less-developed countries or regions.

In this paper, the effects of the magnitude of the tunnel
alignment curvature radius on the characteristics of ground
movements induced by mechanized shield twin tunnelling
along curved alignments are systematically investigated
through nonlinear 3D FEM. A typical case history with
observed ground surface settlements induced by shield twin
tunnelling along curved alignments is presented to validate
the nonlinear 3D FEM.+e ability of the empirical equations
proposed by Peck in predicting the tunnelling-induced
ground surface settlements is examined for the considered
cases. In addition, a discussion of the critical stability
guarantee technique is presented to provide reference for
geotechnical engineering practitioners.

2. Case History

2.1. Engineering Overview. +e considered case history in
this study is a part of the shield twin tunnelling project for
the construction of Hefei Metro Line 3 between the Qimen
Road Station and the Grand +eater Station. A map for the
location of the considered case history is shown in Figure 1.
+e dimensions for the area of research as depicted in
Figure 1 are 100m× 60m. +e tunnels with an internal
diameter of 6m are excavated by two earth pressure balance
(EPB) shield machines. +e EPB shield machine in the left
tunnel is behind the EPB shield machine in the right tunnel
with a lagging distance of 36m. From Figure 1, it can be
found that the alignments of the shield twin tunnels are
curved between the two stations mentioned above, especially
for the area of research in this study. +e objective of de-
signing a curved alignment of shield tunnel in this case is to
reduce as much as possible the adverse effects that the Swan
Lake may produce on the construction and operation of the
Hefei Metro Line 3. +e radius of curvature for the align-
ments of the shield twin tunnels is 300m.+e cover depth of
the shield twin tunnels is approximately 7.9m. Considering
the small magnitudes of the radius of curvature and the
cover depth, the ground deformations induced by shield
twin tunnels need to be estimated accurately for the pro-
tection of the structures adjacent to the considered case
history.

2.2. Geological Conditions. Figure 2 shows an elevation view
of the soil layers on the site of the considered case history. It
is indicated that the ground consists of four soil layers, which
can be categorized, according to the Chinese standard for
engineering classification of soil, as, respectively, plain fill,
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plastic clay, hard plastic clay, and argillaceous sandstone
from ground surface to a depth of 50m below ground
surface. +e average thickness is approximately 3m for the
plain fill layer, 12m for the plastic layer, and 6m for the hard
plastic clay layer. +e type of groundwater is dominated by
perched groundwater, which is mainly within the plain fill
layer. +e cover depth of the groundwater table ranges
between 1.7m and 4.6m. Note that the average thickness for
the argillaceous sandstone layer is greater than 29m, and
only a fraction of the entire argillaceous sandstone layer is
illustrated in Figure 2. A summary of the basic physical and
mechanical parameters for these soil layers on the site of the
considered case history is presented in Table 1. +ese

parameters, obtained by performing geotechnical tests in the
field and laboratory, represent the average properties from
the top to the bottom of a soil layer. In addition, it can be
seen from Figure 2 that the tunnels are within the plastic clay
layer.

2.3. Monitoring Arrangements. +e ground surface settle-
ments induced by the twin shield tunnelling along curved
alignments are monitored using electronic levels and indium
steel rulers during construction. +e monitored data is
useful for the control of the tunnelling process and for the
manipulation of countermeasures aimed at protecting the

Figure 1: A map for the location of the considered case history.
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Figure 2: Elevation view of the soil layers.
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adjacent infrastructures. A schematic diagram of the dis-
tribution of the monitoring points is presented in
Figure 3(a). +e distance between two monitoring points is
3m for themonitoring points directly above the tunnels, and
this value is increased gradually to be 8m when moving
transversely away from the tunnels. An illustration and a
photograph for the marker of a monitoring point are pre-
sented, respectively, in Figure 3(b) and 3(c). +e marker is
installed in four steps. First, drill a hole in the ground to the
depth of the undisturbed soil layer using a core drilling rig.
Second, insert a screw-thread steel with a round head of
16mm in diameter and 0.8m in length into the undisturbed
soil layer below the bottom of the drilled hole in the first step.
+ird, fill in the drilled hole with standard sand. Finally,
install a protective cap on the top of the drilled hole. In
addition, the perpendicularity of the screw-thread steel
marker is ensured by using a brass plumb bob during the
installation process.

3. Numerical Modelling

3.1. FiniteElementCode. A finite element (FE) code, namely,
midas GTS NX (New eXperience of Geo-Technical analysis
System), is adopted in this study for simulating the ground
deformation characteristics induced by shield twin tun-
nelling along curved alignments with different radii of
curvature. +is FE code has been applied successfully in
solving many geotechnical problems such as slope stability
[41], soil–structure interactions [42–44], excavations
[45–48], tunnelling [49], and fluid–mechanical interactions
[50].

3.2. Meshing and Boundary Conditions. +e meshing of the
entire finite element model is presented in Figure 4. It is
shown that the overall dimensions of the meshed finite
element model are 100m in the X-axis direction, 60m in the
Y-axis direction, and 50m in the Z-axis direction. +ese
dimensions are sufficient for minimizing the boundary effect
according to a preliminary analysis. To balance the accuracy
of the computed results and the duration required for
completing the analysis, the mesh is dense in the area of
tunnels and becomes coarser with increasing the distance
from the tunnels. As illustrated in Figure 4, roller supports
are applied to the vertical boundaries of the finite element
model to restrain the displacements normal to the boundary.
+e displacements of the bottom boundary are restrained in
all directions by virtue of pin supports. +e top boundary of
the model is left free to displace and rotate. A comparison of

the meshing of the curved shield twin tunnels with different
radius of curvature (ROC) is made in Figure 5. It is shown
that eight different magnitudes of radius of curvature (i.e.,
50m, 100m, 150m, 200m, 250m, 300m, 400m, and in-
finity) are considered in this study with the aim of inves-
tigating the effect of the magnitude of this parameter on the
ground deformation characteristics induced by curved
shield twin tunnels. +e reason for the selection of these
magnitudes of radius of curvature is that they are commonly
adopted in engineering practice. In order to maintain as far
as possible the smoothing of the tunnel alignment at a
relatively small radius of curvature (e.g., 50m), the di-
mension of the meshing for the tunnels is determined to be
0.5m.

3.3. Constitutive Models and Parameters. In the numerical
analysis, linear elastic model is adopted to describe the
stress–strain behaviors of the grout, tunnel lining segment,
and TBM shell, while the constitutive behavior of the soil is
simulated with the Modified Mohr-Coulomb (MMC)
model. +e MMC model is an elastoplastic soil constitutive
model evolved from the conventional Mohr-Coulomb (MC)
model. Compared to the conventional MCmodel, the MMC
model has the advantages of capturing the nonlinearity of
the soil elastic behavior and the difference between the
moduli of elasticity during loading and unloading. More-
over, this model is capable of simulating the shear hardening
effect. +anks to these advantages, the numerical analysis
results are generally satisfactory when the soil behavior in
excavation and tunnelling problems is simulated with the
MMC model. In addition, in the MMC model, shear failure
is independent of compression failure, and the yield function
for this model can be expressed as

f1 �
q

R1(θ)
−

6 sin ϕ
3 − sin ϕ

(p + Δp) � 0, (1)

f2 � α
q

R2(θ)
 

2

+(p + Δp)
2

− p
2
c � 0, (2)

where f1 � shear yield function, f2 � compression yield
function, p �mean stress, q � deviatoric stress, Δp �mean
stress increment, pc � preconsolidation pressure, ϕ� angle
of internal friction, R1(θ) � function associated with shear
hardening, R2(θ) � function associated with the shape of
compression cap, θ� Lode’s angle, and α� coefficient as-
sociated with the angle of internal friction of soil φ (i.e.,
α � ((3 + sin φ)/(3 − sin φ))).

Table 1: Basic parameters of the soil on the site of the considered case history.

Soil c c φ Es ] K0 kh kv K fak

Plain fill 19.6 53 13.0 6.2 0.25 0.48 10.1 8.5 0.39 182.9
Plastic clay 19.1 64 13.5 8.5 0.27 0.39 40.8 35.3 0.01 221.7
Hard plastic clay 20.2 40 13.7 10.6 0.31 0.43 68.5 79.1 0.02 250.5
Argillaceous sandstone 23.4 95 26.0 20.1 0.29 0.28 60.6 67.8 0.10 302.4
c � unit weight (kN/m3); c, φ� cohesion (kPa) and angle of internal friction (°) by direct shear tests, respectively; Es �modulus of compressibility (MPa);
]�Poisson’s ratio; K0 � coefficient of earth pressure at rest; kh, kv � horizontal and vertical coefficients of subgrade reaction, respectively; K� coefficient of
permeability; and fak � load bearing capacity (kPa).
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+e nonlinear parameters required for the MMC model
include the secant stiffness by consolidated drained triaxial
compression tests Eref

50 , tangent stiffness by oedometer tests
Eref
oed, unloading/reloading modulus of elasticity Eref

ur , failure
ratio Rf, reference pressure pref , stress-dependent power
exponent m, void rate e, angle of internal friction at shear
failure φult, coefficient of lateral earth pressure for normal

consolidated soil KNC, ultimate dilation angle δult, and
cohesion c. +e magnitudes of the parameters mentioned
above can be derived from Table 1 or from experience. +e
parameters required for the linear elastic model are modulus
of elasticity, Poisson’s ratio, and unit weight. +e magni-
tudes of the unit weight are, respectively, 21, 25, and 78.5 kN/
m3 for the grout, tunnel lining segment, and TBM shell. +e

3m
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Figure 3: Schematic diagrams of ground surface settlement monitoring points: (a) distribution, (b) marker components, and (c) marker
photograph.
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magnitudes of the Poisson’s ratio are, respectively, 0.2, 0.27,
and 0.2. +e magnitudes of the modulus of elasticity are,
respectively, 30MPa, 20GPa, and 200GPa.

3.4. Tunnelling Sequence Simulation. A step-by-step proce-
dure is used to simulate the tunnelling process. A tunnelling
step corresponds to a distance of excavation of 3m, which
represents two times the width of a ring of tunnel lining
segment. During a tunnelling step, the simulation involves
activation of elements, construction loads, and boundary
condition, and deactivation of elements and construction
loads. +e activated elements include the two-dimensional
(2D) plate elements for a TBM shell of 3m in length in the
present step [see Figure 6(a)], the 2D plate elements for
tunnel lining segments of 3m in width in the former step
[see Figure 6(b)], and the solid elements for grout layer of
3m in length in the former step [see Figure 6(c)]. +e ac-
tivated construction loads include the tunnel face pressure of
120 kPa in magnitude applied on the starting face of the soil
elements to be excavated in the next step [see Figure 6(d)],
the Jack thrust of 100 kPa in magnitude applied on the
ending face of the tunnel lining segment elements in the
former step [see Figure 6(e)], and the grouting pressure of
150 kPa in magnitude on the external surface of the tunnel
lining segment elements in the former step [see Figure 6(f)].
As the magnitudes of the applied tunnel face pressure, the
Jack thrust, and the grouting pressure in the numerical
analysis are the same as that adopted in the considered case
history, the appropriateness of the magnitudes of these
parameters can be guaranteed. +e activated boundary
condition is the transformation of the mechanical properties
of the grout layer elements from that corresponding to soil
material to that corresponding to real grout material. +e
deactivated elements include the solid elements for soil to be

excavated of 3m in distance in the present step and the 2D
plate elements for TBM shell of 3m in length in the former
step. +e deactivated construction loads include the Jack
thrust of 100 kPa in magnitude applied on the ending face of
the tunnel lining segment elements in the (k − 2)th step
where k represents the present step, the tunnel face pressure
of 120 kPa in magnitude applied on the starting face of the
soil elements to be excavated in the present step, and the
grouting pressure of 150 kPa in magnitude on the external
surface of the tunnel lining segment elements in the (k −

2)th step where k represents the present step. Repeat the
activation and deactivation manipulations described above
until the completion of the excavation of the twin shield
tunnels.

4. Results and Discussion

4.1. Empirical Formula for Predicting Ground Surface
Settlements. An empirical formula for predicting the ground
surface settlements induced by tunnelling was proposed by
Peck (1969) [51] based on curve-fitting of an enormous
amount of field monitoring results. +e basic assumption of
Peck’s formula is that the transverse ground settlement
profile induced by single tunnelling can be described with a
Gaussian distribution function:

S(x) � Smax exp
− x

2

2i
2 , (3)

Smax �
VL

i
���
2π

√ , (4)

where x� horizontal distance from tunnel axis,
S(x) � ground surface settlement at x, Smax �maximum
ground surface settlement, VL � ground loss, and

60m 100m

50
m

Figure 4: Meshing of the entire finite element model.
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i� settlement trough width [see Figure 7(a)]. Note that the
maximum ground surface settlement is achieved at the
tunnel axis, as depicted in Figure 7(a).

Prediction of tunnelling-induced ground surface set-
tlements using equations (3) and (4) requires the assessment
of ground loss and settlement trough width. In the literature,
the ground loss is often assessed using empirical observa-
tions, taking no account of the effects of some critical factors
such as soil type, tunnelling method, tunnel configuration,
groundwater condition, and construction management
quality [52–54]. Moreover, the ground loss should be
carefully controlled during tunnelling [55, 56]. +e available
equations for calculating the settlement trough width in the
literature fall into four categories as summarized in Table 2.
Note that in Table 2 the equation proposed by Knothe (1957)
[57] is applicable only to rock-like materials of which the
tensile strength differs greatly from other types of soil. In the
present research work, the equation, i � 0.5z0, proposed by

Rankin (1988) [61], is used to predict tunnelling-induced
ground movements.

+e Peck formula, as a convenient method of predicting
tunnelling-induced ground movements, was proposed for
the case of single tunnelling. For the twin tunnelling case,
however, the use of the Peck formula is also feasible if a slight
modification of the initial version of the Peck formula is
made. Modification of the Peck formula made in the present
research work is based on the superposition principle. In this
case, the superposition principle is applicable as the ground
movements induced by the left tunnel is independent of that
by the right tunnel. +e applicability of the superposition
principle in estimating the ground surface movements has
been demonstrated by Chen et al. (2012) [63] who reported a
good agreement between the transverse ground surface
settlement profiles obtained by finite element analysis and
Peck’s empirical equation. +e modified version of the Peck
formula is expressed as the following:

(a) (b) (c) (d)

(e) (f ) (g) (h)

Figure 5: Meshing of the curved shield twin tunnels with a radius of curvature of: (a) 50m, (b) 100m, (c) 150m, (d) 200m, (e) 250m, (f )
300m, (g) 400m, and (h) infinity.
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S(x) �
VL

i
���
2π

√ exp
− (x + 0.5 d)

2

2i
2  + exp

− (x − 0.5 d)
2

2i
2  ,

(5)

where d� horizontal distance between the two tunnel axes
(see Figure 7(b)).

4.2. Ground Surface Settlements. A comparison of the final
ground surface settlement troughs induced by curved twin
tunnelling of 300m in radius of curvature is made in Fig-
ure 8 between results by the finite element method (FEM),
monitored data, and Peck’s formula. It can be indicated that
the FEM results agree well with the monitored data at the
considered three surface lines (i.e., Y� 15, 30, and 45m),
demonstrating the validity of the adopted FEM in investi-
gating the ground deformation characteristics induced by
curved twin tunnelling. +e Peck’s formula predicts a
symmetrical distribution of the final ground surface set-
tlement troughs with respect to the plane of X� 50m, which
is seen not to be consistent with the distributions predicted
by the FEM and monitored data. +e unsymmetrical dis-
tributions of the final ground surface settlement troughs
result from the unsimultaneous excavations of the side-by-
side twin tunnels. +e advancement of the left tunnel is
behind that of the right tunnel with a lagging distance of
36m. +is leads to the occurrence of a second surface
settlement above the right tunnel axis when the subsequent
excavation is performed.+erefore, as shown in Figure 8, the
maximum ground surface settlements above the right tunnel
axis are approximately 2 to 3mm greater than the ground
surface settlements above the left tunnel axis. In addition, a
slight ground surface heave less than 1mm can be observed
on the left-hand side of the left tunnel axis and the right-
hand side of the right tunnel axis as shown in Figure 8 for the
FEM results. +is phenomenon does not conform to the
monitored results that a slight ground surface settlement
occurs within these areas. +e reason for this inconformity
may be the inherent drawbacks of the adopted soil consti-
tutive models. However, fortunately, as the discrepancy
between the ground surface movements obtained by field
monitoring and numerical analysis is generally less than
5mm, which is acceptable in geotechnical engineering, the
performance of the adopted FEM in simulating the ground
deformation characteristics induced by mechanized shield
twin tunnels with curved alignments is satisfactory.

+e FEM predicted final ground surface settlement
troughs along Y � 30m are paralleled in Figure 9 for
various radii of curvature of the alignments of the twin
curved tunnels. It can be indicated that the effects of the

magnitude of the radius of curvature on the shape of
surface settlement troughs and on the magnitudes of the
surface settlements are trivial. +e shape of the surface
settlement troughs for the considered radii of curvature
resembles the letter of “w.” +e w-shaped surface settle-
ment troughs may be described with the help of three
critical points on a surface settlement trough, which are
the left bottom, the middle peak, and the right bottom.
+e left and right bottoms correspond to, respectively, the
surface settlements that are directly above the axes of the
left and right tunnels, while the middle peak represents
the surface settlement that occurred in the position that is
equally distant from the two tunnel axes. With a decrease
in the magnitude of the radius of curvature from infinity
to 50m, both the bottoms and the middle peaks on the
surface settlement troughs move gradually from the right-
hand side to the left-hand side. +is movement remains
mild until reaching a radius of curvature of 100m;
however, it becomes drastic when decreasing the mag-
nitude of radius of curvature from 100 to 50m. At the
considered magnitudes of radius of curvature, the mag-
nitudes of the surface settlements range approximately
between 7 and 8mm for the left bottoms of the w-shaped
surface settlement troughs, approximately between 2 and
3mm for the middle peaks of the w-shaped surface set-
tlement troughs, and approximately between 8 and 9mm
for the right bottoms of the w-shaped surface settlement
troughs.

+e distributions of the final ground surface settlements
along X� 41, 50, and 59m are compared in Figure 10 for
various radii of curvature of tunnel alignments. It can be
found that the characteristics of the final ground surface
settlement distributions alongX� 41m [see Figure 10(a)] are
similar to that along X� 59m [see Figure 10(c)] but differ
markedly from the characteristics of the final ground surface
settlement distributions along X� 50m as depicted in
Figure 10(b). Along X� 41 and 59m, with increasing Y from
0 to 60m, the ground surface settlements increase first and
then decrease for all the considered radii of curvature.
Moreover, a greater radius of curvature corresponds to a
greater ground surface settlement over the entire lines of
X� 41 and 59m. +e difference between the ground surface
settlements associated with any two magnitudes of radius of
curvature is generally smaller than 2mm when the mag-
nitudes of radius of curvature are not lower than 150m.
However, when the magnitudes of radius of curvature are no
more than 150m, the difference mentioned above is ap-
proximately 4mm. +e ground surface settlement at the
starting point of tunnel excavation (i.e., Y� 0m) for the
radius of curvature of 50m (i.e., ROC� 50m) can be

Table 2: Summary of equations for calculating settlement trough width.

Equation Application scope Reference
i � z0/(

���
2π

√
tan(π/4 − tφ/2)) Rock-like materials [57]

i � aR(z0/(2R))n Various types of soil [51, 52, 58, 59]
i � a(bz0 + cR) Loose sand or compacted clay [60]
i � az0 + b Cohesive soil or granular soil [61, 62]
z0 � tunnel’s cover depth, φ� soil’s internal friction angle, R � tunnel’s radius, and a, b, c, n� empirical coefficients.
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estimated to be, respectively, 5mm alongX� 41m and 6mm
along X� 59m. +e ground surface settlements at the
starting point of tunnel excavation (i.e., Y� 0m) for the
other radii of curvature not including 50m are approxi-
mately, respectively, 8mm along X� 41m and 10mm along
X� 59m. Contrary to the characteristics of the ground
surface settlement distributions along X� 41 and 59m, the
magnitude of the ground surface settlement increases with a
decrease in the radius of curvature from infinity to 50m. For
all the considered radius of curvature, the magnitudes of the
ground surface settlements along X� 50m are about 3mm
both at the starting and the ending points of tunnel

excavation. At the radius of curvature of 50m, the ground
surface settlement along X� 50m peaks within the range of
Y between 20 and 40m with a magnitude of approximately
9mm.

4.3. Subsurface Ground Displacements. Figure 11 presents
the contours of the final subsurface ground displacements
along Y� 30m for various radii of curvature considered in
this study. It can be indicated that ground settlements occur
above the tunnels while ground heaves occur below the
tunnels. +is trend of ground displacements is attributed to
the stress release effect of tunnel excavation. As shown in
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Figure 8: Ground surface settlement troughs at the final step induced by curved tunnelling of 300m in radius of curvature along: (a)
Y� 15m, (b) Y� 30m, and (c) Y� 45m.
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Figure 11(a), when the radius of curvature of tunnel
alignment equals 50m, the magnitude of the ground set-
tlement decreases from about 9.17mm on the ground
surface to about 3.08mm at the tunnel vault; the ground
heaves at the tunnel bottoms are approximately 9.12mm.
Moreover, it is obvious that the widths of the ground set-
tlement troughs vary significantly depending on the cover
depth. +e width of the settlement trough is roughly two
times the diameter of the tunnels on the ground surface, and
decreases linearly with increasing the cover depth until
reaching the tunnel vault. At the tunnel vault, the width of
the settlement trough is nearly the same as the diameter of
the tunnels. In addition, a comparison of the contours
presented in Figure 11 indicates that an increase in the
magnitude of radius of curvature from 50 to 100m may lead
to a decrease in the width of the settlement trough at the
tunnel vault from the same size to the tunnel diameter to half
of the tunnel diameter. A slight increase of approximately
2mm can be detected in the magnitude of the ground
settlement at the tunnel vault when increasing the magni-
tude of radius of curvature from 50m to infinity. +e
maximum ground heaves along Y� 30m induced by tun-
nelling are, respectively, 9.12, 9.40, 9.55, 9.52, 9.52, 9.50, 9.53,
and 9.48mm at a radius of curvature of 50, 100, 150, 200,
250, 300, 400m, and infinity.

+e variations of the final horizontal ground displace-
ments along Y� 30m with X are presented in Figure 12 for
four different depths below ground surface (i.e., Z� 0, − 1,
− 2, and − 3m). It is found that the characteristics of the
variations of the final horizontal ground displacements are
similar for different depths below ground surface and dif-
ferent radii of curvature of tunnel alignment. +ese varia-
tional curves are characterized by wave shape with two crests

(termed as, respectively, the left and the right crests) and two
troughs (termed as, respectively, the left and the right
troughs). +e left crest corresponds to the maximum pos-
itive horizontal ground displacement over the entire line of
Y� 30m, while the right crest corresponds to the maximum
positive horizontal ground displacement between the two
axes of the left and the right tunnels. +e left trough cor-
responds to the maximum negative horizontal ground
displacement between the two tunnel axes, while the right
trough corresponds to the maximum negative horizontal
ground displacement over the entire line of Y� 30m.

As shown in Figure 12(a), at a radius of curvature, the
magnitude of the horizontal ground displacement at the left
crest for Z� 0m ranges between 4 and 5mm according to
the magnitude of the radius of curvature of tunnel align-
ment. A greater horizontal ground displacement at the left
crest for Z� 0m is achieved at a larger radius of curvature.
For the other three cases (i.e., Z� − 1, − 2, and − 3m), the
horizontal ground displacement at the left crest decreases
slightly with an increase in the cover depth. +e left crest is
on the left-hand side of the left tunnel axis with a distance of
approximately 6m between the left crest and the left tunnel
axis. +e horizontal ground displacement at the right crest
for Z� 0m ranges between 1.5 and 3mm depending on the
magnitude of the radius of curvature of tunnel alignment. A
difference of roughly 1mm can be observed between the
horizontal ground displacement at the right crest for Z� 0m
at the radius of curvature of 50m and that at other mag-
nitudes of radius of curvature. +e right crest is on the left-
hand side of the right tunnel axis with a distance of about
6m between the right crest and the right tunnel axis.
Similarly, the description of the features of the right crest as
well as the horizontal ground displacement at the right crest
for the Z� 0m case remains a fact for the other three cases as
presented in Figure 10(b), 10(c), and 10(d).

For the case of Z� 0m, the magnitudes of the horizontal
ground displacements at the left trough are nearly identical
for different radii of curvature except for the radius of
curvature of 50m [see Figure 12(a)].+ey are estimated to be
1mm, which is 1mm lower than the horizontal ground
displacement at the left trough for the radius of curvature of
50m. When compared to the magnitude of the horizontal
ground displacement at the left crest for a radius of cur-
vature, it can be noted that the magnitude of the horizontal
ground displacement at the left trough equals roughly to one
half of the magnitude of the horizontal ground displacement
at the left crest. +is is because the positive horizontal
ground displacement induced by the excavation of the right
tunnel has counteracted in part the negative horizontal
ground displacement at the left trough induced by the ex-
cavation of the left tunnel. For all the considered cases, the
magnitudes of the horizontal ground displacements at the
right troughs vary from 3 to 6mm.+emaximum horizontal
ground displacement at the right trough (i.e., 6mm) is
achieved at the radius of curvature of 50m for the Z� 0m
case. For any of the considered cases, it is shown that the
horizontal ground displacement at the right trough is
generally 1mm greater at the radius of curvature of 50m
than at the other radii of curvature.+e right trough is on the
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right-hand side of the right tunnel axis with a distance of
approximately 6m between the right trough and the right
tunnel axis.

4.4. Discussion. +e numerical analysis results presented
above indicate that a reduction in the radius of curvature of
tunnel alignment from infinity has a beneficial effect on the
restraining of the tunnelling-induced ground displacements
above the axis of the tunnel with a radius of curvature of
infinity (i.e., straight-line tunnels). However, many

construction issues associated with tunnelling along the
curved alignment of small radius of curvature are more
practically attractive for geotechnical engineering practi-
tioners. +erefore, a discussion of the measures for ensuring
the stability and construction disturbance minimization of
curved tunnelling with a small radius of curvature is made
herein for the benefit of the engineers that are interested in
this topic.

+e control of the tunnelling direction and the instal-
lation of the tunnel lining segments are the two major
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Figure 10: Distributions of ground surface settlements at the final step induced by curved tunnelling at various radii of curvature along: (a)
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difficulties encountered during curved tunnelling with a
small radius of curvature. As the tunnelling boring machine
(TBM) is not curved in shape, the entire driving path of TBM
for a curved tunnel actually consists of a series of extremely
short straight-line paths. +ese straight-line paths are tan-
gentially related to the predetermined curved alignment of
the tunnel, indicating that a constant adjustment of the TBM
posture is required during the entire tunnelling process. A

good adjustment of the TBM posture is difficult, and
therefore a certain overexcavation is inevitably induced,
which has an important effect on the ground loss. +e
ground loss and the subsequent ground surface settlement
will be exacerbated if the grouting is not timely or the grout
amount is not sufficient. Moreover, if the grout amount on
the external side of the curved tunnel alignment is not
sufficient, a certain horizontal offset of the tunnel toward the
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external side of the curved tunnel alignment may be pro-
duced due to the action of the counter-force of the tunnel
excavation force. To tackle this problem, an advance offset
procedure as depicted in Figure 13 can be carried out. In this
procedure, the adopted curved alignment of tunnel is ob-
tained by offsetting the designed curved alignment of tunnel
toward the internal side at an appropriate distance. Gen-
erally, the magnitude of the advance offset distance ranges
between 20 and 40mm, depending on many factors such as
geological conditions and radius of curvature of tunnel
alignment. A smaller radius of curvature corresponds to a

greater advance offset distance. In addition, a slight ad-
justment of the advance offset distance may be required
taking account of the monitored tunnel offset during
construction.

+e installation of the tunnel lining segments for a
curved tunnel with a small radius of curvature of alignment
needs to be carefully performed to achieve an accurate curve
fitting of the tunnel alignment. To facilitate this installation
process, the universal wedge-shaped (UWS) segments are
frequently adopted. It’s much better to adopt a UWS seg-
ment with as much as large wedge quantity. +e wedge
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Figure 12: Tunnelling induced horizontal ground displacements at the final step alongY� 30m at different depths: (a) Z� 0m, (b) Z� − 1m,
(c) Z� − 2m, and (d) Z� − 3m.
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quantity depends on many factors such as segment type,
segment width, external diameter of segment, radius of
curvature of tunnel alignment, use ratio of wedge ring, and
reinforcement ratio of the segment. In addition, a smaller
width of tunnel lining segments is more beneficial for curve
fitting of tunnel alignment, installation of tunnel lining
segments, reduction in segment fragmentation, and im-
provement in tunnel waterproofing ability.

5. Conclusions

+e ground deformation characteristics induced by mech-
anized shield twin tunnelling along curved alignments with
various radii of curvature are investigated in this study. A
typical case history of curved twin tunnelling in plastic clays
is reported. Nonlinear three-dimensional (3D) finite element
method (FEM) is used to simulate the tunnelling process and
to analyze the tunnelling-induced ground displacements. A
good agreement among the numerical analysis results, the
field monitoring data, and the predicted results by the
empirical Gaussian formula verifies the good performance of
the adopted nonlinear 3D FEM. A discussion of the critical
construction technologies for the curved shield tunnel with a
small radius of curvature is also presented. +e conclusions
drawn from this study can be summarized as follows:

(i) A superposition of the Peck’s empirical Gaussian
formula for single straight-line tunnel is applicable
for the preliminary estimation of the ground surface
settlements induced by curved twin tunnelling. +e
inability of the superimposed Peck’s empirical
Gaussian formula in capturing the unsymmetrical
distribution of the transverse ground surface set-
tlements is trivial if the distance between the two
tunnel axes is large enough or the distance between
the tunnel faces is sufficiently small.

(ii) +e difference between the ground surface settle-
ments associated with any two magnitudes of radius
of curvature is generally smaller than 2mm when
the magnitudes of radius of curvature are not lower
than 150m. However, when the magnitudes of
radius of curvature are no more than 150m, the
difference mentioned above is approximately 4mm.

(iii) An increase in the magnitude of radius of curvature
from 50 to 100mmay lead to a decrease in the width
of the settlement trough at the tunnel vault from the
same size to the tunnel diameter to half of the tunnel
diameter. +e variations of the final horizontal
ground displacements are wave shaped for different
depths below ground surface and different radii of
curvature of tunnel alignment.

(iv) +e advance offset procedure is beneficial for the
mitigation of the overexcavation resulting from a
constant adjustment of TBM posture during tun-
nelling. An appropriate magnitude of the advance
offset distance ranges between 20 and 40mm,
depending on geological conditions and the radius
of curvature of tunnel alignment. +e use of uni-
versal wedge-shaped segments, smaller in segment
width and larger in wedge quantity, facilitates the
installation of tunnel lining segments for curved
tunnels with small radius of curvature.
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