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Ultimate Support Force of Excavation Face in Curved Shield Tunnels in Composite Strata

Chunquan DAI, Quanlei WANG*, Kun JIANG, Tao ZHENG

Abstract: For curved shield tunnels in composite strata, the excavation face may undergo sliding failure due to the interface effect of soil layers, the over-excavation of
shield cutterhead, and the asymmetrical thrust of jacks. Inspired by the silo theory, this paper establishes the calculation model and formula for the ultimate support pressure
in the excavation face of irregular curved trapezoidal prism in composite strata, and analyses the variation law of the excavation face at different soil layer thickness ratios
and curvature radii through the case study. The results show that the horizontal displacement of the excavation face in curved shield tunnel in composite strata changes
suddenly at the interface between hard and soft soil layers; under the eccentric support force, the failure of the excavation face is asymmetrically distributed, and the ultimate
support pressure increases first and then decreases with the decline of the curvature radius; the support pressure is biased towards the outside of the curve and greater
than that of straight shield tunnel in single stratum; the ultimate support pressure increased with the soil cohesion and internal friction angle of the excavation face, and
increased first and then declined with the growth of the rupture angle difference between the left and right sides of the soil mass before the excavation face; when the rupture
angle difference exceeds 1.28, the ultimate support pressure gradually stabilizes.

Keywords: curved shield tunnels in composite strata; equilibrium model for irregular curved trapezoidal soil mass; excavation face destabilization; silo theory; ultimate

support pressure

1 INTRODUCTION

Rapid urbanization has induced a continued growth of
the travel demand among urban residents. To satisfy the
rising demand, rail transit has become the dominant trend
of traffic development thanks to its safety, comfort, fast
speed, high transport volume, and environmental
friendliness. Nevertheless, the excavation face may lose
stability during the construction of rail transit system,
leading to severe damages. Similar engineering disasters
(e.g. instability of excavation face, displacement of shield,
and large deformation of the ground) are extremely likely
to occur during the construction of curved shield tunnels in
composite strata, owing to the complex stress distribution
on the excavation face [1-3], if the support pressure on the
excavation face is not adjusted in a timely manner. To
control the stability of excavation face and other
engineering disasters, it is of great theoretical and practical
significance to investigate the deformation law of
excavation face and ultimate support pressure of curved
shield tunnels in composite strata.

The existing studies on the ultimate support pressure
of excavation face mainly adopt the ultimate equilibrium
method [4-10] and the ultimate analysis method [11, 12].
Most of these studies concentrate on straight shield tunnels
in single stratum. There is no report on the excavation face
stability of curved shield tunnels in composite strata.
Inspired by the silo theory, this paper establishes an
ultimate equilibrium model for curved shield tunnels in
composite strata and derives the calculation formula for the
support pressure of the excavation face. Focusing on a
small curvature shield tunnel in variable strata of Jinan
Metro Line R1, the proposed model and formula were
coupled with numerical simulation to determine the failure
mode of excavation face, damages on surrounding rock and
the ultimate support pressure of curved shield tunnels with
different radii in composite strata under the unbalanced
thrust of jacks, and to disclose the impacts of stratum
thickness ratio, rupture angle difference, cohesion and
internal friction angle on the stability of the excavation
face.

2 ULTIMATE SUPPORT PRESSURE OF EXCAVATION
FACE
2.1 Ultimate Equilibrium Model

The most popular stability analysis model of shield
tunnel excavation face is the wedge-shaped prism model
based on the silo theory. Nevertheless, the excavation face
of curved shield tunnels in composite strata is under the
unbalanced thrust of jacks on the two sides of the
geological interface. In this case, an interface will appear
in the soil mass before the excavation face, and the two
sides of the excavation face will be subjected to
asymmetric force. In view of these, this paper proposes an
ultimate equilibrium model for irregular curved trapezoid

(Fig. 1).

Figure 1 Ultimate equilibrium model for irregular curved trapezoid
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In Fig. la, abhg is the excavation face of the tunnel;
anfg-bmeh is the sliding irregular curved trapezoidal soil
mass when the excavation face becomes unstable; ghef-ijkl
is the sliding right-angled trapezoidal soil mass; anfg,
bmeh, abmn and mefn are sliding surfaces; ijkl is the
ground surface; £, and f, are the rupture angles of the
sliding soil mass in the excavation face; D is the tunnel
diameter; P is the total support pressure from the shield
cutter on the excavation face.

In Fig. 1b, B; and B, are the bottom lengths of the
trapezoidal soil mass; P; is the force from the trapezoidal
soil mass acting on the lower irregular trapezoid; G is the
self-weight of the irregular trapezoidal soil mass; F'i, F», T}
and 7, are respectively the total shear forces on the
corresponding surfaces; N; and N, are respectively the total
pressures acting on the corresponding surfaces.

The ultimate equilibrium model for irregular curved
trapezoid was established and implemented under the
following hypotheses:

(1) The soil mass is isotropic, and the sliding surface
soil conforms to the Mohr-Coulomb failure criterion. The
shear strength 7 of the soil can be expressed as:

T=c+tang (1

where c is the soil cohesion, the unit is kPa; ¢ is the normal
stress on the shear plane; ¢ is the friction angle in the soil
mass.

(2) The area damaged by the excavation face consists
of the lower irregular trapezoidal soil mass and the upper
trapezoidal soil mass.

(3) The contact surface between the irregular curved
trapezoidal soil mass and the excavation face is a square
whose side length equals the tunnel diameter D.

(4) The stress is evenly distributed on the top surface
and inclined sliding surface of the irregular curved
trapezoidal soil mass.

(5) Similar to that on the vertical surface, the vertical
stress on the inclined surface of the irregular curved
trapezoidal soil mass increases linearly with depth.

(6) The impact of underground seepage on the stability
of the shield tunnel excavation face is not considered.

2.2 Calculation Formula of Ultimate Support Pressure on
Excavation Face

According to the force diagram of the irregular curved
trapezoidal soil mass in Fig. 1b, the equilibrium between
vertical and horizontal forces on the trapezoidal soil mass
in composite strata can be expressed as follows when the
soil before the excavation face is in the ultimate
equilibrium state:

B +G =1 cos B +T,cos f, +1’71_.A51 cos@dd+F, =
2
)

= N, ["sinodo
Vi)

P+Tsin§, +Tysin §, +Fljj1 sin0d6 =
2
3)
=N, jﬂl cos@déd+ N,
¥27)

Integrating Egs. (2) and (3), the result can be simplified

as:

P R +G-Ticos ff —T, cos f, — Fi(sin 5, —sin ) - F,
cos f; —cos 3,

(sin B, —sin B,) ~T; sin , — T, sin 3, — “)

—Fi(cos 5, —cos 3;) + N,

The unknown parameters in Eq. (4) can be calculated
as follows.

1) The force from the trapezoidal soil mass on the
irregular wedge (Pvo)

D
R =08y =0,(B +Bz)'? 6]
where oy is the vertical stress from the trapezoidal soil mass
acting on the irregular curved trapezoidal soil mass; Sefn is
the area of the efgh plane.

q
A\l y .
OV z

ov+dov

(a) 3D loose earth pressure model

ovtdov

(b) Vertical force model of soil micro-element
Figure 2 Calculation model of loose earth pressure

According to Terzaghi's theory on loose earth pressure
[13], the 3D compressive stress model of the soil mass and
the vertical force model of soil micro-element at depth z
were constructed (Fig. 2). Note that ¢ is the ground
overload; w is the self-weight of soil micro-element; 7 is
the shear stress on the side of soil micro-element.

As shown in Fig. 2b, the vertical force equilibrium
equation of the soil micro-element can be established as:

GVSefgh +7/Sefghdz = (GV + dGV)Sefgh + TBle-i-
1 (©)
+7B,dz+7Ddz + o[D* + (B,- B, Y12 dz

where 7 = ¢ + Koytang; K is the lateral pressure coefficient
of the trapezoidal soil mass.
The integral from of Eq. (6) can be expressed as:
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1

d —
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efgh

Eq. (7) is a first-order non-homogeneous linear
differential equation. Solving this equation, we have:

o, = Aye W +% (3)
0
where Ag is a constant to be determined:
p, = Kang 131+192+D+[Dz+(31 -B,) F ;
efgh
©)

1
0y=1-<— B +By D+ D+ (B, - B,)’ |
¢fgh

According to the boundary conditions o, |Z:0: q,we

have:

_, 2
=43 (10)

Substituting Eq. (10) into Eq. (8), we have:

o, :%(1—e”02)+qe”02 (11)

2) Self-weight of irregular curved trapezoidal soil
mass (G)

Since the inclined surface of the irregular trapezoidal
soil mass is a curved surface, the wedge was meshed into

grids in the x direction for gravity calculation (Fig. 3).

V dx

Figure 3 Trapezoidal micro-element in the x direction

D D1
G:yV:yIO dV:;/JO 5(2D—ycotﬁ)ydx:

=1 /31J'D 2D— M)H_BZ cotd Mx+32 dxd@ =
23 do D D

_(Bi=3By\ 2 pyy S0A | (Bi=By)" By’
2 sinf3, 6 2

(12)

where y is the saturated specific weight of the soil, the unit
is kKN/m’3; V is the volume of the irregular trapezoidal soil
mass.

3) Shear force on the inclined surface of the irregular
trapezoidal soil mass (F)

According to the grids of the irregular curved
trapezoidal soil mass (Fig. 3) and the hypothesis that the
vertical stress increases linearly with depth, the total shear
force on the inclined surface F can be expressed as:

Fi =J‘Ddx A 1 deJ-Blsinﬁl

dy(c+ Nt 13
o &y = ydy(c+ Ntang) (13)

By sin By

Substituting Eq. (2) into Eq. (13), we have:

_D cosf —cosf3,
) cosf —cosp, +sinf, —sinf
—cot . .
-1nw(312s1n2,31 — B, sin*f3, ) (14)

cscf3, —cotf3,
.{c N B +G-TIcosp —T,cosp, — F, tan¢j

cosf —cosf3,

4) Shear forces on the vertical sliding surfaces bmeh
and anfg (T1 and T»)
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(a) Vertical surface stress distribution
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(b) Vertical surface area integral
Figure 4 Calculation diagram of shear force T

The shear forces on the vertical sliding surfaces can be
calculated against Fig. 4. Let oy be the vertical stress on the
top surface ghef of the irregular curved trapezoidal soil
mass. According to the hypothesis that the vertical stress
increases linearly with depth, the vertical stress o.(z) at
each point on the two sides of the sliding surface can be
expressed as:

o, (z2)=0,+yz (15)
From the traditional silo theory, the lateral pressure

ov(c) at each point on the two sides of the sliding surface
can be obtained as:
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o.(2)=Ko,(z) (16)

where K (K = 1 — sing) is the lateral pressure coefficient of
the soil mass [14].

Taking the micro-elements on surfaces bmeh and anfg

(Fig. 4b), the shear force acting on the area of each micro-
element can be expressed as:

dT =[c+o0.(z)tan p]ds a7

Integrating Eq. (17), we have the shear forces 71 and
T, on each side of the sliding surface:

By D—-Bj cot
T :.[0 d7; :.[0 [c+0.(z)tan p]B,dz +

D
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Through integral operation, we have:

5) The shear force () and pressure (V2) on the vertical
surface mefn of the irregular curved trapezoidal soil mass.

The stress distribution on the vertical surface mefnn and
its calculation process are similar to those of shear forces
T, and T>»:

B, WD + (B, — B, [c+6,(z) tan ] (20)

F,=(D-
2 =( tan 3,

For the pressure N, can be derived from the earth
pressure calculation formula:

_ _ B 2 B 2:Y iy B
N, =(D —tanﬂl) D +(B,-B,) [2(D —tanﬂl) K] (21)

Substituting Egs. (5), (9), (11), (12), (14), (18), (19),
(20) and (21) into Eq. (4), we have the calculation formula
of the ultimate support pressure P on the excavation face
of small curvature curved shield tunnels in composite
strata:

p_ 3Dy (B +By)+ 3D*(B,—3B,)
6(cos B, —cos ;)

30 S8 — B,y +38,7]
B sin 3, _TLicosp—Trcos 3, 2
6(cos 3, —cos f3,) cos B, —cos S, (22)
_Eg_n{_gw_l(p_i)zj(}_
cosf—cos B, 2 tan £,
Rsopslera@@mel v o B o
cosf—cosfB, 2 tan £,
_ sin B —sin f3,
cos 3, —cos
pucosh o
n=(D-—L D"+ (B - B)’
tan £,

3 CASE STUDY

This section aims to verify the feasibility of the
proposed calculation model on the ultimate support
pressure of curved shield tunnels in composite strata,
which is based on the silo theory. For this purpose, the
proposed model was applied to a shield tunnel in composite
strata of Jinan Metro Line R;.

3.1 Overview

The target section of Jinan Metro Line R; was
excavated by curved shield with a radius R = 300 m, using
an earth pressure balance shield machine. The total length
of the tunnel is / = 9.4 m, the outer and inner diameters of
the lining ring are 6.4 m and 5.8 m, respectively, and the
width and thickness of the shield segment are 1.2 m and 0.3
m, respectively. The project is located in a thick alluvial
plain. From top to bottom, the strata consist of
miscellaneous fill, loess, silty clay, clay, cemented sand
and pebbles, clay, and moderately weathered limestone [7].
The tunnel body lies within the composite strata of clay and
moderately weathered limestone. The distribution and
physical-mechanical parameters of each stratum are listed
in Tab. 1.

Table 1 Physical-mechanical parameters of each stratum

Name Thickness Bulk weight | Elastic modulus Poisson's ratio Cohesion Internal friction
/m /kN-m? / MPa / kPa angle / °

Miscellaneous fill 5.9 17.5 8 0.35 10 16

Loess 4.1 18.5 12 0.32 20 18

Silty clay 9.8 19.0 30 0.3 24 26

Clay 12.7 18.0 40 0.28 30 34

Cemented sand and pebbles 7.3 21.0 80 0.26 40 24

Clay 74 19.0 50 0.28 32 35

Moderately weathered limestone 12.8 22.0 200 0.24 100 28
Shield segment 0.30 25.0 34500 0.20
Grout 0.25 23.0 50 0.22
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3.2 Thrust Analysis of Excavation Face of Curved Shield
Tunnel

During the excavation of the curved shield tunnel in
composite strata, the shield direction is adjusted by setting
the thrusts (g1, g2 and ¢3) and strokes of different groups of
shield tail jack. According to the design data, the jack
thrusts were divided into four groups (Fig. 5) with the angle
of 67.5°, 90°, 112.5° and 90°, respectively. The shield is
turned to the left when the Group A thrust equals Group C
thrust, and Group B thrust surpasses Group D thrust.

D/ fThrust oY Thrustqz\ B
((T rust g1 8(&\%0

1125

~

Thrust ¢3

—

C

Figure 5 Trust of each group of jacks

3.3 Calculation Results and Analysis

(1) Influence of the rupture angle f of the slider

The ultimate support force of the excavation face of
the curved shield tunnel depends on the rupture angle 8. In
the soil mass before the excavation face, the Group B thrust
is greater than the Group D thrust, i.e., §1 > .. The support
force of the excavation face hinges on both f; and f>. To
determine the ultimate support force of the excavation face
at different values of f, the trial iteration method was
employed for calculation [15-20].
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Figure 6 Relationship between ultimate support force and fracture angle

According to the physical-mechanical parameters of
the strata, a computer program was developed to obtain the
relationship (the lower left curve in Fig. 6) between the
ultimate support force P and /> when the rupture angle of

the slider f, =45°—% = 30° [6]. It can be seen that the

rupture angle S, = 27.6° when the excavation surface

reached the ultimate support force. Then, the relationship
(the lower right curve in Fig. 6) between P and f; was
derived at the rupture angle of £, = 27.6°. It can be seen
that the rupture angle f; = 32.9° when the excavation
surface reached the ultimate support force. The accuracy is
[(32.9 —30)/30] - 100% = 9.7%.

Based on the rupture angle £, = 32.9° obtained in the
first iteration, the second iteration was carried out to
determine the value of £, (31.9°) at the maximum support
force (the upper left curve in Fig. 6). Assuming that £, =
31.9°, the author derived the relationship (the upper right
curve in Fig. 6) between the ultimate support force P and
pi1. It can be seen that the rupture angle ;= 32.7° when the
excavation surface reached the ultimate support force. The
accuracy is [(32.9 —32.7)/32.9] - 100% = 0.6%. According
to some engineering problems and numerical analysis
methods [20], the solution is usually deemed as accurate
when the error falls within 3%. Therefore, the termination
condition of our iterations was set as the error < 3%.

Then, a similar iteration process was performed at the

P

rupture angleﬂ2=45°—52 30° [6]. The result is not

discussed in details, as it is similar to the previous rupture
angle. Therefore, the support force reached the maximum
at 1 = 32.7° and £, = 31.9°. In addition, Fig. 6 shows that
the ultimate support force increased first and then
decreased with the increase of the rupture angle; the
support force of the excavation face was relatively small
when there was a large difference between the rupture
angles on the two sides of the excavation face.

(2) Influence of curvature radius R on the rupture angle
B

As shown in Fig. 7, the front and back sides of the
trapezoidal soil mass on the excavation face are extended
towards the inside of the curve. Let the length of each
extension line be R, the radius of the small curvature shield
tunnel. According to geometric relationship, we have
tan 5, = Rtan B / (R+ D). Substituting the curvature

radius R = 300 m into this formula, we have £, = 32.1°
when S = 32.7°. The value is not much different from the
fracture angle 2 obtained from the previous analysis, thus
verifying this hypothesis.

R

D
) 7
ey L i B>
/ Q
Y i

Bl
Figure 7 Connecting lines between curvature centre and shield tunnel

4 NUMERICAL ANALYSIS OF EXCAVATION FACE
STABILITY OF CURVED SHIELD
4.1 Calculation Model

To validate the above model and its calculation
method, a 100 x 60 x 60 m (X x ¥ x Z) 3D refined model
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was established on the finite difference software FLAC?P
for the curved shield tunnelling in composite strata. The
model consists of 286,699 nodes in 274,944 elements. The
four sides were horizontally constrained, the bottom
surface was vertically constrained, and the upper boundary
was simulated as a free boundary. The soil mass was
simulated with Mohr-Coulomb elastoplastic model, while
shield segment, grout and other concrete members were
simulated as elastic materials. The calculation model is
shown in Fig. 8 below.

Excavation face

Figure 8 3D global numerical model

If the ultimate support force is defined as that
measured at the sudden displacement changes of the central
point in the excavation face of straight shield tunnels, there
will be a huge error because of the complexity of the
excavation face at the geological interface and the
asymmetrical deformation of the soil mass before the
excavation face under the unbalanced thrust of the curved
shield tunnel in composite strata. To disclose the effects of
unbalanced shield thrust on the support force of the
excavation face in composite strata, the monitoring points
were arranged horizontally and vertically toward the
central point of the excavation face (Fig. 9).

Figure 9 Layout of monitoring points on the shield excavation face
4.2 Analysis of Numerical Results

To visually express the relationship between the steady
state, the support force, and the depth of the excavation
face, the support pressure ratio x = o, / 0, was introduced,
with oy being the lateral static earth pressure of the original
stratum. Hence, the support force of the excavation face

can be expressed as og=x-0, =x-K -y-Z , where K is the

lateral pressure coefficient; y is the soil weight (kPa); Z is
the tunnel depth (m).
(1) Deformation analysis of excavation face
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(a) Displacements of vertical diameter measuring points at different thicknesses
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o
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Horizontal monitoring points of the excavation face

(b) Displacements of horizontal diameter measuring points at different curvature
radii
Figure 10 Displacement of measuring points on the excavation face

Fig. 10a displays the horizontal displacement change
of the monitoring points at the centre point of the
excavation face at different thicknesses of the soft and hard
layers. It can be seen that: (1) For the soil mass before the
excavation face, the upper clay layer underwent a greater
horizontal displacement than the lower layer of moderately
weathered limestone, and maximum horizontal
displacement appeared at the top of the excavation face. @
The horizontal displacement of the excavation face
decreased with the increase in the thickness of the lower
layer of moderately weathered limestone; the lower part of
the excavation surface was not seriously deformed thanks
to the protective effect of the surrounding rock, while the
upper clay layer was severely affected by disturbances;
collapse accidents may occur when the maximum
horizontal displacement of the excavation face
approximated 40 mm. @ The horizontal displacement of
the excavation face changed abruptly at the interface
between the soft and hard layers.

Fig. 10b shows the horizontal displacement of the
monitoring points at the centre point of the excavation face
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at different curvature radii. It can be seen that: (1) For the
soil mass before the excavation face, the outside of the
curved shield underwent a greater horizontal displacement
than the inside of the curved shield, and the maximum
horizontal displacement appeared on the right side of the
excavation face. (2) With the increase of curvature radius,
the deformation of the excavation face first increased and
then decreased; the maximum displacement point of the
lateral diameter initially shifted towards the right; the
deviation of this point declined at the curvature radius R =
100 m; this is because the huge unbalanced thrust at the
small radius damaged the surrounding rock outside the
curve, while the thrust acting on the excavation face was
reduced, leading to a smaller displacement at the
excavation face. (3) The two sides of the excavation face
had a similarly small displacement due to the protection
effect of the surrounding rock.

(2) Comparison between analytical and numerical
solutions

The support force measured at the sudden changes of
the maximum displacement of the excavation face was
adopted as the ultimate support force, and the static earth
pressure was employed for calculation. Under these
preconditions, the support force of the excavation face was
gradually reduced until sudden changes took place to the
horizontal displacement of the excavation face, indicating
that the horizontal face lost stability. The support force
acquired in this case is the ultimate support pressure of the
excavation face.

Support pressure ratio of the excavation face

10 09 08 07 06 05 04 03 02 01 00
T T T T T T T T

0l R=100m composite strata
———— R=200m composite strata
------ R=300m composite strata
- R=400m composite strata
»»»»»» R=500m composite strata
\\ — straight composite strata
\\\ ————— straight single strata
\

=204

301

404

=504

Displacement of the maximum displacement
point of the excavation face/mm

-60 4
Figure 11 Relationship between ultimate support pressure ratio and excavation
face displacement

Fig. 11 shows the relationships between the ultimate
support pressure ratio and the displacement of the
excavation face at different working conditions. The
relationships were compared with the analytical solutions.
According to the above-mentioned relationships between
rupture angle and excavation face support force and
between rupture angle and curvature radius, the author
obtained indirectly the relationships between the ultimate
support pressure ratio of the excavation face and radii of
straight tunnels (Fig. 12).

It can be seen that: (1) The analytical solution changed
in a similar trend with the numerical solution, which
verifies the robustness of our calculation model; the
analytical solution was slightly smaller than the numerical
solution; a possible reason is as follows: During the
analytical calculation, the excavated layers of the soil mass
before and atop the excavation face were simplified and
weighted, while the numerical calculation considered

multiple layers of soil. (2) With the growth in the curvature
radius, the ultimate support pressure of the curved shield
tunnel in composite strata increased first and then declined,
and the difference between the analytical and numerical
solutions exhibited a decreasing trend; the ultimate support
pressure ratio of the excavation face in the straight tunnel
remained constant under the composite strata and single
stratum.

—O— Analytical solution of curved tunnel in composite strata
0.7 1 Z— Numerical solution of curved tunnel in composite strata
—A— Analytical solution of straight tunnel in single stratum

~—¥— Numerical solution of straight tunnel in single stratum

e
o
L

#— Analytical solution of straight tunnel in composite strata

—<— Numerical solution of straight tunnel in composite strata

=3 o =
w = in
1 1 1

Ultimate support pressure ratio

=
[
I

0.1 T T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500 550

curvature radius/m

Figure 12 Relationship between ultimate support force and curvature radius

(3) Failure modes of excavation face at different radii

To analyse the soil deformation in the excavation face
of shield tunnel in composite strata, the displacement
nephograms were plotted for the straight shield tunnel, and
the curved shield tunnel in composite strata with curvature
radii of R =300 m, R =200 m and R = 100 m (Fig. 13). It
can be seen that the soil deformation of the excavation face
was biased to the outside of the curve, with the decline in
the curvature radius; for the straight shield tunnel, the soil
deformation was distributed symmetrically along the
centre of the tunnel, and the maximum deformation of the
excavation face was 24.5 mm; when the curvature radius
was R = 300 m, the soil mass before the excavation face
exhibited an obvious deviation, and the maximum
displacement (31.3 mm) appeared on the right side of the
centre point of the excavation face; when the radius R =
200 m, the deformation outside the curve continued to
intensify as the soil mass was subjected to the asymmetric
thrust of the jack and the deformation of the shield shell,
and the failure of the excavation face was transformed to
the failure of the surrounding rock outside the curve; when
the radius R = 100 m, the deformation outside the curve
surpassed that of the excavation face. Therefore, the
curvature radius should not be too small during the actual
construction.

Fig. 14 is the sectional view of the plastic zone
distribution in the soil mass before the excavation face. As
shown in the figure, the plastic zone before the excavation
face obeyed a typical trapezoidal distribution; the soil mass
surrounding the tunnel suffered from certain damages, and
entered the elastic state through the redistribution of the
stress; the disturbed soil mass far away from the excavation
face underwent shear failure; the failure of the excavation
face had a certain impact on the ground deformation,
creating some plastic zones on the ground. Hence, the
ultimate support pressure must be determined before shield
construction.
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straight tunnel

Figure 13 Soil failure modes at different radii

None

Shear-n

Shear-p
Figure 14 Distribution of plastic zones during the failure of the excavation face

5 INFLUENCING FACTORS OF CURVED SHIELD
TUNNELS IN COMPOSITE STRATA

According to the calculation model and the support
force formula, the excavation of curved shield tunnels in
composite strata is under the influence of the rupture angle
of the sliding surface (the rupture angle determines the
thickness ratio between soft and hard layers in the
composite strata), soil cohesion, and internal friction angle.
The sensitivity to these factors was analysed through the
proposed calculation method.

5.1 Effect of Rupture Angle

To disclose the effect of rupture angle on the
excavation face, the rupture angle ratio between the left and
right soil masses before the excavation face was defined as
¢ = Bi/f>. Through trial iteration, it is learned that the
support force of the excavation face maximized at f, =
31.9°. Besides, the support force ratio acquired by
increasing the value of ) without changing the value of >
was greater than that acquired by increasing the value of f>
without changing the value of ;. Therefore, the effect of
rupture angle was examined by changing the value of f;
and keeping the value of f, at 31.9°. Without changing the
geological parameters, the value of ¢ was changed
gradually to obtain the ultimate support pressure curve of
the excavation face at different rupture angle ratios (Fig.
15).
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Figure 15 Ultimate support pressures of the excavation face at different rupture
angle ratios

As shown in Fig. 15, the support pressure ratio was
relatively small when the curvature radius of curved tunnel
was large; the ultimate support pressure ratio reached the
maximum at & = 1.03. In this case, f1 = 32.8°, which is
similar to the aforementioned f; = 32.7°. When & > 1.12,
the ultimate support pressure of the excavation face
plunged deeply. When &> 1.28, the ultimate support force
gradually stabilized.

5.2 Effect of Cohesion

Fig. 16 presents the ultimate support pressure ratios of
curved shield tunnel at different cohesions c¢. As shown in
the figure, when /5, = 31.9°, the ultimate support pressure
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ratio of the excavation face increased first and then
decreased; with the increase of the cohesion, the support
pressure ratio of the excavation face increased accordingly
and peaked at ; = 32.7°. The theoretical result agrees well
with the simulated result, which verifies the reliability of
the proposed model based on the improved silo theory.
Moreover, the theoretical result is slightly below the
simulated result. This is attributable to the ignorance of the
groundwater seepage in theoretical calculation and the
averaging treatment of the excavated soil layers.
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(b) Theoretical result
Figure 16 Ultimate support pressure ratios at different cohesions

5.3 Effect of Internal Friction Angle

Fig. 17 illustrates the ultimate support pressure ratios
of the excavation face at different internal friction angles.
It can be seen that the internal friction angle had a greater
impact on the ultimate support pressure ratio than the
cohesion; this is caused by the failure mechanism of the
irregular trapezoidal sliding surfaces, in that the internal
friction angle can affect the stroke of the sliding surfaces;
the sliding surface of the improved silo theory model is
larger than that of the conventional silo theory model; the
support pressure ratio of the excavation face increased with
the internal friction angle; when f, = 31.9°, the ultimate
support force of the excavation face increased first and then
declined with the growth of fi, due to the deviation of the
action point of the excavation face; with the increase of S,
the curvature radius shrunk, the thrust outside the curve

was far greater than that inside the curve, and the action
point of the excavation face continued to move; the support
force of the excavation face declined when the action point
moved to the edge of the excavation face.
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Figure 17 Ultimate support pressure ratios at different internal friction angles

6 CONCLUSIONS

(1) Unlike straight shield in single stratum, the curved
shield tunnel in composite strata is featured by
asymmetrical distribution of excavation face support force,
sudden changes of horizontal displacement of the
excavation face at the interface between hard and soft
layers, and the relatively high joint force acts on the outside
of the curve. These phenomena are resulted from the
interface effect of the composite strata, over-excavation of
the cutterhead, the extrusion of inner wall soil by shield
shell, and the asymmetrical thrust of jacks.

(2) Based on the silo theory, the calculation model of
the curved shield tunnel in composite strata was proposed
and the calculation formula of the ultimate support force
was obtained. Then, the proposed failure model was
validated through a case study and comparison with
numerical model.

(3) The research shows that the geometric relationship
between the fracture angle of curved shield tunnel in
composite strata and the curvature radius R is

approximately tan f, = Rtan 8, / (R+ D), and the
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displacement and ultimate support pressure of the
excavation face increased first and then declined with the
decrease of the curvature radius.

(4) The ultimate support pressure of the excavation
face in curved shield tunnel in composite strata increased
with cohesion and internal friction angle, and increased
first and then declined with the growth in the rupture angle
difference between the left and right sides of the soil mass
before the excavation face. Moreover, the internal friction
angle had a greater impact on ultimate support pressure
ratio than cohesion.
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