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ABSTRACT 

The US Advanced Pressurized Water Reactor (US-APWR) is being developed by Mitsubishi 

Heavy Industries (MHI) for design certification by the USNRC for deployment in the United States.  As 

part of the licensing requirements in the U. S., it must be demonstrated that the primary containment 

system will perform satisfactorily for hypothesized accident conditions.  This requires assessments to 1) 

predict the true pressure capacity or margin above the design-basis pressure, 2) demonstrate structural 

integrity related to combustible gas control, and 3) address performance goals under severe accident 

conditions.  This paper describes the structural modelling and assessments performed for the US-APWR 

primary containment system in regards to these licensing requirements.   

INTRODUCTION

The primary containment system for the US-APWR is based on a pre-stressed concrete 

containment vessel and includes large operable penetrations, such as equipment hatches and personnel 

airlocks, and smaller fixed penetrations, such as main steam and feed water piping and fuel transfer tube.  

Global 3-dimensional nonlinear analysis is employed to establish modes of failure and pressure capacity 

of the pre-stressed concrete containment vessel considering liner tearing, rebar and tendon yield and 

rupture, and concrete cracking, crushing, and shear capacity.  Detailed local modelling, using boundary 

conditions extracted from the global model, are used to determine failure modes and pressure capacity of 

the various penetrations considering component buckling, steel tearing, bolted flange separation, and 

shear punch out.  The analyses are performed for different thermal environments representing different 

accident scenarios.  The analyses employ advanced concrete constitutive modelling and include 

temperature dependent material properties for the concrete and steel components.  In particular, this paper 

focuses on the probabilistic assessment performed for establishing the fragility of the containment system 

considering the PCCV boundary and the equipment hatch as a large operable penetration into 

containment.

METHODOLOGY

These analyses use the ANACAP-U concrete constitutive model, ANATECH (1998), coupled 

with the ABAQUS/Standard finite element computer program, Dassualt (2011).  These analyses are based 

on detailed 3D finite element modelling and advanced material constitutive relations.  The approach taken 

is to develop the pressure capacity for the global containment system and the equipment hatch based on a 

probabilistic approach followed by deterministic analyses to rank the capacities for the smaller 

penetrations relative to the equipment hatch.  This approach, based on experience, anticipates that the 

mechanisms limiting the pressure capacity are likely to be liner tearing in the PCCV wall and local 

tearing effects in the largest operable penetration.  Establishing the pressure capacity for these within a 

probabilistic framework provides risk based insight about the relative failure mechanisms and also 

addresses uncertainty in the analysis methods used.  The pressure capacity limits for the other 



23rd Conference on Structural Mechanics in Reactor Technology 

Manchester, United Kingdom - August 10-14, 2015 

Division VII 

penetrations can then be ranked relative to the equipment hatch using deterministic analyses to save 

overall computational and engineering efforts. 

For the probabilistic assessments, the uncertainties in the analysis results are associated with the 

finite element modelling, such as mesh fidelity and constitutive modelling, material properties of the in-

situ structure at the time of the accident, failure criteria or limit states used in establishing pressure 

capacity, and the loading conditions that lead to pressurization of the containment.  The uncertainties are 

evaluated by first identifying those parameters that are likely to have a significant effect on the analysis 

results and then evaluating the effect of variations in these parameters by using the 95% confidence value 

of the specific parameter while keeping all other parameters at the median values.  In some cases, such as 

material property variations, additional analytical calculations are needed to evaluate the uncertainty.  In 

other cases, such as variation in failure criteria, re-evaluation of existing analyses can be performed.  By 

assuming that the structural response is best characterized by a lognormal probability density function 

(PDF) for variations in these parameters, the standard deviation or variance for the lognormal distribution 

for each important parameter is determined.  The overall variance is calculated by using a square root of 

the sum of the squares combination of the lognormal deviations for the individual parameters.  Having the 

median value and lognormal deviation for the pressure capacity, a cumulative probability of failure for 

increasing pressure is established by integrating the lognormal probability density function. 

Thermal Conditions

Accident conditions leading to over-pressurization will also include elevated temperatures.  

Because of thermal induced stresses and material property degradation at elevated temperatures, the 

pressure capacity is also a function of temperature.  The pressure capacities are calculated for 3 specified 

thermal conditions, namely, steady state normal operating temperatures, steady state conditions 

representing long term accident conditions, and transient thermal conditions for a hydrogen burning 

condition as representative of a severe accident involving much higher temperatures but for much shorter 

durations.  The temperature distribution for the normal operating condition is based on a steady state 

solution with the PCCV atmosphere at 105 !F.  The temperature distribution for the long term accident 

thermal condition is based on a steady state solution with the PCCV atmosphere at 438 !F.  The 

temperature distribution for the hydrogen burning thermal condition is based on a transient solution when 

the PCCV atmosphere and liner reach 1000 !F for a postulated hydrogen burn scenario.  All 3 thermal 

conditions are considered to occur during extreme winter ambient conditions when the outside air 

temperature is -40 !F.  The analyses are performed by initializing the stress solution to be stress free 

(except for bolt prestressing in the local models) at a uniform ambient temperature of 15.5 !C (60 !F), 

then conducting a thermal analysis (either steady state or transient) to establish the temperature 

distributions within the structure, and finally incrementing the internal pressure with static equilibrium 

iterations to determine the pressure at which failure or leakage occurs.   

Material Properties and Failure Criteria

The analyses for establishing the pressure fragility of the primary containment system are based 

on median or expected material properties and failure criteria (or limit states).  Analyses using the 95% 

confidence value of those important parameters are used to assess the effect of uncertainty in the analyses.  

The median and 95% confidence values must be developed for the elastic and plastic material properties 

and failure criteria, all as a function of temperature.  While a set of 3 discrete thermal conditions are 

identified for the range of temperatures of interest, the temperatures within the structural components will 

have a continually varying distribution.  Thus, the property and criteria values must cover the entire range 

of temperatures from ambient to 538 !C (1000 !F).  This data has been collected and synthesized from a 

variety of sources, (see Rodabaugh (1981), Chu (1999), Brister (1977), ATC (1994), Luecke (2005), 

Bournonville (2004), Brinkman (1977), and Freskakis (1985)).  Typically, data for the median value and 
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the distribution of a property at room temperature is available, and some data for the variation of the 

median value with temperature is found.  The 95% confidence values at elevated temperatures are then 

determined using the distribution at room temperature but with increasing uncertainty for increasing 

temperature.  The true stress versus true strain relations for A516 Grade 60 steel plate are plotted in 

Figure 1, showing both the median and 95% confidence values, as illustrative.  A tearing or rupture strain 

is used as a failure limit for steel.  This strain criteria is based on the ductility of the material and a stain 

concentration factor to account for mesh fidelity and factored for biaxial loading.  A summary of the 

median and 95% confidence values for the failure criteria as a function of temperature is summarized in 

Table 1. 

Figure 1.  Illustration of Stress-Strain Relation for A516 Grade 60 Liner Plate 

Table 1.  Summary of Median and 95% Confidence Values for Failure Criteria 

Criteria

Normal Operating 

Conditions

Long Term Accident 

Conditions

Hydrogen Burning 

Conditions

Median 95 % Median 95 % Median 95 % 

Section Shear Strain (%) .55 .44 .55 .44 .55 .44 

Rebar Fracture Strain (%) 5.0 2.0 5.5 2.2 6.0 2.4 

Tendon Failure Strain (%) 2.66 2.50 2.80 2.60 3.00 2.74 

Liner Tearing Strain (%) 

(1/4” Thick, Grade 60) 
2.13 1.72 2.16 1.45 3.54 2.42 

Liner Tearing Strain (%) 

(>1/4” thick, Grade 70) 
1.72 1.40 1.75 1.17 2.87 1.96 

Bolt Rupture Strain (%) 9.2 6.8 9.9 7.2 10.6 7.6 

Modelling Uncertainty

There is also uncertainty associated with the modeling used in the analyses for determining the 

failure pressures for any given set of material properties, geometry, or other problem parameters.  This 

uncertainty concerns the mesh fidelity, the type of element formulations used, the robustness of the 

constitutive models, the equilibrium iteration algorithms and convergence tolerances, geometric 

imperfections, fabrication and construction exactness, rebar placement locations, and the like.  This 

modeling uncertainty must be quantified as part of the probabilistic assessment.  Historically, this 

uncertainty is based on experience and judgment of the analyst because the analytical effort needed to 

consider variations in these modeling parameters is prohibitive.  For this effort, the modeling uncertainty 

is based on previous work where similar modeling has been used to predict structural performance that 

can be compared to test data.  Several pretest analytical predictions have been performed for structural 
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specimen tests using the same software and modeling philosophy, namely mesh fidelity, element 

formulations, convergence algorithms, and so forth.  Many of these predictions and tests concern the 

pressure capacity of reinforced concrete containments, for example, the 1:6 scale RCCV model tested to 

over-pressurization failure at Sandia National Laboratories.  Thus, the modeling uncertainty can be 

determined by comparing the predicted analysis results with the test results.  A list is constructed of about 

20 such comparisons, and the ratio of the test result to the predicted result is determined for each.  These 

data points are sorted into ascending order and plotted for cumulative probability versus the ratio of test 

result to analysis prediction.  The cumulative probability is calculated for each point as n/(N+1) where n

is the nth point in the series and N is the total number of data points.  A cumulative probability function, 

based on a lognormal probability distribution function, can then be fitted to the data through a least 

squares fit for the 2 parameters defining the lognormal PDF.  This is illustrated in Figure 2, and the so 

determined lognormal variance is the uncertainty in the modeling used for these analyses.  In addition, 

because the test data and analyses are all at ambient temperatures, the calculated " for modeling 

uncertainty is increased by 10% for the analyses associated with the long term accident thermal 

conditions and by 20% for the analyses of the hydrogen burning thermal conditions.   

Figure 2.  Evaluation of Variance Due to Modeling Uncertainty 

PROBABILISTIC BASED ANALYSES 

Global Modelling of PCCV

A global 3D model is used to assess the ultimate capacity of the PCCV due to over-

pressurization.  This global modeling is needed to capture the overall structural performance and potential 

failure modes of the primary containment system and is sufficiently accurate to determine the ultimate 

pressure capacity of the PCCV components, governed by concrete, tendon, and rebar strength and their 

interaction.  The ultimate capacity for the PCCV is based on strain limits for liner tearing, rebar and 

tendon rupture, concrete compressive stress, or concrete shear strain limits that indicate section shear 

failure.  The concrete constitutive model includes tensile cracking, shear shedding, and compressive 

crushing as material limits.  As loads are redistributed due to these material limits, the increasing loads 

will eventually lead to section failures.   

The modeling consists of a free-standing, full height representation of the PCCV.  A separate 

thermal model is used to determine the temperature distribution within the structure for each of the 3 

thermal conditions, and the stress model, illustrated in Figure 3 for the long term accident temperature 

distribution, is used to determine the pressure capacity.  The concrete is modeled with solid elements and 

the steel liner is modeled with plate elements.  The prestressing tendons are modeled with truss elements 

using independent nodes from the concrete nodes.  The tendon nodes are then constrained to the concrete 
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nodes using constraint equations to capture the behavior of the greased tendons.  For the hoop tendons, 

the tendons are constrained to the concrete in the radial and axial directions, but the tendon nodes are 

allowed to move relative to the concrete in the hoop direction.  Similarly, for the axial tendons, the 

tendons are constrained to the concrete in the radial and hoop directions but are allowed to move relative 

to the concrete in the axial direction.  For the areas with significant tendon curvature, for example the 

axial tendons in the dome and the tendons that wrap around the penetrations, the tendon nodes are fully 

constrained to the concrete to simulate friction.  The prestress loads are applied using an initial stress in 

the tendon elements.  The tendon elements are divided into groups to allow variation in the initial stress 

distribution to simulate prestressing losses. 

In the design basis of the PCCV, the effects of tendon relaxation, concrete creep, concrete 

shrinkage, and anchorage losses are considered in calculating a level of prestress after 60 years of 

operation based on ASME code regulations.  In the pressure fragility evaluation, this “end-of-life” 

prestressing level is considered the 95% confidence value of prestressing, that is, we are 95% confident 

that we will have at least this level of prestress over the life of the structure.  For the nominal or best-

estimate value of prestress, a level of prestress is used in the fragility analysis based on that calculated for 

the design basis at SIT conditions, which basically accounts for losses during anchorage seating and some 

initial tendon relaxation and concrete creep.  The effects of this variation in prestress are considered by 

performing an analysis with nominal values of all parameters, then another analysis using 95% 

confidence values of prestressing and nominal values of all other parameters and determining the change 

in the pressure capacity.  The contribution to the variance or “standard deviation” in pressure capacity due 

to uncertainty in prestress can then be calculated from this difference in the pressure capacity. 

The reinforcement bars are modeled as embedded, truss-like steel elements at the appropriate 

locations within the concrete brick elements.  The strains within the brick element at the locations of the 

rebar within that element are used to assess the rebar performance via the constitutive relations for the 

steel material.  The associated stiffness and stress in the reinforcement are superimposed onto the concrete 

brick element.  Some smearing of the reinforcement is performed to reduce modeling and computation 

times, for example, every other bar may be explicitly included but each with twice the area (2:1 

modeling).   

Figure 3. Global Model with Long Term Accident Temperature Distributions 
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The median ultimate pressure capacity for the PCCV is determined using the global stress model 

along with median values of all material properties and failure criteria.  The median pressure capacity is 

calculated for each of the 3 thermal conditions.  For each median pressure capacity analysis, the failure 

pressure for each mode of failure is determined based on the corresponding failure criteria, for example, 

monitoring liner plastic strains to determine the pressure where liner tearing initiates.  Figure 4 illustrates 

the accumulated plastic strain in the liner for median pressure capacity under the long term accident 

conditions.  The failure pressures for each failure mode are determined independently, that is, the 

structural effect or consequences due to initiation of any one failure mode does not influence the next 

failure mode.  For example, when the rupture strain of a rebar has been reached, the pressure associated 

with rebar failure is determined, but the rebar continues to plastically deform until the next failure mode is 

reached.  This complies with the basic assumptions needed for parameter independence in the 

probabilistic assessment.  Table 2 summarizes the median pressure capacities calculated for the various 

failure modes for the 3 thermal conditions.   

Figure 4.  Accumulated Plastic Strain in PCCV Liner for Long Term Accident Conditions 

Table 2.  Summary of Median Pressure Capacity for PCCV 

Failure Mode

Failure Pressure as Factor on Design Pressure 

Normal Operating 

Conditions

Long Term Accident 

Conditions

Hydrogen Burning 

Conditions

PCCV Liner Tearing  3.38 3.29 3.50 

PCCV Rebar Rupture 3.68 3.58 3.64 

PCCV Tendon Rupture 3.65 3.62 3.66 

PCCV Concrete 3.71 3.76 3.73 

Local Modelling of Equipment Hatch

A detailed local model of the equipment hatch (EH) and a portion of the surrounding PCCV wall 

is constructed to evaluate the pressure fragility due to local failure modes associated with the EH 

components.  The EH closure is a pressure-seating design with the closure cover on the inside of 

containment.  The following local failure modes are considered in the detailed local model, 
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# Yielding and rupture of reinforcing bars around the EH  

# Yielding and rupture of tendons around the EH  

# Failure of concrete around the EH penetration, including shear failure along the sleeve  

# Tearing of liner at thickened steel sections around EH 

# Tearing of EH steel components 

# Yielding and rupture of EH cover bolts due to flange rotation and ovalization 

# Rupture or buckling of EH cover 

The local modeling for the equipment hatch model, including a section of the PCCV wall around 

the penetration, is illustrated in Figure 5 showing overall inside and outside views of the concrete and 

steel components.  The closure bolts are modeled with beam elements with the appropriate length, cross-

sectional area, connections, and initial prestress.  A contact surface between the flanges is used to allow 

flange slippage or separation to develop as appropriate.  A friction coefficient of 0.42 is used between 

these surfaces.  This modeling includes the effects of flange rotation and relative movement between the 

flanges due to ovalization of the EH penetration.  Yielding and rupture of the cover closure bolts due to 

flange rotation and slippage is included as a failure mechanism.  The shear studs on the outside of the 

sleeve and also the tendons and reinforcement are included in the local model.  Displacement boundary 

conditions, extracted from the global model, are imposed on the cut sections of the PCCV wall in the 

local model.  This enforces the deformation patterns from the global response of the containment system 

on the local model while capturing more refinement in the structural response of the equipment hatch 

components.  A thermal analysis, using a more refined local thermal model consistent with that performed 

for the global model, is performed for the local model to establish the temperature distributions in the 

refined mesh of the local model.  The thermal and pressure loads are incrementally applied in 

coordination with the displacement boundary conditions for the same loading states in the global model to 

evaluate the failure modes and failure pressure levels for the equipment hatch components. 

Figure 5.  Illustration of the Local Detailed Modelling for Equipment Hatch 

The median pressure capacity for the Equipment Hatch components is determined using the EH local 

model along with median values of all material properties and failure criteria for each of the 3 thermal 

conditions in the same manner as described for the PCCV global model.  Figure 6 illustrates the 

accumulated plastic strains in the equipment hatch for long term accident conditions.  Table 3 summarizes 
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the median pressure capacities calculated for the various failure modes related to the EH for the 3 thermal 

conditions.  Note that some values have approximated or greater than signs indicating that judgment or 

extrapolation was used since the associated failure criteria have not been realized for the final pressure 

reached in the analysis.  These failure modes were determined to be non-controlling for the EH.   

Figure 4.  Accumulated Plastic Strain in EH Steel Components for Long Term Accident Conditions 

Table 3.  Summary of Median Pressure Capacity for EH 

Failure Mode

Failure Pressure as Factor on Design Pressure 

Normal Operating 

Conditions

Long Term Accident 

Conditions

Hydrogen Burning 

Conditions

EH Rebar Rupture 3.48 3.49 3.54 

EH Tendon Rupture ~3.87 ~3.69 3.91 

EH Liner Tearing 3.55 3.35 3.54 

EH Concrete Failure ~3.85 >3.68 >3.68 

EH Bolt Rupture ~4.04 3.71 >3.97 

EH Sleeve Tearing 3.87 3.69 3.85 

EH Cover Failure 3.87 3.71 3.82 

Uncertainty and Probabilistic Assessment

The failure pressure is characterized using a lognormal probability density function defined as 
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where p is the failure pressure, 2 is the mean value of the natural log of the failure pressure, and " is the 

standard deviation of the natural log of the failure pressure.  The lognormal standard deviations for the 

various key parameters having uncertainty are determined using the equation   

645.1
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where       is the pressure capacity when evaluated using the 95% confidence value for the ith parameter or 

material property and Pm is the median pressure capacity.  The composite lognormal standard deviation is 

then defined as the square root of the sum of the squares of the individual standard deviations, including 

that for the modeling uncertainty.  The fragility, defined as the cumulative probability of failure for 

increasing internal pressure is defined by the integral of the probability density function.  The fragility of 

the US-APWR primary containment system to over-pressurization under accident conditions is 

summarized in Table 4.  This table provides the median value and a 95% value, representing a High 

Confidence (95%) of a Low Probability (5%) of Failure, for the failure pressures causing the various 

failure modes leading to a breach in the containment boundary.  The failure pressures are provided in 

terms of a factor on the design pressure.   

Table 4.  Summary of Fragility for Over-Pressurization of US-APWR 

Failure Mode 

Failure Pressure as Factor on Design Pressure 

Normal Operating 

Conditions

Long Term Accident 

Conditions

Hydrogen Burning 

Conditions

Median  95%HC Median  95%HC Median  95%HC 

PCCV Liner Tearing 3.38 2.72 3.29 2.59 3.50 2.69 

PCCV Rebar Rupture 3.68 2.88 3.58 2.75 3.64 2.74 

PCCV Tendon Rupture 3.65 2.94 3.62 2.86 3.66 2.83 

PCCV Concrete 3.71 3.00 3.76 2.97 3.73 2.89 

EH Rebar Failure 3.48 2.55 3.49 2.51 3.54 2.50 

EH Sleeve Tearing 3.87 2.98 3.69 2.79 3.85 2.86 

EH Cover Failure 3.87 2.97 3.71 2.79 3.82 2.83 

SUMMARY AND CONCLUSIONS 

A detailed analytical procedure, based on advanced modeling methods, is presented for 

conducting a comprehensive fragility analysis of nuclear reactor containment systems to over-

pressurization under accident conditions.  An application of this analysis procedure is performed to 

establish the fragility of the US-APWR primary containment system for over-pressurization as part of 

meeting licensing requirements in the U. S.  The analyses indicate that for normal operating and long term 

accident conditions, the pressure capacity is limited by liner tearing, which is found to first initiate at the 

transition to the thickened concrete section at the equipment hatch.  This limitation in pressure capacity 

due to liner tearing is consistent with the ¼ scale PCCV tests performed at Sandia National Labs, 

NUREG (2003).  A slightly lower pressure capacity is found for the 95% confidence value for rebar 

failure around the equipment hatch where this failure mode has more uncertainty than that for liner 

tearing.  However, this failure develops in the local reinforcement on the outside surface of the PCCV 

around the EH.  Because of the ductility available from the extra reinforcement around the EH, a sudden 

failure of the PCCV or EH due to rupture of the outer local reinforcing bar is not indicated in the analysis, 

and thus leakage is not immediate, but will develop at somewhat higher pressure when the liner plate on 

the inside surface tears.  The local EH model indicates that local liner tearing around the EH will not 

i

sP
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develop before the PCCV liner tearing.  The limiting mechanism for pressure capacity at the hydrogen 

burning conditions is determined to be buckling and subsequent tearing of the EH cover.  The results 

indicate that the primary containment system design is well equipped to handle the hypothetical accident 

conditions in the design basis.  Furthermore, the relative tightness of the cumulative probability for the 

various failure modes indicates a rather well balanced design among the various components.   

The models and nonlinear analysis methods are also used to perform deterministic based analyses 

to address other specific licensing requirements.  The global model is used to demonstrate that the 

pressure capability of the steel lined prestressed concrete boundary of the containment system meets the 

regulatory requirements in 10CFR50.44(c)(5).  Here, it is demonstrated that the containment maintains 

structural integrity for an internal pressure corresponding to an accident resulting in 100% fuel clad-

coolant reaction using the factored load limits from ASME Subsection CC-3720.  These analyses use 

material properties that are based on specified design values, which represent lower bound values, and 

include degradation with temperature.   

Deterministic analyses of local models are also used to determine the relative ranking for pressure 

for all significant penetrations into containment, namely Equipment Hatch, Personnel Airlock (AL), Main 

Steam and Feed Water Piping (MS/FW), and the Fuel Transfer Tube (FTT).  The intent of this work is to 

rank the pressure capacities for these penetration components using a common analytical basis.  Thus the 

pressure capacities are calculated using deterministic analyses and design minimum properties.  The 

modeling methods employed are consistent with the probabilistic work, using detailed local 3D modeling 

for each of the penetration types and extracting boundary conditions for the local models from a 3D 

global model of the PCCV.  The failure criteria used in determining the pressure where leakage in the 

containment boundary will develop is based on plastic strain limits consistent with 95% confidence 

values from the probabilistic assessments. 
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