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Abstract

Numerical analyses are carried out by using the ABAQUS finite element program to predict the ultimate pressure capacity and the failure
mode of the BWR Mark III reinforced concrete containment strengthened by composite materials or steel plates at various positions. Material
non-linear behaviour for concrete, steel, and fibre composite laminate material are all simulated with proper constitutive models. It has been
shown that the use of [+ 6/90/0]s5 composite materials with 50 =< 6 < 90° to strengthen the containment at the upper cylinder and the dome
achieves the most satisfactory strengthening results. (The fibre angle of the lamina is measured counter-clockwise through the outward
normal direction from the meridian of the containment shell structure.) © 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Strengthen; Reinforced concrete containment; Composite laminate materials

1. Introduction

After the accident at the 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 [1-3]. Since the 70s, non-linear material
constitutive models and non-linear finite element solution
techniques have been continuously and successfully
developed [4-9], enabling the ultimate pressure capability
of the nuclear reactor containment to be predicted more
accurately [10-13].

One of the research projects [13], sponsored by the
Atomic Energy Council, Taiwan, ROC, shows that the
ultimate internal pressure capacity of the BWR Mark III
reinforced concrete containment at Kuosheng nuclear
power plant is 164.6 kPa. This ultimate internal pressure
capacity is about 59.2% higher than the design load
103.4 kPa [14] and the containment structures are proved
to be safe in service. These reinforced concrete containment
structures were built in the late 70s and the design life cycle
is 40 years. Due to the difficulty in finding a replacement
energy source, extension of the life cycle for these nuclear
power plants might be needed. It is known that the mechan-
ical properties of the containment materials degrade with
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time. Consequently, after long-term service, the ultimate
pressure strength of the containment would be lower than
the initial design value and the strengthening of the contain-
ment structure may become necessary.

The traditional material used in strengthening of concrete
structures is steel. Because of drawbacks of low corrosion
resistance and handling problems involving excessive size
and weight, there is a need to look for alternatives. Due to
light weight, high strength, good fatigue, and corrosion
properties, fibre composite laminate materials have been
intensively used for repairing and strengthening of aero-
space structures [15-18]. Although, the study of using
composite laminate materials to strengthen reinforced
concrete structures only started in the 90s [19-22], it is
feasible to use the technology in the near future.

In this paper, the finite element program ABAQUS [23] is
used to perform the ultimate analysis of the BWR Mark III
reinforced concrete containment, strengthened by steel
plates or fibre composite laminate materials, at Kuosheng
nuclear power plant. The geometry and finite element mesh
of the containment are reviewed first. Then, material proper-
ties of reinforcing steel, liner plate, strengthening steel plate,
concrete, and laminate composite material are given and
proper constitutive models are introduced to simulate their
non-linear behaviours. Finally, failure analyses of the
reinforced concrete containment strengthened by steel
plates or laminate composite materials at various positions
and subjected to internal pressure are carried out and
important conclusions are given.

0308-0161/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0308-0161(02)00016-9



298 H.-T. Hu, T.-F. Chou / International Journal of Pressure Vessels and Piping 79 (2002) 297-308

0.635 cm
Liner Plate . .
Spring Line
L=
1.067 m—>| |« >

37.80 m

32.33 m

Z T—>
Cylinder >
0.635 cm
Liner Plate )
] |

# 34.75 m

2.591 m—>| |e . 12.19 m

5.08 cm Liner Plate
1.524 m—>| |«
Base Slab ¢ 3.20 m
TS
L
< >

42.98 m

Fig. 1. Geometry and dimensions of the BWR reinforced concrete contain-
ment of Kuosheng nuclear power plant.

2. Containment geometry and finite element mesh

The BWR reinforced concrete containment at Kuosheng
nuclear power plant is composed of a circular base slab, an
upright cylinder, and a hemispherical dome (Fig. 1). To
simplify the analysis, equipment hatches and penetrations
on the containment are not considered and the structural
geometry is assumed to be axisymmetric. The top of the
containment is about 67.05 m above ground. The inner
radius of the dome is 18.90 m. The thickness of the dome
varies from 0.762 m at the apex to 1.067 m at the spring
line. The inner diameters of the upper and lower cylinders
are 37.80 and 34.75 m. The thicknesses of the upper and
lower cylinders are 1.067 and 2.591 m, respectively. The
base slab is made of a 3.2 m thick flat circular plate with a
diameter of 42.98 m.

The entire interior surface of the dome, cylinder, and base
slab are lined with a continuous steel plate system to provide
a leak-tight barrier. The thickness of the steel liner plate
inside the dome and cylinder is 0.635 cm while the thick-
ness of the steel plate on the base slab is 5.08 cm. Most of
the steel reinforcing bars are placed in an axisymmetric
manner in the containment and the detailed arrangements
of steel reinforcing bars are given in the Final Safety Analy-
sis Report of the Kuosheng nuclear power plant [14].
Because some steel reinforcement layers in the base slab
are placed in directions parallel to the x and y axes, the
deformation of the containment will no longer be axisym-

metric and will have four planes of symmetry (Fig. 2a). As a
result, only 1/8 part of the structure is analysed and the
boundary conditions imposed on the symmetry planes are
displacements in the circumferential direction, rotations in
the radial direction and rotations in the z direction to be zero.
In the numerical simulation, 8-node shell elements (six
degrees of freedom per node) are used to model the parts
of the dome and cylinder, and 27-node solid elements (three
degrees of freedom per node) are used to model the base slab
(Fig. 2b). The liner plates are also modelled by 8-node shell
elements. They are either linked to the shell elements of the
concrete section (without any offset) at the parts of dome
and cylinder, or attached to the inner surface of the solid
elements at the base slab. The formulation of the 8-node
shell allows transverse shear deformation and these shear
flexible shell elements can be used for both thick and thin
shell analysis [23]. At the bottom of the base slab, special
purpose 9-node 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. When fibre
composite laminate materials or steel plates are utilised to
strengthen the containment, they are also modelled by
8-node shell elements, which are superimposed on the
shell elements of the concrete section (without any offset).

3. Material properties and constitutive models

The materials used in the analysis involve steel
reinforcing bar, steel liner plate, strengthening steel plate,
concrete, and fibre composite laminate material. The consti-
tutive models for steel reinforcing bar, steel liner plate,
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(b) Finite element mesh

Fig. 2. 1/8 model of the BWR Mark III reinforced concrete containment of
Kuosheng nuclear power plant.
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strengthening steel plate, and concrete are available in the
ABAQUS material library [23]. Thus, their input material
properties and constitutive models are briefly discussed.
The ABAQUS program does not have a non-linear material
library for the fibre composite laminate material. Hence, its
non-linear constitutive model is discussed in detail. The
resulting non-linear constitutive equations for the composite
laminate material are coded in FORTRAN as a subroutine
and linked to the ABAQUS program.

3.1. Steel reinforcing bar

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

o, =413.7 MPa (D)
and its elastic modulus is assumed to be
Eq = 199.9 GPa 2)

The stress—strain curve of the reinforcing bar is assumed to
be elastic—perfectly plastic. In ABAQUS, the steel reinforce-
ment is treated as an equivalent uniaxial material smeared
through the element section. In order to properly model the
constitutive behaviour of the reinforcement, the cross-
sectional area, spacing, position, and orientation of each
layer of steel bar within each element need to be specified.

3.2. Steel liner plate and strengthening steel plate

The 0.635 cm liner plate inside the dome and cylinder is
ASTM SA-285 Grade A or C carbon steel with yield stress

oy = 165.5 MPa 3)

The 5.08 cm liner plate on the base slab is ASTM SA-516
Grade 70 stainless steel with yield stress

oy = 262.0 MPa “4)

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

Es = 199.9 GPa (5)

v = 0.3 (6)

The uniaxial behaviour of the steel liner plate is similar to
the reinforcing bar and thus can be simulated by an elastic—
perfectly plastic model. When the liner plate is subjected to
biaxial stresses, a von Mises yield criterion f(oy,0,) is
employed to define the elastic limit, where o and o, are
principal stresses and

f(a'l,a'z)zwlalz-i-alz—oqaz:ay @)

The response of the liner plate is modelled by an elastic—
perfectly plastic theory with associated flow rule.

When the containment is strengthened by steel plate at the
external surface, it is assumed that the strengthening steel

plate has the same material properties and constitutive law
as the liner plate inside the dome and cylinder.

3.3. Concrete

The concrete of the containment structure has a uniaxial
compressive strength f/. given as

fi=34.47 MPa (8)

Under uniaxial compression, the concrete strain &, corre-
sponding to the peak stress f~, is usually around the range of
0.002—-0.003. A representative value suggested by ACI
Committee 318 [24] and used in the analysis is

& = 0.003 9)

The Poisson’s ratio v, of concrete under uniaxial compres-
sive stress ranges from about 0.15 to 0.22, with a represen-
tative value of 0.19 or 0.20 [4]. In this study, the Poisson’s
ratio of concrete is assumed to be

v, =02 (10)

The uniaxial tensile strength f} of concrete is difficult to
measure and is normally taken as approximately [4]

£l =0.33,/f. MPa (an

The initial modulus of elasticity of concrete E. is highly
correlated to its compressive strength and can be calculated
with reasonable accuracy from the empirical equation [24]

E, = 4700/ MPa (12)

Under different combinations of loading, the failure
strengths of concrete are different from that under uniaxial
condition. However, the maximum strength enveloped
under multiple stress conditions seems to be largely
independent of load path [25]. In ABAQUS, a Mohr—Coulomb
type compression surface combined with a crack detection
surface are used to model the failure surface of concrete
(Fig. 3). When the principal stress components of
concrete are predominantly compressive, the response of
the concrete is modelled by an elastic—plastic theory with
associated flow and isotropic hardening rule. In tension,
once cracking is defined to occur (by the crack detection
surface), the orientation of the crack is stored, and oriented.
Damaged elasticity is then used to model the existing crack
[23].

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 multi-
dimensional stress and strain conditions to a pair of quan-
tities, namely, the effective stress o and effective strain &,
such that results obtained following different loading paths
can all be correlated by means of the equivalent uniaxial
stress—strain curve. The stress—strain relationship proposed
by Saenz [26] has been widely adopted as the uniaxial
stress—strain curve for concrete and it has the following
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Fig. 3. Concrete failure surface in plane stress.

form
EC‘(/‘C
Te = & & \? &\
1+ R+ Rg— 2)(—°) — (2R — l)(—C) +R(—°)
€0 €0 €0
(13)
where
Rg(R, — 1 1 E !
_ Re®s — 1 2)—_, Ry = =%, Eo:&
(R, — 1) R, E, &

and R, =4, R, =4 may be used [8]. In the analysis,
Eq. (13) is taken as the equivalent uniaxial stress—strain
curve for concrete and approximated by several piecewise
linear segments as shown in Fig. 4.

When cracking of concrete takes place, a smeared model
is used to represent the discontinuous macrocrack beha-
viour. 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 as tension
stiffening [4]. In this study, a simple descending line is used
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Fig. 4. Equivalent uniaxial stress—strain curve for concrete.

Tension stiffening curve

Fig. 5. Tension stiffening model.

to model this tension stiffening phenomenon (Fig. 5). The
default value of the strain £ at which the tension stiffening
stress reduces to zero is [23]

£ =0.001 (14)
During the postcracking stage, the cracked reinforced
concrete can still transfer shear forces through aggregate
interlock or shear friction, which is termed as shear reten-
tion. Assuming that the shear modulus of intact concrete is
G., then the reduced shear modulus G of cracked concrete
can be expressed as

G = uG, (15)

mr= (1- E/Smax) (16)
where ¢ is the strain normal to the crack direction and &,,,
is the strain at which the parameter u reduces to zero. In
ABAQUS, &4 18 usually assumed to be a very large value, i.e.
w =1 (full shear retention). In this investigation, other than
specified, the default values for tension stiffening parameter
£ = 0.001 and shear retention parameter u = 1 are used.

3.4. Fibre composite laminate material

For fibre composite laminate materials (Fig. 6), each
lamina can be considered as an orthotropic layer in a
plane stress condition. The stress—strain relations of the
material in fibre and transverse directions, i.e. 1 and 2 direc-
tions, are fairly linear. However, severe non-linearity in the
in-plane shear stress—strain relation is observed [27]. To
model the non-linear in-plane shear behaviour, the non-
linear strain—stress relation for a composite lamina
suggested by Hahn and Tsai [27] is adopted in this study,
which is given as follows:

L v ]
& Ey E> oy
V1p 1
— |-
2 En  Exn 7
Y12 1 T2
0 0 —_—
| Gy
0
+ Sese6T27 O 17
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Fig. 6. Material, element and structure coordinates of fibre composite lami-
nate materials.

In this model only one constant Sgg4 is required to account
for the in-plane shear non-linearity. The value of Sge66 can be
determined by a curve fit to various off-axis tension test data
[27]. Let us define A{o”} = A{oy, 0y, 715} " and A{&'} =
Afey, &, ylz}T. Inverting and differentiating Eq. (17), we
obtain the incremental stress—strain relations as follows

Af{d'} = [011A{ &'} (18)
- Ep vipEx 0 T
L=wvpvy 1=y
(0] = v Er Es 0

L= vy 1 = vpmy
1
1/Gy5 + 386666715
(19)

0 0

Furthermore, it is assumed that the transverse shear stresses
always behave linearly and do not affect the non-linear
behaviour of in-plane shear. If we define A{7|} =
A{713, 73} and A{y}} = A{y13, v23}", the constitutive
equations for transverse shear stresses become

A{7) = [Q2]A {7} (20)
) a1G13 0
(03] = (2D
0 O(2G23

where «; and «, are the shear correction factors and are
taken to be 0.83 in this study.

Among existing failure criteria, the Tsai—Wu criterion
[28] has been extensively used and is adopted in this analy-
sis. Under plane stress conditions, this failure criterion has

the following form

Flo'l +F20'2 +F110'12 + 2F120’10’2 + F220'22 +F66T%2 =1

(22)
and
1 1 -1
f=x*x "=y v T
_—1 _1
Fzz—W, F66_?

The X, ¥ and X', Y’ are the lamina longitudinal and trans-
verse strengths in tension and compression, respectively,
and § is the shear strength of the lamina. Though the stress
interaction term F, in Eq. (22) is difficult to determine, it
has been suggested by Narayanaswami and Adelman [29]
that F, can be set equal to zero for practical engineering
applications. Therefore, F;, = 0 is used in this investigation.

During the numerical calculation, incremental loading
applied to composite plates until failure in one or more
individual plies is indicated according to Eq. (22). Since
the Tsai—Wu criterion does not distinguish failure modes,
the following two rules are used to determine whether the
ply failure is caused by resin fracture or fibre breakage [30]:

1. If a ply fails but the stress in the fibre direction remains
less than the uniaxial strength of the lamina in the fibre
direction, i.e. X' < oy < X, the ply failure is assumed to
be resin induced. Consequently, the laminate loses its
capability to support transverse and shear stresses, but
remains to carry longitudinal stress. In this case, the
constitutive matrix of the lamina becomes

E, 0 0
(/1= 0 0 0 (23)
0 0 0

2. If a ply fails with o exceeding the uniaxial strength of
the lamina, the ply failure is caused by fibre breakage and
total ply rupture is assumed. In this case, the constitutive
matrix of the lamina becomes

0 00
[Qi1=]0 0 0 (24)
0 0 0

The material properties for fibre composite laminate
material used in the analysis are FE;; = 128 GPa,
E, = 11.0 GPa, G|, = G|3 = 4.48 GPa, G,3 = 1.53 GPa,
Seec6 = 7.31 (GPa) >, X = 1450 MPa, X' = —1450 MPa,
Y =52 MPa, Y/ = —206 MPa, § = 93 MPa, v;, = 0.25.
During a finite element analysis, the constitutive matrix
of composite materials at the integration points of shell
elements must be calculated before the stiffness matrices
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are assembled from the element level to the structural level.
For composite materials, the incremental constitutive equa-
tions of a lamina in the element coordinates (x,y, z) can be
written as

Afo} =10,1A{¢} (25)

Af{n} = [Q:]A{n} (26)

where  A{o} =A{o,,0,.7,}",  Aln) =A{1., 7.},
Ale} = A & v} A{%) = A{Ye 1} and

(0] = [T\]'[Q11IT}] 27)

[05] = [TL]'[Q51IT>] (28)
[ cos>0 sin’0 sin 6 cos 6

[T\]= sin’6 cos’6 —sin O cos 0

| —2sin fcos 0 2sin fcos 0 cos® O — sin”
(29)

[T2] = (30)

[ cos @ sin 0
| —sin# cos 6

The angle 6 is measured counter-clockwise from the
element local x-axis to the material 1-axis (Fig. 6). Assume
Afey} = Al e, &0, 'yxyO}T are the incremental in-plane
strains at the mid-surface of the shell section and A{k} =
Afk,, Kys ny}T are the incremental curvatures. The incre-
mental in-plane strains at a distance z from the mid-surface
of the shell section become

Afe} = A{ay} + zA{«} €29

Let & be the total thickness of the composite shell section.
The incremental stress resultants, A{N} = A{NX,N_V,NX},}T,
A{M} = A(M,,M,,M,,}" and A{V} = A{V,,V,}, can be
defined as

A{N} Ala}

hi2
A{M) :J_M Ao} bz (32)
A{V) A{r)

Substituting Eqgs. (25), (26) and (31) in Eq. (32), leads to the
stiffness matrix for the fibre composite laminate shell at the
integration point as

A{N} L (Y U [ EEY

apny = Lded 2o o) ] At fe

A{V} 1" 01" [0 LAy}
(33)

where [0] is a 3 X 2 matrix with all coefficients equal to zero.

4. Numerical analysis

4.1. Ultimate analysis of reinforced concrete containment
without strengthening materials

A preliminary ultimate analysis carried out before any
fibre composite laminate materials or steel plates are used
to strengthen the reinforced concrete containment [13]. The
containment is subjected to an internal pressure and a dead
load due to its own weight. It is assumed that the dead load,
w,, caused by the reinforced concrete [31] is

we = 23.56 KN m > (34)

Fig. 7 shows the internal pressure p versus the displacement
of node 1 (at the apex of the containment) in the z-direction.
Due to the dead load, the apex of the containment has an
initial downward (negative) displacement at the beginning
of the analysis. When the internal pressure is increased, the
apex of the containment gradually moves upward up to fail-
ure. When the containment is about to fail, there is a signif-
icant ductile deformation at the apex. The ultimate internal
pressure p, of the containment is 164.6 kPa which is about
59.2% higher than the design pressure capacity 103.4 kPa
[14]. The deformation shape of the containment under the
ultimate internal pressure is shown in Fig. 8a and the crack
patterns of the concrete at the inner and outer sides of the
containment are shown in Fig. 8b. From these figures, it can
be seen that under the ultimate pressure, the base slab
remains in contact with the ground. Most of the deformation
takes place in the upper cylinder and dome. In addition, due
to stress concentration, cracks are likely to occur near the
apex of the dome, the conjunction of dome and cylinder, and
the mid-cylinder location where the thickness changes
abruptly.

4.2. Ultimate analysis of reinforced concrete containment
strengthened by composite materials or steel plates at the
upper cylinder

From the preliminary study it is observed that the upper
portion of cylinder has significant deformation under the
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Fig. 7. Load—displacement curve of reinforced concrete containment with-
out strengthening materials.
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Fig. 8. Deformation shape and crack patterns for reinforced concrete
containment under the ultimate load (without strengthening materials).

ultimate load. This is because the thickness as well as the
stiffness of the upper cylinder is significantly less than those
of the low cylinder. Hence, numerical studies of the contain-
ment strengthened by a composite material at the entire
upper cylinder, whose thickness is 1.067 m, are carried
out. The laminate lay-ups for the composite materials are
[90/0],0s, [=45/90/0]s5 and [*6/90/0]ss. The thickness of
each lamina is 4 mm and the total thickness of the entire
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Fig. 9. Load—displacement curves of reinforced concrete containment
strengthened by steel plates and composite laminate materials at the
upper cylinder.

cross-section of the composite material is 16 cm. The fibre
angle of the lamina is measured counter-clockwise (through
the outward normal direction) from the meridian of the
containment shell structure. Hence, 0 and 90° would be in
the meridian direction and the hoop direction of the shell,
respectively. For comparison, numerical studies of the
containment strengthened by steel plate at the entire upper
cylinder are also performed. The thickness of the strength-
ening steel plate is assumed to be 10 cm.

Fig. 9 shows the internal pressure p versus the displace-
ment of node 1 in the z-direction for the containment
strengthened by steel plate or various types of composite
laminate lay-ups. All the curves show similar trends to that
without the use of any strengthening and none of them could
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Fig. 10. Deformation shape and crack patterns for reinforced concrete
containment under the ultimate load (strengthened with [+45/90/0]ss
composite material at the upper cylinder).

increase the stiffness as well as the ultimate strength of the
containment. Fig. 10 shows typical deformation and crack
patterns of the containment strengthened by composite
materials with [=45/90/0]ss lay-up under the ultimate load
stage. Although the deformation of the containment at the
upper cylinder (Fig. 10a) is smaller than that without the use

of strengthening materials (Fig. 8a), more extensive cracks
take place near the apex of the strengthened contain-
ment than that of the unstrengthened one. Once the
apex fails, the containment cannot resist further loads.
Hence, it may be concluded that the apex of the dome
is the weakest point of the containment structure and
the use of strengthening steel plates or composite materials
with any types of lay-ups at the upper cylinder will be in
vain.

4.3. Ultimate analysis of reinforced concrete containment
strengthened by composite materials or steel plates at the
dome

Based on the results of Section 4.2, numerical studies of
the containment strengthened by composite materials or
steel plates at the entire hemispherical dome are carried
out. The laminate lay-ups for the composite materials are
the same as before: [90/0];¢s, [245/90/0]ss and [ £ 6/90/0]ss.
The thicknesses of the composite lamina and steel plate are
also the same as before.

Fig. 11 shows the internal pressure p versus the displace-
ment of node 1 in the z-direction for containments strength-
ened by steel plate or various types of composite laminate
lay-ups. Fig. 11a shows that the behaviour of the contain-
ment strengthened by the [+45/90/0]s5 composite material
is similar to that strengthened by the steel plate. While the
containment strengthened by the [90/0],ps composite
material has a lower stiffness than the former pair, all the
strengthened containments have significantly higher
ultimate strengths than the unstrengthened one. However,
these strengthened containments all fail in brittle patterns
and no noticeable ductile deformation occurred at the apex.
The behaviours of the containments strengthened by the
[£6/90/0]ss composite materials at the dome can generally
be separated into two groups. When 0 = 6 = 40°, the use of
composite materials increases the stiffness as well as the
ultimate strength of the containment (Fig. 11b). When 50 =
0 = 90°, using composite materials does not increase the
stiffness of the containment but only improves the ultimate
strength of the containment (Fig. 11c). Nevertheless, all
containments strengthened by the [£6/90/0]ss composite
materials also fail in brittle patterns.

Fig. 12 shows the typical deformation and crack patterns
of the containment strengthened by composite materials
with [£45/90/0]sg lay-up under the ultimate load stage. It
can be observed that by strengthening the dome, the upper
cylinder of the containment undergoes more deformation
(Fig. 12a) than that without the use of strengthening materi-
als (Fig. 8a). Although the strengthened dome has much less
cracks (Fig. 12b) than the unstrengthened one (Fig. 8b),
extensive cracks still take place at the junction of the
dome and cylinder and the mid-cylinder location where
the thickness changes abruptly. Hence, it may be concluded
that after the dome is strengthened, the upper cylinder
becomes the weakest part of the containment.
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Fig. 11. Load—displacement curves of reinforced concrete containment
strengthened by steel plates and composite laminate materials at the dome.

4.4. Ultimate analysis of reinforced concrete containment
strengthened by composite materials or steel plates at the
upper cylinder and dome

Based on the results of Section 4.3, numerical studies of
the containment strengthened by composite materials or
steel plates at both the upper cylinder and dome are carried
out. The laminate lay-ups and thickness for the composite
materials are the same as before. The thickness of the
strengthening steel plate is reduced to 5 cm.

Fig. 13 shows the internal pressure p versus the displace-
ment of node 1 in the z-direction for containments strength-
ened by steel plate or various types of composite laminate
lay-ups. Fig. 13a is similar to Fig. 12a. It shows that the
behaviour of the containment strengthened by the
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33 e | sl =
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Inner side cracks
of containment

(b) Crack patterns

Fig. 12. Deformation shape and crack patterns for reinforced concrete
containment under the ultimate load (strengthened with [£45/90/0]sg
composite material at the dome).

[+45/90/0]55 composite material is similar to that strength-
ened by the steel plate whereas the containment strength-
ened by the [90/0],o5 composite material has lower stiffness.
Although the three strengthened containments have signifi-
cantly higher ultimate strengths than the unstrengthened
one, they all fail in brittle patterns and no noticeable ductile
deformation occurred at the apex. The behaviours of the
containments strengthened by the [£6/90/0]sg composite
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Fig. 13. Load—displacement curves of reinforced concrete containment
strengthened by steel plates and composite laminate materials at the
upper cylinder and dome.

materials at the upper cylinder and dome again can be sepa-
rated into two groups. For 0 < 6 < 40°, the containments
exhibit hardening behaviour before the structures fail
(Fig. 13b). For 50 = 6 =< 90°, the containments exhibit soft-
ening behaviour (Fig. 13c) and significant ductile deforma-
tion takes place at the apex when the containments are about
to fail. Nevertheless, all containments strengthened by the
[£6/90/0]5s composite materials have much higher ultimate
strengths than the unstrengthened one. For example, the
ultimate strength of the containment strengthened by the
[£50/90/0]sg composite materials is 223.7 kPa, which is
higher than the unstrengthened value 164.6 kPa by 35.9%
and higher than the design pressure capacity 103.4 kPa by
116.3%.
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Fig. 14. Deformation shape and crack patterns for reinforced concrete
containment under the ultimate load (strengthened with [£45/90/0]sg
composite material at the upper cylinder and dome).

Fig. 14 shows the typical deformation and crack patterns
of the containment strengthened by composite materials
with [£45/90/0]ss lay-up under the ultimate load stage. It
can be observed that by strengthening the upper cylinder
and dome, the entire containment undergoes more uniform
and smooth deformation (Fig. 14a) than that without the use
of strengthening materials (Fig. 8a). When the containment
fails, severe cracks exist near the apex of the dome and the
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junction of the dome and cylinder. It seems that the apex of
the dome and the junction of the dome and cylinder are
about to fail at the same time. Due to the concerns of ductile
behaviour and high ultimate strength, it is suggested to
employ the [+ 6/90/0]sg composite materials with 50 = 0 =
90° to strengthen the reinforced concrete containment at the
upper cylinder and the dome simultaneously.

5. Conclusions

In this paper, non-linear finite element analyses of the
BWR Mark III reinforced concrete containment at
Kuosheng nuclear power plant strengthened by composite
materials or steel plates are performed. For simplicity,
equipment hatches and penetrations on the containment
are not considered. Based on the numerical results, the
following conclusions may be drawn:

1. The apex of the dome is the weakest point of the contain-
ment structure and the use of strengthening steel plates or
composite materials with any types of lay-ups at the
upper cylinder will be in vain.

2. The use of steel plates or composite materials with
[90/0]os or [£45/90/0]ss lay-ups to strengthen the
containment at the dome only or at both the upper cylin-
der and the dome simultaneously, generally gives higher
ultimate strengths than the unstrengthened one.
However, due to their brittle failure patterns, the use of
steel plates or composite materials with [90/0],og or
[£45/90/0]ss lay-ups to strengthen the containment is
not suggested.

3. The use of composite materials with [ £ 6/90/0]s5 lay-ups
to strengthen the containment at the dome also renders
higher ultimate strengths and brittle failure patterns and
is not suggested.

4. The use of [+6/90/0]sg composite materials with 0 =
0 = 40° to strengthen the containment at the upper
cylinder and dome yields hardening behaviour to the
containment and this may not be desired.

5. The use of [£6/90/0]55 composite materials with 50 =
0 < 90° to strengthen the containment at the upper cylin-
der and dome leads to softening behaviour and ductile
deformation to the containment. In addition, the ultimate
strengths of these strengthened containments are much
higher than the unstrengthened one. Thus, the use of
[+ 6/90/0]ss composite materials with 50 < 6 < 90° to
strengthen the reinforced concrete containment at the
upper cylinder and the dome simultaneously is
recommended.
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