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As an increasing number of metro lines have been planned or executed in urban area, new
tunnel undercrossing existing tunnels has been commonly practiced. Construction of the existing
tunnel causes disturbance to the surrounding soil and hence affects the operational parameters
of undercrossing tunneling especially the chamber pressure of EPB machine. However, very
limited research studies this effect. To fill the gap of knowledge, this paper proposed a new
method for calculating the chamber pressure of EPB tunneling machine in undercrossing project.
First, the effect of existing tunnel on surrounding soil is classified as removal-and-replacement
effect, excavation-induced-disturbance effect, and elastic foundation beam effect. Second,
based on analysis of the mutual interaction between existing tunnel and the undercrossing
tunneling, three zones have been identified to study the chamber pressure of EPB machine.
Next, a new method is proposed to calculate the chamber pressure in the process of
undercrossing existing tunnel. Finally, the proposed method has been verified with measured
data from two engineering cases. The comparison results show that the proposed method is in

good agreement with the measured data, indicating that it is reasonable with high accuracy.

1. Introduction

The congestion of ground traffic has increasingly become a
headache for metropolis. The most effective way to solve this
problem is to develop underground space and build underground
transportation system. To date, 185 metro lines with a total mileage
of 5,377 km have been in operation in 35 cities in mainland
China. The earth pressure balance (EPB) shield machine is
commonly used to construct subway in China due to its advantages
of safety and efficiency. With the increase in density of subway
lines, more and more shield tunnels are designed or being
executed to under pass or over cross the existing tunnels (Chen et
al., 2011, 2013, 2018; Li and Chen, 2012; Zhang et al., 2013;
Zheng et al., 2015; Goh et al., 2016; Shi et al., 2016; Cheng et al.,
2019). In these cases, the construction of undercrossing or
overcrossing tunnel will inevitably affect the structure of the
existing tunnels. Therefore, the impact on the existing tunnel due
to construction of the new shield tunnel must be minimized.

To date, researchers have used different methods to study the
effects of nearby tunneling on existing tunnels, including numerical

simulation (Chakeri et al., 2011; Zhang and Huang, 2014; Avgerinos
et al., 2017; Chen et al., 2019; Liu and Lai, 2019), theoretical
analysis (Lai et al., 2017), in-situ monitoring (Li and Yuan, 2012)
and model testing (Kim et al., 1998; Byun et al., 2006). Yin et al.
(2018) investigated the effect of excavation clearance of the EPB
shield and the influence of Mid-shield-grouting (MSG) method
on settlement of existing tunnels by 3D finite element method
(FEM). Lin et al. (2019) studied the deformation and stress
redistribution of existing tunnel caused by obliquely under-
crossing new twin tunnels based on numerical simulation. Jin et
al. (2018) analyzed the deformation characteristics of the existing
tunnel and ground surface due to construction of under-crossing
shield tunnel, and they proposed a new empirical formula for
predicting the settlement of the existing tunnel based on a large
amount of monitoring data collected from 18 engineering cases in
Shenzhen, China. In construction of the under-crossing EPB
shield tunnel, the stability of excavation face is one of the critical
factors to reduce the stratum disturbance and ensure the safety of
the existing tunnel (Zhang el al., 2015; Li et al., 2019a, 2019b,
2021; Zheng et al., 2021). Li and Zhang (2020) studied the
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stability of shield tunnel face in anisotropic sand based on the
upper theorem of limit analysis. Li et al. (2019c) investigated the
face stability of a shallow tunnel in saturated and multi-layered
soils using theoretical analysis and numerical simulation. Wan
et al. (2019) proposed a new calculation model of loose earth
pressure considering the soil arching effect during the excavation
of deep buried tunnel to compute the limit support pressure on
tunnel face. Zhang el al. (2020) proposed an improved velocity field
for a horseshoe-shaped shield tunnel based on the kinematic
approach of limit analysis. The chamber pressure is an important
EPB shield construction parameter that balances the water and soil
pressure and maintains the stability of the excavation face, and its
reasonable value determines the safety of the ground and the
existing subway structure when the EPB shield passes through.

The current research is mainly focus on the impact of new
tunnels on existing tunnels. However, a large number of
measured data show that the earth pressure on EPB shield
machine will be reduced when it passes through the existing
tunnel (Liao et al., 2005; Ma et al., 2016; Zhang et al., 2016),
which means that the presence of the existing tunnel also exerts
an impact on new tunneling, especially the chamber pressure.
However, there is very limited research studying the effect of
existing tunnel on the operation parameters of EPB shield
tunneling, especially on the chamber pressure. To fill this gap
of knowledge, in this paper, the influence of the new tunnel and
the existing tunnel on the surrounding soil is studied to determine
the reasonable chamber pressure. Firstly, the interaction between
the existing tunnel and new tunnel is explored. This interaction
is transferred by the surrounding soil, and hence the effect of
existing tunnel on surrounding soil must be clarified. The
effects of existing tunnel on surrounding soil are divided into
removal-and-replacement effect, excavation-induced-disturbance
effect and elastic foundation beam effect. The Mindlin solution
is used to study the mechanical behavior of the existing tunnel
caused by construction of new shield tunnel. Next, the interaction
between the under-crossing shield crossing and the existing
tunnel is divided into three types of influence zone. Finally,
based on the types of influence zone, the paper deduces
equations for calculating the chamber pressure of EPB machine
during undercrossing process and verified the calculated results
with measured data.

2. Analysis of the Interaction of Shield Tunneling
Under-Crossing Existing Tunnel

The process of shield tunnelling under-crossing existing tunnel
involves the interactions among the shield tunnel, the existing
tunnel and the surrounding soil. As an important medium, the
surrounding soil not only affects the deformation of the existing
tunnel but also determines the construction parameters of the
new shield tunnel, especially the chamber pressure. Construction
of shield tunnel changes the stress field of surrounding soil,
resulting in deformation and additional stress on existing tunnel
(Fang et al., 2014), and the existence of existing tunnel will also
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Fig. 1. Diagram of Interaction between Shield Tunnels and Existing
Tunnels

affect the stress-strain behavior the surrounding soil because of
the differences between tunnel structure and surrounding soil in
stiffness, modulus of elasticity, material properties, etc., which in
return will affect the construction of shield tunnel. This idea is
presented in the Fig. 1.

2.1 Influence of Existing Tunnel on the New Tunnel and
Surrounding Soil
Previous studies have shown that the presence of structures can
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Fig. 2. Schematic Diagram of Soil Deformation in the Presence or
Absence of Existing Tunnels: (a) Soil Deformation in the Presence of
Existing Tunnels, (b) Soil Deformation without Existing Tunnels
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change the deformation pattern of the soil as shown in Fig. 2
(Dimmock and Mair, 2008; Maleki et al., 2011; Twana et al.,
2018). The influence of the existing tunnel on the soil is classified as
follows: 1) Removal-and-replacement effect: due to excavation
of the soil and replacement it by tunnel structure leading to
change of the stress field. 2) Excavation-induced-disturbance
effect: construction of the existing tunnel will disturb the surrounding
soil to a certain range, which will affect the distribution of earth
pressure on the EPB machine and therefore the operating
parameters (chamber pressure) need to be adjusted when the
shield machine under-crosses. 3) Effect of elastic foundation
beam: the existing tunnel has large rigidity, the effect of which is
similar to the reinforcement of soil, and for the under-crossing
tunnel this means part of the earth pressure will be shared by the
existing tunnel during construction.

2.1.1 The Removal-and-Replacement Effect

Figure 3 shows the removal-and-replacement effect of existing
tunnel on shield tunneling, and the following assumptions are
made: 1) the influence of the longitudinal slope on the earth
pressure is ignored; 2) the existing tunnel is regarded as a hollow
cylinder with an inner diameter of R, and an outer diameter of R,
and the thickness of lining is d.

When x'<R, where x' is measured from the projected
intersection line between the existing tunnel and the advancing
cutter head, as shown in Fig. 3.

The projected area and height of the displaced soil may be
expressed as
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Fig. 3. Schematic Diagram of Displacement Soil
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And the projected height of the existing structure may be
expressed as

hy = 2Rsin(arccosR‘Tx) “hy = 22Rx —x? 2 R~ (R—x')*.
3
When x'>R, the projected area and height formula of the

displaced soil may be expressed as

2 X"\ p2 x"V?
= TR’ — kR 1= _(_ + )
S, = 7R, arccos( 1 Rl) R; [1 1 1 R }, “)

h, = 2Rlsin(arccosx R_ R) ) )
1
And the projected height of the existing structure may be
expressed as
x'—R

h, = 2Rsin(arccos ,R )—hl . 6)

The overburden pressures at the base of existing tunnel before
and after the excavation of soil are respectively

p1=nlhthy), (N
P> = ph, 3

where y is the average unit weight of the excavated soil; y is the
unit weight of reinforced concrete of existing tunnel.

Since the removal-and-replacement action is to remove the
soil and replace it with the lining structure, the net overburden
pressure can be expressed as

DPre =P1=D>- ©)

2.1.2 The Excavation-Induced-Disturbance Effect
Excavation of the existing tunnel has caused the redistribution of
stress in surrounding soil. In this paper, the following assumptions
are made: 1) the impact of the excavation on the surrounding soil
decreases with distance in space. Therefore, it is assumed that the
excavation affected area is 3 times the tunnel diameter; 2) tunnel
excavation is instantaneous unloading, and the lining is treated as
concrete to replace the surrounding soil of the corresponding
part; 3) this problem is simplified as a plane strain problem in
polar coordinate.

After construction of the tunnel structure, the numerical model is
shown in Fig. 4 and the equilibrium equations, geometric equations
and physical equations of the model based on elasticity theory
are as follows:

a_o-_"Jrla_T'ﬁ’+__”"_a +fr:()

or rop r (10)
la_o-?+ai?+2i?+f =0

rép or r 77
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The boundary conditions according to Fig. 4 are as follows:

P= J}/(z)dz

0 =K, [{z)dz (> (13)
7,=0

6, = 3(P+0)-3(P-0Q)cos2¢

0, = 3(P+0)+3(P-Q)c0s2 (14)

Tp= %(P*Q)SiHZqﬂ

where P is vertical self-weight stress; O lateral stress; o; is
normal stress in radial direction in polar coordinate; o, is normal
stress in circumferential direction in polar coordinates; 7, is
shear stress in polar coordinates; & and &, are corresponding
normal strains in radial and circumferential directions; y,, is
shear strain; E, is the elastic modulus of the soil below the
existing tunnel; K|, is coefficient of earth pressure at rest.

Fig. 4. Elastic Mechanics Solution Model for Existing Tunnel Excavation
and Support

In addition, according to boundary conditions, the stress
components at a distance L from the origin after tunnel excavation
and support can be obtained using the elastic resistance method:
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where S, is uniform resistance; S, is the maximum amplitude of
the changing resistance; E is elastic modulus of existing tunnel
structure, 1 is Poisson's ratio of soil; L is the distance between the
desired point and the center of the existing tunnel.

Therefore, the stress field in the surrounding soil after excavation
of the existing structure can be expressed as

1 1
0. = 3(0,+ o))+ 5(0,+ 0,)c0s2 9~

7,520, (18)

o.= %(o;Jr o;/,)—%(o;.Jr 0,)c082¢p+ 7,,8In2¢ .

(19)

2.1.3 The Elastic Foundation Beam Effect

As mentioned above, because the elastic modulus of the lining of
existing tunnel far outweighs that of soil mass, indicating that
part of the earth pressure that is carried by the existing tunnels
and hence resulting in the reduction of earth pressure. This is
termed as the elastic foundation beam effect of the existing
tunnel, which represents the reinforcing effect due to construction of
the existing tunnel in the stratum.

According to the Winkler elastic foundation beam theory, the
relationship between the vertical deformation A at any point at
the bottom of the existing tunnel and the vertical earth pressure
PpA may be expressed as follows:

PA=KA. (20)

It is assumed that the tunnel and soil deform harmoniously,
and the stress change due to A is pA. The formula for calculating
the reduction factor of earth pressure by elastic foundation beam
may be expressed as

V=Pl /P = P ThA) ey - (21)
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It should be noted that since shield construction may cause
settlement or uplift of existing tunnel, so the value of A should be
marked with a plus or minus sign to clarify the settlement or
uplift effect. If the existing tunnel is uplifted, p’,; is smaller than
the original earth pressure p,;, so A should be a negative value.
Similarly, if the existing tunnel is settled, A should be a positive
value. In view of this, the change of earth pressure caused by the
removal-and-replacement effect should also be affected by the
effect of elastic foundation beam. Therefore, the calculation
formula of earth pressure at the bottom of tunnel under the
influence of two factors may be expressed as

P = V(pe() _pre) . (22)
2.2 Impact of New Tunnel on the Existing Tunnel and
Surrounding Soil

2.2.1 Calculation of Stress Increase Caused by Shield
Construction Based on the Mindlin Solution

The stress increase in the soil under the action of horizontal

concentrated force P can be obtained by the Mindlin solution

(Mindlin, 1936):

P [12p (120G 4 32,
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where x, y are the distances between the calculated point and the
force application point in the corresponding coordinate axis, z is
buried depth of the calculated point, and c is vertical coordinate of
the point of application.

During the construction of the shield tunnel, the additional
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Fig. 5. Schematic Diagram of Mechanical Modela: (a) Schematic
Diagram of the Overall Mechanics Model, (b) Sectional View
along the Direction of Shield Tunneling

thrust of the cutter-head g acts on the excavation surface, and the
frictional force Fis assumed to be evenly distributed along the
shield shell. These two forces will generate additional stress,
which acts on the existing tunnel and causes structural deformation
as shown in Fig. 5.

The following assumptions are made:

1) The shield tunnel is advanced horizontally; 2) the additional
thrust ¢ is approximately circular uniform load, acting before the
cutter head (Shi et al., 2017); 3) friction between the shield shell
and surrounding soil Fy is evenly distributed along the shield
shell; 4) the consolidation settlement of soil during and after
shield construction is neglected.

In previous studies, the disturbance of shield excavation on
the existing structure is simplified as the stress increase at the
axis of the existing tunnel, and very few studies consider the
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stress increase on the whole structure. In this study, the existing
structure is regarded as a hollow cylinder with an outer diameter
of R and the lining with thickness d as shown in Fig. 5. Based on
the Mindlin solution, the stress around the existing tunnel under
the influence undercrossing shield tunnel can be obtained.

2.2.1.1 Additional Thrust g

As shown in Fig. 5, the differential area r,drd@1s taken from the
excavation face; the load is q,rdr,d6, where g, is additional
thrust concentration; x = @ — Rcosd, y = ry cosé, z = Rsind+c,,
¢ = rsin6+c, +¢, . Introducing the above parameters into Egs. (25)
— (27), the vertical additional stress of the soil around the existing
tunnel caused by the additional thrust ¢ of can be obtained as follows:

a—Rcosé‘{_l—2y+(1—2,u)+3(z—c)2,

do., = q,r,dodr .
A U S R R
(28)
2 2
3(374££2(z+c) —é—i[cﬂl _2#)(Z+c)+5(z+2c) z}}
R, R R;
R, = J(a—RcoscS’)2+(rlcosH)2+(Rsin§—rsin 0—c,), 29)

R, = «/(achos 8)*+(rcos )’ +(Rsind +rsin @+ ¢, +2¢,)” ,(30)

where R is the radius of the existing tunnel; r is the radius of
shield; r, is the distance between the additional thrust of the
shield and the center point; J is the angle corresponding to the
stress point of the existing tunnel; dis the angle corresponding to
the point of action of the additional thrust; ¢, is the distance
between axis of built structure and new tunnel; ¢, is the distance
between the axis of the tunnel and the surface of the earth; a the
distance between the tunnel axis and the shield cutter-head;
based on the load influence range; /; is buried depth of existing
tunnel; £y is buried depth of new tunnel.

2.2.1.2 Frictional Force F;
The friction between the EPB shield machine and surrounding

P.,

P
Fig. 6. Calculation Model of Earth Pressure around Shield

soil can usually be obtained by multiplying the earth pressure on
the shield surface by the friction coefficient. As shown in Fig. 6,
the lateral earth pressure on the left and right sides of the shield is
symmetrical, so when calculating the positive pressure generated
by the lateral earth pressure on the outer surface of the shield,
only 8= -2 — n/2 is considered. The vertical earth pressure of
the shield is symmetrical, so when calculating the vertical pressure
generated by the vertical earth pressure per unit length, it is only
considered O=—7/2 — /2.

P, and P, are the supporting force per unit length caused by
the lateral and vertical earth pressure of the shield respectively,
and the calculation formula are

P, = [dP, =2[? q.cosOrdf=4q,r, €1))
2
Py = [dP,=2[" [po— (1 -sin®)](-sinO)rdo+
i ’ (32)
2P [po+ (1 -sin@)Isin@rd0 = 2(p,, +p.)r—mn’,
0
pel = z%hz + %vhw > (33)
2W
pe2:pel+pg:pel+mlSha (34)
qe = K()pe H (35)

where 7 is the coefficient of friction between the outer surface of
the shield and the excavated soil; p,, is the earth pressure at the
top of the shield; p,, is the earth pressure at the bottom of the
shield; g, is the lateral pressure of the shield, calculated by the
product of the lateral pressure coefficient K, and the vertical
earth pressure, W is the weight of the shield machine, /;, is the
length of shield machine.

The formula of friction resistance between shield and surrounding
soil may be determined as

de: n(P+Py)dly, . (36)

Similarly, substituting parameter x = a+/,—Rcosd, y =
rcosd, z = Rsind+c,, ¢ =rsinb+c,+¢, into Egs. (25) — (27),
the internal force of the existing tunnel due to friction force
can be obtained as

achoséJrlthi172,u+(1721u)+3(zfc)2

do,=n(P,+P,)dl, - .
2= 1(Py+ Py)dl,, Sa(1— 1) 1 R R R

33-4u)(z+e)’ 6 Py 4(z+c)z
R RZ[CHI CHIEET R }}'(37)

2

2.2.2 Equations for Deformation of Existing Tunnel
Caused by Shield Tunnel Construction Based on
Elastic Foundation Beam Theory

The additional stress generated by construction of the shield

tunnel acts on the existing tunnel and the surrounding soil,

causing structural deformation. This effect can be regarded as the
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reaction of Winkler elastic foundation beam under distributed
load (Yu et al., 2013; Huang et al., 2019; Liu et al., 2019).

The total vertical additional stress generated by shield tunneling
on existing tunnels may be expressed by the following equation:

(38)

The value of the base bed coefficient k£ in the Winkler
foundation model is critical. In this paper, Vesic's improved Biot
foundation bed coefficient formula is used in this study (Vesic,
1961; Liu et al., 2019):

1
_0.65EED7"
N 1- yz [E] ’
where E; is the elastic modulus of the soil; E is elastic modulus of
existing tunnel structure; D is the width of the elastic foundation,
which is the outer diameter of built tunnel; / is moment of inertia,
which can be obtained using the formula for calculating the
moment of inertia of the circular section.

According to the Winkler foundation beam theory, the differential
equation of elastic foundation beam under full span distributed
load can be obtained as follows:

do,=do,tdo,.

k

(39)

4
ElL8 kA = [doD, (40)
dx
where £ is coefficient of subgrade bed of soil at the bottom of
existing tunnel.
The flexibility characteristic value A of the elastic foundation
beam can be obtained as

. (k_B_)O'ZS'

4EL (1)

Combined with the boundary conditions, the displacement
A() of any point o on the tunnel caused by this load can be obtained
as

_ (D 4 4 _ : _
dA(@) —SEMB e (cosAa—E&|+sinda—d)dé&, (42)

Ala) = D

= D] e Heossla=gl sindla-dhdz . (4)

3. Determination of Chamber Pressure in
Different Sections

This paper proposes a method for determining chamber pressure
for advancing the EPB shield machine undercrossing the existing
tunnel. When the shield machine is advanced to a certain
section, based on the Mindlin theory solution, the deformation
of the existing structure and the soil can be deduced from
resultant effect of the new tunnel. And then, considering the
removal-and-replacement, excavation-induced-disturbance and
elastic foundation beam effects, chamber pressure in different
interaction zone can be determined. On this basis, the change of
chamber pressure of EPB shield is determined to ensure that
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Fig. 7. Plan of the Interaction Zone when Shield Tunnel Crossing the
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Fig. 8. Sectional Drawing of the Interaction Zone when Shield
Undercrossing the Existing Tunnel

the supporting force provided by the cutter head is not much
different from the earth pressure in front, so as to avoid the soil
from being squeezed or collapse due to the insufficient supporting
force.

In the process of EPB shield under passing existing tunnel, the
effect of the existing structure on tunneling thrust is different
depending on the disturbing level of soil, which is represented
by the change of the earth pressure on the shield machine.
Three zones are termed, namely the proximity zone (I zone),
crossing zone (II zone) and detachment zone (III zone), as
shown in Figs. 7 and 8, and equations for determining the
chamber pressure when tunneling machine undercrossing the
existing tunnel are proposed.

3.1 Calculation of Chamber Pressure in the Proximity
Zone

According to section 2.1 of this paper, excavation of the existing
tunnel disturbs the surrounding soil and the range of this disturbance
is set as 3 times the excavation diameter D, as shown in Fig. 8.
The proximity zone is defined as the zone when the cutter head
of the EPB shield is in touch with the disturbance boundary to the
cutter head reaches the boundary of the secondary lining structure.
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Refer to Fig. 8,

L= J(3.5D) =(co—r)".

When the shield machine is advancing in the proximity zone,
the chamber pressure may be varied since the earth pressure
changes due to excavation effect of the existing tunnel. Based on
the results provided in section 2.1, the earth pressure above the
new tunnel after excavating the existing tunnel may be determined
by Egs. (47) and (48), in which j1 and j2 may be determined by
Egs. (45) and (46):

(44)

o= arctan%; L= A/a2+(c0—r)2 R (45)
+
0= arctancOTr; L,=Ja +(cy+r), (46)

1 1 3 . 3
qer = E(O-"+ c,)+ E(o-,.—s- o-(p)cos2(;r— (p]) - r,.gsm2(§7r— (p]) , (47)

4= 20+ 0)+ 30+ 0000227 ) - (27 ) + Kop.

(48)

3.2 Calculation of Chamber Pressure in the Crossing
Zone

When the cutter-head coincides with the boundary of existing
lining structure, the removal-and-replacement effect and elastic
foundation beam effect should be considered, because these
effects induce change of the earth pressure on the shield
machine. Based on the results provided in sections 2.1.1, 2.1.3
and 2.2.2, the earth pressures acting on the shield may be
determined as follows:
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1 1 3
ge1 = E(O-r + O-lp) + E(O-r + O-‘P)Cosz(z = ¢1) -
(49)
z',gsin2@ — (pl) +Ko(pa—p-),

1 1 3
qe2 = 5(0', +o,)+ E(O-r + O'V,)COSZ(E T— (/)2) -
(50)
T,.gSin2(§ — qz)z) +Ko(pa—p-)-

3.3 Calculation of Chamber Pressure in the
Detachment Zone

As shown in Fig. 8, as the EPB tunnel passes the existing tunnel,

the influence of existing tunnel on undercrossing tunnel becomes

increasingly small. Therefore, the chamber pressure in this case

may be expressed as follows:

1 1 3 . (3
- Yo ool oposa (3o s ).
(5D

1 1 3
4o 2o+ o)+ 2o+ o)e02(2r-0)) -

ssin2(27- 9.+ Kip, (52)

4. Verification of the Proposed Method and
Discussion

4.1 Case 1

In Xi’an, China, the Metro Line 5 under crosses the Metro Line 2
at the Nanshaomen Station, as shown in Fig. 9. The soil profile

, Line 5- Right Tunnel

Line 5 - Left Tunnel  *

B
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Fig. 10. Profile of No. 5 Shield Tunnel Under-Crossing No. 2 Subway in Xi’an

Table 1. Physico-Mechanical Parameters of Soil in Case 1

Stratum Buried depth (m) p (g/cm’) ¢ (kPa) o (°) U G (MPa) E (MPa)
Miscellaneous fill 00-13 1.73 25 20 0.33 35 9.3
New loess 13-72 1.78 35 22 0.32 4.2 10.8
Paleosol 72-95 1.94 40 22 0.31 42 11
Old loess 95-134 1.98 40 25 0.31 4.6 12
Silty clay 13.4-36 1.99 45 23 0.30 4.6 12
conditions and the spatial locations of the existing tunnel (Metro 0.224
Line 2) and undercrossing tunnel (Metro Line 5) are shown in o] ° «— Calculated value of chamber pressure/Mpa|
Fig. 10. The buried depth of existing tunnel (Metro Line 2)is 9.4 g . *— Measured value of chamber pressure/Mpa | ’
m, and its cross-section width is 6.3 m. C40 concrete was % 0204w Jr
adopted for the lining structure of Metro Line 2 with a thickness ? 010 h . . ‘,-’ ‘
of 55 ecm. For Metro Line 5, its buried depth is 18.5 m and its £ ' i
outer diameter is 6 m with C50 concrete used as lining structure. % 0.1s v A
The minimum clearance between the existing tunnel and the =2 y * . AT AN
shield tunnel is about 2.5 m. The properties of soil are shown in ; 017 ’ "'-.__h .4 : : _:-"+.'\'__, oV A / g
Table 1. = o164 Voedld WY

According to the Egs. (45) — (52), the calculation result of the o '
chamber pressure in the process of undercrossing is shown in 3= 5 0 15 20 25 30 35 40

Fig. 11. Also presented in Fig. 11 is the measured chamber
pressure. The tunnel advancing length is measured by the ring
number.

It can be seen that the pressure changes in the process of
shield tunnel under-crossing the existing tunnel, which can be
roughly divided into three stages: 1) As the EPB shield tunnel
gradually approaches the existing tunnel, the chamber pressure
gradually decreases; 2) in the crossing zone, the chamber
pressure reaches the lowest value; 3) in the detachment zone, the
chamber pressure gradually increases. Fig. 12 indicates that the

Number of shield ring/Ring

Fig. 11. Comparison between the Calculated Value and the Measured
Value of the Chamber Pressure in Case 1

calculated chamber pressure is well agreed with the measure
data. At the control nodes (No. 5, No.11 rings, No. 30 rings, and
No. 35 rings), the calculated value is approximately equal to the
measured value. The average deviation between the calculated
value and the measured result is 2.75%, which shows that the
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Table 2. Physico-Mechanical Parameters of Soil in Case 2

Profile of No. 4 Shield Tunnel Under-Crossing No. 1 Subway in Hangzhou

Stratum Buried depth (m) p (g/em?) c (kPa) »(°) e K

Miscellaneous fill 0.0-1.5 1.87 25 30 0.85 0.35
Sandy silt-1 1.5-3.5 1.87 0 31.2 0.865 0.36
Sandy silt-2 35-58 1.90 0 32.6 0.785 0.37
Silt 5.8-16.9 1.93 0 34.7 0.707 0.36
Mucky silty clay-1 16.9-21.2 1.70 12.1 10.6 1.335 0.56
Mucky silty clay-2 21.2-25.6 1.75 15.1 10.8 1.151 0.52
Mucky silty clay-3 25.6-32 1.81 16 13.9 0.998 0.53

proposed calculation method has high credibility. However, due
to superposition of the influence of two existing tunnels and
uncertainties in the geological conditions, the deviation between
the calculated value and the measured data in the undercrossing
zone (15 — 28 rings) is relatively large, reaching 6.01%. It is
suggested that the overlapping effect of two existing tunnels can
be considered in future work, so as to provide more accurate
chamber pressure.

4.2 Case 2

In Hangzhou City, the new shield tunnel of Metro Line 4 is under
crossed existing Metro Line 1 as reported by Zhang et al. (2016).
As shown in Fig. 12, the buried depth of Metro Line 1 is 16.3 m,
and it adopts prefabricated reinforced concrete segment as lining
structure with an outer diameter of 6.2 m and an inner diameter
of 5.5 m. The undercrossing shield tunnel adopts EPB shield
machine for construction with an outer diameter of 6.4 m. The
minimum clear distance between the two tunnels is 2.2 m. The
soil properties at the site are shown in Table 2.

The comparison between the chamber pressure obtained by
the proposed method and the measured results during construction
is shown in Fig. 13. Based on comparison results between calculation
and actual monitoring, in the overall trend, the calculation results

g = Calculated value of chamber pressure/Mpa
= 0354 . *— Measured value of chamber pressure/Mpa |
2
=1 L]
2
] .
g " . -
=
5 \ o
2 \ i
£ A y
) i .
:{-3 0.30 . .
3 W e "
) i .
e " ey
> w -
= . Ll *
2 w m o
= .
2‘ 0.25
=
@]
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Number of shield ring/Ring

Fig. 13. Comparison between the Calculated Value and the Measured
Value of the Chamber Pressure in Case 2

are consistent with the measured values; when EPB shield
machine passes through the No.1 interval tunnels, the calculated
values are approximately the same as the measured values,
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indicating that this method is reasonable and effective setting of
the chamber pressure. However, due to the complex mucky silty
clay in shield tunneling area in Case 2, and the calculation in this
paper is simplified to multi-layer homogeneous soil layer, the
deviation between calculated value and measured result still
increases to a certain extent (about 2.23%, 2.57%) in some
intervals (9 — 17 rings) and (21 — 26 rings). Besides, compared
with Case 1, the calculated value of Case 2 is more consistent
with the measured value, the average deviation between the
calculated value and the measured result is only 1.84%. This
may be because the surrounding soil in case 1 has been disturbed
more than that in case 2 since there are two existing tunnels in
case 1 while only one in case 2. The proposed method is based
on elasticity theory, which limits its application in highly
disturbed soil.

5. Conclusions

This paper considers the mutual interaction between existing
tunnel, surrounding soil and new undercrossing tunneling and
proposes a new method for determining the chamber pressure in
the process of undercrossing. The main conclusions of this paper
are as follows:

1. The effects of existing tunnel on surrounding soil can be
identified as removal-and-replacement effect, excavation-
induced-disturbance effect, and elastic foundation beam
effect. These effects will affect the lateral earth pressure
and deformation of soil, which further affect the chamber
pressure when shield machine under-crossing the existing
tunnel.

2. Based on Mindlin's solution and Winkler's foundation
beam theory, this paper deduces equations for calculating the
internal force and deformation of existing structure
caused by undercrossing shield construction, which is
used to reasonably predict the effect of shield construction on
the existing subway tunnel during the under-crossing
process.

3.Based on analysis of the mutual interaction between
existing tunnel and the undercrossing tunneling, the shield
tunnel construction area is divided into proximity zone,
crossing zone, and detachment zone. When the shield is
driving in the proximity zone, the chamber pressure is
gradually reduced due to the excavation effect of the existing
tunnels. When the shield is driving in crossing zone, the
chamber pressure reaches minimum value. When the shield
is advancing in detachment zone, the chamber pressure is
gradually increased to the original value.

4. Based on the interaction between existing tunnel structure
and the EPB shield machine, a new method for calculating
the chamber pressure in the undercrossing process is
proposed and validated by comparison with measured data
from two actual projects. The comparison shows that the
proposed method is reasonable with high accuracy.
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