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Composite lining of deep buried water conveyance tunnel for bearing high internal water pressure is a new type of applicable
structure. However, up to date, no effective method is available to calculate the stress of the structure. In this paper, a simplified
algorithm, which can be used to calculate the stress distribution of composite lining accurately but costs little computational
resource, is proposed. This algorithm, which is based on the elastic theory, takes the effect of internal water pressure and
surrounding rock on the composite lining into consideration, respectively. Then, the stress distribution of composite lining in
infinite body is derived on the basis of Lame solution. Finally, a case study is followed by choosing a typical section of the Eastern
Canal in Beijing of the South-to-North Water Diversion Project (SNWDP). This case study was analysed by using the simplified
algorithm and verified by finite element method with ABAQUS. The results show that the stress distribution of composite lining
can be obtained quickly and accurately with the simplified algorithm, which can provide a reference for other engineering designs.

1. Introduction

At present, many large water conveyance tunnels have been
built with composite lining method at home and abroad,
such as SNWDP in China [1, 2]. In the water conveyance
tunnel, the secondary lining is considered to be a main load-
bearing component. However, research studies on the
composite lining under water pressure are relatively rare,
especially when the composite lining bears both the high
internal water pressure and in situ stress of the surrounding
rock. In addition, there is no reasonable and unified cal-
culation method for composite lining design. Therefore, it
becomes a major theoretical research topic on how to devise
an effective calculation method of composite lining under
high internal pressure.

According to different mechanical models, the design
methods of lining structures can be classified into three
kinds, i.e., (modified) conventional method, multihinge ring
method, and beam-spring model calculation method. The

conventional method, which was put forward by Japanese
standard in 1960 [3, 4], ignored the influence between the
joints and assumed that the lining was a homogeneous ring.
The modified conventional method [4-6] considered the
influence of the joints on the basis of the conventional
method and adopted the parameters # and { to calculate the
internal forces of the structure, considering the tube segment
as a homogeneous ring with a stiffness of #EI and the design
bending moment as (1 + {) M. The parameters # and { were
obtained mainly according to test or engineering experience,
with # being about 0.6-0.8 and { being about 0.3-0.5 [7].
Xiao et al. [8] improved the modified conventional method
and proposed the load calculation model of lining located in
soft and hard soil or soft soil and hard rock composite rock
layer. The joints of the pipe pieces were considered as hinge
structures in the multihinge ring method, which was suitable
for the condition of high surrounding rock strength [9, 10].
In the calculation method of the beam-spring model, the
pipe slices were assumed to be beams, and the joints between
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the pipe slices were considered to be different springs [11],
which were close to engineering practice. It can simulate the
staggered joint problem well and has been widely used in
various engineering designs currently. With the nonlinear
characteristics of pipe joint considered, Shen et al. [12]
established a beam-nonlinear spring model based on the
beam-spring theory.

So far, no due attention has been given to the research of
composite lining structure both at home and abroad. At
present, the main research methods are experimental and
finite element methods, and analytical methods are relatively
few. The parameters of lining design obtained from different
design theories may vary greatly due to different assump-
tions [13]. Moreover, most of the existing calculation
methods for the composite lining of water conveyance
tunnel are so conservative that the related design steps are
complicated, resulting in high project cost. These methods
are performed by following the guidelines issued by the
International Tunnel Association [14]. In the International
Tunnelling Association Guidelines, the structures of com-
posite lining are only divided into double shell structures
and composite structures; however, no specific model and
analytical solution were given. Compared with the finite
element method, the stress distribution under varied
working conditions can be efficiently calculated by using the
analytical method. El Naggar et al. [15] proposed an ana-
lytical method for composite lining, which took the inter-
action between the parts into consideration. However, the
method is only applicable to the case that the bolt is sym-
metric on both the horizontal and vertical axes. Xu [16]
proposed an analytical method of composite lining; how-
ever, this model is based on the single-layer sleeve me-
chanical model.

To sum up, the research on composite lining is still in its
infancy and there is a lack of practical analytical method. In
order to simplify this calculation and reduce the project cost,
a simplified composite lining algorithm is put forward in this
paper. Based on the engineering of the South-to-North
Water Transfer Tunnel, a typical section was chosen. The
analytical solution of the stress distribution of the composite
lining was deduced and verified by the finite element method
using ABAQUS, which could provide a reference for other
engineering designs.

2. A New Simplified Calculation Algorithm for
Composite Lining

In this paper, the deep buried water conveyance tunnel
under high water pressure was taken as the research object.
The calculation mainly considered the internal water pres-
sure of the conveyance tunnel and the in situ stress field of
surrounding rock to the lining. Based on the assumption of
elasticity and deformation coordination, the analytical so-
lution of stress for composite lining under high water
pressure was given.

In general, a lining is mainly subjected to uniform in-
ternal and external water pressure. The mechanical model
can be simplified as the axisymmetric stress problem of
cylinder. For the in situ stress field of surrounding rock, its

Advances in Civil Engineering

influence on the composite lining is mainly vertical and
horizontal. The mechanical model can be simplified as the
problem of stress concentration at the orifice.

2.1. Mechanical Model of Composite Lining considering In-
ternal Water Pressure. For the internal pressure applied to
the composite lining, the mechanical model is an axisym-
metric stress problem. The internal water pressure is sym-
metric around the Z axis. The stress component of the
internal water pressure in the polar plane is only a function
of p and does not change with ¢.

By using the semi-inverse method in elastic mechanics
[17], the stress function is given by the following equation:

¢ =¢(p) (1)
The stress formula is given by the following equation:

1d¢
P pdp
p dp

_d¢ 2
g 0= F,

p

The consistent equation can be expressed as follows:

2 2
(Ealdydeie
dp* pdp/\dp* pdp

By transforming Laplace operator V? into another form,
the consistent equation is obtained as shown in the following

equation:
1df dft1d d¢)”
——1p—|-=p= =0. (4)
pdp {Pdp [p dp (p dp

By solving this differential equation of the fourth order,
the general solution of the stress function under axisym-
metric stress state can be obtained as follows:

¢ =Alnp+Bp Inp+Cp’ +D. (5)

Therefore, the general solution of axisymmetric stress is
shown in the following equation:

A
o, =—+B(1 +2Inp) +2C,
p

0¢:_é2+3(3+21nP)+2C’ ©
p

Top = Top = 05
where 0, is the radial stress, 0,, is the circumferential stress,
T,, and 7, are shear stresses, p is the radius coordinate, and
A, B, and C are undetermined coefficients.
The conveyance tunnel bearing the internal water stress
is a plane stress problem. By combining the stress com-
ponents with the physical and geometric equations, the
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displacement components under the axisymmetric stress
state can be obtained as follows:

1 A
== —(1+y);+2(1—#)BP(1nP_ D)

+(1-3u)Bp+2(1-u)Cp | +1Icos¢g+ Ksing,

4Bpg .
u¢=T+Hp—ISH1(p+KCOS(p,

(7)

where u,, is the radial displacement, u,, is the circumferential
displacement, E is the elastic modulus, y is Poisson’s ratio,
and H, I, and K are undetermined coefficients.

For the composite lining model, it can be considered that
the double cylinder is embedded in an infinite elastomer, as
shown in Figure 1.

Inner boundary conditions of the inner lining are as
follows:

(9:) 8, =~ (8)

When there is no gap between the inner lining and the
outer lining, it can be considered that the pipe is stressed
together with the concrete lining [18]. In the combined stress
model, the inner and outer lining deformation is coordi-
nated. At the common boundary of inner lining and outer
lining, the boundary conditions are given by the following
equation:

(Gﬂ)szz = (Gig)p:Rz’
(up)sz2 = (ul;)p:Rz'

The boundary conditions on the contact surfaces of outer
lining and infinite elastomer are given by the following
equation:

(9)

(Gf;,)p:R3 2(0;7,)p:R3' (10)

According to Saint-Venant’s principle, the rock far away
from the tunnel is not affected by the internal water pressure.
So, at infinity of an elastomer, the boundary conditions are
given by the following equation:

(O.l;,)p o 0,

(Uﬁj’l)p —> 00 = 0,

where o, and o, are the stresses on inner lining, a; and 0(/; are
P n n

the stresses on outer lining, o and o, are the stresses on

surrounding rock, y, is the radial displacement of inner

lining, and g, is the radial displacement of outer lining.

(11)

FiGure 1: Double cylinder model embedded in an infinite
elastomer.

On the contact surface between the outer lining and the
surrounding rock, the outer lining and the infinite elastomer
deform in harmony. Both have the same displacement. The
displacement boundary condition is given by the following
equation:

(#9) o, = (82 ) por (12)

where p is the radial displacement of surrounding rock.
Combined with the above boundary conditions and

single value displacement conditions, the analytic solution of

stress distribution for inner lining can be obtained as follows:

Al
0,=—+2C;,
A (13)
U(P = ——2+2C1,
Tpp = Tgp = 0.

The analytical solution of the stress distribution for outer
lining is as follows:

A
o, = —22+ 2C,,

A
0'(/J = ——22+2C2, (14)

Top = Tgp = 0,

where the coefficients are given by equations (15) and (16).
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A = a where ay, by, mi, n1, a,, and m, are given by the following
') equation:
m
C, =—4
1 ”1
(15)
a
A, =22
2 bl
m,
C,=—7,
2 bl

a, = R}(R5(uy(E,(E, (Rops + R3) - ER;) + E,Es Ry, )

+E,(E,(R3ps + R3) + EsR3) + i, (E5(—R3u, — R3) — E,E5R;)

+ E5(R3py + R3) = E\EyRop + E\E3RS) + Ry (y (B3 (s + 1) - E,E)

+E, (E, (43 + 1) + E3) + E5 (=3 — 1) + pt, (E, (E, (—p5 = 1) + E5) — E,Eqp)) + E\ Esi — E, ) )q,
by = R (uy(E(E, (Rips + R3) + EsR3) + EyEsRap, ) + RS (uy (B3 (s + 1) — E,E5 )+

E,(E, (5 + 1) = E3) + E5 (43 + 1) + 5 (E, (E, (—p3 = 1) — E3) = E,Esp)) + E, Equi — E, E;)
+E,(E,(R3ps + R3) — EsR3) + py (E3(—Raus — Ry ) — E,E5R3 ) + E5(—Raps — Ry

— E\EsR3; + E\EsR; ) + Ry (1, (E,(E, (—Ris — R3) + EsR3) — E,EsRap, )+

i (E5(Raps + R3) + E,E Ry ) + Ey(E, (—R3ps — R3) — E5R3) + E5(—Rop; — RS )+

E\E;Rop; — E\EsR3) + Ry (E (Ey (43 + 1) = E3) + By Eapy) + E; (s + 1)

+ 4ty (E5 (—p5 = 1) + E,E5) + E, (E, (—p3 — 1) — E3) — E\ Eqi5 + E, Ey),

m, = Ry (p,(E,(E, (Rops + RS) + E3R) + E,EsRopy ) + Ry (uy (E5 (s + 1) - E,Ey)

+E, (Ey (43 + 1) = E3) + E5 (3 + 1) + 1y (E, (Ey (s — 1) = Es) = EyEquy) + E, Espiy — EL )
+E,(E,(Rips + R) = EsRS) + iy (E3(—Raps — R3) — E,E4R;)

+E5(~Rips — R3) —(E, E;R3p5 + E ER3 g,

g (16)

ny = Ry (py (5 (E, (2R3us + 2R3) + 2E5RS) + 2E, Es Ry, ) + R (4, (E5 (2u5 + 2) - 2E,Es)

+ B, (E; (245 +2) = 2E3) + E3 (245 +2) + 43 (E, (B, (=245 = 2) - 2E;) - 2E, By, )+

2E, g5 - 2E,E; ) + Ey(E, (2R5p; + 2R3) — 2E5R3 ) + py (E5(~2R3p; — 2R3) - 2E,E4R3)

+ E5(~2R3p; — 2R3) = 2, E;Rop; + 2, E Ry ) + Ry (1, (B, (E, (—2R3ps — 2R3) + 2E5R3) - 2E,E5Rap, )
+pty (E3((2R3ps + 2R3) + 2E,E5R;) + Ey(E, (—2R3u; — 2R) — 23RS )+

E;(—2R§y3 - 2R§) + 2B, E5Rypi; 2E1E3R§) + Ry (¢ (B, (Ey (215 +2) = 2E5) + 2B, Espy)

+E5 (25 +2) + py (B3 (—245 — 2) + 2B, B3 ) + E,(E, (=245 — 2E;) - 2E, Eyiy + E, E;),

a, = RiR;(E3(—2R3p; — 2R3) + 2E,E5 Ry, — 2E,E5R; ),

my = Rng(Eg (=#3 = 1) + By Eqy + E2E3)‘1~

2.2. Mechanical Model of Composite Lining considering theIn  case, the horizontal rock stress can be simplified as uniform
Situ Stress of Surrounding Rock. According to relevant rock  distributed stress, and the problem can be transformed into
mechanics theories, the gravity of the rock within 2.5 times ~ an axisymmetric stress problem. Since the load is the hor-
diameter surrounding the tunnel can be ignored [19]. In this  izontal stress and vertical stress, the Cartesian coordinate
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system needs to be converted to polar coordinate system.
The analytical expressions of radial stress and circumfer-
ential stress are given by the following equation:

1—(r /p)

IR

(17)
SERE(TL
)

For general tunnels, the horizontal load is Ap,. The
model is symmetrical, while the load is asymmetric.
Therefore, this problem is solved by using the superposition
principle. The vertical load can be decomposed into the
following equation:

p= % 1+ M) po
(18)

o1
P =5(1_A)P0)

where A is the coefficient of lateral pressure and p, is the
vertical pressure.

The general elastic stress state of the tunnel is decom-
posed into the stress concentration of two orifices, as shown
in Figure 2.

2.2.1. The Solution to Stress State I. For state I, the stress
distribution is axisymmetric. The solution can be simplified
as a single cylinder bearing an axisymmetric load as follows:

11-(R/p’) 0//’)

%73 1—(R /R ) ko
(19)
1 1+(R Ip )
%= 1-(Ry/R )( +Oro

where R, is the radius of tunnel and R is the radius of in-
fluence zone.

Since R is much bigger than Ry, get (Ry/R) = 0. Then, the
above equation is as follows:

1 R
0, = 2(1 —p)(l + ) po>

1 R’
7, =5( p—§>(1+)\)p0

(20)

2.2.2. The Solution to Stress State II. For state II, the stress
distribution can be regarded as the problem of orifice stress
concentration. The upper and lower sides of the model are
under uniform pressure, while the left and right sides are

under uniform tension. Because the great circle is outside the
influence radius of excavation, the stress boundary at the
great circle is the same as that without holes. Thus, there are
o,=— p' and o =p'. The outer boundary of the hole wall can
be obtained by coordinate transformation.

(Gp)p R™

(TP(P)p:R =p'sin2¢.

—p'cos2g,
(21)

The inner boundary conditions of the hole wall are as
follows:

(UP)p:r =0,
(TP¢)p:r =0.

Using the semi-inverse solution method in elastic me-
chanics and taking the boundary conditions into consid-
eration, the stress function is only related to p and 26.
Therefore, take the stress function as follows:

® = f(p)cos2g. (23)

(22)

The general solution of the stress function can be ob-
tained by substituting into the compatible equation as
follows:

D
® = cos2 go(Ap4 +Bp*+C+ —2>. (24)
p

According to the boundary conditions, the coefficients
are as follows:

A=0,
!
bt
2
(25)
C=p'R;,
— l /R
P

Finally, the stress solution under this circumstance can
be obtained as follows:

, Ry Ry
o,=pcos2o|1-4—+3—|,
P P
R
o, = Id cos2go(1 + 3—2), (26)
p

=p'sin2¢( 1 2Rg 3Rg
Tp(p_p sinz¢ + 2774 )
PP

Therefore, the total stress solution under the in situ stress
of surrounding rock can be obtained as follows:
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FIGURE 2: General method of stress state decomposition in tunnel.
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where o, is the radial stress, o, is the circumferential stress,
and 7, is the tangential stress.

3. A Case Study

3.1. Engineering Background. As a strategic project in China,
the SNWDP is an oversized infrastructure project to solve
the serious shortage of water resources in northern China
and implement optimal allocation of water resources. The
project plays a crucial role in reducing the bearing pressure
of water resources and improving the guarantee rate of water
supply security. The Eastern Canal in Beijing was con-
structed using composite lining method, and the water
conveyance tunnel was subjected to in situ stress and water
pressure for a long time.

Composite lining structure was adopted for deep buried
water conveyance tunnel, as shown in Figure 3. The outer
lining was made of precast concrete tubes with a thickness of
300 mm and the label is C50/W10/F150. The outer diameter
of the tube piece was 6 m, the inner diameter was 5.4 m, and
the width of the tube piece was 2m. Each ring piece was
composed of three types of pipe pieces, i.e., A, B, and C. The
joints of the tube pieces were connected with bent bolts,
sixteen M24 bolts for each ring seam and twelve M24 bolts
for each longitudinal seam. An ethylene-propylene-diene
monomer elastic rubber gasket was used for waterproof
between the lining tube segments. The outside of the gasket
was provided with water-repellent strip, a water swelling
rubber. The inner lining was a circular section, adopting

FI1GURE 3: Schematic diagram of composite lining for water con-
veyance tunnel.

one-time concreting shaping technology when constructed.
The inner diameter of the inner lining was 4.6 m and the
thickness was 400 mm, pouring with C35/W6/F150 self-
compacting concrete.

In this study, Pile No. 28 + 859 and surrounding areas of
Eastern Canal for the SNWDP were selected. Then, the
simplified algorithm method and the finite element method
using ABAQUS for composite lining were adopted to cal-
culate the stress distribution, respectively. And a comparison
was made.

3.2. Analysis of Composite Lining by Simplified Algorithm

3.2.1. Material Parameters. According to relevant geological
report, there are seven types of strata in the section of Pile
No. 28 + 859. A geological model containing seven different
materials was established, as shown in Figure 4. The pa-
rameters of each layer are shown in Table 1.
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Plain fill

Silt
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Fine medium sand

Silty clay

Gravel-cobble

Fine medium sand

I 60m

F1GURE 4: Formation model of the area around Pile No. 28 + 859.

TaBLE 1: Local layer parameters.

Number Stratum Density (10° kg/m3) Elasticity modulus (MPa) Poisson’s ratio Thickness (m)
1 Plain fill 1.60 3.8013 0.35 3.00
2 Silt 1.97 5.2993 0.29 3.20
3 Silty Clay 2.02 5.9763 0.30 3.80
4 Fine medium sand 2.03 22.5000 0.20 2.36
5 Silty clay 2.02 20.4585 0.30 10.00
6 Fine medium sand 2.05 25.0000 0.25 10.00
7 Gravel-cobble 2.10 33.1470 0.15 1.59
8 Silty clay 1.98 10.9773 0.28 8.05

The concrete of the outer lining for water conveyance
tunnel is C50, and the inner lining concrete is C35.
According to the code for the design of concrete
structures, the elastic modulus of C50 concrete is
34.5 GPa and Poisson’s ratio is 0.2. The elastic modulus of
C35 concrete is 31.5 GPa, and Poisson’s ratio is 0.2. The
density of concrete is 2400 kg/m’. The model of outer
lining and inner lining adopts the linear elastic consti-
tutive model.

The reinforcement grade of the inner lining and outer
lining is HRB335. The elastic modulus of reinforcement is
200 GPa, and the density is 7.85 g/cm’.

The material properties of reinforced concrete are
obtained by the equivalent modulus method as shown in
equation (28) [20]. The volume reinforcement ratio is
0.0238 for the outer lining and 0.0195 for the inner lining.

E,=Ep+E.(1-p), (28)

where E, is the elasticity modulus, E; is the elasticity
modulus of reinforcement, E. is the elasticity modulus of
concrete, and p is the ratio of reinforcement.

Finally, the elastic modulus and Poisson’s ratio of outer
lining are 38.5 GPa and 0.2, respectively. The elastic modulus

of inner lining is 34.8 GPa, and Poisson’s ratio is 0.2. The
density of both is 2400 kg/m”.

3.2.2. Stress of Composite Lining under Internal Pressure.
The hydraulic pressure condition of the water conveyance
tunnel was set to 35m. Finally, the expression of stress
function was obtained, as shown in equations (29) and (30).
Since the water conveyance tunnel is a plane strain problem,
the elastic modulus should be changed to E/(1 - u?) and
Poisson’s ratio should be changed to y/(1 — y). The coeffi-
cients are obtained as shown in Table 2.

Therefore, the stress distribution of the outer lining
under the action of internal water pressure can be obtained
as follows:

4.3428 x 10° 5
0, = ——————+ 4.7096 x 10,
P
4.3428 x 10° 5 (29)
0, = ———5—— +4.7096 x 10°,
P

7,,=1,, =0.
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TABLE 2: Stress coefficients under internal pressure.
Al Bl C1 AZ BZ CZ A3 B3 C3
-4.3428 x10° 0 23548 x10° -4.7683 x 10° 0 2.6466 x10° -4.4571x 10° 0 0
The stress of the inner lining is as follows:
4.7683 x 10° s 0
0, =——>—+52932x10
p -0.5
‘ -1
4.7683 x 10 s [ (30)
0, =——7 —+52932x10 <
& -L5
P 2
Ty = Tpp = 0 &
P9 = top S s
The distribution of radial and circumferential stresses
under internal pressure is shown in Figures 5 and 6. Under -
internal pressure, the maximum circumferential stress of 35
inner lining was greater than that of the outer lining. Only
radial stress was transferred between the outer lining and -4 : : : : : : :
2.3 24 2.5 2.6 2.7 2.8 2.9 3 3.1

inner lining. With the increase of radius, both radial stress
and circumferential stress gradually decreased. The maxi-
mum radial stress was 0.35 MPa, and the maximum cir-
cumferential stress was 1.29 MPa.

3.2.3. Stress of Composite Lining under the In Situ Stress of
Surrounding Rock. When the composite lining was under
the in situ stress of the surrounding rock, the vertical
pressure of overburden was calculated by means of the
summation of layers, as shown in the following equation:

Po =) y;h; = 26.24kPa. (31)
i=1

According to the empirical formula (equation (32)), the

lateral pressure coefficient can be calculated as 0.25, A = 0.25.
[

A= .

(1-p)

So, the stress of the composite lining under the action of
overburdening is as follows:

(32)

5.29 21.16 83.95
0, =16400{ 1 - —— ) -9840cos2¢| 1 ——5—+—— |,
p

p p

5.29 83.95

0, =16400( 1 +—- ) +9840cos2¢( 1 +— |,
P p

. 10.58 83.95
Tp(ﬂ = 984051n2(’) 1+72_74 .
P
(33)

According to this equation, the tunnel has a maximum
compressive stress in the horizontal direction (6 = 0" and
0 =180°) and a minimum stress in the vertical direction
(8 =90° and 0 = 270°). There is a tensile stress on the vertical
axis.

R (m)

—o— Inner lining

—=— Outer lining

FiGure 5: Distribution of radial stress under internal pressure.

x10°
1.3

— —
— = )
w ) \

Circumferential stress (Pa)

—_
—_

26 27 28 29 3 3.1
R (m)

2.3 2.4 2.5

—o— Inner lining

—=— Outer lining

FIGURE 6: Distribution of circumferential stress under internal
pressure.

The distribution of radial stress and circumferential
stress under surrounding rock is shown in Figures 7 and 8.
Under the in situ stress of surrounding rock, as for the
direction of 6 = 0°, with the increase of radius, the radial
stress distribution first increases and then decreases. There is
the maximum radial stress at 1.5R. For other directions, the
radial stress distribution first increases and then gradually
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x10*

—
w

—

Radial stress (Pa)

0.5

—-o— 0=0°
—=— 0=30°
0 =45°

10 12 14 16 18 20

R (m)

—— 0=60°

—%— 0=90°

FIGURE 7: Radial stress at every angle under the in situ stress of surrounding rock.

SEEaeaaaeaeaaaa-

Circumferential stress (Pa)

R (m)
- 0=0° —— 6=60°
—a- 0=30° —x— 0=90°
6 =45°

Figure 8: Circumferential stress under the in situ stress of sur-
rounding rock.

tends to be stable and is unaffected beyond 5R. For cir-
cumferential stress, there is the maximum compressive
stress at 8 = 0°. As the angle increases, the stress decreases
gradually. In addition, when the lateral pressure coeflicient is
equal to 0.25, tensile stress is generated at 6 = 90°.

Under the internal water pressure and the in situ stress
of surrounding rock, the total radial and circumferential
stresses in the horizontal and vertical directions of the
inner and outer lining are finally obtained, as shown in
Table 3.

The distribution of radial stress and circumferential
stress under the internal water pressure and the in situ stress
of surrounding rock is shown in Figures 9 and 10. As can be
seen from the two figures, the circumferential stress in the
vertical direction is higher than that in horizontal direction
due to the in situ stress of surrounding rock. The stress
distribution of composite lining is mainly affected by the
high internal water pressure. Besides, the stress of inner
lining is higher than that of outer lining. They share the load
together.

3.3. Analysis of Composite Lining by ABAQUS

3.3.1. Finite Element Model Establishment and Calculation
Procedure. In this paper, a large-scale finite element cal-
culation software ABAQUS is used to carry out the three-
dimensional simulation of the entire construction process
around Pile No. 28+859 in the Eastern Canal of the
SNWDP. Considering the influence range of the tunnel
[21, 22], the length and width of the numerical model
established are 60 m and 42 m, respectively. The surface of
the model is horizontal and is a free boundary. Normal
displacement constraint boundary is applied to the side of
the model, and fixed constraint boundary is applied to the
bottom of the model. The numerical model is shown in
Figure 11.
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TaBLE 3: Radial and circumferential stresses on the horizontal axis (MPa).

o Inner lining Outer lining
Stress direction . . . . . . . .
Horizontal axis Vertical axis Horizontal axis Vertical axis
Radial stress —-0.350 —-0.350 -0.132 -0.126
Circumferential stress 1.220 1.300 1.130 1.180

x10°

I I
— | <
(93] —_ (93]
T T T

|

N

0
T

Radial stress (Pa)
|
[\S)

4 . . . . . . .
2.3 2.4 2.5 2.6 2.7 2.8 2.9 3 3.1

R (m)

—o— Inner lining (6 = 0°) Inner lining (6 = 90°)
—e— Outer lining (6 = 0°) —&— Outer lining (6 = 90°)

FIGURE 9: Distribution of radial stresses under internal pressure and in situ stress of surrounding rock.

x100
13 . . . . . . .

1.25 ¢ J

—
— I
(5] o

—
—

Circumferential stress (Pa)

1.05

1 1 1 1 1 1 1 1
2.3 2.4 2.5 2.6 2.7 2.8 2.9 3 3.1

R (m)

—o— Inner lining (6 = 0°) Inner lining (6 = 90°)
—e— Outer lining (6 = 0°) —&— Outer lining (6 = 90°)

FIGURE 10: Distribution of circumferential stress under internal pressure and in situ stress of surrounding rock.
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FiGure 11: Numerical model of the area around Pile No. 28 + 859.

The stratum and lining structure in this numerical model
are modelled by solid elements. In the construction of shield
tunnelling, there will be a shield tail gap [23], which consists
of three parts: the volume occupied by the thickness of the
shield shell, the operation clearance reserved for the con-
venience of lining assembly, and the overcut clearance. In
the numerical analysis, it is very difficult to quantify the
factors, such as the gap size of the shield tail, grouting filling
degree, and disturbance degree of the stratum around the
shield wall. Therefore, they can be generalized as homoge-
neous, isopachous, and elastic equivalent circle, as shown in
Figure 12. The thickness of equivalent circle is given by the
following equation:

5= 1A, (34)

where A is the shield tail gap; it is half the difference between
the outside diameter of the shield and that of the lining.

The shell diameter of shield tunnelling machine in this
research was 6.25m, and the lining outside diameter was
6m, so A=125mm. In this model, the thickness of the
equivalent circle was 250 mm and Poisson’s ratio was 0.2.
The density of the equivalent circle was 2100 kg/m® by using
the density of cement mortar. The elastic modulus was
obtained by parameter inversion, which was done using the
measured surface subsidence data. Then, the elastic modulus
of equivalent circle was 20 MPa.

In this simulation, each construction process of com-
posite lining method was taken as the analysis step, and each
calculation step can be simplified as follows:

(1) Balancing initial in situ stress field (the calculated
load included the gravity of each stratum).

(2) Carrying out tunnel excavation, pipe piece assembly,
and grouting (the calculated load included excava-
tion unloading and the weight of the pipe).

(3) Pouring concrete inner lining and applying the in-
ternal water pressure.

3.3.2. Calculation Results of the Finite Element Model.
The 35m inner water pressure was applied to the lining in
the calculation. The finite element calculation results are
shown in Figures 13-15. It can be seen from the results that
the surrounding rock stress is disturbed and the stress level is
increased. Both the inner and outer linings are subjected to
tensile forces. The maximum circumferential tensile stress is
1.261 MPa and is located at the inner boundary of the lining.
The calculated results are consistent with the analytic so-
lution of the simplified algorithm.

The radial and circumferential stresses in the horizontal
and vertical axis directions of the inner and outer linings are
finally obtained, as shown in Table 4.

The comparison between Tables 3 and 4 shows that the
composite lining simplified calculation method is basically
consistent with the finite element calculation results. When
the water pressure is under 35 m, the lining is subjected to
tensile stress across the whole section. There is a large
tensile stress inside the lining, and the stress gradually
decreases along the radius direction, which is also con-
sistent with the calculation result of the simplified calcu-
lation method. The inner lining stress level is greater than
that of outer lining. According to the numerical simulation
results, the stress of horizontal direction (6 =0° and
0 = 180°) is small, the stress of inner lining is 1.201 MPa,
and the stress of outer lining is 1.141 MPa. The stress of
vertical direction (8 = 90° and 8 = 270°) is small, the stress
of inner lining is 1.262 MPa, and the stress of outer lining is
1.146 MPa. Due to the influence of surrounding rock, the
maximum compressive stress turns up in the horizontal
direction. Therefore, the force on the horizontal axis is less
than that on the vertical axis.
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FIGURE 12: Sketch map of equivalent circle.
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TABLE 4: Results of finite element calculation (MPa).

. Inner lining
Stress direction . .
Horizontal axis

Vertical axis

Outer lining

Horizontal axis Vertical axis

-0.316
1.201

Radial stress
Circumferential stress

-0.315

-0.104
1.141

-0.113

1.262 1.146

4. Conclusion

(1) In this paper, a simplified algorithm is presented to
calculate the mechanical response of composite
lining under the internal pressure and surrounding
rock. When the composite lining is bearing inner
water pressure, the model is simplified as a double-
layer cylinder buried in a semi-space infinite body,
and the analytical solution is obtained, taking into
consideration the corresponding boundary condi-
tions. When the composite lining is under the in situ
stress of surrounding rock, the model is described as
the stress concentration problem of small holes.
Through the superposition of the two results, the
simplified algorithm of composite lining is obtained.

(2) According to the calculated results, when subjected to
the in situ stress of surrounding rock, the composite
lining has the maximum compressive stress on the
horizontal axis and the minimum stress on the vertical
axis. And there is a tensile stress on the vertical axis.
When the inner high water pressure is applied, the
inner lining stress level is higher than that of outer
lining, and it is the tensile stress. When the in situ
stress of surrounding rock and internal pressure are
superimposed, the composite lining is subjected to
tensile stress. The stress on the horizontal axis is less
than that on the vertical axis, the circumferential stress
of the inner lining is 1.220 MPa and that of the outer

lining is 1.113 MPa in the horizontal direction, and the
circumferential stress of the inner lining in the vertical
direction is 1.300 MPa and that of the outer lining is
1.180 MPa. Besides, the analytical solution is basically
consistent with the results of finite element method,
proving the correctness and feasibility of the com-
posite lining simplified algorithm.

(3) Currently, most of the calculation methods at home
and abroad are too conservative, which results in
high project cost. In addition, the calculation results
differ greatly, and the process is relatively complex.
The simplified algorithm of composite lining pro-
posed in this paper has the advantage of high pre-
cision and efliciency and low computational resource
cost. The simplified algorithm has a high general-
ization performance and can be used as a reference
for other engineering designs.
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