Annals of Nuclear Energy 87 (2016) 500-510

Contents lists available at ScienceDirect

Annals of Nuclear Energy

journal homepage: www.elsevier.com/locate/anucene =

Ultimate analysis of PWR prestressed concrete containment under

long-term prestressing loss

Hsuan-Teh Hu !, Jun-Xu Lin’

National Cheng Kung University, Tainan 701, Taiwan, ROC

@ CrossMark

ARTICLE INFO ABSTRACT

Article history:

Received 21 August 2014

Received in revised form 5 October 2015
Accepted 7 October 2015

Numerical analyses are carried out by using the Abaqus finite element program to predict the ultimate
pressure capacity and the failure mode of the PWR prestressed concrete containment at Maanshan
Nuclear Power Plant, Taiwan, R.0.C. under long term prestressing loss. Material nonlinearity such as con-
crete cracking, tension stiffening, shear retention, concrete plasticity, yielding of prestressing tendon,

yielding of steel reinforcing bar, yielding of liner plate and relaxation of prestressing tendon are all sim-

Keywords:

Ultimate analysis

Prestressed concrete containment
Prestressing loss

ulated with proper constitutive models. The results of the numerical analysis show that after the 40 years
of service, the prestresses in the prestressing tendons would lose about 19% of their initial values.
However, under long term prestressing loss, the ultimate pressure capacity of the containment is still
higher than the design pressure 482 kPa by 58%.
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1. Introduction

Since the accident at Three Mile Island nuclear plant in 1979, it
has become necessary to perform failure analysis and calculate the
ultimate pressure capability of the nuclear reactor containment for
the safety assessment of nuclear power plants (U.S. Nuclear
Regulatory Commission, 1987; Amin et al., 1993; Boeck, 1993).
The containment structures in service at Taiwan, R.0.C. were built
in the late 70’s or early 80’s. Since then, nonlinear material consti-
tutive models and nonlinear finite element solution techniques
have been continuously and successfully developed (Argyris
et al., 1974; Connor and Sarne, 1975; Goodpasture et al., 1978;
ASCE, 1982; Chen, 1982; Meyer and Okamura, 1985; Hu and
Schnobrich, 1989, 1990; Borri and Sorace, 1993; Smith, 2001).
Therefore, it is possible to predict the ultimate pressure capability
of the nuclear reactor containment more accurately than before by
utilizing the nonlinear finite element method (Pfeiffer et al., 1992;
Andreoli et al., 1993; Saito et al., 1993; Hu and Liang, 2000; Basha
et al., 2003; Hu and Lin, 2006; Abaqus, 2007).

The Atomic Energy Council at Taiwan, R.0.C. has run several
studies toward the failure analysis of containment structures. As
one of the research projects sponsored by AEC, the aim of this
paper is to employ the nonlinear finite element program Abaqus
(Dassault Systémes Corporation, 2014) to investigate the ultimate
pressure capacity and the failure mode of the PWR (Pressurized
Water Reactor) prestressed concrete containment at Maanshan
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nuclear power plant, Taiwan, R.O.C. under long-term prestressing
loss.

Long-term prestressing loss is a major cause of concern for pre-
stressed concrete containment structure (Smith, 2001; U.S. Nuclear
Regulatory Commission, 1990; Cornish-Bowdena et al., 2011).
Information available on prestressing loss of a number of US,
French and Russian containment structures indicates that relax-
ation of prestressing cables along with creep and shrinkage of con-
crete caused high long term prestressing loss as compared to the
estimated loss at the time of design (Ashar et al, 1997;
Maliavine, 1997; Martinent et al., 1997; Patel et al., 2007). In addi-
tion, it shows that higher prestressing losses of the US plants was
attributed, mainly to higher relaxation of the prestressing steel and
to a lesser extent to creep and shrinkage of concrete (Patel et al.,
2007). Since the PWR prestressed concrete containment at Maan-
shan nuclear power plant follows the design standards of US, the
focus of this investigation is on the long-term prestressing loss
due to the relaxation of the prestressing steel tendon. As the result,
creep and shrinkage of concrete are not considered in this
investigation.

In the paper, the geometry and finite element mesh of the con-
tainment are reviewed first. Then, material properties of reinforc-
ing steel bar, liner plate, prestressing tendon and concrete are
given and proper constitutive models are introduced to simulate
the nonlinear behavior of these materials such as yielding of
reinforcing steel bar, yielding of liner plate, yielding of prestressing
tendon, relaxation of prestressing tendon, concrete cracking, tension
stiffening, shear retention, and concrete plasticity. Finally, failure
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analyses of the containment under long-term prestressing loss and
subjected to internal pressure are carried out and important con-
clusions are given.

2. Containment geometry and finite element mesh

The PWR prestressed concrete containment at Maanshan
Nuclear Power Plant is composed of a circular base slab, an upright
cylinder and a hemispherical dome (Fig. 1). To simplify the analy-
sis, the tendon gallery, equipment hatches and penetrations on the
containment are not considered and the structural geometry is
assumed to be axisymmetric. The base slab of the containment is
embedded in the soil and the dimensions of the containment are
given in Fig. 1.

The entire interior surface of the dome, cylinder and base slab
are lined with continuous steel plate of 0.635 cm thickness to pro-
vide a leak-tight barrier. At the cylinder wall, the prestressing ten-
dons are placed in the meridian and circumferential directions of
the containment. At the dome, the prestressing tendons are placed
in the circumferential direction and the directions parallel to x and
y coordinates (Fig. 2a). Most of the steel reinforcing bars are placed
in an axisymmetric manner in the containment but some steel
reinforcement layers near the apex of the dome and in the base
slab are placed in the directions parallel to x and y axes. The

Spring Line

detailed arrangements of prestressing tendons and steel reinforc-
ing bars are given in the Final Safety Analysis Report of the
Maanshan nuclear power plant (Taiwan Power Company, 1981).
Because some prestressing tendons and some steel reinforcing bars
are not placed axisymmetrically, the deformation of the containment
is no longer axisymmetric and has four planes of symmetry (Fig. 2a).
As a result, only 1/8 part of the structure is analyzed and the bound-
ary conditions imposing on the symmetric planes are displacements
in the circumferential direction, rotations in the radial direction and
rotations in the z direction to be zero. For simplicity, the lateral
pressure applied to the base slab due to soil is not considered.

In the numerical simulation, 8-node shell elements (six degrees
of freedom per node) with reduced integration rule are used to
model the parts of dome and cylinder, and 27-node solid elements
(three degrees of freedom per node) with reduced integration rule
are used to model the base slab (Fig. 2b). The steel liner plates at
the parts of dome and cylinder are modeled by the 8-node shell
elements with reduced integration rule and the liner plates at
the top of the base slab are modeled by the 9-node shell elements
with reduced integration rule. Those steel liner plates are either
linked to the shell elements of the concrete section (assuming no
offset) at the parts of dome and cylinder, or attached to the inner
surface of the solid elements at the top of the base slab. The formu-
lation of the shell elements allows transverse shear deformation
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Fig. 1. Geometry and dimensions of the PWR prestressed concrete containment of Maanshan nuclear power plant.
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Node 1
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Fig. 2. 1/8 model of the PWR prestressed concrete containment of Maanshan nuclear power plant.

and these shear flexible shell elements can be used for both thick
and thin shell analysis (Dassault Systémes Corporation, 2014).
At the bottom of the base slab, special purpose interface elements
are used to link the base slab to the ground. The interface elements
allow the contact surfaces between the base slab and the ground to
remain closed or open but not to penetrate each other.

3. Material properties and constitutive models

The materials used in the containment can be divided into four
groups, which are steel reinforcing bar, prestressing tendon, steel
liner plate and concrete. The material properties of all the materi-
als and their constitutive models used by Abaqus are briefly dis-
cussed in the following sections.

3.1. Steel reinforcing bar

The reinforcement used in the containment structure is ASTM
A-615 Grade 60 steel with yield stress

o, = 414 MPa (1)

and its elastic modulus is assumed to be (ACI, 2011):

E, = 200 GPa )

The stress-strain curve of the reinforcing bar is assumed to be
elastic-perfectly plastic (Fig. 3).

>
=

€

Fig. 3. Elastic perfectly plastic model for steel reinforcing bar and steel liner plate.

3.2. Steel liner plate

The yield stress of the liner plate is:
oy = 165 MPa (3)

In the analysis, the elastic modulus Es and the Poisson’s ratio v
of both types of the steel liner plate are assumed to be:

E, = 200 GPa (4)

v, =03 (5)

The uniaxial behavior of the steel liner plate is similar to rein-
forcing bar and thus can be simulated by an elastic perfectly plastic
model as shown in Fig. 3. When the liner plate is subjected to
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biaxial stresses, a von Mises yield criterion f{g4, 0,) is employed to
define the elastic limit (Fig. 4), where g, and o, are principal stres-
ses and:

f(o1,02) = /0% + 07 — 010, = 0, (6)

The response of the liner plate is modeled by an elastic-
perfectly plastic theory with associated flow rule. When the stress
points fall inside the yield surface, the behavior of the liner plate is
linearly elastic. If the stresses of the liner plate reach the yield sur-
face, the behavior of the liner plate becomes perfectly plastic. Con-
sequently, the liner plate is assumed to fail and cannot resist any
further loading.

3.3. Prestressing tendon

The prestressing tendon used in the containment is composed
of thirty-seven Grade 270 strands. The diameter of each strand is
1.52 cm. The average tensile prestress is 1398 MPa in the meridian
tendons and 1326 MPa in the circumferential tendons (Taiwan
Power Company, 1981; Lin, 1997). Due to the lack of material test
data, the nonlinear stress-stain curve of the strand given by Nilson
and Winter (1991) is adopted and simplified to a piecewise linear
curve as shown in Fig. 5. In addition, the elastic modulus of the ten-
don is assumed to be:

E; = 190 GPa (7)

In Abaqus, the prestressing tendon and the steel reinforcement
are treated as equivalent uniaxial materials, which are smeared
through the element section. In order to properly model the consti-
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Fig. 4. von Mises yield criterion for steel liner plate.
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Fig. 5. Stress-strain curve for prestressing tendon.

tutive behaviors of the tendon and the reinforcement, the cross
sectional area, spacing, position and orientation of each layer of
tendon or steel bar within each element need to be specified.

3.4. Relaxation of the prestressing tendon

The relaxation model in Abaqus for the analysis of prestressing
tendon is given by the following expression:

1
A i
1-n 1+m
c=|0,"——E(1—-n)t 8
B - ®)
where ¢ is the remaining stress of the prestressing tendon after
relaxation, o, is the initial stress of the prestressing tendon,
E =E; = 189.6 GPa is the elastic modulus of the tendon, and t is
time (unit in hour). We can then define a parameter R as the relax-
ation value in which:
A =

_ - 1-n _ 1+m
= |o e E e 9)

The constants A, m, n in Egs. (8) and (9) are material dependent
parameters. The values of these constants are determined by a
curve fit to the experimental data tested in the period of 1000 h
(Lin, 1997; Atomic Energy Council, 1995) and are listed below:

A=A, =3.054x10"7 (10a)
m=m, = —0.8881 (10b)
n=n, = 05037 (10c)

The plot of relaxation value R against time t (R-t curve) is
shown in Fig. 6.

3.5. Concrete

The concrete used in the containment structure has a uniaxial
compressive strength f. given as:

f. =345 MPa (11)

Under uniaxial compression, the concrete strain ¢, correspond-
ing to the peak stress f. is usually around the range of 0.002-0.003.
A representative value is (ACI, 2011):

& = 0.003 (12)

The Poisson’s ratio v. of concrete under uniaxial compressive
stress ranges from about 0.15 to 0.22, with a representative value
of 0.19 or 0.20 (ASCE, 1982). In this study, the Poisson’s ratio of
concrete is assumed to be

Ve =02 (13)
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Fig. 6. Relaxation value R versus time t (0 < t < 1000 h).
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The uniaxial tensile strength f. of concrete is difficult to mea-
sure and is normally taken as (ASCE, 1982):

fi =033/, MPa (14)

The initial modulus of elasticity of concrete E. is highly corre-
lated to its compressive strength and can be calculated with rea-
sonable accuracy from the empirical equation (ACI, 2011):

E. = 4700,/f, MPa (15)

It should be noted that in Egs. (14) and (15) the unit of f. is in
MPa.

Under different combinations of loading, the failure strengths of
concrete are different from that under uniaxial condition. How-
ever, the maximum strength envelope under multiple stress condi-
tions seems to be largely independent of load path (Kupfer et al.,
1969). In Abaqus, a Mohr-Coulomb type compression surface com-
bined with a crack detection surface are used to model the failure
surface of concrete (Fig. 7). When the principal stress components
of concrete are dominantly compressive, the response of concrete
is modeled by an elastic-plastic theory with associate flow and iso-
tropic hardening rule. In tension, once cracking is defined to occur
(by the crack detection surface), the orientation of the cracks is
stored. Damaged elasticity is then used to model the existing
cracks.

When plastic deformation occurs, there should be a certain
parameter to guide the expansion of the yield surface. A commonly
used approach is to relate the multidimensional stress and strain
conditions to a pair of quantities, namely, the effective stress o,
and effective strain &, such that results obtained following differ-
ent loading paths can all be correlated by means of the equivalent
uniaxial stress-strain curve. The stress—strain relationship pro-
posed by Saenz (1964) has been widely adopted as the uniaxial
stress—strain curve for concrete and it has the following form:

E.&c

O = (16)
2 3
1+ (R+Re —2)(%) — (2R - 1)(%) +R(:—:)
where
Re(R, —1) 1 E f!
R="Ee =) R.=° E,=lc
R, —17 R T E T &

Ao_
2 s
s
P ‘\Biaxial
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Fig. 7. Concrete failure surface in plane stress.

and R; =4, R; =4 may be used (Hu and Schnobrich, 1991). In the
analysis, Eq. (16) is taken as the equivalent uniaxial stress—strain
curve for concrete and approximated by several piecewise linear
segments as shown in Fig. 8.

When cracking of concrete takes place, a smeared model is used
to represent the discontinuous macro crack behavior. It is known
that the cracked concrete of a reinforced concrete element can still
carry some tensile stress in the direction normal to the crack, which
is termed tension stiffening (ASCE, 1982). In this study, a simple
descending line is used to model this tension stiffening phe-
nomenon (Fig. 9). The default value of the strain &* at which the ten-
sion stiffening stress reduced to zero is (Dassault Systémes
Corporation, 2014):

& =0.001 (17)

During the post cracking stage, the cracked reinforced concrete
can still transfer shear forces through aggregate interlock or shear
friction, which is termed shear retention (ASCE, 1982). Assume the
shear modulus of intact concrete is G.. The reduced shear modulus

G of cracked concrete can be expressed as:

G = uG. (18a)
and
U=1—&/ema (18b)

where ¢ is the strain normal to the crack direction and &,y is the
strain at which the parameter i reduces to zero (Fig. 10). In Abaqus,
€max 1S Usually assumed to be a very large value, i.e., it = 1 (full shear
retention). In this investigation, other than specified, the default
values for tension stiffening parameter ¢* = 0.001 and for shear
retention parameter ¢ = 1 are used.

0 . ) ! |
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€
C

0.005

Fig. 8. Equivalent uniaxial stress-strain curve for concrete.
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Fig. 9. Tension stiffening model.
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Fig. 10. Shear retention parameter.

4. Numerical analysis
4.1. Initial ultimate pressure capacity of containment

In this section, the initial ultimate pressure capacity of the con-
tainment is calculated as the referenced value for the relaxation
analyses. The containment structure has a considerable amount
of dead load contributed by reinforced concrete. In this investiga-
tion, it is assumed that the dead load, w,, caused by the reinforced
concrete is (Wang et al., 2007):

W, = 2400 kg/m? (19)

In addition, a dead load of 15.58 MN due to equipment (Taiwan
Power Company, 1981; Lin, 1997) is considered to be uniformly
distributed to the top surface of the base slab. In the finite element
analysis, those dead loads and the prestressing forces from the ten-
dons are applied to the containment first. After the structure is in
an equilibrium condition, the internal pressure p is then applied
to the containment up to failure.

Fig. 11 shows the internal pressure p versus the displacement of
node 1 (at the apex of the containment) in the z direction. The ulti-
mate load p, for the complete containment model is 761 kPa,
which is about 58% higher than the design pressure 482 kPa. If
the steel liner plate of the containment is not included in the
model, the ultimate load becomes 752 kPa. If the dead load of
the equipment is not considered, the ultimate load is 742 kPa.
From this figure, it can be seen that all the curves are very close.
The influences of the steel liner plate and the equipment load to
the ultimate load of the containment are about 1-2.5%. Hence,
for a rough estimation of the ultimate capacity of the containment,
the steel linear plate and the equipment dead load may be
neglected.

The deformation shape of the containment under the ultimate
internal pressure condition is shown in Fig. 12a and the crack pat-
terns of the concrete at the inner and outer sides of the contain-

800 . ; : . . : ;
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§ 400
300F
200+
100F
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----4---- no liner plate T
- -%--no equipment load

0 . . . . . .
-1 -0.8 -06 -04 -02 0 02 04 0.6
displacement of node 1 in z direction (cm)

Fig. 11. Influence of equipment load and steel liner plate on the ultimate pressure
capacity of containment.

ment are shown in Fig. 12b. From these figures we can observe
that under the ultimate pressure, the base slab tends to lift. Most
of the deformations take place in the dome. In addition, because
of the stress concentration, cracks are likely to occur near the apex
of the dome, the junction of the dome and cylinder, and the bottom
of the cylinder.

4.2. Relaxation of prestressing tendons for the containment

In this section, long-term prestressing loss due to the relaxation
of the prestressing tendons is studied and the aforementioned
relaxation model for prestressing tendons is used in the finite ele-
ment model.

Fig. 13a indicates the locations of the meridian tendons under
investigation and Fig. 13b indicates the locations of the circumfer-
ential tendons under investigation. Fig. 14a shows the stresses of
the meridian tendons at locations A, B, C, D and E on the contain-
ment versus time for the period of 40 years (about 350,000 h). It
can be seen that these curves are very similar. The stresses in the
meridian tendons at these locations lose significantly within the
first 2 years (about 17,500 h). However, after the 2nd year, these
stresses become more stable and do not change significantly. The
average stress in the meridian tendons at these five locations loses
about 11.1% at the end of the 1st year, 15.4% at the end of the 10th
year, and 18.8% at the end of the 40th year.

Fig. 14b shows the stresses of the circumferential tendons at
locations F, G, H, I, ] and K on the containment versus time for
the period of 40 years. It can be seen that these curves are very
similar again. The stresses in the circumferential tendons at these
locations lose significantly within the first 2 years. After the 2nd
year, these stresses become more stable and do not change signif-
icantly. The average stress in the circumferential tendons at these
six locations loses about 10.7% at the end of the 1st year, 15.5% at
the end of the 10th year, and 18.8% at the end of the 40th year.
From Fig. 14a and b, we can conclude that for the tendons in the
containment the loss of prestress could be less than 19% for the
service period of 40 years.

4.3. Ultimate pressure capacity of containment after the relaxation of
prestressing tendons

When the loss of prestress in the containment is investigated, it
becomes crucial to know the ultimate pressure capacity of the con-
tainment after the relaxation of prestressing tendons taking plac-
ing. Fig. 15 shows the ultimate pressure p, of the containment
versus time t (in years). It can be seen that the ultimate pressure
capacities of the containment are all equal to 761 kPa when the
time t is less than 40 years. In addition, the associated crack pat-
terns of the containment are all similar to those shown in Fig. 12
(Lin, 1997) and are not duplicated here. Fig. 16 shows the internal
pressure p versus the displacement of node 1 in the z direction for
t=0 and 40 years. After 40 years of relaxation, the prestresses of
the tendons in the containment are reduced and the initial dis-
placement (p = 0, t = 40) of the containment is smaller (in absolute
value) than that with no prestress loss (p=0, t=0). When the
internal pressure p is applied, these two containments would
behave in the similar manner (especially in the elastic range) up
to failure. Hence, these two curves are almost parallel.

If the service period of the containment structure can be
extended from 40 years to 60 years, the ultimate pressure capacity
of the containment would decrease a little amount to 756 kPa.
However, it is still 57% higher than the design pressure 482 kPa.
Hence, it can be concluded that during the service period, the ulti-
mate pressure capacity of the containment would not change with
time, even the relaxation of prestressing tendons taking place.
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Fig. 12. Deformation shape and crack patterns of the containment under the ultimate internal pressure p, = 761 kPa.
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Fig. 13. Positions of tendons under investigation. Fig. 14. Stress relaxations of the tendons in the containment.
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Fig. 16. Internal pressure p versus displacement of node 1 in z direction for t = 0 and
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4.4. Influence of initial prestress in the tendons on the ultimate
pressure capacity of containment

In this section, the influence of initial prestress in the tendons
on the ultimate pressure capacity of the containment is investi-
gated. Since the relaxation of prestressing tendons does not affect
the ultimate pressure capacity of the containment, the loss of pre-
stress in the containment due to time effect is not considered in
this section. The following analyses are based on the condition
t=0year.

Let P, represent the initial prestress being 1398 MPa in the
meridian tendons and 1326 MPa in the circumferential tendons.
Then nP, means the initial prestress being n x 1398 MPa in the
meridian tendons and n x 1326 MPa in the circumferential
tendons. Fig. 17 shows the ultimate pressure capacity of the

900 T T T T T T

700F p

p. (kPa)
Wi
S
5

100 . L L . . !
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Fig. 17. Influence of initial prestress in the tendons on the ultimate pressure
capacity of containment.

containment when the initial prestresses in the tendons are OP,,
0.5P,, 0.67P,, 0.82P,, P, and 1.2P,. When n =0 (no initial stress),
the containment becomes a reinforced concrete structure. As the
result, the ultimate pressure capacity of the containment is very
low and is equal to 192 kPa. When n < 0.82, it seems that the
ultimate pressure capacity of the containment increases linearly
with the increasing of n. However, when 0.82 < n < 1, the ultimate
pressure capacity of the containment becomes a constant value
761 kPa. When n > 1, the ultimate pressure capacity of the con-
tainment starts to decrease. When n = 1.2, the ultimate pressure
capacity of the containment is 756 kPa. From this figure, we can
conclude that proper prestresses in the tendons are important.
Too low prestresses or too high prestresses in the tendons would
reduce the ultimate pressure capacity of the containment.

4.5. Influence of tendon relaxation curve on the ultimate pressure
capacity of containment

The material dependent parameters A, m, n in Egs. (8) and (9)
are determined by a curve fit to experimental data tested in the
period of 1000 h (Lin, 1997; Atomic Energy Council, 1995). In the
previous analyses, these parameters are all selected to be:

A=A, =3.054x10"
m=m, = —0.8881
n=n,=0.5037
However, we can also select three arbitrary experimental data
points on the relaxation value R versus time t curve (R-t curve)

and solve for A, m and n using Eq. (9). If the data points at t=0,
50 and 1000 h are selected, we can obtain:

A=A =3.129x 107
m=m; = —0.8846
n=n =05

If the data points at t =0, 200 and 1000 h are selected, we can
obtain:

A=A, =3.029x 1077
m=m, = —0.8985
n=n, =05

The R-t curves simulated by these three sets of parameters are
shown in Fig. 6. It can be seen that these three curves are almost
identical. However, when the time is increased from 1000 h to
40 years, these R-t curves do have some difference as shown by
Fig. 18.

Fig. 19a shows the average stress of the meridian tendons at
locations A, B, C, D and E on the containment versus time for the

o
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o
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Fig. 18. Relaxation value R versus time ¢ (0 < t < 40 years).
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Fig. 19. Influence of different R-t curves on the stress relaxations of the tendons in
the containment.

period of 40 years, calculated by using different R-t curves. Fig. 19b
shows the average stress of the meridian tendons at locations F, G,
H, I, ] and K on the containment versus time for the period of
40 years, also calculated by using different R-t curves. These
numerical results are also summarized in Tables 1 and 2. At the
end of the 40th year, when parameters A,, m,, n, are used, the pre-
dicted average stress in the meridian tendon would lose 18.9% and
the predicted average stress in the circumferential tendon would
lose 18.9%. When parameters A;, my, n; are used, the predicted
average stress in the meridian tendon would lose 19.1% and the
predicted average stress in the circumferential tendon would lose
18.1%. When parameters A,, m,, n, are used, the predicted average
stress in the meridian tendon would lose 16.7% and the predicted
average stress in the circumferential tendon would lose 15.6%.
Though the predicted stresses by using these three sets of

Table 1

parameters are different, these differences are not significant. It
seems reasonable to conclude that the stress loss of the tendon
in the containment would not exceed 20% at the end of the 40-
year service period.

Comparing Tables 1 and 2 with Fig. 18, we can find that the
stress loss of tendons in the containment (say 15%~19%) at the
end of the 40th year is much greater than that for a single experi-
mental tendon at laboratory (say 2.4%) at the end of the 40th year.

Table 3 shows the ultimate pressure capacity of the contain-
ment calculated by using different sets of parameters. From this
table, we can see that the ultimate pressure capacities of the con-
tainment at the end of the 40th year are all the same and equal to
the initial ultimate pressure capacities of the containment. Hence,
it can be concluded that the ultimate pressure capacity of the con-
tainment calculated by using different relaxation curves would be
the same at the end of the service period.

4.6. Influence of tension stiffening on the ultimate pressure capacity of
containment

Fig. 20 shows the internal pressure-displacement curves of
node 1 in the z direction at the end of the 40th years, which are
obtained by using different tension stiffening parameter &*
(Fig. 9). It seems that these curves are almost the same. The only
difference is that the ultimate pressure capacity of the contain-
ment is 757 kPa when & =0.0005 and is 761kPa when
&* = 0.001 or 0.002. Hence, as long as tension stiffening is properly
taken into consideration, the influence of tension stiffening param-
eter on the ultimate pressure capacity of the containment under
long-term prestressing loss may not be significant.

4.7. Influence of shear retention on the ultimate pressure capacity of
containment

Fig. 21 shows the internal pressure-displacement curves of
node 1 in the z direction at the end of the 40th years, which are

Table 3
Ultimate pressure capacity of containment calculated by using different sets of
parameters.

Parameters Initial ultimate pressure Ultimate pressure capacity of
capacity of containment at containment at t = 40 years
t=0year (kPa) (kPa)

Ao, Mo, N, 761 761

Ay, mqp, my 761 761

Ay, my, ny 761 761

Average stress of the meridian tendons at locations A, B, C, D and E on the containment predicted by different R-t curves.

Parameters Initial stress (GPa) End of 1st year End of 10th year End of 40th year
Stress (GPa) Stress loss (%) Stress (GPa) Stress loss (%) Stress (GPa) Stress loss (%)
Ao, My, N 1.398 1.242 11.2 1.182 15.5 1.134 18.9
Ay, my, ny 1.250 10.6 1.182 15.5 1.131 19.1
Ay, my, ny 1.265 9.5 1.208 13.6 1.165 16.7
Table 2

Average stress of the circumferential tendons at locations F, G, H, I, ] and K on the containment predicted by different R-t curves.

Parameters Initial stress (GPa) End of 1st year End of 10th year End of 40th year
Stress (GPa) Stress loss (%) Stress (GPa) Stress loss (%) Stress (GPa) Stress loss (%)
Ao, My, Ny 1.326 1.183 10.8 1.120 15.5 1.076 18.9
Ay, my, m 1.201 9.4 1.136 143 1.086 18.1
Az, my, Ny 1.216 8.3 1.161 12.4 1.119 15.6
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Fig. 20. Influence of tension stiffening on the ultimate pressure capacity of
containment under long-term prestressing loss.
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Fig. 21. Influence of shear retention on the ultimate pressure capacity of contain-
ment under long-term prestressing loss.

obtained by using full shear retention and no shear retention. For
full shear retention, the parameter p is equal to 1 (Eq. (18a)), and
the shear modulus of cracked concrete is assumed to be the same
as that of intact concrete. For no shear retention, the parameter p is
set to 0, and the shear modulus of cracked concrete is assumed to
be zero. From this figure we can see that the internal pressure-dis-
placement curves of these two extreme conditions are almost the
same. In addition, the ultimate pressure capacities of the contain-
ments for these two cases are the same and equal 761 kPa. Hence,
it can be concluded that shear retention has very little influence on
the ultimate pressure capacity of the containment under long-term
prestressing loss.

5. Conclusions

From the ultimate analysis of PWR prestressed concrete con-
tainment at Maanshan nuclear power plant under long-term pre-
stressing loss, the following conclusions may be drawn:

(1) The initial ultimate pressure capacity of the containment is
761 kPa, which is about 58% higher than the design pressure
of 482 kPa. Under the ultimate pressure condition, cracks are
likely to occur near the apex of the dome, the junction of the
dome and cylinder, and the bottom of the cylinder.

(2) For the tendons in the containment, the loss of prestress
could be less than 19% for the service period of 40 years.

(3) During the service period, the ultimate pressure capacity of
the containment would not change with time, even the
relaxation of prestressing tendons taking place.

(4) Proper prestresses in the tendons are important. Too low
prestresses or too high prestresses in the tendons would
reduce the ultimate pressure capacity of the containment.

(5) The stress loss of the tendon in the containment would not
exceed 20% at the end of the 40-year service period.

(6) The stress loss of tendons in the containment is much greater
than that for a single experimental tendon at laboratory

(7) As long as tension stiffening is properly considered, the
influence of tension stiffening parameter on the ultimate
pressure capacity of the containment under long-term pre-
stressing loss may not be significant.

(8) Shear retention has very little influence on the ultimate
pressure capacity of the containment under long-term pre-
stressing loss.
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