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A unified method of predicting soil deformations induced by general and
special-section tunneling in clays is proposed. Assuming that the tunneling-
induced ground loss can be divided into infinite ground loss elements, and the
soil deformation induced by the overall ground loss is equal to the sum of
deformation due to each unit ground loss, the soil deformation due to unit
ground loss is first derived based on elasticity theory solution. The soil
deformation induced by random shaped-section tunneling is then obtained
by integrating along the overall ground loss distribution, and the expressions are
presented in the Cartesian and polar coordinate forms, respectively. By means
of several cases of single circular tunneling, the reliability of the unified method
is well verified through comparing with the measured data, and the
performance of this method is quantitatively evaluated against the error
analysis of the predictions. Taking the double-O-tube (DOT) shield tunnel
for example, the unified method is further applied to predict soil
deformation induced by special-section tunneling. The results show that the
shape of the surface settlement curve caused by DOT shield tunneling also
presents an inverted Gaussian curve. With the increase of the soil depth, the
settlement of soil above the DOT shield tunnel increases slightly first and then
decreases, and the settlement trough width keeps decreasing, resulting in the
change of the shape of the settlement curve from "V* to "W".

KEYWORDS

soil deformation, tunnels and tunnelling, double-O-tube (DOT) shield, analytical
method, special-section tunnel
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1 Introduction

Until now, shield tunnel construction method has had a history
of about 190 years. During a long period of time in the past, the
general circular section shield construction method has obtained
sufficient development and been widely used in worldwide

underground engineering such as subway tunnels and
underground pipelines. With the rapid development of
urbanization and modernization, the construction of

underground engineering is subject to increasing difficulties and
challenges in urban, due to the decrease of available underground
space and the densification of underground structures (Simpson and
Tatsuoka, 2008). Therefore the advanced special-section shield
tunneling technology comes into being, which can save the
underground space, decrease the impact of tunneling on ambient
structures, or reduce the potential security issues in complicated
circumstances (Nakamura et al., 2003; Maeda and Kushiyama, 2005;
Chow, 2006; Shen et al., 2009; Fang et al., 2012; Huang and Zeng,
2017; Zeng et al, 2022). For instance, as the most widely used
special-section shield tunneling technology, the double-O-tube
(DOT) shield tunneling have been carried out successfully in
Japan, Shanghai and Taipei, China (Fang et al, 2012). In the
recent decade, many species of special-section shield tunneling

10.3389/feart.2022.1031332

have also been implemented successfully in China, such as
rectangular shield tunneling, quasi-rectangular shield tunneling
and horseshoe-shaped shield tunneling, as illustrated in Figure 1.
The underground excavation will inevitably cause surface and
subsurface deformations, and maybe further affect the performance
of adjacent underground structures (Bilotta, 2008; Mohamad et al,
2010; Fargnoli et al., 2015; Ng et al., 2016; Cui et al,, 2021; Zhou et al.,
2021; Cui et al., 2022; Li et al,, 2022). Therefore the prediction of soil
deformation induced by tunneling is always a key issue in urban
underground engineering (Mair, 2008; Wan et al., 2017). Since Peck
(1969) presented an empirical equation by means of the statistical
analysis based on numerous measured settlements of surface soils
during tunnel construction, various methods have been proposed to
predict tunneling-induced soil deformation, such as empirical
equations (Mair et al, 1993), elastic-plastic analytical solutions
(Wood, 1975; Verruijt, 1997; Bobet, 2001; Park, 2004; Park, 2005;
Osman et al, 2006; Puzrin et al, 2012; Zymnis et al, 2013),
numerical methods (Franzius et al., 2005; Wongsaroj et al., 2007;
Wongsaroj et al., 2013; Bym et al., 2013; Avgerinos et al., 2016), and
model tests (Loganathan et al., 2000). Using the virtual image
technique, Sagaseta (1987) presented a closed form solution for
computing soil deformations due to ground loss induced by
tunneling in an isotropic and homogeneous incompressible soil.
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Several representative special-section shield machines: (A) DOT shield machine; (B) rectangular shield machine; (C) quasi-rectangular shield

machine; (D) horseshoe-shaped shield machine.
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FIGURE 2
Models of ground deformation induced by circular shield tunnelling: (A) uniform radial ground deformation (Verruijt and Booker, 1996); (B)
oval-shaped ground deformation (Loganathan and Poulos, 1998); (C) unit ground loss induced by a mini tunneling with the radius of ro.

Considering the compressibility of soil and the ovalization of tunnel,
Verruijt and Booker (1996) derived the generalization of Sagaseta’s
solution based on the uniform radial convergence model of ground
loss. However, the estimated results are inconsistent with the
observations of soil deformations, and the predicted settlement
trough is wider while the predicted horizontal displacement is
larger. In fact, due to the self-weight of tunnel, the upward
rebound deformation of soil below the tunnel is limited, which
leads to non-uniform void distribution around the tunnel lining.
Therefore Loganathan and Poulos (1998) proposed the model of
oval-shaped soil deformation and derived the prediction equations
of soil deformation with short-term undrained conditions. The
predicted results are in good agreement with the measured values.

These methods mentioned above are used to predict soil
deformation induced by the general circular section tunnel
construction. For special-section shield tunneling, there are
few studies on the prediction method of soil deformation.
Based the (1969), the
superposition method and the equivalent excavated area

on empirical Peck function
method were carried out to predict surface settlement induced
by DOT shield tunneling (Fang et al., 2012; Gui and Chen, 2013).
The two methods are rude and the predicted results are rough.
More unfortunately, the methods cannot be extended to other
special-section shield tunnels. Stochastic medium theory
method, which is a flexible mature method for predicting soil
deformation induced by underground excavation (Yang et al.,
2004; Yang and Wang, 2011), also was been successfully used to
predict soil deformation induced by DOT shield tunneling (Zeng
and Huang, 2016). However, the method can only calculate soil
deformation above the tunnel.

In this paper, soil deformation due to unit ground loss is
derived based on the equations proposed by Loganathan and
Poulos (1998). The overall ground loss induced by underground
excavations can be divided into infinitesimal ground loss elements,
and the total soil deformation is the sum of soil deformation due to
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each unit ground loss. Finally, a unified method is proposed to
predict soil deformation induced by general and special-section
shield tunneling. The proposed method is then applied to the
prediction of soil deformation induced by general circular
tunneling and DOT shield tunneling, respectively. The
predicted soil deformations are compared with the measured
values, and the results verify the reliability of the proposed method.

2 Unified prediction method of soil
deformation induced by
underground excavation

2.1 Overview of Loganathan’s solution

Based on the elasticity theory solution of solid mechanics in
semi-infinite spatial elastomer, Sagaseta (1987) firstly derived the
closed form solution by means of a virtual image technique in
isotropic and homogeneous incompressible soils. Considering
the compressibility of soils and the long-term ground
deformation due to the ovalization of tunnel lining, Verruijt
and Booker (1996) further derived the generalized Sagaseta’s
solution based on the model of uniform radial ground
deformation (Figure 2A), and soil settlement W (x, z) and
horizontal soil deformation U (x, z) with respect to the soil at
(x, z) are expressed as (Verruijt and Booker, 1996):

22
W (x,2) = —gR? ud 22 L or?| 2 (ke Zzl)
x*+z2 x2+73 (x2 +22)

ez (kx*=2z3)] 2R [ (m+1)z,

(x2 + 22)° m | x*+23

2 _ 2 2 _ 2

_mz(x 222)] —28Rzzo[ x*—z3 i

(x2+22) (x2+22)

m  2zz,(3x* - z3)

3 1
m+1  (x2+22)
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where z is the soil depth; x is the horizontal distance far away
from the tunnel axis; R is the radius of excavated tunnel; k = v/
(1-v); m is an auxiliary elastic constant, m = 1/(1-2v); v is
the Poisson’s ratio of soil; z, is the ordinate of the tunnel
center (i.e., the depth of the tunnel center, h); z; = z - zp; 2, =
Z + 2¢; 8 is the long-term ground deformation parameter due
to the ovalization of tunnel lining; ¢, is the ground loss
rate, defined as the ratio of ground loss to the excavated
volume.
For the circular section tunnel, & can be expressed as

o=t G)
where V;is the ground loss per unit length along the direction
of tunnel axis (i.e., the area difference between the excavated
cross section 2 and the convergent cross section w in
Figures 2A,B).

In practice, the ground loss rate, ¢, is usually converted by
the equivalent ground loss parameter, g, which was defined and
discussed in detail by Lee et al. (1992). The relationship between
& and g is (Zeng and Huang, 2016)

7R —n(R-g/2)’ 4gR- g
o= R T @

The soil deformation, predicted by the generalized
Sagaseta’s solution,i.e. Eqs. 1, 2, deviates greatly from the
measured value (Loganathan and Poulos, 1998). The analysis
from Stallebrass et al. (1996) and Loganathan and Poulos
(1998) showed that the tunnel lining would settle due to its
self-weight during the tunnel construction, which caused the
upward deformation of the soil below the tunnel was limited
while the void above the tunnel increased. Therefore
Loganathan and Poulos (1998) proposed the model of oval-
shaped ground deformation as illustrated in Figure 2B and
modified the ground loss rate &, as follows

1.38x*  0.69z?
s=soexp{—[ ]} (5)

h+R I

On the other hand, the parameter 6 in Eqs 1, 2
characterizes the long-term ground deformation due to
the ovalization of tunnel lining. Loganathan and Poulos
(1998) only considered soil deformation with short-term
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undrained conditions during the period of tunnel
construction, and neglected the long-term soil deformation
(i.e., § = 0). Substituting Eq. 5 and § = 0 into Eqs 1, 2,
Loganathan and Poulos (1998) obtained the analytical
function for predicting tunneling-induced soil deformation
in clays, expressed as

W (x,2) = —&,R: z-2z _(3—4v)(z+zo)
’ Tl z-z)? X+ (z+20)

. 2z[x* - (z + zo)z]} e { ~ [ 1.38x2 0.6922” ©

2 212 R2+ 2
[%2 + (z + 20)?] (20 +R) 25

1 3-4y
2+ 2
X2+ (z-20)" x*+ (z+2)

_ 4z(z+z0) ]exp{_[ISSxZ +0.69z2” @

[%2+ (z+ zo)z]2 (zo + R)* z2

U(x,z) = —eoRZx[

2.2 Soil deformation due to unit ground
loss

Sagaseta (1987) considered that the ground loss induced by single
tunneling was concentrated at the tunnel axis to compute the surface
ground deformation. According to this law, with the decrease of the
tunnel radius, R, the magnitude of ground loss, V}, reduces, and the
dispersive ground loss also tends to be concentrated in the tunnel
center. According to the study by Yang et al. (2004), the whole
ground loss volume induced by tunneling can be considered to be
divided into infinitesimal ground loss units, and the overall soil
deformation is equal to the sum of the soil deformation induced by
each unit ground loss. Therefore, it can be assumed that the ground
loss in Figures 2A,B can be divided into infinite ground loss elements
and that the soil deformation induced by the overall ground loss is
equal to the sum of deformation due to each unit ground loss. As a
result, the soil deformation equation induced by unit ground loss can
be derived through dividing soil deformation formula developed by
Verruijt and Booker (1996) and Loganathan and Poulos (1998) by
the ground loss induced by the general single circular tunneling,
where the ground loss has been assumed to be concentrated at the
tunnel center.

As illustrated in Figure 2C, when unit ground loss is
generated (ie, V; = 1 mm’/mm) induced by a mini tunneling,
the corresponding tunnel radius is tagged as ry. According to the
definition of the ground loss rate, &, in Eq. 3, the following
expression can be obtained.

1
& =—3 (®)
mr3
The mini tunnel radius, o, corresponding to unit ground

loss, thus is

©)

To =

A/ TTE
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Replacing R in Eqs 6, 7 with the mini tunnel radius, 7o, soil
deformation due to unit ground loss located at (0, z) can be
derived, as follows

1 zZ -2
w(x,z)=— 5
T x*+ (z-2p)

_ (B3-4v)(z + zp)
X2+ (z +20)°

2z[x* - (z + zo)z]} [ 1.38x
t—————————rexpy [ —————
[x2 + (2 +20)°] (2o + 1/ /75 )

0.69z2
+
z

(10)
2y =~ [ 1 L3
oz = X2+ (z-20)° x2+ (z+2)°
4z (z + z) ] [ 1.38x?
V| &Py | —
[x* + (z+20)"] (20 +1/ymey)
+ 0'6222“» a1
2y

The ground loss rate, &, is mainly determined by the geological
conditions, the construction method and the construction
technology level (Standing and Burland, 2006). The analysis
carried out by Attewell (1978) showed that the range of g was
0.5%-2.5% in clays. O'Reilly and New (1982) summarized the
magnitude of & in various types of soil in the United Kingdom,
as listed in Table 1. The study from Mair (1996) showed that ¢, was
generally in the range of 0.5%-2.0% in the homogeneous soil, of
which 0.5% in sand soils and 1%-2% in soft soils.

Figure 3 shows the relationship between ry and &,. When ¢,
increases from 0.1% to 15.0%, r, decreases from 17.84 to
1.46 mm. Especially, the range of r in clays is 3.57-7.98 mm z,
in Eqs 10, 11 represents the depth of the mini tunnel
(approximatively the ordinate of unit ground loss), which is
generally in the order of meter. As a result, the quadratic term
(2o + 1/+/T€&)* in Eqs 10, 11 can be approximatively equal to z2
Owhen subsequently analyzing the influence of the

TABLE 1 Empirical values of the ground loss rate, &g, in the
United Kingdom (Mair, 1996).

Soil type &0 (%)
Cohesive soil 0.5-2.5
Stiff clay with fractures 1.0-2.0
Moraine soil (without air pressure) 2.0-2.5
Moraine soil (with air pressure) 1.0-1.5
Newly deposited silty clay (C, = 10 kPa-40 kPa) 2.0-10.0
Noncohesive soil (above groundwater level) 2.0-5.0
Noncohesive soil (below groundwater level) 2.0-10.0
Artificial fill >10.0

Note: 1. C, denotes the cohesion of soil; 2. The empirical values of & in this table apply to
the tunnels with a medium-sized radius (R = 3.0 m-3.5 m) and the values should
increase appropriately for the tunnels with a smaller radius (R < 1.5 m).
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FIGURE 3
Relationship between ro and €.

parameters, v and h, on soil deformation due to unit
ground loss.

The influence of Poisson’s ratio,v, on surface deformation
due to unit ground loss located at (0, /) is shown in Figures 4A,B.
It can be seen that Poisson’s ratio of soil will affect significantly
soil deformation. With the decrease of Poisson’s ratio, both soil
settlement and horizontal deformation almost increase linearly.
When v = 3.5, soil deformation field induced by unit ground loss
is shown in Figure 4C. Maximum deformation is about 24" mm,
and is located just above and near the ground loss element. Soils
in the section all tend to move towards the ground loss element.

Egs. 10, 11 are the formulas for computing soil deformation
induced by unit ground loss located at (0, z,). As for unit ground
loss located at arbitrary position (xy, zj), according to the
translation of coordinate axes, the general expressions for soil
deformation due to unit ground loss can be written as

(3-4v)(z + zp)
(x = x0)* + (2 +20)°

w(xz)——l{ % -
(- x0) + (2 - 20)

. 2z[(x - x0)° - (2 + Zo)z]} exp{

[(x—x0)* + (z+20)°]

_[ 1.38 (x — x,)’ . 0.69ZZ:|
(20 +1/V&) 2
(12)

u(x,z) =

n (x — x0)* + (2 — 20)*
3-4y
(x=x0)% + (2 +20)°

~ 4z (z + zp) ] exp{

[(x =)+ (z+ zo)z]2

(x—xo)[ 1

~ 1.38 (x — x,)* +0.69z2 (13)
(z0+1/vi&) %
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FIGURE 4

Soil deformation due to unit ground loss: (A) surface settlement; (B) horizontal surface deformation; (C) Soil deformation field.

2.3 General formula of unified prediction
method

According to the assumption in Section 2.2 that the whole
ground loss is divided into infinite ground loss elements and the
soil deformation induced by the overall ground loss is equal to
the sum of deformation due to each unit ground loss, a unified
prediction formula of soil deformation induced by random
shaped section tunneling can be expressed in the following

Cartesian coordinate form.

Wi(x,z) = ”!} w(x,2,x =& 2o = n)dédn (14)

Ux2) = ”Q u(x.z%0 = E20 = N)dédy  (15)
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In most cases, the outer boundary of the cross section of
tunnel is arc-shaped. To provide ease of calculation, the
unified prediction formula of soil deformation with a polar
coordinate form is needed. As illustrated in Figures 5A,B, the
location of arbitrary ground loss element in Cartesian
coordinate system (&, #) can be denoted by the local polar
coordinate (r, §), and the dimension of ground loss element d¢
by d can also be converted into r by dr by d6, where (X, Zo) is
the center coordinate of local circle containing the ground loss
element. According to the geometrical relationship, the
following equations of coordinate transformation can be
obtained.

E=X,+rcosf (16)
n=2Zy—rsind 17)
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FIGURE 5

Model of DOT shield tunneling-induced soil deformation: (A) Cartesian coordinate system considering ground loss element; (B) polar
coordinate system considering ground loss element; (C) Ground loss model induced by DOT shield tunnelling.

Substituting Eqs 16, 17 into Eqs 14, 15, the unified prediction
formula of soil deformation with the polar coordinate form can
be expressed as follows.

W(x,z) = JJ w(x,z,x9 = Xo+71cosb,z,
O-w

= Zy —rsinO)rdrd0 (18)
U(x,z) = ” u(x,z,xy = Xy +rcosb, z
0-w
= Zy —rsin 0)rdrd0 (19)

The above formulas can be applied to predict soil deformation
induced by tunneling with a random shaped section, such as the
general circular tunnel, the DOT shield tunnel, the rectangular
shield tunnel and the quasi-rectangular shield tunnel.
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3 General and DOT shield tunneling-
induced soil deformation

3.1 General circular section tunneling-
induced soil deformation

Circular section tunnels are the most widely adopted in the
underground engineering. According to the statement in Section
2.1, the model of oval-shaped ground deformation proposed by
Loganathan and Poulos (1998) is more reasonable than the
model of uniform radial ground deformation. As shown in
Figure 2B, based on the model of oval-shaped ground
deformation, herein the unified formulas of soil deformation
with the polar coordinate form, ie., Eqs 18, 19, are chosen to
conveniently integrate along the distribution area of ground loss.
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According to the geometrical relation, the expressions can be

written as follows.

W(x,z) = ” w(x,z,x9 =1 cos b,z
0

—Jj w(x,2z,x9 =rcosB,zy =h—rsinO)rdrdd

=h-0.5g — rsin 0)rdrd6

z—h+0.5g+rsinf

S0 LA

(x —rcosB)’ + (z—h+0.5g +rsin )’
(3-4v)(z+h-0.5g—rsinf)

(x —rcos )’ + (z+h—0.5g—rsin6)2
2z[ (x - rcos )* - (z+h—0.5g—rsin9)2]
+

[(x— rcos0)’ + (z+h —O.Sg—rsine)z]2

1.38(x — r cos §)*

0.69z*

exp{ — - S+
(h-0.5g—rsinf+1//mg )

2n R-0.5g
JO JO

T

(h-0.5g—rsinf

z—h+rsinf
(x=rcos0)’ + (z—h+rsinh)?

)2] }rdrde
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(3-4v)(z+h—-rsinb)
(x —rcos @)’ + (z+h—rsin6)?
22[(x—rcos@)2— (z+h—rsin9)2]}
+

[(x—rc059)2 + (z+h—rsin6)2]2

_ 2 2
expd - 1.38(x — r cos 6) _+ 0.69-z | Lrardo
(h-rsinf+1/me ) (h-rsinb)

(20)
U(x,z) = J.J' u(x,z,xy =rcos6,zy = h—0.5g — rsin 0)rdrd0
Q

—” u(x,z,x9 =rcosb,zy = h—rsinO)rdrd
:r" J’R (x—rcos@)[ 1
o Jo 7 (x—rcos@)2+(z—h+0.5g+rsin9)2
) 3 -4y
" (x—rcos6)’ + (z+h-0.5g - rsin6)’
~ 4z(z+h-0.5g — rsin 6) ]
[(x—rcos@)2 + (z+h—0.5g—rsin9)2]2

1.38(x — r cos §)° 0.69z>
expy — - 5+ — | rdrd0
(h-05g—rsinf+1/\m& ) (h-0.5g—rsin6)

TABLE 2 Soil layers and relevant calculation parameters of circular tunneling-induced soil deformation (Loganathan and Poulos, 1998).

Tunnel

Heathrow expreass, trail
tunnel, United Kingdom.

Thunder bay tunnel,
Canada

Geen Park tunnel,
United Kingdom.

Barcelona subway
network extension tunnel,
Barcelona

Bangkok, sewer tunnel,
Thailand

Soil layers

0 m-2 m: fill ground

2 m-4 m: terrace gravel
>4 m: stiff London clay
(C, = 50 kPa-250 kPa)
0 m-8 m: silty sand with
occasional clay seams

8 m-13 m: soft to firm clay
(C, = 30 kPa-60 kPa)

13 m-25 m: firm to stiff
clay (C, > 60 kPa)

0 m-2 m: sand and gravel
>2 m: stiff fissured clay
(Cy = 50 kPa-250 kPa)

Red and brown clay with
some gravel (Cu =
30 kPa-150 kPa)

0 m-12 m: very soft to soft
clay (C, = 15 kPa-25 kPa)

12 m-25 m: stiff clay (C, =
~50 kPa)

25 m-35 m: fine sand

>35 m: very stiff clay
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Relevant calculation parameters of soil deformation

Elastic
modulus,
E, (MPa)

40

25

20

Soil

weight,

y

(kN-m™)

19

18

19

18

17

08

Poisson’s  Depth of Excavated Equivalent ground
ratio tunnel diameter, loss parameter,

of soil, center, D (m) g (mm)

v h (m)

030 19.0 8.50 58

045 10.7 247 164

039 29.4 4.14 34

0.50 10.0 8.00 31

0.48 185 2.66 81

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1031332

Zeng et al.

B
30

Horizontal distance form the tunnel center (m)
-25

20 -15 -10 -5 O 5 10 15 20 25 30

[ =3

w
T

Settlement (mm)

O Measured
- - - Loganathan's solution
—— This method

10.3389/feart.2022.1031332

Horizontal distance from the tunnel center (m)

25 20 -15 -10

15

20 25 30

O Measured

Settlement (mm)

45 [ --- Loganathan's solution
SOT —— This method
55

C Horizontal distance from the tunnel center (m) D Horizontal distance from the tunnel center (m)
30 25 20 -15 -10 -5 0 5 10 15 20 25 30 -30 -25 20 -15 -10 -5 O 5 10 15 20 25 30
) T T T T T A T T T T T 1 r T \ /v- T 1
g

’g \CS

= =

= 2

5 3

5 B

= n

L

wn

O Measured
Measured 2 ; 5
; s - - - Loganathan's solution
- - - Loganathan's solution :
; —— This method
7 L —— This method 30

E

-30 -25 -20 -15 -10 -5

Horizontal distance from the tunnel center (m)
10

0 5 15 20 25 30

Settlement (mm)

FIGURE 6

Measured
- - - Loganathan's solution
—— This method

Surface settlement induced by general circular tunneling: (A) Heathrow Express Trail Tunnel; (B) Thunder Bay Tunnel; (C) Green Park Tunnel; (D)

Barcelona Subway Tunnel; (E) Sewer Tunnel, Bangkok.
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~ r” J‘R“"W (x —rcos0) 1
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. 3 -4y
T (x—rcos0) + (z +h—rsin )

4z(z+h—rsin6) ]
[(x—rcos@)2 + (z+h—rsin9)2]2

- 2 2
expd - 1.38(x —rcos 6) _+ 0.69.z | Lraras
(h-rsinf+1/mg )" (h—rsinb)

21

3.2 DOT shield tunneling-induced soil
deformation

DOT shield tunneling is a typical method of special-section
shield tunnel constructions. As shown in Figure 1A, the cross-
section of DOT shield machine is formed by two incomplete
circles, each of which has a cutter head with four radial spokes in
the end to cut the soil. During the advance of DOT shield tunnel,
the two cutter heads rotate synchronously at a same speed with a
fixed phase angle to avoid the mutual contact and crash. The
construction process of DOT shield tunnel was described in
detail by Chow (2006), Shen et al. (2009); Shen et al. (2010) and
Fang et al. (2012).

Similar to the model of soil deformation induced by the
general circular tunneling (Figure 2B), the model of soil
induced by DOT shield
demonstrated in Figure 5C, where t denotes a half of the

deformation tunneling  is

distance between two tunnel centers, and other parameters
have the same meanings with those in Figure 2B. Herein the
unified prediction formulas with the Cartesian coordinate form,
ie, Eqs 14, 15, are chosen to calculate soil deformation induced
by DOT shield tunneling. According to the geometrical relation,
the expressions can be written as follows.

W(x,z ” w(x,2, %9 =&, 29
0O-left

) =
B rl)dgdrl i JJQ ighi UJ(X,Z,)CO = E’Zo = W)dfdﬂ
—right

—JJ w(x,z,x0 =& zo = n)dédn - ” w(x,2, %0 = &, 2o
w-left w-right
= n)dédn

0 h-05g+\R-(E) | z-17
J Lgm_n{u—am—n)
(-4 (z+7n)
S x-O 4 (z4n)
2[(x- - (Z+n)2]}exp{ ~ [

-8+ @)

—t-R

1.38(x - &)° +0.69z2:| i
TRV |
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TABLE 3 Comparison of predicted and measured soil deformation parameters.

Tunnel Heathrow Thunder
expreass, bay
trail tunnel, tunnel,
United Kingdom. Canada

Maximum surface Measured 39 50

settlement (mm) Loganathan’s 36.3 40.0

solution

This method 38.7 42.0
Trough width (m) Loganathan’s 10.1 5.3

solution

This method 7.9 4.6
RMSEx (mm) Loganathan’s 2.76 7.71

solution

This method 1.19 6.28
RMSEy,, (mm) Loganathan’s 4.13 8.79

solution

This method 1.73 597
RMSEy, (mm) Loganathan’s 2.45/2.78* 5.86

solution

This method 4.28/3.87* 6.49

Note: * shows that the former is the RMSE,, at x = 6 m while the latter at x = 9 m.

0

) JHR—O,Sg J—h+\/(R—0.Sg)2—(£—t)2 (x - &) [ 1
sy e | (x-&+ (e-n)

3-4v 4z(z +1) ] {
+ 2 2 7 | €XP
(=" +(z+n) [(x-8+ (z+7)]
B [ 1.38(x—f)22 . 0.69z2] }dﬂd‘f
(n+1/ymeg)

(23)

By means of MATLAB programming, Eqs 20-23 can be
solved numerically. As a result, soil deformation at an arbitrary
position of the cross section, induced by the general and DOT
shield tunnel construction, can be computed.

4 Case studies
4.1 General circular tunneling

Five typical circular tunnels presented by Loganathan and
Poulos (1998) are selected to verify the reliability of this proposed
analytical method, which consists of various construction
methods and small to large section tunnels. The background
of each case was described by Loganathan and Poulos (1998). The
soil layers and the relevant calculation parameters are listed in
Table 2. Soil deformations including soil settlements and
predicted by this method are

horizontal deformations
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Geen park Barcelona Bangkok, sewer
tunnel, subway tunnel,
United Kingdom. network Thailand
extension
tunnel,
barcelona
6 24 12
5.8 24.7 118
6.0 26.0 122
13.9 52 8.8
12.7 4.0 8.0
031 1.96 0.84
0.30 113 075
1.09 — —
1.22 — —
- — 1.03
— — 1.06

compared with the measured values and the predicted results
from Loganathan’s solution.

Figure 6 shows the predicted and measured surface
settlements. As the most important parameters of surface
settlement curve, the maximum surface settlement (i.e., the
settlement of the surface ground above the tunnel center) and
the surface settlement trough width are listed in Table 3. It can be
seen that the maximum surface settlement predicted by this
proposed method is slightly greater than that predicted by
Loganathan’s solution, and the surface settlement trough
width computed by this method is smaller than the latter.

To quantitatively analyze the performance of the
proposed method, the root mean square error (RMSE) is
introduced to evaluate the difference between the prediction
results and the measured values. The expression of RMSE is as
follows.

(24)

where N is the number of the measured points; d; and d; are the
predicted and measured soil deformation at the ith measured
point, respectively.

The RMSE value of the surface settlement of each case in
Figure 6, denoted by RMSE yyy, is presented in Table 3. For all the
five tunnels, the RMSEyyx values calculated by this method are
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FIGURE 7

Settlement above the tunnel center induced by general circular tunneling: (A) Heathrow Express Trail Tunnel; (B) Thunder Bay Tunnel; (C) Green

Park Tunnel.

smaller than those computed by Loganathan’s solution.
Therefore, the surface settlement predicted by this method is
in better agreement with the measured value, and the
performance of the unified method is better than that of
Loganathan’s solution.

The soil settlements, at different depths above the tunnel
center, of three tunnels are evaluated in Figure 7, and the RMSE
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values of the soil settlements are listed in Table 3, denoted by
RMSEyy . Except for the Green Park Tunnel, where the RMSEy,
value calculated by this method is slightly greater than that
obtained from Loganathan’s solution, the RMSEy,, values
from this method are obviously smaller for the other two tunnels.

Figure 8 shows the horizontal deformations of soils with the
same transverse distance from the tunnel center at different
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FIGURE 8

Horizontal deformation induced by general circular tunneling: (A) Heathrow Express Trail Tunnel: x = 6 m; (B) Heathrow Express Trail Tunnel:
x =9 m; (C) Thunder Bay Tunnel: x = 2.2 m; (D) Sewer Tunnel, Bangkok: x = 4 m.

depths. It can be seen that the performance of this method is value of horizontal soil deformation, denoted by RMSE;, is
better than that of Loganathan’s solution for the soils above the shown in Table 3. The RMSE; value from this method are
tunnel, whereas is worse for the soils below the tunnel. The RMSE slightly greater than those obtained from Loganathan’s solution.
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TABLE 4 Soil conditions in the project of lot 9 of Shanghai metro line 6 (Zeng et al., 2016).

Soil layers

Thickness (m)

Elastic modulus,
E, (MPa)

4.31
3.24
8.36
3.44
217

Soil weight,

Poisson’s ratio

10.3389/feart.2022.1031332

Cohesion, C,

Internal friction

Miscellaneous fill 1.00-4.00
Isabelline silty clay 0.60-2.20
Gray muddy silty clay 0.50-4.10
Gray clayey silt and silty clay ~ 0.60-3.50
Gray muddy silty clay 1.00-4.30
Gray muddy clay 7.00-10.00
Gray clay 2.20-5.90

3.23
3.94

TABLE 5 Calculation parameters of soil deformation induced by DOT

shield tunneling and surface deformations.

Ring number

Poisson’s ratio of soil, ¥

Excavated diameter, D (m)

Half of the distance between two tunnel center, t (m)
Depth of tunnel center, h (m)

Equivalent ground loss parameter, g (mm)
Maximum surface settlement (mm) Predicted
Measured
Predicted trough width (m)

RMSEyx (mm)

R100

0.33
6.52
2.3
14.32
39.24
26.70
25.52
7.2
3.10

R130

0.33
6.52
2.3
14.32
29.41
19.48
20.66
7.3
1.86

A Horizontal distance from the tunnel center (m)
30 25 20 -15 -10 -5 0 5 10 15 20 25 30
I T T T c T T T 1
)
g
k=1
L
g
=
b}
n
—O— Measured
—— Predicted
30
FIGURE 9

y (kN/m?) of soil, (kPa) angle, ¢
v )

19.1 0.32 27 220

182 0.28 23 20.0

17.3 0.28 13 185

182 0.28 13 35.0

172 035 13 16.0

16.6 035 14 11.0

172 0.32 16 14.0

Surface settlement induced by DOT shield tunneling: (A) R100; (B) R130.
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As a whole, the performance of this method is better than
that of Loganathan’s solution, especially for the prediction of soil
settlement. Therefore, the reliability of this proposed method is
verified.

4.2 DOT shield tunneling

The lot 9 of Shanghai metro line 6 was constructed by DOT
shield tunneling. The DOT shield machine was manufactured by
the Japanese Ishikawajima-Harima Heavy Industries (IHI), with
6,520 mm in external diameter and 11,120 mm in external width,
and 6,370 mm in inner diameter and 10,970 mm in inner width.
The length of the DOT shield machine was 7,880 mm The lining
of the DOT shield tunnel was made up by the prefabricated
reinforced concrete components, and each ring of the lining
consisted of 11 components. The process of assembling the lining

B  Horizontal distance from the tunnel center (m)
10 50

-30 25 -20 -15 10 15 20 25 30

Settlement (mm) | .,

—O— Measured
— Predicted

25 &
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FIGURE 10
Soil deformations at R100 induced by DOT shield tunneling: (A) settlement curve; (B) characteristic settlement parameters; (C) horizontal
deformation curve; (D) maximum horizontal deformation and position; (E) Soil deformation field.
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was described by Chow (2006) in detail. The geological condition
of the DOT shield tunnel is illustrated in Table 4. Herein the
monitored sections at the 100th and 130th ring are studied,
labeled by R100 and R130. The relevant calculation parameters of
soil deformation in the sections are listed in Table 5.

The predicted and measured surface settlements in the
two sections are shown in Figure 9. The shape of the surface
settlement curve is similar to that in the general single
circular tunnel, i.e. an inverted Gaussian curve (Peck,
1969). The maximum surface settlement and the predicted
surface settlement trough width are presented in Table 5.
It can be seen that the predicted maximum surface
settlements are very close to the measured ones. The
surface settlement trough widths are ~7.2m The RMSE
values of surface settlements in the sections R100 and
R130, denoted by RMSEy; in Table 5, are 3.10 mm and
1.86 mm, respectively.

To analyze the impact of the depth on the soil
deformation, taking the section R100 as an example, the
soil settlement and horizontal deformation at different
depths are shown in Figures 10A-D. With the increase of
the soil depth, the settlement of soil above the tunnel center
increases slightly first and then decreases dramatically, and
the settlement trough width keeps decreasing, which changes
the shape of the settlement curve from “V” to “W”. The
maximum settlement of soil above the tunnel center is
~28.00 mm and occurs at ~3.06 m below the ground. On
the other hand, with the increase of the soil depth, the
maximum horizontal deformation decreases first and then
increases, and the corresponding transverse distance from
the tunnel center almost keeps decreasing. Particularly, for
the soil at ~3.61m depth, the maximum horizontal
~4.94 m,
distance of ~7.32 m from the tunnel center, and is smaller

deformation is which occurs at a transverse
than the maximum horizontal deformations at other depths
above the tunnel.

Figure 10E shows the deformation field at the section
R100 induced by DOT shield tunneling, where the left part is
a contour map and the right part is a vector diagram. As marked
by a small rectangular block in Figure 10E, the maximum
deformation of soil above the DOT shield tunnel center is
~28.00 mm and its position is at ~3.06 m below the ground,
which are the same as the maximum soil settlement and location
in Figures 10A,B, due to no horizontal deformations above the
DOT shield tunnel. In the whole section, the maximum
deformation is ~32.04 mm, and occurs at ~11.10 m depth and
at a transverse distance of ~2.93 m from the tunnel center
(almost on the top of the left and right tunnels), marked by a
small circular block in Figure 10E.
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5 Conclusion

Based on elasticity theory solution for predicting single
circular tunneling-induced soil deformation, this paper first
derived the soil deformation due to unit ground loss.
Assuming that the tunneling-induced ground loss could be
divided into infinite ground loss elements and the soil
deformation induced by the overall ground loss was equal
to the sum of deformation due to each unit ground loss, a
unified method for predicting the soil deformation induced
by a random shaped section tunnel construction was
proposed, and the expressions were presented in two
forms (Cartesian coordinate form and polar coordinate
form). Subsequently, the unified method was applied to
evaluate the soil deformation induced by the general single
circular tunneling and DOT shield tunneling. Through the
analysis of several cases, the following conclusions can be
summarized.

(1) For general single circular tunneling, the maximum surface
settlement predicted by this method is greater than that
obtained from Loganathan’s solution, and the surface
settlement trough width is smaller. With the increase of
the soil depth, the predicted settlement of soil above the
tunnel center by this method is always larger than that by
Loganathan’s solution. In most cases, the predicted
horizontal deformation of soil above the tunnel by this
method is slightly larger than that by Loganathan’s
solution, whereas that below the tunnel by this method is
smaller.

(2) Compared with the measured values, for the soil

settlement, the performance of this method is better

than that of Loganathan’s solution through calculating
the EMSE value.
soil deformation, the latter is slightly better than the

Nevertheless, for the horizontal

former.
(3) For DOT shield tunneling, compared with the measured
surface settlements, the predicted results by this method
are reliable. With the increase of the soil depth, the
settlement of soil above the DOT shield tunnel increases
slightly first and then decreases, and the settlement trough
width keeps

horizontal soil deformation decreases first and then

decreasing. Meanwhile, the maximum

increases.
(4) The unified prediction method can be used flexibly to
compute not only the soil deformation induced by
the

deformation of soil at an arbitrary position in the section,

random shaped section tunneling but also

and therefore is of a wide applicability.
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