
 

1 

 
EVALUATION OF ULTIMATE LOAD BEARING CAPACITY OF THE 
PRIMARY CONTAINMENT OF INDIA’S SECOND 220MWe PHWR 
 
Ashutosh K. Singh1, Indrajit Ray1, Raghupati Roy1, R. P. Garg1 and U.S.P.Verma1 
1Nuclear Power Corporation of India Limited, Mumbai, India 
 
ABSTRACT 
 
     The inner containment structure (ICS) of Madras Atomic Power Station-1&2 (MAPS-1&2) was built with 
prestressed concrete and consists of cylindrical wall capped with segmental spherical dome. To estimate the ultimate 
load bearing capacity (ULBC) of the ICS under beyond design basis accident scenario, a FE model has been 
developed for non-linear analysis using a degenerated layered shell element in which the reinforcements/prestressing 
steels are modelled in the corresponding directions using a smeared approach. This paper brings out the results of 
the different analytical studies carried out on the ICS. The methodology adopted for the non-linear analysis of the 
prestressed concrete IC structure including various issues, viz. behaviour of concrete under compression and tension, 
tension stiffening, cracked shear modulus etc. Based on the detailed analysis, the safety margin of the inner 
containment structure under beyond design accident scenario has been evaluated. 
 
     KEY WORDS: Containment, 8-noded degenerate quadratic layered shell element, Adequacy and stability of the 
FE discretisation, Accident temperature profile, Through-and-through cracking, Ultimate load, Load-deformation 
curve, Failure  
 
1. INTRODUCTION 
 
     The ICS of MAPS-1&2 is built with prestressed concrete and consists of cylindrical wall capped with segmental 
spherical dome. The IC wall is enveloped by a cylindrical outer containment (OC) wall that runs up to the ring beam 
level of IC and is built of reinforced concrete up to ground level and the rest of the portion, above ground level, in 
reinforced rubble masonry. Two big openings, namely large break out panel (LBOP) and small break out panel 
(SBOP) were provided in the wall in addition to main airlock (MAL). Other significant opening in the wall is the 
spent fuel transfer passage. The accident pressure considered in the design of MAPS-1&2 ICS is 11.4 T/m2 (g), 
although the detailed analysis shows that the peak pressure under loss of coolant accident is 7.3 T/m2 (g). 
     A non-linear analysis of the ICS has been carried out, in order to study the factor of safety available for the ICS 
beyond the postulated DBA scenario, using 8-noded degenerated quadratic layered shell element with 
reinforcements & prestressing steel as a smeared layers in the concrete. The effect of accident temperature on 
ultimate load bearing capacity (ULBC) is also studied.  
     This paper presents a comprehensive description of the behaviour of the structure under different stages of 
loading for the various analyses carried out on the structure with due consideration to the aspect of analytical 
modeling of the behaviour of prestressed concrete shell under tension & compression. The issue of adequacy of the 
FE discretisation considered in the analysis is established and discussed in the paper.  
 
2. ANALYSIS METHODOLOGY 
 
Geometrical Idealisation 
     The stresses developed due to different loads in the containment shell structure are mainly membrane in nature.  
Hence, a shell model using 8-noded degenerated quadratic layered shell element is adequate for evaluating the non-
linear response of the structure. Transverse shear deformations are considered with an assumption that the normal of 
the element remains straight but not necessarily normal to the mid-surface of the element after deformation. Three 
translational and three rotational degrees of freedom are considered per node. The layering system helps in 
introducing the reinforcements (both active and passive) in relevant layers and also in tracing the progress of 
cracking through the depth of shell. 
 
Unique Feature of Construction of this Containment and Simulation of the same in Analysis 
     Two openings, namely large break out panel (LBOP) of size approximately 10.05 m x 7.772 m and small break 
out panel (SBOP) of size 4.863m x 3.657m, were provided in the IC wall during construction due to operational 
requirement in the IC wall during construction, which were closed after almost two years of construction of parent 
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IC wall. The SBOP is cast monolithically with IC wall. To avoid local thickening and extra requirement of 
reinforcement to cater for the bending effects due to opening in the shell structure, the LBOP area is designed as an 
independent panel that is not cast monolithically with the rest of the cylinder but made structurally an integral part of 
the same by establishing at the boundaries of the panel the same state of membrane stresses by using flat jacks. The 
horizontal and vertical prestressing cables were re-threaded passing through this portion as if the cut did not exist. 
Due to the feature of having flexibility to reopen, the prestressing cables (both horizontal and vertical) passing 
through LBOP are kept grease filled to facilitate de-stressing. Hence, the prestressing cables in this location are 
ignored in the analysis as reinforcement layer. However, the area reduction of concrete due to the prestressing 
sheathing ducts are modelled by appropriate reduction in concrete thicknesses at this location. The integrity between 
LBOP and IC wall was achieved by pre-compression provided by the horizontal prestressing cables and hence, the 
pressure exerted due to these prestressing cables on IC wall is considered in analysis.  
 
Parametric Studies Carried Out To Observe Effects On ULBC Value 
     As the LBOP is not connected monolithically with the IC wall, the junction of LBOP and the interface of LBOP 
and IC wall will become disjointed when the pre-compression will be neutralised by the tension developed in IC 
wall due to internal pressure beyond accident condition. Behaviour of such disjointed portions has direct bearing on 
the ULBC value of the containment. Such disjointed structural system is not possible to model in standard finite 
element analysis. An attempt is made to model the interface of LBOP and IC wall by simulating degradation of 
material around the LBOP as follows: 
(i) Reinforcement layers are not considered in the elements around the LBOP as there is no monolithicity between 

LBOP and the rest of the IC wall. 
(ii) Half the values of Young’s modulus, compressive and tensile strength of concrete is considered in the elements 

around LBOP. 
 
     The IC wall seats on raft on a neoprene pad to have a radially sliding boundary condition to transfer the prestress 
to the structure effectively. Also, a structural hinge is provided in IC wall just above the radially sliding raft – IC 
wall junction. This arrangement at the raft – IC wall junction was engineered in order to avoid transfer of moment 
effect, during prestressing, to the structure. The rock anchors and the vertical cables are anchored in the IC wall. The 
pre-compression of the active rock anchors are expected to reduce with time. Hence, the effectiveness of the rock 
anchors on ultimate load bearing capacity (ULBC) of the structure is also studied by analysing the structure with and 
without considering rock anchors at the IC wall – raft junction. 
 
Material Modelling 
     The materials used are concrete and reinforcing / prestressing steel. Properties of concrete in tension and 
compression are modelled separately.  

 
Concrete In Tension 
     Concrete behaves linearly upto its tensile strength. Then it cracks and the tensile stress reduces gradually to zero 
with increase in strain.  Stress based cracking criterion with a smeared crack model is employed [1,2,3,4]. Cracks are 
assumed to form in planes perpendicular to the direction of maximum principal tensile stress as soon as this stress 
reaches the specified concrete tensile strength ft. The cracked concrete is anisotropic and the elemental values are 
transformed to the global x-y axis [1,2,3,4]. 
 
Tension Stiffening 
     Concrete carries certain amount of tensile force normal to the cracked plane even after formation of cracks due to 
aggregate interlocking and dowel action, which results in tension stiffening of concrete. The concrete adheres to the 
reinforcing bars and contributes to the overall stiffness of the structure. Several approaches based on experimental 
results have been employed to simulate this tension stiffening behaviour. A gradual release of the concrete stress 
component normal to the cracked plane is adopted in this work. The process of loading and unloading of cracked 
concrete is also taken care of [1,2,3,4].  
 
Cracked Shear Modulus 
     Experimental results indicate that a considerable amount of shear stress can be transferred across the rough 
surface of cracked concrete. Also, the dowel action of steel bars contributes to the shear stiffness across cracks. 
Tests have shown that the primary variable in the shear transfer mechanism is the crack width, although aggregate 
size, reinforcement ratio and bar size also have influence. Appropriate value of the cracked shear modulus (Gc) is 
considered to simulate the aggregate interlocking and dowel actions. The cracked shear modulus is assumed to be a 
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function of the current tensile strain [1,2,3,4]. The programme incorporates the closing of cracks, if any, by 
assuming the uncracked shear modulus in the respective direction. 
 
Compressive Behaviour Of Concrete 
     The compressive behaviour of concrete employed in this project is based on plasticity-based model with a yield 
criterion and a flow criterion for obtaining the response beyond the yield. An elastic-perfectly plastic model is 
considered in the present application for ultimate compressive strength of concrete under uni-axial compression (σ0), 
since the shell is stressed predominantly in tension and additional computations for strain hardening can be avoided. 
Concrete is assumed to be elastic till the equivalent stress reaches the uni-axial compressive strength of the material. 
From then on, perfect plasticity is assumed. The detailed formulations of yield criterion, flow rule and crushing 
condition are described in detail in Ref. [2,3]  
 
Reinforcing And Prestressing Steel 
     The reinforcing bars / prestressing steel tendons are considered as smeared steel layers of equivalent thickness in 
the present model with a uni-axial behaviour resisting only the axial force in the bar direction. A linear elastic and 
plastic hardening behaviour is assumed for the reinforcing / prestressing steel. 
 
3. MESH SENSITIVITY ANALYSIS OF ICS 
 
     Non-linear analysis results are sensitive to FE discretisation and the tolerance specified for convergence of 
results. Analyses have been carried out to establish the adequacy and stability of the FE discretisation in linear range 
before the actual analysis. A Finer FE discretisation of ICS, around four times finer than the FE mesh considered in 
the original analysis, has been developed in order to demonstrate the stability of FE mesh. The structure is analysed 
with self-weight as constant load and internal pressure as varying load. The displacements are compared with the 
F.E. mesh to be used in the analysis. The maximum difference of displacements of 0.19% and 0.03% is observed 
under self weight and internal pressure. 
     Bazant and Cedolin have reported that little mesh sensitivity in F.E. discretisation is observed when energy 
criterion based on fracture mechanics is employed. It is further established that if the gauss point distance is less 
than or equal to the characteristic length computed from the fracture energy ‘Gf’ of concrete, the finite element 
computations are insensitive to mesh size [5]. The grade of concrete used in IC wall and dome of MAPS-1&2 were 
M27.5 and M35 respectively. It is observed that the gauss point distances calculated are lesser than the 
characteristics length of the concrete. With the above studies, it is also ensured that the F. E. discretisation adopted is 
adequate and stable. 
 
4. THE NON-LINEAR ANALYSIS  
 
     Full ICS is modelled to represent the structure as it is. Radially sliding boundary condition, as discussed above, is 
employed at the base of the ICS. The cross section of MAPS-1&2 IC structure is shown in Fig.-1. The FE 
discretisation of the structure is shown in Fig.-2 through Fig.-4. 
     The ICS is subjected to constant load consisting of prestress and self-weight of the structure and variable load 
consisting of internal pressure. The internal pressure, representing the accident pressure is applied in steps. Analysis 
methodology is explained in detail in Ref. [2,3]. The design internal pressure is applied to the structure in first three 
load increments. Very stringent convergence criteria for displacement and rotation are employed to avoid any drift 
in the initial portion of load-deformation curve. Modified Newton - Raphson procedure is employed to have a 
control on the load increment size and to accelerate the solution procedure.  
 
The Analyses 
     First, the analysis without considering accident temperature is discussed. The load increments have been varied, 
as the internal pressure increases, to balance between accuracy of solution and time required to achieve the 
convergence. Initially, a load increment of 0.25 times the design pressure has been considered upto the design 
pressure. Subsequently, the load increments have been varied from 0.10 - 0.025 times the design pressure till the 
failure load is reached. A tolerance of 5% of displacement norm is found to be satisfactory [1]. However, to avoid 
any divergence of results in the initial portion of the load deformation curve, a stringent tolerance of 0.5% - 1.0% of 
displacement and rotation norms is applied. As it is difficult to achieve this tolerance near failure load, a higher 
tolerance of 3.0% - 5.0% has been used. The analyses of the structure without considering rock anchors and 
degrading the material around LBOP in IC wall is carried out separately in the similar lines as discussed in the 
preceding paragraph. 
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     The temperature profile across the thickness of ICS beyond postulated DBA scenario is not available. Hence in 
order to study the effect of accident temperature on the ULBC of the ICS, the load due to accident temperature 
profile across the thickness of ICS under postulated DBA scenario is computed and considered as constant load 
along with other constant loads, e.g., self-weight and prestress.  
 
     When accident temperature is considered, a load increment of 0.2 – 0.1 times the design pressure has been 
considered and design accident pressure is applied to the structure in seven load steps. The load due to accident 
temperature is applied to the structure in the eighth load step of the analysis without any load increment. Hence, load 
step seven will have the solution without accident temperature while load step eight will have the solution with 
accident temperature for the same load, i.e., for design accident pressure. The accident temperature is applied when 
full design pressure is reached to simulate the  degradation of concrete under temperature loading, as closely as 
practicable, after the accident takes place. Subsequently, the load increments have been varied from 0.05 - 0.01 
times the design pressure till the failure load is reached.  To avoid any divergence of results in the initial portion of 
the load deformation curve, a stringent tolerance of 0.5% – 1.0% of displacement and rotation norms is applied. In 
general 1.0% - 2.0% of the displacement and rotation norms are used throughout the analysis. However, higher 
tolerance of 5% has been used in highly non-linear zone of the load-displacement curve near failure. 
 
5. ANALYSIS RESULTS 
 
Response Of ICS At Different Stages Of Analysis 
The following table gives different milestones for different analyses carried out: 
 
6. OBSERVATION AND DISCUSSION OF ANALYSIS RESULTS 
 

 
 
     As expected, different milestones of the analysis with accident temperature (Analysis-2) is observed to be 
occurring before the respective milestones in analysis without accident temperature (Analysis-1). This 
phenomenon is attributed to the degradation of concrete structure under temperature loading. 
 
     It may be observed from the results of Analysis-1 and Analysis-3 that the overall behaviour of the structure is 
similar. The initiation of inner layer cracking occurs at load factor 0.5 in analysis-3. This may be attributed to the 
absence of vertical compression due to absence of rock anchor forces. The ULBC is seen to be marginally 
different in Analysis-3, which can be attributed to the convergence criterion set for numerical analysis and may 

Mile Stones 

Analysis – 1 
• Without Acc. Temp. 
• With Rock Anchor 
• Without Degradation 

around LBOP in IC 
wall 

Analysis- 2 
• With Acc. Temp. 
• With Rock Anchor 
• Without Degradation 

around LBOP in IC 
wall 

Analysis -3 
• Without Acc. Temp. 
• Without Rock Anchor 
• Without Degradation 

around LBOP in IC 
wall 

Analysis – 4 
• Without Acc. Temp. 
• With Rock Anchor 
• Considering 

Degradation around 
LBOP in IC wall 

First Outer 
Layer Crack 1.000 1.00 1.000 1.000 

First Inner 
Layer Crack 1.000 1.000 0.500 1.000 

First Through 
& Through 

Cracks 
1.450 1.445 1.450 1.400 

Linearity 1.300 1.100 1.300 1.200 
Initiation of 

Reinforcement 
Steel Yielding 

1.625 1.485 1.625 1.400 

Debonding of 
rebar 1.635 1.495 1.640 1.425 

Functional 
Failure 1.635 1.495 1.635 1.450 

ULBC 1.635 1.495 1.645 1.475 
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not have any physical significance. Hence, it is concluded that the rock anchors hardly have any effect on ULBC 
of the structure. 
 
     The various stages of analysis are occurring in advance when degradation around LBOP in IC wall is 
considered (Analysis-4) with respect to the respective stages of analyses without considering degradation 
(Analysis-1 & Analysis-3). These phenomena are attributed to the weak link of non-monolithicity of the structure 
being modelled at the interface of LBOP and rest of the IC wall. 

 
     The load-deformation curves for different analyses are captured at the failure point. The location of failure 
point is shown in Fig.-4. Fig.-5 shows the load v/s deformation behaviour of the IC structure at the failure 
location for the analyses (i.e., Analysis-1 through analysis-4).  
 
     Very high non-linearity may be observed at the failure point (node no. 4889), which is above the LBOP in IC 
wall. In fact, most of the disturbances are confined in this area around LBOP in the IC wall due to the fact that 
prestressing cables cannot act as a reinforcement layer, subsequent to construction, to resist the external loads 
applied to the structure as they grease filled in this location. While SBOP is monolithically constructed with the 
IC Wall, the LBOP is not. The integrity is maintained by the pre-compression provided by the horizontal 
prestressing cables in this location. Hence, when the effect of prestress is nullified with that of internal pressure 
at higher load factor, the failure is observed in this zone. 

 
7. CONCLUSION 
 
    Based on the detailed study, the following conclusions are drawn: 
 

(i) Mesh sensitivity analysis in linear range and the calculation of gauss point distances of the elements and 
comparison of the same with characteristic length of concrete establish that the finite element mesh used 
for evaluation of ultimate load bearing capacity of the inner containment is adequate. 

(ii) A bandwidth for the ULBC of this containment structure is defined with upper and lower bounds. This is 
required to cater for the variability built-in this containment structure. Hence, it may be inferred from the 
studies carried out that the ULBC of inner containments of MAPS-1&2 may lie anywhere between the 
range with upper and lower bounds as 1.635 and 1.475 times its design pressure respectively. Accordingly, 
the factor of safety against beyond design basis accident scenario lies between 2.55 and 2.30. The mode of 
failure in the structure is due to excessive yielding of reinforcements.  
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Fig. 1: Cross-section of MAPS-1&2 IC Structure Fig. 2: F.E. Discretisation of IC Structure 

 
 

 

      

   
Fig. 3: F.E. Discretisation of IC Dome Fig. 4: F.E. Discretisation of IC Wall & the Failure Point 
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Load-Deformaion Curve at Failure Point (Node No. 4889) for Different Analyses
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