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ABSTRACT
This paper describes the nonlinear analysis of 1/8th portion of the 1:4 scaled model of prestressed concrete
containment vessel using ABAQUS- a general purpose finite element analysis software. The reinforcing steel
and the prestressing tendons are modelled through membrane rebar property. Concrete damaged plasticity,
tension stiffening, plastic behaviour of reinforcing steel, liner and perstressing tendon are properly accounted
for appropriate simulation of the nonlinear behaviour of these materials. The model is analysed for the internal
pressure and the results are compared with LST results as documented in SNL- ISP-48 report.
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I.

INTRODUCTION

In our modern consumeristic power hungry generation the nuclear power plants play a very important
role to meet the energy needs. However these plants are also equally dangerous because of their side
effects in case of any leakages in an unfortunate accidental event. Therefore it has become very
essential to perform the safety assessment of the nuclear reactor containment. The foremost important
thing in any nuclear power plant is the nuclear reactor enclosed in the containment vessel. The shape
of containment structure is commonly cylindrical with a dome as roof. These structures are planed
very carefully and very meticulously designed by considering all possible loads and environmental
hazards under the guidance of applicable code of conduct. Also, they are constructed under strict
supervision. The containment structure is generally consisting of a primary containment vessel and a
secondary containment vessel. It is common practice to construct the containment structures as the
pre-stressed or post-tensioned structures.
Since late 1970 many attempts to capture the exact behaviour of the containment structure and its
failure mechanisms were made in [1], [2], [3], [4], [5]. To understand the behaviour and the ultimate
pressure capacity of the containment structure a large scale test was conducted on 1:4 scaled model of
prestressed concrete containment vessel at Sandia National Laboratory, USA. It is also known as
International Standard Problem No.48 [6]. A pre and post analysis was performed for this test as
described in [7], [8], [9], [10]. With the evolution of new generation computers and well defined
constitutive material models, the nonlinear finite element analysis of the containment structure
resulted in better accuracy in behavioural prediction. In this paper the 1:4 scaled model of prestressed
concrete containment vessel is modelled by considering its 1/8th portion. The reinforcing steel and the
prestressing tendons are modelled through membrane rebar property to simplify the geometric
modelling process, which is the most time consuming and quite cumbersome. The material properties
of reinforcing steel, presterssing tendon and concrete with proper constitutive models are given.
Concrete damaged plasticity, tension stiffening, plastic behaviour of reinforcing steel, liner and
perstressing tendon are properly accounted for appropriate simulation of the nonlinear behaviour of
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these materials. The 1/8th model is analysed for the internal pressure and the results are compared with
LST results as documented in SNL- ISP-48 report.

1.1. 1:4 Scaled Prestressed Concrete Containment Vessel:
The geometry of the model is as shown in the Figure 1. It consists of a basemat, a cylindrical wall and
a dome above. For the present study a 1/8th (i.e. 450) 3D finite element model of 1:4 scaled PCCV
model is prepared using ABAQUS a general finite element analysis software.

Figure 1. The 1:4 scaled PCCV model [9]

II.

MATERIALS AND METHODS

The properties of the materials used in the 1:4 scaled PCCV model tested at Sandia National
Laboratory, USA, are taken for the analysis. The material modelling and properties for concrete,
rebars, prestressing steel and liner steel used are as follow.

2.1 Concrete:
Concrete shows highly nonlinear behaviour under tension as well as under compression, due to
cracking and plasticity respectively. The material nonlinearity due to tension plays major role than
that of due to compression in the failure of the containment structure subjected to internal pressure.
The concrete is modelled using Concrete Damaged Plasticity Model in ABAQUS.
2.1.1 Concrete Damaged plasticity:
Under low confining pressures, concrete behaves in a very brittle manner and therefore the main
failure mechanisms are cracking in tension and crushing in compression. The brittle behaviour of
concrete vanishes when the confined pressure in concrete is adequately large to prevent crack. The
damage in quasi-brittle materials can be defined by equating the dissipated fracture energy required to
generate micro cracks [11].
These two main failure mechanisms, the tensile cracking and compressive crushing, are taken into
account in this model. The evolution of the yield (or failure) surface is controlled by two hardening
pl
variables, ε̃c , linked to failure mechanisms under tension and compression loading, respectively [12].
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(a)

(b)

Figure 2. Response of concrete to (a) uniaxial loading in tension and (b) compression [12]

The main ingredients of the concrete damaged plasticity model are as under:
Strain rate decomposition is assumed for the rate-independent model as given in equation (1).
𝜀̇ = 𝜀̇ 𝑒𝑙 + 𝜀̇ 𝑝𝑙

(1)

where 𝜀̇ is the total strain rate , 𝜀̇ 𝑒𝑙 is the elastic part of the strain rate, and 𝜀̇ 𝑝𝑙 is the plastic part of the
strain rate.
The stress-strain relations are governed by scalar damaged elasticity:
𝜎 = (1 − 𝑑)𝐷𝑂𝑒𝑙 ∶ (𝜀 − 𝜀 𝑝𝑙 )
(2)
= 𝐷 𝑒𝑙 ∶ (𝜀 − 𝜀 𝑝𝑙 )
where 𝐷𝑂𝑒𝑙 is the initial (undamaged) elastic stiffness of the material; 𝐷 𝑒𝑙 = (1 − 𝑑)𝐷𝑂𝑒𝑙 is the
degraded elastic stiffness; and d is the scalar stiffness degradation variable, which can have values in
the range from zero to one for undamaged material and fully damaged material. Therefore reduction
in the elastic stiffness occurs during the failure of concrete in cracking or crushing. According to the
scalar-damage theory, the stiffness degradation is isotropic and characterized by a degradation
variable, d. Thus using the concept of continuum damage mechanics, the effective stress can be
defined as
𝒑𝒍
̅ ≝ 𝑫𝑒𝑙
𝝈
𝑂 ∶ (𝜺 − 𝜺 )

(3)

The Cauchy stress is related to the effective stress through the scalar degradation relation:
̅
𝝈 = (1 − 𝑑)𝝈

(4)

The factor (1 − 𝑑) is the ratio of the effective load-carrying area to the total section area .If the
damage is not considered i.e. d = 0, then the stress σ
̅ is equivalent to Cauchy stress σ. On the
occurrence of damage, the external loads are being resisted by the effective area hence the effective
stress becomes more representative then the Cauchy stress [12]. As explained by in [11] and [13] and
stated in the ABAQUS theory manual the degradation variables are governed by a set of hardening
variable ε̃pl , and the effective stress; that is 𝑑 = 𝑑(𝜎, 𝜀̃ 𝑝𝑙 ).
The conversion of uniaxial stress-strain curve to stress to plastic strain curve is assumed in the form
𝑝𝑙

𝑝𝑙

𝜎𝑡 = 𝜎𝑡 (𝜀̃𝑡 , 𝜀̃𝑡̇ , 𝜃, 𝑓𝑖 )

(5a)

𝑝𝑙 𝑝𝑙
𝜎𝑐 = 𝜎𝑐 (𝜀̃𝑐 , 𝜀̃𝑐̇ , 𝜃, 𝑓𝑖 )

(5b)

𝑝𝑙
𝑝𝑙
where subscripts t and c refers to tension and compression respectively; 𝜀̃𝑡̇
and 𝜀̃𝑐̇ are the
𝑡 𝑝𝑙
𝑡 𝑝𝑙
𝑝𝑙
𝑝𝑙
equivalent plastic strain rates, 𝜀̃𝑡 = ∫0 𝜀̃𝑡̇ 𝑑𝑡 and 𝜀̃𝑐 = ∫0 𝜀̃𝑐̇ 𝑑𝑡 are the equivalent plastic strains,
𝜃 is the temperature and 𝑓𝑖 , (𝑖 = 1,2, . . ) are other predefined field variables [12].
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The unloading response is observed to be weakened, when the concrete specimen is unloaded from
any point on the strain softening branch of stress-strain curve as shown in Figure 2. It clearly shows
that the elastic stiffness of the material is degraded. The degradation of elastic stiffness under tension
and compression is considerably different. In either case the effect is noticeable with the increase in
plastic strain. Two damage variables, 𝑑𝑡 and 𝑑𝑐 are assumed to define this degraded response of
concrete, which are, as stated before, assumed to be functions of plastic strains, temperature, and field
variables [12].
𝑝𝑙
𝑑𝑡 = 𝑑𝑡 (𝜀̃𝑡 , 𝜃, 𝑓𝑖 ), (0 ≤ 𝑑𝑡 ≤ 1)

(6a)

𝑝𝑙
𝑑𝑐 = 𝑑𝑐 (𝜀̃𝑐 , 𝜃, 𝑓𝑖 ), (0 ≤ 𝑑𝑐 ≤ 1)

(6b)

The values of uniaxial degradation variables increase in accordance with the equivalent plastic strains.
If 𝐸0 is the initial undamaged elastic stiffness of concrete, then the values of the damage variables
range between zero and one, for undamaged and fully damaged material respectively [12]. From
Figure 2,
𝑝𝑙

𝜎𝑡 = (1 − 𝑑𝑡 )𝐸0 (𝜀𝑡 − 𝜀̃𝑡 )
𝑝𝑙

𝜎𝑐 = (1 − 𝑑𝑐 )𝐸0 (𝜀𝑐 − 𝜀̃𝑐 )

(7a)

(7b)

From the above explanation it is clear that to calculate the effective stress, which will be supplied as
an input in the form of material property for the analysis, is fully dependent on the degradation
parameter ‘d’.
2.1.2 Constitutive Relationship:
(a) Concrete in compression:
The stress-strain relation of the concrete is modelled as described by Eq. (8), as in [14].
𝜎=

𝐸𝑐 𝜀
𝜀 2
1 + (𝜀 )
0

(8a)

2𝑓𝑐′
𝐸𝑐

(8b)

𝜎
𝜀

(8c)

𝜀0 =

𝐸𝑐 =
where:

𝜎 = stress at any strain 𝜀, MPa
𝜀 = strain at stress 𝜎
𝜀0 = strain at the ultimate compressive strength 𝜎𝑐′

The stress-strain curve of concrete in compression is as shown in Figure 3
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Figure 3. Stress-Strain Curve for Concrete

The damage parameter in compression:
The damage parameter is calculated by using Eq. (9) as described in [15] and [16],
𝑑𝑐 = 1 −

𝜎𝑐 𝐸𝑐−1
𝑝𝑙 1
𝜀𝑐 ( − 1) + 𝜎𝑐 𝐸𝑐−1
𝑏𝑐

(9)

𝑝𝑙

Tensile stress (Mpa)

Where plastic strain 𝜀𝑐 is determined proportional to the elastic strain 𝜀𝑐𝑖𝑛 = 𝜀𝑐 − 𝜎𝑐 𝐸𝑐−1 using a
constant factor 𝑏𝑐 such that 0 < 𝑏𝑐 ≤ 1. A value 𝑏𝑐 = 0.7 is used as suggested in [15].
(b) Concrete in Tension:
The stress-strain curve of concrete in tension is as shown in Figure 4. The ascending and descending
parts are obtained by using Eq.(10a) and Eq.(10b) respectively [17].
4
3
2
1
0
0

0.002

0.004

0.006

0.008

Tensile Strain

Figure 4. Stress-Strain Curve for concrete in Tension

𝜎𝑡 = 𝐸𝑐 𝜀𝑡

𝜀𝑡 ≤ 𝜀𝑐𝑟

𝜀𝑐𝑟 0.4
𝜎𝑡 = 𝜎𝑐𝑟 ( )
𝜀𝑡

𝜀𝑡 > 𝜀𝑐𝑟

(10a)

(10b)

where 𝐸𝑐 is modulus of elasticity of concrete; 𝜀𝑐𝑟 is cracking strain of concrete and 𝜎𝑐𝑟 is cracking
stress of concrete.
The damage parameter in tension: Tension stiffening
The tension stiffening model is assumed as shown in the Figure 5. where 𝜀0 is estimated using the Eq.
(11) given in [18].
𝜀0 =

2𝐺𝑓 ∙ 𝑙𝑛(3/𝑏)
𝜎𝑡 ∙ (3 − 𝑏)
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σt
σcr

0.1σt
εcr

0.9ε0

ε0

εt

Figure 5. Tension stiffening model

Where 𝐺𝑓 is the fracture energy which is dissipated in the formation of a crack of unit length per unit
thickness and is considered a material property, and 𝑏 is element width; all dimensions are in FPS
system.

2.2 Reinforcing Steel and Liner plate model:
The reinforcing steel and Liner plate are assumed to behave identical in tension and compression. The
stress strain curve for reinforcing steel and liner plate is modelled by using an elasto-plastic material
model. The von Mises failure criteria with isotropic hardening are adapted to represent the nonlinear
behavior of the material [12].

2.3 Prestressing Steel
The stress–strain curve of prestressing steel strands, Equations (12a) and (12b) are plotted in Figure 6.
The Ramberg–Osgood curve is suitable to closely approximate an experimental curve that resembles
two straight lines connected by a curved knee. The curvature of the knee is controlled by the shape
parameter, a constant m, taken as 4. The first almost straight portion of the Ramberg–Osgood curve is
′
′
asymptotic to the inclined dotted straight lines with a slope of Eps
at the origin. The modulus Eps
,
which is slightly greater than Eps , is determined such that the Ramberg–Osgood curve coincides with
the elastic straight line (with slope of Eps ) at the point of 0.7 fpu [17].
𝑓𝑝 ≤ 0.7𝑓𝑝𝑢

𝑓𝑝 = 𝐸𝑝𝑠 (𝜀𝑑𝑒𝑐 + 𝜀𝑠 )

𝑓𝑝 > 0.7𝑓𝑝𝑢

𝑓𝑝 =

(12a)

′ (𝜀
𝐸𝑝𝑠
𝑑𝑒𝑐 + 𝜀𝑠 )
𝑚

1

′ (𝜀
𝑚
𝐸𝑝𝑠
𝑑𝑒𝑐 + 𝜀𝑠 )
[1 + {
]
}
𝑓𝑝𝑢

(12b)

Where, 𝑓𝑝 = stress in prestressing steel; 𝜀𝑠 = strain in the mild steel; 𝜀𝑑𝑒𝑐 = strain in prestressing
′
steel at decompression of concrete; 𝐸𝑝𝑠 = elastic modulus of prestressed steel, 𝐸𝑝𝑠
= tangential
modulus of Ramberg–Osgood curve at zero load, 𝑓𝑝𝑢 = ultimate strength of prestressing steel; m =
shape parameter.
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Figure 6. Stress–strain relationship of prestressing strands [17]

2.4 The Material Properties:
In the present finite element analysis the material property data for the concrete is taken for dome and
the wall as documented in CSNI report [6]. The material property for reinforcing steel is taken as an
average value. The material properties used are as given in Table 1.
Material

Concrete

Reinforcing
Steel

Liner Plate

Prestressing
Steel

Table 1 Material Property
Property
Elastic Modulus
Uniaxial Compressive Strength
Uniaxial Tensile Strength
Poisson’s Ratio
Elastic Modulus
Yield stress
Poisson’s Ratio
Elastic Modulus
Yield stress
Poisson’s Ratio
Elastic Modulus
Yield stress
Elastic Limit Stress
Ultimate Strength
Poisson’s Ratio

Value
26970 MPa
47.30 MPa
3.45 MPa
0.18
1.84E5 MPa
470 MPa
0.3
218700 MPa
375.595 MPa
0.3
191000 MPa
1691 MPa
1339 MPa
1912 MPa
0.3

2.5 The Riks Method for Nonlinear Analysis:
The nonlinear solutions are generally been evaluated by Newton-Raphson method and its
modifications. But the iteration procedure diverges near limit points as shown in Figure 7, as in the
neighborhood of a limit point the tangent matrix [KT] becomes singular. Riks and Wempner suggested
a procedure to predict the nonlinear equilibrium path through limit points. The method provides a
technique to control progress along the equilibrium path for the Newton-Raphson method and its
modifications. The load increment for each load step is considered to be an unknown and solved as a
part of the solution [19].
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Figure 7. Load-deflection curve with limit points [20]

In [20] the author has explained the basic idea of the Riks technique for a single nonlinear equation.
The length ∆𝑠 of the tangent to the current equilibrium point is prescribed, and the new point is found
as the intersection of the normal to the tangent with the equilibrium path as shown in Figure 8a. Then
iteration is performed along the normal toward the new equilibrium point. Figure 8b shows the use of
a circular arc instead of the normal, as suggested in [19], with ∆𝑠 as its radius and the current
equilibrium point as the center of the circle.
For multidimensional problems the normal and circular arcs become a plane and sphere, respectively,
as shown in [19] where the author updated the tangent stiffness matrix only at the beginning of each
load increment (i.e. modified Newton-Raphson method).

Figure 8 The Riks scheme. (a) Normal plane method. (b) Circular arc method [20]

III.

THE FINITE ELEMENT MODEL

The present 1/8th model consists of 1548 C3D8 solid element to model concrete wall, basemat and
the dome. It is very cumbersome to model each rebar and tendon and to place at its appropriate
location in the model. Hence in this study it is proposed to use the facility provided in ABAQUS to
define the rebar as the section property through membrane. The reinforcement and the prestressing
tendons are modelled using membrane section facility to define rebar. The inner and outer hoop rebar
layers are modelled with 335 and 353 numbers of M3D4 element respectively and the inner and outer
meridional rebar layers are modelled with 384 and 353 numbers of M3D4 element respectively. Also
the prestressing tendons, hoop and meridional are modelled with 353 and 344 numbers of M3D4
elements respectively. The liner also is modelled as membrane with 337 numbers of M3D4 elements.
The rebars and the tendons modelled as membrane then embedded into the main model. The liner is
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connected to the concrete wall through tie constraint to ensure the perfect connection between
concrete wall and the liner.
Figure 9 shows the finite element meshed 1/8th model of containment structure, also it shows the
internal pressure applied to the model. Boundary conditions imposed on the symmetry planes are
displacements in the circumferential direction, rotation in radial direction and rotation in the zdirection is considered zero. The bottom of the base slab is assumed as fixed and hence Encastre
boundary condition is imposed. Figure 9 also shows the boundary conditions. The prestressing force
is applied using *INITIAL CONDITION through predefined fields properties. The analysis is
performed using ABAQUS/Standard for internal pressure only. Static RIKS method is employed for
the analysis.

Figure 9. Finite Element Meshed and subjected to internal pressure model

IV.

FINITE ELEMENT ANALYSIS RESULTS

The results of Finite element analysis are presented through Figure 10 to 13. The locations chosen for
the result are standard locations as described in ISP 48 report [6]. Due to brevity only a few critical
locations selected. Figure 10 presents the radial displacement at elevation at 0.0 and at 250 mm above
basemat. Figure 11 shows the radial displacement at elevation 6200 mm and at elevation 10750 mm
above the basemat, which are well in agreement with the results documented in [21]. It also confirms
the nonlinear behaviour. Figure 12 shows the vertical displacement at elevation 0.0 and at elevation
10750 mm above basemat. However Figure 13 shows a good agreement in Rebar Strain in
Meridional Direction at EL 250 mm above basemat (Inner Rebar Layer) and Rebar Strain in
Meridional Direction at EL 250 mm above basemat (Outer Rebar Layer).
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Radial Displacement at EL 250
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Figure 10. Radial Displacement at EL 0.0 and 250 mm above basemat
Radial Displacement at EL 10750
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Figure 11. Radial displacement at EL 6200 mm and EL 10750 mm above basemat

Vertical Displacement at EL 10750
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Figure 12. Vertical displacement at EL 0.0 mm and EL 10750 above basemat
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Rebar Strain in Meridional dir. at EL
250 and Az 135 degree (Outer
Rebar Layer)
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Figure 13. Rebar Strain in Meridional Direction at EL 250 mm above basemat

V.

CONCLUSION

In this study, the results of the nonlinear finite element analysis of a 1/8 th model of 1:4 scaled model
of prestressed concrete containment vessel, leads to following conclusions:
a) The procedure followed for representing the reinforcing steel and the prestressing tendons
through the membrane property have shown similar behavior as that would have shown by
modelling them as individual rebar.
b) The constitutive models of the materials introduced are capable of taking care of the
instability in solution up to LST pressure capacity.
c) The displacements obtained are at the pressure almost 3 times greater than Pd = 0.39 MPa,
where Pd is the design pressure for containment model.
d) The quick and reliable estimation of pressure capacity of the containment structure can be
obtained by this procedure.
e) As the temperature effect is not considered for the present study, however it can be
incorporated by considering the thermal loading.
f) The analysis can be extended till the structural failure mode test.
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