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Abstract This paper presents the performance of a new
prestressed composite lining applied in shield tunnels for
water conveyance. The Yellow River Crossing Tunnel of
the Middle Route Project of the South-to-North Water
Division Project is adopted in this study as a case, and a
three-dimensional finite element model is established to
analyse the stress distribution and deformation feature of
the prestressed composite lining when the tunnel is under
the assembly condition, the tension condition and the
water-filled condition. The finite element model is verified
by comparing with the results of the full-scaled simulation
experiment. The calculation and analysis results reveal that
further open of the segmental joint gaps can be limited and
full circumferential compression of the secondary lining
can be realized when the tunnel is under the water-filled
condition, which are conducive to long-term operation of
the prestressed composite lining. The membrane has a
significant effect on preventing stresses from being trans-
mitted between the segmental lining and the secondary
lining. The numerical calculations are verified by the
results of the full-scaled simulation experiment, and the
three-dimensional numerical model combined with the
analysis method used can simulate the structural
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characteristics and the bearing mechanism of the pre-
stressed composite lining.
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1 Introduction

The prestressed composite lining is a kind of tunnel
structure composed of an outer segmental lining and an
inner secondary prestressed lining with circular anchor
cables. This secondary prestressed lining can overcome the
shortcoming of the small tensile strength of the concrete so
that the concrete material can be fully utilized to withstand
internal high pressures [1, 2]. Therefore, compared with
ordinary double linings, the prestressed composite lining is
more suitable for the shield tunnels with high internal
pressure. This new structure of the prestressed composite
lining has attracted a lot of attention for the first application
to the South-to-North Water Diversion Project in China.

Shield tunnels with monolayer segmental lining have
appeared worldwide with the spread of the tunnel boring
machine technology. The numerical models of the monolayer
segmental lining mainly include the uniform ring model,
multi-hinge ring model, beam-spring model, and shell-spring
model [3-6]. Moreover, three-dimensional finite element
models have been suggested to consider the three-dimensional
effects of the segments [7]. With the wide use of segmental
lining for subway shield tunnels and highway shield tunnels,
scholars have conducted extensive research on the above
calculation models and obtained many valuable research
results that can provide references for calculating the seg-
mental lining of prestressed composite lining.
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In recent years, the monolayer circular prestressed
concrete lining has been applied in some large pressure
tunnels in China, such as the water conveyance tunnel of
Geheyan Hydropower Station, the water conveyance tunnel
of Tianshengqiao First Cascade Hydropower Station, and
the desilting tunnel of Xiaolangdi Project. The prestressed
anchor cables are usually equivalent to a thin steel plate,
and the prestresses are simplified as a uniform radial
pressure in the design for the prestressed lining with cir-
cular anchor cables [8, 9]. This simplified method is not
suitable to be used as the only basis of the design for the
prestressed lining with circular anchor cables. Addition-
ally, the results should be verified by three-dimensional
finite element analysis or physical model experiments.

The prestressed composite lining is a combination of the
segmental lining and the prestressed lining with circular
anchor cables. This application is the first time that pre-
stressed composite lining has been applied to tunnel pro-
jects. Therefore, the related engineering experience is
limited, and there are few calculation models that can be
directly referenced. Some researches on the composite
lining mainly focus on the ordinary double lining for shield
tunnel. And the existing numerical models of the composite
lining are mostly based on the Guidelines for Design of
Shield Tunnel Lining issued by the International Tun-
nelling Association (ITA). In the case of a double shell
structure, the methods for computing the member forces of
the secondary lining can be divided into the bedded frame
model method and the elastic equation method [10]. Based
on the bedded frame model method, some improved
numerical models are proposed [11-14]. As shown in
Fig. 1, there are four main numerical models. In Model I, a
radial beam is used to simulate the transmission of the
stress on the contact surface between the segmental lining
and the secondary lining. However, this model leads to an
abrupt change in the bending moment at the fixing point of
the segmental lining or secondary lining. In Model II, a
radial spring and a tangential spring are used to simulate
the transmission of the radial stress and the tangential stress
on the contact surface, respectively. These two models
cannot avoid the appearance of radial tension on the con-
tact surface. In Model III, a radial compression bar is
suggested to replace the radial spring. When the com-
pression bar element is in tension, its axial force becomes
zero. In Model IV, contact elements are employed to
simulate the stress transmission on the contact surface, and
a friction coefficient is needed to reflect the transmission of
the tangential stress.

Model [-Model IV have been used to calculate the com-
posite lining with an ordinary concrete lining as the sec-
ondary lining. However, in the case of the Yellow River
Crossing Tunnel, the secondary lining is a prestressed lining
with bonded circular anchor cables. The distribution of the
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prestresses along the prestressed anchor cable length direc-
tion is not uniform, and the layout of the anchor cables along
the axial direction must be considered. Therefore, the stress
distribution of the secondary lining is more complex than
that of the ordinary concrete lining and must be simulated
using a three-dimensional solid model. However, the four
models above are all based on the two-dimensional beam-
spring model or the three-dimensional shell-spring model,
and the calculation methods of the stiffnesses of the springs
or the bars are not suitable for the three-dimensional solid
model. In addition, the segmental lining and the secondary
lining are bonded together only at the bottom, while the
others are separated by the membrane which is an important
structure that is not considered in the above Model I-Model
IV. Therefore, the actual stresses of the segmental lining and
the secondary lining cannot be calculated well if the above
numerical models are used directly.

As the prestressed composite lining is applied for the
first time in tunnel projects, the related documented
experimental, numerical and analytical results exist in lit-
erature concerning the functioning of the prestressed
composite lining are limited. The performance of this new
tunnel lining is still not clarified. Based on the above
studies, a three-dimensional solid model is established by
the finite element method to analyse the prestressed com-
posite lining of the Yellow River Crossing Tunnel. Solid
elements are used to simulate the soil, the segmental lining
and the secondary lining. Spring elements are used to
simulate the membrane. The interaction between the seg-
ments is considered. The performance of each component
of the prestressed composite lining and the interaction
between the segmental lining and the secondary lining are
calculated and analysed when the tunnel is under the
assembly condition, the tension condition and the water-
filled condition. The numerical calculation is verified by
the full-scaled simulation experiment. According to the
analyses of the numerical calculation and the experimental
results, the structural characteristics of the prestressed
composite lining of the Yellow River Crossing Tunnel are
introduced in detail in this paper.

2 Case Studied Tunnel

The South-to-North Water Diversion Project (SNWD) is
the most expensive and extensive project ever undertaken
in China. This project consists of the Eastern Route Project
(ERP), the Middle Route Project (MRP) and the Western
Route Project (WRP). Several generations of technical
personnel from China and all over the world have carried
out survey, planning, design and research work for the
MRP since the 1950s. The MRP has been in use since
December 12, 2014.
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The Yellow River Crossing Project is a key project of
the MRP-SNWD. The Yellow River Crossing Tunnel is the
largest building with the longest construction period, the
most advanced technology and the most difficult con-
struction in the SNWD. The Yellow River Crossing Project
is widely known as the most ambitious water conservancy
project that crosses great rivers in the history of mankind.
The two parallel tunnels are the most impressive and
important buildings in the entire Yellow River Crossing
Project. The total length of each tunnel is 4250 m and the
length of the Yellow River Crossing Tunnel is 3450 m. The
excavation diameter of each tunnel is 8.7 m, and the design
flow rate is 265 m’/s. The longitudinal profile of the Yel-
low River Crossing Project is shown in Fig. 2. The Yellow
River Crossing Tunnel has the characteristics of large
scale, deep buried depth, large flow rate, high internal
water pressure, and poor geological conditions. These

Fig. 1 Numerical models of the
composite lining
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characteristics are not conducive to the construction and
operation of the tunnel. It is very important to prevent high-
pressure water from leaking out and to avoid seepage
failure of the soil around the tunnel.

The Yellow River Crossing Tunnel passes through soft
soil and is constructed by the shield tunnelling method. The
tunnel needs to be quickly supported by assembled precast
segments to withstand the soil pressure and the external
water pressure during excavation to avoid large deforma-
tions of the excavation face and to speed up the construc-
tion progress. The internal water pressure in the centre of
the tunnel is more than 0.5 MPa when the tunnel is under
the water-filled condition. If the internal water pressure is
borne only by the segmental lining, the segmental joints
will be large opening, resulting in water seepage. There-
fore, a secondary lining is needed to improve the bearing
capacity of the tunnel lining and to simultaneously improve
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the tunnel inner surface smoothing. As the post-prestressed
concrete lining with circular anchor cables has advantages
with respect to structure strengthening, high material uti-
lization and water proof strengthening, it is proposed as the
secondary lining. The bottom of the secondary lining
concrete is directly poured on the segmental lining, and the
others are separated from the segmental lining by the
membrane which is shown as a red line in Fig. 3. The
external load of the tunnel is expected to mainly be borne
by the segmental lining, and the internal water pressure is
expected to mainly be borne by the secondary lining. In
addition, the membrane can play a role in waterproof and
drainage.

3 Full-Scaled Simulation Experiment
and Materials

3.1 Model Dimensions

An underground full-scaled simulation experiment is car-
ried out. The model is embedded underground with
embedded depth and soil water condition similar to the real
project, and water pressure is carried out by elevating the
water tank to the design height [15].

The experimental model dimensions are showed in
Figs. 3 and 4. The model has an axial length of 9.6 m.
Segment external diameter is 8.7 m; internal diameter is
7.9 m; width is 1.6 m. The segmental lining is erected

Fig. 3 Cross section of the
prestressed composite lining
(unit: m)

Memb:

1.000x0.320%0.255
(1.300%0.320x0.255)
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by staggered format (Fig.5). The segments are con-
nected by M32 straight bolts. Pre-tightening force of
each bolt is 100 kN. The membrane composes of three
layers of materials; the middle layer is impermeable, and
the others are elastic permeable. The membrane has a
total thickness of 6 x 10> m and annularly encloses a
circumferential angle of 301.548°. The secondary lining
external diameter is 7.9 m; internal diameter is 7.0 m.
The bottoms of both the secondary lining and the seg-
mental lining are bonded together at a circumferential
angle of 58.452°. The secondary lining concrete is
poured when the segmental lining has already borne the
external pressure and achieved stability. The prestressed
anchor cables tensioning begins when the secondary
lining concrete pour is completed and the concrete
strength can meet the requirements. As shown in Fig. 4,
the preformed grooves are in the lower half of the sec-
ondary lining and the centre lines of the grooves are
located at the angles of 96°, 134°, 226° and 264°. The
distance between adjacent grooves is 0.45 m along the
axial direction. Small relaxation steel wire strands of
12¢j15.24, which have a design tension stress of
1395 MPa, are used as prestressed anchor cables.

Stresses of the Section I, Section II and Section III are
observed in the full-scaled simulation experiment (Fig. 4).
As shown in Fig. 3, the numbers in the parentheses are the
dimensions of the observation sections. Figure 3 also
shows the distribution of the observation points. A column
coordinate system is used in Figs. 3, 4 and 5.
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Iy

0
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Fig. 5 Joints between segments
3.2 Model Materials

The soil above the Yellow River Crossing Tunnel is the
medium granular sand, and the clay is under the tunnel.
Figure 6 presents the material properties for the soil. The
material properties for the lining are listed in Table 1.

4 Numerical Simulations
4.1 Numerical Models
Finite element method is an efficient and mature calcula-

tion method, which has been widely used in engineering
research [16]. A three-dimensional solid model is

|

¥ =9.54 kN/m® B
¢ =33.95° =
c=0
Medium sand y' =9.54 kN/m® ¢ =34.05° c¢=0 K
Clay y =9.54kN/m? ¢ =23.00° ¢ =50 kPa 8

Note: y' = effective unit weight; ¢ = friction angle; ¢ = cohesion;
E = elastic modulus of soil, 40 Mpa; u = Poisson's ratio, 0.3.

Fig. 6 Material properties for soil

established for the prestressed composite lining of the
Yellow River Crossing Tunnel. The dimensions of the
model are shown in Fig. 7. The elastic—plastic constitutive
model based on Drucker—Prager yield criterion is used for
the soil. The stress—strain relationship of the segmental
lining, the secondary lining, the membrane and the pre-
stressed anchor cables are idealized to be linear-elastic.
Eight-node three-dimensional solid elements are used
for the soil and concrete. Two-node link elements are used
for the prestressed anchor cables. The finite element model
of the secondary lining is shown in Fig. 8. Two-node beam
elements are used for the radial bolts and circumferential
bolts (Fig. 9). The contact surface between the segmental
lining and the soil and the contact surface between the
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Table 1 Material properties for

.. Material
lining

Type

Young’s modulus (kN/m?)  Poisson’s ratio  Unit weight (kN/m?)

Segmental lining  C50 concrete
C40 concrete
Steel
Steel

Membrane -

Secondary lining
M32 bolt
Anchor cable

3.45 x 107 0.167 255
3.25 x 107 0.167 24.5
2.1 x 10® 0.3 78.5
1.95 x 108 0.3 78.5
1.5 x 10° 0.3 -

Fig. 7 Dimensions of the finite element model

adjacent segments are simulated by contact elements
(Figs. 9, 10). These “face-to-face” elements can simulate
cold interface conditions transmitting only compression in

Fig. 8 Finite element model of
the secondary lining

2
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the direction normal to the surfaces and shear in the tan-
gential direction [17, 18]. A friction coefficient of 0.3 is
used to simulate the tangential behavior and the Lagrange
and penalty method is used as the contact algorithm [19].
The incremental scheme follows the Newton—Raphson
method [20].

The bottom of the segmental lining and the secondary
lining are considered to be bonded completely and the
relative slip is prohibited, while the others are separated by
the membrane. As shown in Fig. 10, the membrane is
simulated by three springs: one normal spring and two
shear springs. The radial spring behaves as a compression
support and does not contribute to tension. The stiffnesses
of the springs are calculated as follows:

ExA
k. =

(1)

_GxA

k: ;

(2)

where k. is the compression stiffness of a single radial
compression spring; k. is the compression stiffness of a
single tangential compression spring; E is the Young’s
modulus of the membrane; G is the shear modulus of the
membrane; A is the corresponding area of a single spring;
and ¢ is the thickness of the membrane.

In the model, the nodes in the bottom surface are
restrained against all displacements in three directions, and
the nodes around the model are restrained against the

Backfilled concrete ¢
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Fig. 9 Bolts and contact surfaces between segments

Coupling of nodes 1, 2 and 3
’r

E

a
Soil 4

a - radial compression spring (kr)
b - tangential spring (kt)

Secondary lining

Fig. 10 Interaction between segmental lining and secondary lining

displacement in the vertical direction except for the nodes
in the top surface. The whole numerical model contains
170,498 elements and 173,885 nodes.

4.2 Load Combinations of Calculation Stages

According to the construction process and the operating
conditions of the Yellow River Crossing Tunnel, the model
is calculated in three stages. The first stage is under the
assembly condition when the segmental lining is assembled
and reaches stability. The second stage is under the tension
condition when the secondary lining concrete is poured and
the prestressed anchor cables are tensioned. The third stage
is under the water-filled condition when the grooves are
backfilled with concrete and the internal water pressure is
applied. The load combinations of each working condition
are shown in Table 2.

The external water pressure in the horizontal line of the
tunnel centre is 0.323 MPa. The internal water pressure in
the tunnel centre is 0.51 MPa when the tunnel is under the
water-filled condition. Separate calculations of water and
earth pressures can be used when the tunnel is covered by
sandy soil [21]. The external water pressure is directly on
the segmental lining and the effective unit weight of the
soil is used.

Prestress loss of the anchor cables is inevitable because
of the deformation of anchorages and the shrinkage of steel
strands, the friction between the steel strand and the duct,
the relaxation of the steel strand stresses and the shrinkage
and creep of the concrete [22]. Therefore, the effective

prestresses of the anchor cables are equal to the design
tension stresses minus all of the prestress loss. The effec-
tive prestresses along the circumferential angle are shown
in Fig. 11. The prestresses are converted to initial tem-
perature loads and applied to the anchor cable elements in
the model [23]. The temperature loads can be calculated by
_ _Ope

T=- Ea (3)
where T is the temperature load applied to the anchor cable
elements; oy is the effective prestress of the anchor cables;
E is the elastic modulus of the anchor cables; and o is the
linear expansion coefficient of the anchor cables.

5 Results and Discussion

5.1 Circumferential Stresses of the Segmental
Lining

The soil pressure and the external water pressure are both
borne by the segmental lining under the assembly condi-
tion. The circumferential stresses of the segmental lining
are presented in Fig. 12. Because the deformation shape of
the tunnel is a squashed oval, circumferential tensions
occur on the extrados surface of the springline, the intrados
surface of the crown and the intrados surface the bottom.
Meanwhile, the radial joints of the segments are opening
there. The maximum joint gap is about 0.08 mm and the
maximum depth of the joint gaps is about a quarter of the
segment thickness.

The circumferential stress distribution of the segmental
lining except the bottom under the tension condition and
the water-filled condition are consistent with that is under
the assembly condition. To further mutual contrast, the
circumferential stresses of the nodes which are in the
middle ring of the segmental lining section (Z = 5600) are
analysed under the three conditions (Fig. 13). The repre-
sentation of the circumferential stresses is presented in a
polar system of coordinates in Fig. 13. According to the
calculation results, the circumferential stresses of the upper
part of the segmental lining under the three conditions are
similar. It may be because the upper parts of the segmental
lining and the secondary lining are separated by the
membrane, which can prevent stresses from being trans-
mitted from the secondary lining to the segmental lining.
The circumferential compression stresses of the bottom
under the tension condition are larger than those under the
assembly condition, because the secondary lining and the
segmental lining are bonded together at the bottom and the
prestresses of the secondary lining can be transmitted to the
bottom of the segmental lining. The circumferential com-
pression stresses of the bottom under the water-filled

2
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Table 2 Load combinations of working conditions

Working condition Gravity Soil

pressure force

Bolt pre-tightening

Internal water
pressure

Anchor cable
prestress

External water
pressure

Assembly condition N N, J
Tension condition N N, N
J

Water-filled condition N, J

J
J J
J J J

= 1200
s

Prestressed

R

2 1000 R anchor cable
&
& 800
o
o
E 600
3
=t
G L I L 1 ) |
= 4000 60 120 180 240 300 360

Circumferential angle (°)

Fig. 11 Effective prestresses along the circumferential angle

-18.63
-16.18
-13.74
-11.29
-8.851
—6.408
-3.964

-1.521

L9228

3.366

Fig. 12 Circumferential stresses of the segmental lining under the
assembly condition (unit: MPa)

condition are smaller than those under the tension condi-
tion, because the internal water pressure can also be
transmitted to the bottom of the segmental lining.

Only the joint gaps on the extrados surface of the tunnel
springline are increased because of the internal water
pressure. However, by comparing the water-filled condition
with the assembly condition, the maximum increment of
the gap is almost not more than 0.01 mm, and the increases
of the circumferential stresses caused by the internal water
pressure are not obvious at most positions of the segmental
lining (Fig. 13). Therefore, it can effectively limit the
segmental joints to being further open and reduce the
infiltration of external groundwater to improve the stability
of the segmental lining.

2
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Circumferential stress (MPa)

180
Assembly Tension Water-filled
condition condition condition

Fig. 13 Circumferential stresses of the nodes in the middle ring of
the segmental lining

5.2 Interface Gap Between the Segmental Lining
and the Secondary Lining

The bottoms of both the secondary lining and the seg-
mental lining are bonded together at a circumferential
angle of 58.452°, and the others are separated by the
membrane. The lining deformations are shown in
Fig. 14. The secondary lining shrinks inward under the
tension condition because of the prestress. The gap (A)
above the springline of the lining is open and the
maximum gap that occurs at the top position is about
2.1 mm. Therefore, stresses can not be transmitted from
the upper part of the secondary lining to the segmental
lining. The radial compression springs below the
springline of the lining are compressed. It means that the
membrane is compressed there. According to the forces
of the springs, the compression stresses of the membrane
are very small and the maximum compression stress is
about —0.08 MPa (negative values represent compressive
stresses).
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Fig. 14 Lining deformations
(enlarge 200 times)

The secondary lining expands outward under the water-
filled condition because of the internal water pressure.
Therefore, the gap is smaller than that is under the tension
condition and the maximum gap that occurs at the top posi-
tionis about 0.9 mm. Both the number and the average forces
of the compressed radial springs under the water-filled
condition are slightly larger than those under the tension
condition. However, according to the forces of the springs,
the maximum compression stress of the membrane is less
than —0.09 MPa. So the stresses transmitted from the sec-
ondary lining to the segmental lining through the membrane
are very small when the prestresses or the internal water
pressures are applied on the secondary lining.

5.3 Circumferential Stresses of the Secondary
Lining

As indicated by the analysis above, the prestresses and the
internal water pressures are mainly borne by the secondary
lining because of the membrane. The stress distributions of
the secondary lining under the tension condition and the
water-filled condition are complex. Because the distribu-
tion of the effective prestresses along the prestressed
anchor cable length direction are not uniform and the
curvature radii of the prestressed anchor cables near the
grooves are changed, and the grooves have a weakening
effect on the secondary lining concrete. Section I and
Section II are chosen as the typical sections to analyse the
circumferential stress distribution (Fig. 4).

The circumferential stress distributions of Section I and
Section II under the tension condition are shown in Fig. 15.
As shown in Fig. 15, full circular compression is realized
for both Section I and Section II. The circumferential
stresses above the springline of the secondary lining are
relatively uniform. The maximum circumferential com-
pression stress occurs on the intrados surface of the
springline. Comparing the circumferential stresses of the
bottom with the circumferential stresses of the other parts,
it can be seen that the circumferential compression stresses
of the bottom are relatively small. It is because that the

Tension condition Water-filled condition

““Secondary lining' SN

secondary lining and the segmental lining are bonded
together at the bottom of them, and the prestresses of the
secondary lining bottom can be transmitted to the seg-
mental lining. Moreover, the thickness of the secondary
lining bottom is increased by applying a platform there.
Comparing the Fig. 15b with the Fig. 15a, both the values
and the distribution of the circumferential stresses are
similar. Section II does not pass through the grooves;
therefore, the circumferential compression stresses on the
intrados surface of the left springline are relatively large,
which is different from Section 1.

The grooves are backfilled with concrete when the tunnel
is under the water-filled condition. The circumferential stress
distributions of Section I and Section IT under the water-filled
condition are shown in Fig. 16. Comparing the Fig. 16 with
the Fig. 15, the circumferential compression stresses of both
Section I and Section II under the water-filled condition are
smaller than those under the tension condition because the
internal water pressure is mainly borne by the secondary
lining. However, full circular compression can also be real-
ized for Section I and Section II except the backfilled con-
crete which is not influenced by the prestresses. The
maximum circumferential tensile stress of the backfilled
concrete is more than 4 MPa.

In practical projects, the grooves are filled with micro-
expansive concrete so that all of the secondary lining con-
crete can be compressed, and the circumferential stresses of
the upper semi-circle of the secondary lining are relatively
uniform when the tunnel is under both the tension condition
and water-filled condition, which are beneficial for the sec-
ondary lining working permanently and stably.

5.4 Comparison Between the Numerical Results
and the Experimental Results

5.4.1 Results of the Full-Scaled Simulation Experiment

The circumferential stress increments of the secondary
lining caused by the prestresses and the internal water
pressures are observed in the full-scaled simulation

2
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Fig. 15 Circumferential

stresses of the typical sections -9.941
under the tension condition -5.872
(unit: MPa) -7.803

-6.735

-5.666

-4.597

-3.529

-2.460

-1.391

-.3226

(a) Section I

Fig. 16 Circumferential

stresses of typical sections -5.838
under the water-filled condition -4.727
(unit: MPa) e
-2.503
-1.391 Backfilled

concrete

-.2795

.8322

1.944

3.056

4.168

(a) Section I

experiment. The distribution of the observation points and
the observation sections are shown in Figs. 3 and 4,
respectively. The results of the full-scaled simulation
experiment are presented in Table 3.

The tension condition is divided into two processes. The
first process is that all the anchor cables are tensioned to
1000 kN and the second process is that all the anchor
cables are tensioned to 2250 kN. Before the tension, some
tensile stresses or compressive stresses appear on the
intrados surface of the secondary lining because of the
gravity, defect treatment and backfill grouting. However,
these stresses are very small. After the first process of the
tension condition, all the observation points are com-
pressed obviously. When the second process is complete,
the compressive stresses are further increased, and the
stresses of the observation points range from —12.99 to
—3.83 MPa.

The compressive stresses of almost all the observation
points before water-filled condition are slightly larger than
those after the second process of the tension condition
because of the influence of duct grouting and groove
backfilling. When the tunnel is under the water-filled
condition, the compressive stresses of the observation
points are decreased because of the internal water pres-
sures, and the stresses of the observation points range from
—7.91 to —1.33 MPa. All the observation points are still
compressed.
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-11.01
-9.822
-8.635
—7.448
—6.261
-5.075
-3.888
—2.701
-1.515

-.3279

(b) Section II

-6.878
-6.153
-5.427
-4.702
-3.976
~3.251
-2.525
-1.800
-1.074

-.3485

(b) Section II

As shown in Table 3, no matter which working condi-
tion it is, both the experimental results and the numerical
results show that the compressive stresses of observation
points below the springline are relatively large. Because
the grooves are concentrated below the springline (Figs. 3,
4) and the effective prestresses of the anchor cables near
the grooves are relatively large (Fig. 11).

5.4.2 Circumferential Stresses Increment of the Secondary
Lining

The circumferential compressive stress increments of the
secondary lining caused by the prestresses are presented in
Fig. 17. Large circumferential compressive stress incre-
ments of the secondary lining are caused by the prestresses,
especially below the springline. The average stress incre-
ment of the observation points is —7.66 MPa in the full-
scaled simulation experiment, and the average stress
increment of the nodes correspond to the observation
points is —7.46 MPa in the numerical calculation. The
circumferential tensile stress increments of the secondary
lining caused by the internal water pressures are presented
in Fig. 18. The average stress increment of observation
points is 3.94 MPa in the full-scaled simulation experi-
ment, and the average stress increment of the nodes cor-
respond to the observation points is 3.98 MPa in the
numerical calculation.
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Table 3 Results of the full-scaled simulation experiment (unit: MPa)
Section Position (°) Tension condition Water-filled condition
Before First Second Numerical Before water- After water- Numerical
tension process process results filled filled results
I-1 0 0.18 —-5.32 —8.02 —6.28 —8.72 —2.23 —2.44
45 —0.03 —4.12 —6.04 —6.20 —6.67 —-3.36 —2.19
90 —0.20 -3.70 —5.53 —9.69 —5.90 —-3.50 —5.50
135 1.24 —5.15 —8.47 —8.78 —9.55 —4.64 —4.98
225 0.38 —7.95 —12.99 —8.50 —14.33 —-7.91 —4.72
270 —043 —5.37 —8.05 —8.06 —-8.71 —5.73 —4.13
315 —0.18 —3.43 —5.11 —6.16 —5.46 —-1.99 —2.16
-1 0 —0.49 —4.85 —7.25 —6.25 —7.55 —1.33 —2.41
45 0.34 —3.98 —6.01 —6.16 —6.66 —-3.78 —2.16
90 0.36 —-3.25 -5.20 —9.31 —5.42 -3.10 —5.10
135 - —8.75 - - —4.98
225 1.84 —6.12 —11.12 —8.55 - - —4.78
270 —0.13 —5.78 —8.81 —10.68 - - —6.48
315 —0.19 —3.94 —5.75 —6.02 —6.63 —-3.72 —2.03
MI-111 0 - - - —6.28 - - —2.44
45 - - - —6.35 - - —2.34
90 0.33 —3.33 —-5.39 —9.41 —5.52 —-3.04 —5.22
135 0.39 —6.68 —10.89 —8.82 —12.50 —17.16 —5.04
225 0.57 —5.68 -9.70 —8.60 —10.54 —5.87 —4.82
270 0.12 —2.49 —3.83 —4.11 —4.28 —1.69 —0.29
315 —0.31 —4.06 —5.88 —6.12 —6.60 —-3.27 —2.12
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Several strain gauges are broken and the experimental
results of several observations have some errors compared
with the numerical calculation. That may be because the
concrete vibrator or some other interference factors have
affected the strain gauges during the construction of the
experimental model. However, the calculated stresses of
most of the observation points approximate to the experi-
mental results (Table 3), and the stress increments of the
numerical results are roughly consistent with the experi-
mental results (Figs. 17, 18).

6 Conclusions

Based on the characteristics of the prestressed composite
lining of the Yellow River Crossing Tunnel in MRP-
SNWD, a three-dimensional solid model is established by
finite element method. The performances of the segmental
lining, the secondary lining and the stress transmission
between the segmental lining and the secondary lining are
studied. Some conclusions about the prestressed composite
lining can be drawn.

Some prestresses and internal water pressures can be
transmitted to the bottom of the segmental lining. But the
segmental joints almost can not be further open and full cir-
cular compression can be realized for the secondary lining
when the tunnel is under the water-filled condition. Besides,
the membrane can play a role in waterproof and drainage.
Therefore, the difficult problem for the Yellow River Crossing
Tunnel that the internal water leaking out has been solved.

Because of the membrane, the interface gap above the
springline of the lining is open when the tunnel is under the
tension condition, and the interface gap decreases under the
water-filled condition. So the stresses above the springline
of the lining cannot be transmitted between the segmental
lining and the secondary lining. The membrane below the
springline of the lining is compressed, while the com-
pression stresses are very small. Therefore, the membrane
can play a significant role in preventing stress transmission.

Both the prestresses and the internal water pressure can
cause obvious circumferential stress increments of the
secondary lining. The stresses and stress increments cal-
culated by the numerical model are in agreement with the
experimental result, which verifies the feasibility of the
numerical simulation.

The MRP-SNWD has been put into use. The numerical
results in this paper and the actual operation of the project
show that the prestressed composite lining used in the Yel-
low River Crossing Tunnel has an ideal performance in the
shield tunnel for water conveyance and other similar projects
with characteristics such as high internal pressure, poor
geological conditions, high anti-seepage requirement, etc.

@ ﬂ} @ Springer
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