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on the post-tensioned concrete lining of the Yellow River
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Abstract: The effect of deficiency in tunnel crown thickness
on the Yellow River Crossing Tunnel with post-tensioned
concrete inner lining was investigated by the elasto-plastic
finite element method. Changes in the deformations and
circumferential stresses of the post-tensioned concrete inner
lining with the gradual decrease of the tunnel crown thickness
were compared, and the potential bearing risk of insufficient
tunnel crown thickness for the Yellow River Crossing Tunnel
was revealed. Based on the finite element calculation results of
circumferential stresses under different defective cases, the
corresponding reinforcement schemes were proposed. The
calculation results show that the inner lining can still maintain
a satisfactory stress state when the tunnel crown thickness is
equal to or greater than 0. 28 m. When the tunnel crown
thickness decreases below 0. 28 m, the external surface of the
crown and internal surface of the crown’s adjacent areas may
be under tension. The tension stresses will incrementally
increase and ultimately exceed the tensile strength of the inner
lining concrete as the tunnel crown thickness further decreases
gradually. Then, the Yellow River Crossing Tunnel cannot
operate normally, and severe cracking, leaking or even failure
may occur. When the tunnel crown thickness is equal to or
greater than 0. 28 m, the reinforcement suggestions are that the
void spaces between the inner lining and the outer lining
should be back-filled with concrete. When the tunnel crown
thickness is less than 0. 28 m, the inner lining should be
reinforced by steel plates after concrete back-filling.
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s part of hydropower schemes, the role of pressure
tunnels has become significantly important in
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maintaining sustainability of a hydropower operation. To
improve the water impermeability of pressure tunnels, tra-
ditional steel linings are often used, but the steel plate is
very expensive!''. With the development of the prestress
technique, the need for a more economical design has
caused a shift from steel to other alternatives,
post-tensioned concrete linings. For tunnels subjected to
high internal water pressure, the concrete can be held in a
fully compressed state by introducing prestress, ensuring
stability and water-tightness”>'. The first tunnel with
post-tensioned concrete lining was constructed at Piastra-
Andonno in Italy in 1974, and multiple tunnels have fol-
lowed'".

such as

Due to imperfect concrete casting or an inefficient pum-
ping system, the crown of the tunnel may not be com-
pletely filled”' and evidence of this problem can be readi-
ly found in the technical literature'"" .
consequences can ensue due to deficiency in tunnel crown
thickness. For example, Bian et al. 8] reported a wide
range of cracking occurred in concrete lining at the crown
of the high-pressure bifurcation in the water-filled test of
bifurcation tunnel at Huizhou Pumped Storage Power Sta-
tion and the deficiency in concrete thickness in the crown
was the primary triggering factor for lining cracking. At

Many negative

the same time, significant void spaces may remain be-
tween the rock surface and the concrete lining when the
thickness of the tunnel crown is insufficient. The negative
consequences of voids can appear as minor surface corro-
sion of tunnel appurtenances, major deterioration of the
lining with associated reduced load carrying capacity and
even failure of the lining”"”'. In addition, the final shape
of the tunnel boundary will be different from the theoreti-
cal one due to the deficiency in tunnel crown thickness.
Barpi et al. """ and Son et al. '"* highlighted that the irreg-
ular shape of a tunnel boundary induces stress concentra-
tion in the lining, which can result in cracking and some-
times in local collapses.

Deficiency in tunnel crown thickness can lead to lining
cracking or even failure of the lining. However, most of
the above achievements have focused on the reinforced
concrete linings or plain concrete linings. Little attention
has been paid to the post-tensioned concrete linings. Due
to the construction procedure differences between them,
deficiency in tunnel crown thickness may cause new prob-
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lems for post-tensioned concrete linings. To investigate
the impact of deficiency in tunnel crown thickness on
pressure tunnels with post-tensioned concrete linings, the
Yellow River Crossing Tunnel in the middle route of the
South-to-North Water Transfer Project has been adopted
by this study as a reference case. A series of simplified
cross sections of the post-tensioned lining with insufficient
tunnel crown thickness are then defined. Two working
conditions, one is completed cable tensioning (CCT) and
the other is water in the tunnel with the design water pres-
sure (DWP), are analyzed.

1 Introduction of Yellow River Crossing Tunnel

The Yellow River Crossing Tunnel is the most impres-
sive and important building in the entire middle route of
the South-to-North Water Transfer Project. The total
length of the Yellow River Crossing Tunnel is 3 450 m.
The excavation diameter of each tunnel is 8.7 m, and
the design flow rate is 265 m’/s. The longitudinal pro-
file of the Yellow River Crossing Project is shown in
Fig. 1.
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Fig.1 Longitudinal profile of the Yellow River Crossing Project (unit: m)

The composite lining of Yellow River Crossing Tunnel
is composed of three components: The outer lining, the
membrane, and the inner lining. The outer lining is com-
posed of precast segments made of reinforced concrete.
Each circular ring consists of 6 conical regularly shaped
blocks and a small-sized key block. The thickness of each
precast concrete ring is 0.4 m. The membrane is located
between the outer lining and inner lining and is 6 mm
thick. The membrane is wrapped around the circumfer-
ence of the tunnel for approximately 300° by a machine.
The membrane is also composed of three parts. The mid-
dle portion is the water-resisting layer, and the two sides
are the elastic permeable layer. The cross section of the
tunnel lining is illustrated in Fig. 2.
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Fig.2 Schematic of the cross section of the tunnel lining
(unit: m)

The inner lining is a cast-in-situ reinforced concrete,
which is post-tensioned with looped boned anchor cables.
The inner lining is of 7 m in inner diameter, 7.9 m in
outer diameter and 0. 45 m in thickness. After the con-

crete pouring is completed and the concrete reaches a cer-
tain strength, the prestressed anchor cables begin to be
tensioned. A prestressed anchor cable includes 12 steel
strands. Each steel strand contains 7@5 high strength and
low relaxation steel wires. The anchorage slot is the loca-
tion prepared for tensioning and locking off the anchor ca-
bles. The center line of the anchorage slots are respective-
ly located at § =96°, 134°, 226° and 264°, and @ is the
angle measured clockwise from the vertical plane. The
anchorage slots are distributed in the lower semicircle of
the inner lining with an axial spacing of 0.45 m. The dis-
tribution of the anchorage slots is shown in Fig. 3.
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Fig.3 Layout of the internal surface of the inner lining (unit: m)

2 Finite Element Model
2.1 Model details

The simulations are performed using the finite element
computer program ANSYS 12.0. The calculation model
is created by taking a length of 9.6 m along the axial di-
rection. Eight-noded solid elements ( SOLIDEA4S5) are
used to simulate the soil, and the soil is approximated as
elasto-plastic following the Drucker-Prager failure criteri-
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on. Eight-noded solid elements (SOLIDE65) are used to
simulate the lining concrete and the membrane. Two-no-
ded link elements (LINKS8) are used to simulate the pres-
tressed anchor cables and reinforcing bars in the inner lin-
ing. A typical finite element mesh of the Yellow River
Crossing Tunnel is shown in Fig. 4.

Inner lining . Anchor cables Soil strata
concrete
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Surrounding Composne lining E
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SurroundingT = J
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284 520 elements
Fig. 4  Three-dimensional FE models of the Yellow River

Crossing Tunnel

The inner lining bears the internal water pressure, and
the outer lining bears the external water pressure and earth
pressure, respectively'"”
ded as a physical boundary and is simplified as a perfectly
uniform rigid ring in the model. The material properties
for the support are listed in Tab. 1. The whole numerical
model contains 284 520 elements and 265 485 nodes.

. Thus, the outer lining is regar-

Tab.1 Material properties

Young’s Poisson’s  Unit weight
Part Type modulus . 3
E/MPa ratioy y/(kN-m~7)
Inner lining C40 concrete  3.25 x10*  0.167 24.5
Outer lining C50 concrete 3.45 x10*  0.167 25.0
Membrane 1.5 0.3
Prestressed
resrense Steel  1.95x10° 0.3 78.5
anchor cable
Reinforcing bar Steel 2.00 x 10° 0.3 80.0

The main characteristics of the composite lining are the
existence of numerous contact interfaces, including inter-
faces between the internal surfaces of the membrane and the
external surfaces of the inner lining and interfaces between
the tunnel excavation boundary and the external surfaces of
the outer lining. The contact elements CONTACI74 and
TARGE170 are used to simulate the complex interface inter-
action. The contact behavior in the radial direction is simu-
lated as a “hard contact”, which can transmit compressive
stresses but cannot transmit radial tensile stresses, so that the
two surfaces would have been separated when the pressure
between them approached zero'*’. The Coulomb friction
model is used to limit the tangential tractions. Here, a value
of 0.3 is selected as the friction coefficient and the penalty
method is used as the contact algorithm'"’

In this study, a series of simplified cross sections of the

inner lining with insufficient tunnel crown thickness are
introduced, as shown in Fig. 5. T represents the actual
thickness of the crown, and T has been selected in six ca-
ses in this paper, namely, 7 =0.45, 0.40, 0. 325,
0.28, 0.22, 0. 16 m. It should be noted that the concrete
can support the anchor cables as they are tensioned when
T=0.45, 0.40, 0.325 m. However, when T =0. 28,
0.22, 0. 16 m, anchor cables located at the crown will
hang in the void, as shown in Fig. 5(b). Since these
partial anchor cables are not supported by concrete,
assumed that they will be straight lines once they are ten-
sioned, as shown in Fig.5(a).

it is

(b)

Schematic of the simplified cross section of the inner

Fig. 5
lining. (a) After tensioning of the anchor cable; (b) Before tensio-
ning of the anchor cable

2.2 Effective prestress

The effective prestress is not constant along the length
of the anchor cables due to prestress losses. Many factors
can affect the prestress loss values. The prestress losses
considered in this paper mainly include ¢, caused by an-
chorage deformation and reinforcement retraction, o,
caused by friction between the anchor cable and the duct,
o, caused by stress relaxation of the prestressed anchor
cable, and ¢, caused by shrinkage and creep of con-
crete'*’. The calculation of o, , ¢y, and o, can follow
the formulae recommended by the Code for Design of
Concrete Structure'"”’

It is noted that the shape of anchor cables at the crown
is curved when T is equal to or greater than 0.325 m and
is a straight line when T is less than 0. 325 m. Therefore,
the prestress loss values caused by the friction between the
anchor cable and the duct should be divided into two ca-
ses. In case one, the thickness of the tunnel crown is e-
qual to or greater than 0. 325 m and the concrete at the
crown can support the anchor cables when they are ten-
sioned. Then, as ecommended by the Code for Design of

Concrete Structure!'”’ |, o, can be expressed as
’ 2

op =0 (1_ef(l(rk.+p,)(p) (])

con
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where y is the friction coefficient between the prestressed
anchor cable and the duct; k is the wobble friction coeffi-
cient per meter of anchor cable; r_is the curvature radius
is the tension control

con

of the prestressed anchor cable; o
stress; ¢ is the cumulative angle change between the ten-
sioning position and the calculation section.

In case two, the thickness of the tunnel crown is less
than 0.325 m, as shown in Fig. 6. Partial anchor cables
at the crown will hang in the void and will be assumed to
be straight lines once they are tensioned. The o, between
the tensioning position and location A can still be ex-
pressed as Eq. (1). Consequently, the stress of the an-
chor cable at location A and location B can be calculated
by the following equations

(TA = UC()l'le_(KrL +IJ.)¢4 (2)
O 48 :U'Aeiw (3)

(4)

Fig. 6 Shape of the anchor cable after being tensioned when
T7<0.325m

Then, the prestress loss o, after location B can be ex-
pressed as

o, =0,(1 —e (ren) (5)

where ¢, is the cumulative angle change between the ten-
sioning position and location A; ¢, is the cumulative an-
gle change between location B and the calculation sec-
tion; B is the angle between the tangent of the anchor ca-
ble at location A and the horizontal line; and o,, is the
stress of the anchor cable between A and B.

Then , the final effective prestress o, can be expressed as

Ope =0p =0y —0p =03 ~0y (6)

pe con

The falling temperature method is used to apply an effec-
tive prestress on the anchor cable elements. Converting
the effective prestress into the temperature load and then
applying the temperature load to the anchor cable ele-
ments, the temperature load can be expressed as

o (7)

where ¢ is the temperature load applied to the anchor cable
elements; o, is the effective prestress of the anchor ca-
ble; E is the elastic modulus of the anchor cable; « is the
expansion coefficient of the anchor cable.

2.3 Computational process

Two working conditions, of which one is completed
cable tensioning ( CCT) and the other is water in the tun-
nel with the design water pressure ( DWP), are ana-
lyzed. Under the CCT working condition, the finite ele-
ment model is affected by the effective prestress, gravity
of the structure, and external water pressure. Under the
DWP working condition, the finite element model is af-
fected by the effective prestress, gravity of the structure,
external water pressure, and internal water pressure. 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 0.517 MPa. Separate calculations of wa-
ter and earth pressures can be used when the tunnel is
covered by sandy soil"*’. Therefore, the external water
pressure is directly applied on the segmental lining and
the effective unit weight of the soil is used.

3 Analysis of the Numerical Results
3.1 Deformations of the inner lining

As we known, failure is likely to occur in the large de-
formation parts of lining concrete; thus, deformation
analysis is helpful to investigate the reason for lining
cracking. The calculated deformations of the lining under
the CCT working condition and DWP working condition
are shown in Fig.7 and Fig. 8, which also reveal the ra-
dial displacements D at the crown of the inner lining.
Positive displacement represents direction toward outward
of the inner lining and negative displacement denotes di-
rection toward inward of the inner lining.

According to Fig.7(a), when the tunnel crown thick-

\

(d)
Deformations of the inner lining under the CCT work-
ing condition. (a) 7=0.45m; (b) T=0.40 m; (c) T=0.325 m;
(d) T=0.28 m; (e) T=0.22 m; (f) T=0.16 m

Fig.7
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D=—4.98 mm

\ g
N o —
(d) (e) (f)
Fig.8 Deformations of the inner lining under the DWP work-

ing condition. (a) 7=0.45m; (b) T=0.40 m; (c) T=0.325 m;
(d) T=0.28 m; (e) T=0.22 m; (f) T=0.16 m

ness meets the design requirements, deformations of the
inner lining are inward at the crown and outward at the
springline. Then the shape of the tunnel is oval with its
major axis parallel to the horizontal direction. As shown in
Figs.7(b) to (d), the inner lining displacements at the
crown are inward, with magnitudes - 6.39 mm for T =
0.40 m, -6.95 mm for T=0.325 m, and —6.87 mm
for 7=0.28 m. Consequently, the above comparison in-
dicates that deficiency in tunnel crown thickness can in-
duce increase of inward movements at the crown when the
tunnel crown thickness is equal to or greater than 0. 28 m.

In contrast, when the tunnel crown thickness is less than

0.28 m, a different trend is found. As indicated in Fig.7

(f), the radial displacement at the crown is —4.92 mm
when 7'=0.16 m. Compared with 7=0.45 m, there is
an evident decrease of 23. 1% . This behavior occurs be-
cause the tunnel crown concrete is thin and squeezed by
the anchor cables on both sides, which results in an obvi-
ous bulge to the outer lining at the crown. Here, the
shape of the tunnel is still oval, but with its major axis
parallel to the vertical direction. Similar conclusions can
also be obtained under the DWP working condition. As
indicated in Fig. 8 (f), the radial displacement at the
crown is —0.24 mm when 7 =0. 16 m. Compared with
T=0.45 m, there is an evident decrease of 95. 4% ,
which shows a substantial increase of deformation at the
crown.

3.2  Circumferential stresses of the inner lining

The distribution of circumferential stresses along the in-
ternal surface and external surface of the inner lining is
shown in Fig. 9 and Fig. 10. Positive stress represents
tensile stress and negative stress denotes compressive
stress. Comparing the results of Fig. 9 and Fig. 10, we
can find that deficiency in tunnel crown thickness has a
considerable impact on the values and distributions of cir-
cumferential stresses of the inner lining.

According to Figs.9 (a) to (d) , the values of circum-
ferential stresses along the internal surface are less than
the tensile and compressive strength of concrete C40. It
can be concluded that deficiency in tunnel crown thick-
ness will not lead to lining cracking at the internal surface
in all of the four cases.

0
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Fig.9 Distribution of circumferential stresses along the internal surface of the inner lining. (a) 7=0.45 m; (b) 7=0.40 m; (¢) T

=0.325m; (d) T=0.28 m; (e) T=0.22 m; (f) T=0.16 m




Effect of insufficient tunnel crown thickness on the post-tensioned concrete lining of the Yellow River Crossing ...

361

|
wn O W
L T 1

|
wn O W
L I s

Circumferential stress/MPa
|
>
Circumferential stress/MPa

w O

|
wn O W
L . s

Circumferential stress/MPa
|
I

wm O
L h

Circumferential stress/MPa
|
o3
Circumferential stress/MPa

[V ]
L n

(d)

CCT;

Fig. 10
T=0.325m; (d) T=0.28 m; (e) T=0.22 m; (f) T=0.16 m

In contrast, when the tunnel crown thickness is less
than 0. 28 m, the internal surface of the crown will be-
come the compressive stress concentrated zone of the
whole inner lining. As shown in Fig. 9 (e), the maxi-
mum compressive stress along the internal surface of the
inner lining is — 14.36 MPa under the CCT working con-
dition. Compared with 7 =0.45 m, there is an evident
increase of 143.4% . According to Fig.9(f), the maxi-
mum compressive stress along the internal surface of the
inner lining is —24.53 MPa under the CCT working con-
dition. Compared with 7 =0.45 m, there is an evident
increase of 315.8% . It can be concluded that concrete at
the crown may be crushed during the tensioning process if
the tunnel crown thickness further decreases.

The results in Figs.9 (e) and (f) also show that par-
tial areas of the inner lining’s internal surface are subjec-
ted to tensile stresses under the DWP working condition.
The tensile areas are mainly located at the upper semicir-
cle of the inner lining. At the same time, the tensile areas
become larger, and the maximum tension stress will in-
crementally increase as the thickness of the tunnel crown
further decreases gradually. As shown in Fig.9(e) and
Fig. 11(f) , the maximum tension stress along the internal
surface under the DWP working condition rises from
3.38 MPa for T=0.22 m to 10.31 MPa for 7=0.16 m,
with an evident increase of 205% .

According to Figs. 10 (a) to (d), the values of cir-
cumferential stresses along the external surface range from
0.37 to —12.56 MPa in most areas of the inner lining.
The external surface of inner lining can still maintain a
satisfactory stress state in all of the four cases.

(e)

Circumferential stress/MPa

Distribution of circumferential stresses along the external surface of the inner lining. (a) T7=0.45 m; (b) T=0.40 m; (c)

Backfill concrete

Adnesive
layer

Inner lining

Fig.11 Reinforcement schematic of the inner lining

In contrast, when the tunnel crown thickness is less
than 0. 28 m, partial areas of the inner lining’s external
surface will be subjected to tensile stresses under the
DWP working condition. The tensile areas are mainly lo-
cated at the tunnel crown. At the same time, the tensile
areas become larger, and the maximum tension stress will
incrementally increase as the thickness of the tunnel
crown further decreases gradually. As shown in Fig. 10
(e), the maximum tension stress along the external sur-
face under the DWP working condition rises from 0. 37
MPa for T=0.28 m to 7.9 MPa for T =0.22 m, with an
evident increase of 2 035.1% . As shown in Fig. 10(f) ,
the maximum tension stress along the external surface un-
der the DWP working condition is 19.1 MPa. Compared
with 7 = 0. 22 m, there is an evident increase of
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141.8% . The tension stresses are 3 to 8 times the tensile
strength of the inner lining concrete in these two cases.

3.3 Reinforcement schemes of the inner lining

According to Fig. 9 and Fig. 10, when the tunnel
crown thickness is equal to or greater than 0. 28 m, the
tension stresses of the inner lining will not exceed the ten-
sile strength of concrete C40. The stability and water-
tightness of the inner lining can be ensured, and the inner
lining can still operate normally. The reinforcement sug-
gestions proposed for these cases are that the void spaces
between the inner lining and the outer lining should be
back-filled with concrete.

The above findings imply that the tension stresses of
the inner lining will exceed the tensile strength of concrete
C40 when T =0.22, 0. 16 m. In these cases, cracks at
the inner lining may be expected. The tunnel cannot oper-
ate normally, and severe cracking, leaking or even failure
may occur. After the concrete back-filling is carried out,
the inner lining still needs additional reinforcement. As
shown in Fig. 11 and Tab. 2, the reinforcement sugges-
tions proposed for these cases are that the inner lining
should be reinforced by bonded steel plate.

Tab.2 Reinforcement schemes

Thickness of the  Thickness of the Elastic modulus of

/ o
tunnel crown/m  steel palte/mm /() the steel palte/GPa
0.22 12 120 210
0.16 14 145 210

Finite element analyses are performed to reveal the
strengthening effects of the proposed reinforcement
schemes. To figure out the crack locations of the inner lin-
ing, the William-Warnke failure criterion is used to simu-
late the failure behavior of the inner lining concrete. The
shear transfer coefficient for an open crack is defined as
0.5, and the shear transfer coefficient for a closed crack is
defined as 0.9. The stress-strain relationship of steel plate
in tension and compression is optimized to be bilinear
kinematic hardening (BKIN) with a post-yield strain hard-
ening of 1% (E,, =0.01 E_), where E_ and E,, are the
elastic and plastic modulus of the steel plate, respectively.

Fig. 12 and Fig. 13 show the crack locations ( the blue
zones) of the inner lining under the DWP working condi-
tion. According to Figs. 12 and 13, the crack scope of
the reinforced cases is obviously smaller than the unrein-
forced cases. It can be concluded that the stick steel plate
on the internal surface of the inner lining is an effective
reinforcement method.

4 Conclusions

1) The inner lining can still maintain a satisfactory
stress state when deficiency in the tunnel crown thickness
exists, and undesirable stress levels may be caused only
when the tunnel crown thickness decreases below 0.28 m.

QO

(a) (b)
Fig.12  Crack locations of the inner lining for 7 =0. 22 m.
(a) Unreinforced case; (b) Reinforced case

OO

(a) (b)

Fig.13  Crack locations of the inner lining for 7 =0. 16 m.

(a) Unreinforced case; (b) Reinforced case

2) Under the CCT working condition, the compressive
stress concentration of the crown’s internal surface is very
obvious. The compressive stresses will incrementally in-
crease and ultimately exceed the compressive strength of
the inner lining concrete as the crown thickness further
decreases gradually. In other words, cracks may occur at
the internal surface of the crown. Since the cracks form
during the process of construction, they may be readily
detected.

3) Under the DWP working condition, the external
surface of the crown and internal surface of the crown’s
adjacent areas will be under tension. The tension stresses
will incrementally increase and ultimately exceed the ten-
sile strength of the inner lining concrete as the crown
thickness further decreases gradually. Then, cracks at the
external surface of the crown and internal surface of the
crown’s adjacent areas may be expected. Since the cracks
form during the tunnel filled with upland water, they may
not be readily detected until significant damage to the in-
ner lining has been done, generally in the form of severe
cracking, leaking or even failure.

4) When the tunnel crown thickness is equal to or
greater than 0. 28 m, the reinforcement suggestions are
that the void spaces between the inner lining and the outer
lining should be back-filled with concrete. When the tun-
nel crown thickness is less than 0.28 m, the inner lining
should be reinforced by steel plates after concrete back-
filling is carried out.
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