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ABSTRACT 

The Nuclear Power Engineering Corporation (NUPEC) of Japan and the U.S. Nuclear Regulatory Commission 
(NRC), Office of Nuclear Regulatory Research, co-sponsored and jointly funded a Cooperative Containment 
Research Program at Sandia National Laboratories (SNL) in Albuquerque, New Mexico.  As a part of the 
program, a prestressed concrete containment vessel (PCCV) model was subjected to a series of 
overpressurization tests at SNL  beginning in July 2000 and culminating in a functional failure mode or Limit 
State Test (LST) in September 2000 and a Structural Failure Mode Test (SFMT) in November 2001.  The PCCV 
model, uniformly scaled at 1:4, is representative of the containment structure of an actual Pressurized Water 
Reactor (PWR) plant (OHI-3) in Japan.  The objectives of the tests were to obtain measurement data for the 
structural response of the model to pressure loading beyond design basis accident in order to validate analytical 
modeling, to find pressure capacity of the model, and to observe its failure mechanisms. 

Following completion of these tests, OECD/NEA/CSNI agreed to conduct an International Standard Problem 
(ISP) #48 on Containment Capacity with the goal of comparing the analytical models and results of a group of 
international organizations with the test results.  One aspect of this International Standard Problem was to 
evaluate the response of the PCCV model to severe accident loadings which included the thermal environment in 
addition to the pressure load. 

This paper describes the analyses to calculate the transient and steady state thermal response of the model and 
the mechanical response to the combined thermal/pressure loading.  Differences with the pressure-only response 
are discussed and the implications for the capacity of full-scale containment vessels are identified. 

Keywords: prestressed concrete, containment, thermal analysis, pressure capacity, failure mode. 

INTRODUCTION & BACKGROUND 

PCCV Model 

The PCCV model, which is the subject of the ISP 48 analytical studies, was uniformly scaled at 1:4.  It is 
representative of an actual Pressurized Water Reactor (PWR) plant (OHI-3) in Japan.  As described by 
Hessheimer, et al [2003], the model’s limit state reached during the LST was liner tearing and leakage at various 
locations in the cylinder.  The structural failure mode during the SFMT was a large rupture of the cylinder wall. 

                                                           

1 Sandia is a multi program laboratrory operated buy Sandia Corporation, a Lockheed Martin Company, for the 
U.S. Department of Energy under Contract Number DE-AC04-94AL85000. 
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Pressure Loading Analysis 

All of the pretest (pressure-loading) analyses of the PCCV and much of the post-test analyses were performed by 
ANATECH Corp. under contract with SNL, as described by Dameron, et al [2000 and 2003].  These analyses 
were conducted from 1996 through 2002.  The analysis tools for this work and the current work are the 
ABAQUS general purpose finite element program, described by Hibbitt, [1998], and the ANACAP-U material 
modeling software developed and described by ANATECH Corp. [1997]. The final pretest prediction models 
were the global axisymmetric, the semi-global three-dimensional cylinder mid-height (3DCM) model, local 
models of the E/H, Personnel Airlock (A/L), Mainsteam (M/S) penetrations, a typical liner weld connection 
model (“Liner Rat-hole Detail), and a hoop-tendon friction model. The global axisymmetric model was the 
primary tool used for the ISP 48 Analysis work, but the Mainsteam, Liner Rat-hole, and hoop-tendon friction 
models have also been examined for temperature. The global axisymmetric model is shown in Figure 1. 

 

Figure 1. Axisymmetric Model of PCCV and Locations for Plotted Output 
 

Sandia National Labs participation in the International Standard Problem (ISP 48) on containment integrity is 
sponsored by the US NRC and includes providing assistance to NEA/CNSI in distributing data and 
interpretations from the PCCV model test to participants in the analysis exercise.  David Evans & Associates 
(DEA), under a contract with SNL which began in 2003, is supporting SNL’s involvement in the ISP 48 by 
conducting additional post-test analytical studies for the Phase 2 and Phase 3 ISP 48 Workshops.  The first phase 
of the DEA work focused on aspects of the PCCV behavior where analytical predictions were significantly 
different than the test measurements, and on possible scaling issues and “test model artifacts” that may have 
influenced interpretations and judgment obtained from the test. That work, all performed with pressure-only 
loading, culminated in the SNL submittal to the ISP 48 Phase 2 Analysis Workshop – Mechanical Loading 
reported by Hessheimer, 2004. It compared results of pretest analytical studies of the PCCV model to the PCCV 
high pressure test measurements and described results of post-test analytical studies. This reference also 
summarized the finite element modeling and analysis tools, comparisons between measured behavior and 
predicted behavior of the liner, concrete, rebar, and tendons, and the various failure modes and locations that 
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were investigated.  So such background information is only briefly summarized here.  Observations on the 
accuracy and adequacy of the prediction analyses, lessons learned from the 1:4 Scale PCCV, such as the 
modeling and behavior of prestressing and some unique liner seam details, are also discussed in the previous 
reference. 

PCCV Thermal Analysis 

The main focus of Phase 3 (and of this paper) is documentation of analytical predictions for the 1:4 Scale PCCV 
subjected to pressure and temperature, and taking a first step at addressing fundamental questions about 
temperature effects on PCCVs that were not addressed in previous research programs, namely: 

a. With the addition of temperature, would the onset of leakage occur later in the pressure history and, 
possibly, closer to the burst pressure? 

b. How would including the effect(s) of accident temperatures change the prediction of failure location 
and failure mode? 

Two thermal analysis cases were selected as representative challenges to typical containments:  Case (1) a 
Saturated Steam Condition, basically, adding a temperature to each pressure step from the original PCCV 
pressure analysis (shown in Figure 2), and Case (2) an accident safety case, essentially a Station Blackout 
scenario, with a hydrogen burn at about 4-1/2 hours into the event (shown in Figure 3).   

The thermal-mechanical analysis was approached in two steps:  1) add temperature to the mechanical solution 
without consideration of material property degradation due to temperature, and 2) temperature and material 
property degradation.  Analysis results are presented for these cases individually to gain better understanding of 
the behavior differences and the causes of failure, when temperature is introduced.  The primary modeling for 
the ISP is axisymmetric, so the temperature discussions emphasize global behavior. 
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Fig. 2.  ISP 48 Phase 3, Case 1 Loading 
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Fig. 3.  ISP 48 Phase 3, Case 2 Loading 

MATERIAL MODELING AND THERMAL MECHANICAL ANALYSIS APPROACH 

Material Modeling 

Tendons and their prestressing were modeled to replicate expected tendon stress-strain behavior and friction 
effects. Concrete cracking was simulated with the "smeared crack" approach, where cracking is introduced at the 
finite element integration points. Cracks can form at orthogonal directions, up to three cracks per integration 
point, and once a crack forms, it can never heal.  Rebar was modeled with ABAQUS rebar sub-elements, which 
reside within the “parent” concrete element, and therefore are required to have strain compatibility with the 
concrete.  However, the rebar stress-strain law is completely different than the concrete and is represented by a J2 
plasticity model available within ANACAP-U.  The hoop tendons were modeled with rebar sub-elements, and 
the meridional tendons were modeled individually with beam elements in which the tendon elements were 
allowed to slide relative to the concrete. Tendon friction was modeled using truss elements oriented at a pre-set 
angle of friction between the tendon and the concrete. 

Thermal-Mechanical Analysis 

The thermal-mechanical solution strategy adopted uses the ABAQUS finite element program and a semi-coupled 
thermal mechanical analysis procedure using a combination of applied temperature (liner), convection (cylinder 
wall and dome), and conduction (basemat/soil) boundary conditions.  The analysis advances through time (a 
pseudo-time step for Case 1 and about 60 hours for Case 2, at which point the combined pressure and 
temperature exceed the capacity of the containment model. 

A full scale version of the PCCV axisymmetric model was used to conduct the thermal analysis since the thermal 
response does not scale geometrically.  The resulting gradients were then scaled and applied to the 1:4-scale 
models for combined thermal-mechanical analysis.  Typical Temperature Gradients through the lower wall of the 
cylinder for Temperature Cases 1 and 2 are shown in Figures 4 and 5.   
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Fig. 4.  ISP 48 Phase 3, Temperature Case 1, Gradient through through lower wall of 
Cylinder 
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 Fig. 5.  ISP 48 Phase 3, Temperature Case 2, Gradient through through lower wall of 
Cylinder 

Gradients such as these through various sections of the containment were studied to make engineering 
judgements as to introducing thermal material property degradation.  Based on review of all the gradients, it was 
concluded that the temperature gradients at the cylinder and dome sections were are all very similar, so it was 
reasonable to use a “typical section” as a representative section for all.  A similar conclusion can be made about 
the basemat. 

Assumptions for Thermal Property Degradation 

Significant reductions in concrete strength occur when T>300C, and at 690C can be assumed to reduce by about 
80%.  On reaching this conclusion, it is noted there is a lot of scatter in experimental results, owing to different 
test conditions and to the composition of various concretes and aggregates.  But for conventional aggregates, the 
following observations have been made: 
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• between 80 and 90C reductions range from 10 to 35% 
• from 200C and higher, there is continuous decrease. 
• rich mixes show greater reduction in strength  
• different water-cement ratios have little effect 
• there is also a significant time of exposure factor 
• there are some specimen shape and size effects.  Small specimens lose more strength than large ones. 
• Poisson’s ratio also drops from about 0.2 to 0.1 at 400C 
• tensile strength decreases showed similar trends as the compressive strength decreases 
• modulus of elasticity reductions also showed similar trends as strength losses, but overall reductions are 

less.  Tends to follow the square-root relationship commonly used. 

Based on these observations, a smooth curve for strength degradation versus temperature was estimated as 
formulated below and plotted in Figure 6.   

Concrete Strength Ratio,  where T is in degrees C.    Eq. 1 8.1)632/(exp TSRc
−=

Further, based on the literature, it appears reasonable to continue to base the modulus on the standard ACI 
formula: cfE ′= 000,57  (English Units) such that a Modulus Reduction Ratio can be defined as: 

2
1

)( RR SM =          Eq. 2 

It should be noted that the peak strain at which the concrete compressive strength limit is reached also shifts with 
increasing temperature.  While at 25C, this strain is approximately 0.002, it can reach two to three times this 
value at high temperatures. 

 

Fig. 6.  Concrete Compression Strength Ratio vs. Temperature 
Temperature variation of steel is also important for the highest temperatures.  This variation has been idealized 
based on curves provided by DeFish-Price, 1981 and trends observed in other texts and papers: 

Steel Yield Strength Ratio,    Eq. 3  9.1)300/)340((exp −= − TSRs

where T is in degrees C  CTSRs 340,0.1 ≤=
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For steel, the Young’s Modulus tends to follow the yield strength one-to-one, rather than the square-root 
relationship found in concrete.  The steel yield strength reduction is shown in Figure 7. 

 

Figure 7.  Steel Yield Strength and Modulus Ratio vs. Temperature Assumed for PCCV Model 
Analysis 

2.4 Thermal-Mechanical Analysis With Thermal Property Degradation 

The final step in the thermal-mechanical analysis process, combined thermal and mechanical analysis with 
property degradation, was found to be much more numerically difficult than without property degradation. The 
methodology eventually employed for the Phase 3 submittal was based on engineering approximations to 
property degradation versus temperature. 

To investigate the potential effects of property degradation, the wall was divided into four “zones” through the 
thickness.  The zone boundaries are at d/T (depth through the thickness) ratios of 17%, 33%, and 60%.  The 
“average” temperature in the zone was assigned to the entire zone.  The liner, being a discrete point in the model, 
was assigned the exact applied temperature, not an averaged one. 

To find the “upper bound” of influence of property degradation properties were degraded based on the maximum 
temperature reached in the analysis, or the temperature corresponding to the pressure that caused failure during 
pressure-only analysis.  Such temperature assumption can later be modified if “failure” is reached earlier than 
expected, or in order to conduct sensitivity studies of the effects of these assumptions.  Based on these 
assumptions, the property degradations introduced for the Case 1 and Case 2 analyses are as follows:  

Case 1.  Reaches 200C at same time as P=1.42 Mpa (3.6 Pd) 

Concrete: 

Zone 1 (red)   180C  fc’*=0.90fc’ E*=0.95E 
Zone 2 (yellow) 160C fc’*=0.92fc’ E*=0.96E 
Zone 3 (blue) 130C fc’*=0.94fc’ E*=0.97E 
Zone 4 (white)  No Change 

Steel: 

None of the zones have temperatures reaching 340C, so there are no effects on steel 
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Case 2.  Reaches a critical state during the early “spike”, where temperature is 600C, and pressure is 0.8Mpa 
(2Pd), so this temperature is the bounding case 

Concrete: 

Zone 1 (red)   260C  fc’*=0.82fc’ E*=0.90E  (temp drops off rapidly for transient event) 
Zone 2 (yellow) 170C fc’*=0.91fc’ E*=0.95E 
Zone 3 (blue) 80C No Change 
Zone 4 (white)  No Change 

Steel: 

Due to the steep temperature gradient through the wall thickness, no rebar or tendon reaches 340C, so no 
changes were needed for rebar or tendons.  But the liner is affected.  It reaches  600C, such that fy*=0.47fy, and 
E*=0.47E.  A uniform factor of 0.47 was applied to all points on the yield curve.  Temperature effects on 
ductility are also considered in the evaluation of results and in the failure prediction. 

FAILURE CRITERIA 

For the pretest and post-test PCCV analyses, failure predictions were made based on criteria developed during 
containment research of the 1980s, and refined by large scale tests and supporting analysis.  While there is 
extensive debate in the literature over what is meant by “failure” of containments, for the work performed here, 
the term “failure” is taken to mean the occurrence of such large deformations (strains) of the liner or of a 
structural element, that a breach of the containment pressure boundary is predicted.  So the failure criteria is 
analytically based insofar as analytically predicted strains are compared to a material limit.  But it is important to 
note that specific representation of containment breach in the finite element mesh is still not analytically 
simulated.  So “failure” prediction remains an assumed outcome of failure of a component.  Component failures 
can be categorized into local liner failures, and failure of “stuctural components” such as tendons or reinforcing 
bars.  Gross liner failure is assumed to follow failure of a structural component.   

Local liner failure predictions for pressure-only analyses are based on either the explicit prediction of liner 
strains high enough to exceed the Davis Triaxiality Factor strain criteria (if the finite element mesh is fine 
enough) or the assumed existence of high strains near a liner stiffness discontinuity (if the stiffness discontinuity 
is not explicitly modeled or not modeled with a refined mesh).  For pressure-only analysis, this latter 
“extrapolation” has become widely accepted based on large scale tests, and there is extensive evidence 
supporting the assumption that for steel lined concrete vessels with quasi-static pressurization, local liner tears 
will occur when the driving strain of the wall to which the liner is attached reaches between 1% and 2% “global” 
strain.  What may be less widely agreed, is the relative likelihood or dominance of a leak-before-break failure 
mode associated with liner tearing.  The question is not whether the 1%-2% global strain will lead to liner tear – 
it most certainly will.  The question is rather, what will happen after liner tear?  In the case of the SFMT of the 
Sandia 1:4 Scale PCCV, tendons began rupturing at these deformation levels, and the cylinder “unzipped” 
catastrophically.  The current ISP work will probably not settle this debate, but instead turns attention to the 
effects temperature may have on failure behavior. 

The local failure predictions of the PCCV pretest and post-test analyses were all driven by response versus 
pressure histories calculated by the global axisymmetric and 3DCM models.  The pretest failure predictions 
consisted of predictions of liner tearing locations, all occurring near the midheight of the cylinder near 
penetrations and weld seams with “rat-hole” details.  Pre-test, the most likely location for liner tearing was 
predicted to be near the Equipment Hatch (E/H) at the ending point of a vertical T-anchor, near where the liner is 
attached to the thickened liner insert plate (also a weld seam).  The failure pressure was predicted to be 3.2 times 
the design pressure (Pd) of 0.39 MPa or 1.27 MPa.  During the LST, liner tearing and leakage failures were first 
detected at 2.5Pd, and a subsequent increase in pressure to 3.3Pd resulted in extensive tearing at many strain 
concentration locations, some of which were predicted and some (including the E/H vertical T-anchor location) 
were not.  Ultimately, the leak rate through the tears exceeded the pressurization system so the test was 
concluded at 3.3Pd.  Structural damage in the LST was limited to concrete cracking, and overall structural 
response (displacements, rebar and tendon strains, etc.) was only slightly beyond yield. Global hoop strains at 
the midheight of the cylinder only reached 0.4%, approximately twice the yield strain in steel.  
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The failure predictions for the pressure-plus-temperature analyses have been made by similar means as in earlier 
work, but also taking into account the effect temperature may have on ductility of the steel strength components.  
As part of this work, a literature review was also conducted to examine this effect.  As previously described, 
there is extensive literature supporting the conclusions on “knockdown” factors related to stiffness and yield-
strength, but information is more sparse on temperature related reductions in ductility for carbon steels.  (Some 
typical information is reported by Willschuutz, et al [2002], and by FEMA [2002] in the wake of the post-9/11 
studies of the World Trade Center.)  It is well known that as the yield strength decreases with temperature, the 
ductility increases, but quantifying this increase is very complex because it is highly dependent on load duration.  
Prediction of material fracture at 600C is a creep-rupture problem in which the creep strains can be as large as 
the plastic strains.  Elaborate models have been developed for predicting creep rupture in reactor pressure vessels 
(e.g., Willschuutz, et al [2002]]), and these models make use of empirical parameters like the Larson-Miller 
parameter.  There are also issues related to the steel’s ability to recover strength after exposure to 600C 
temperature.  But a prediction of this type was judged to be beyond the scope of the current work.  Instead, and 
based on the literature review, at 600C (max temperature the liner reaches for Temperature Case 2), it was 
assumed that ductility (strain at failure) could increase approximately by 50%.  Thus where maximum 
elongations in the liner (including biaxiality effects) were assumed to be approximately 20% at normal room 
temperatures, at 600C, it was assumed the liner would be capable of withstanding 30%. 

4.0 ANALYSIS RESULTS 

4.1 Review of Pressure-Only Analysis 

The conclusions from the comparisons of the pretest analysis with the LST were that: 

• Radial displacements in the cylinder wall were well predicted by global axisymmetric analysis, but 
dome and overall vertical displacements were over-predicted. 

• Wall-base juncture behavior, including many rebar and liner strain measurements, were well predicted 
by the detailed wall-base juncture (axisymmetric) modeling. 

• Functional failure (i.e. leakage in excess of 1% mass/day) at a pressure of 2.5 Pd occurred at a liner tear 
in an area of high strain that was not examined in detail by analysis, but was probably amplified due to 
defects associated with weld seam repair. 

In the post-test analysis work, some aspects of the global axisymmetric analyses, i.e., the dome response and 
basemat uplift response were improved, and analyses were conducted that explained the lack of a liner tear at the 
E/H vertical T-anchor location, and the frequent occurrence of liner tears at weld seams.  But the primary aspects 
of the global response prediction have been relatively unchanged, dating back to the pretest analysis.  And these 
analysis results form the basis of the pressure-only analyses that are compared to the pressure-plus-temperature 
analyses. 

4.2  Pressure plus Temperature Analysis 

While some model conversions (conversions of element types and the elimination of reinforcement) were 
necessary to perform the heat transfer analysis to obtain the nodal point temperature histories, the same models 
as were used for the pressure-only analysis were used for the pressure-plus-temperature analyses.   

Some general observations of the Case 1 Temperature results are as follows:   

• The deformations associated with temperature are very significant, especially for vertical displacement.  
For radial displacement at cylinder midheight, displacement with temperature at 3Pd and 185C, is ~20 
mm versus ~12 mm for pressure alone.  For vertical displacement at cylinder top (springline) pressure 
only displacement is 2.4 mm versus temperature Case 1 displacement of 18.5 mm at 3Pd and 185C. 

• The thermally induced displacements are significant, and when translated to a full-scale containment 
(multiplying by 4), the thermal displacements are very large and may even lead to piping and equipment 
interference problems.  For example, vertical displacement at top of cylinder (springline) and 3Pd / 
185C, reach 92mm! 
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• In all results plotted for Temperature Case 1, the differences due to thermally induced material property 
degradation, are very minor.  This tends to justify the use of an approximate material property 
degradation approach, at least for the Case 1 Temperature scenario. 

Some of the general observations of the Case 2 results are similar to Case 1, but since the temperatures are 
substantially higher, there are important differences.  And since with higher temperatures, temperature effects in 
general are more significant, Case 2 is used to point out general observations about these effects.  

A few plots of results for Temperature Case 2 are included, for observation and discussion, in Figures 8-11. The 
plots included are radial displacement at the cylinder midheight, vertical displacement at the Springline, and 
Meridional Liner strain and stress at the cylinder base, and at the cylinder midheight.  The displacements are 
plotted at Location  #2 and #3 as referenced in Figure 1.   

For Temperature Case 2, as shown in Figures 8 and 9, the temperature induces large displacements, and the 
vertical displacements are especially large.  Also, the vertical displacements are not significantly influenced by 
the material property degradation, but the radial displacements are.  At the cylinder wall mid-height, for example 
(Figure 9) the thermal solution with and without material property degradation track closely together out to ~35 
hours, or P= 2.8 Pd / T=240C, but then begin to separate.  By time=50 hours, P=3.2Pd / T=295C, the cylinder 
midheight (Elev. 6.2 m) radial displacements are at 20 mm, 26 mm, and 40 mm for the pressure-only, pressure + 
temp, and pressure + temp + property degradation analyses, respectively.  So while the temperature alone 
accounts for some differences, property degradation, especially the loss of liner strength and the strength of the 
inner layer of concrete, creates a doubling of radial displacement, late in the analysis. 

Figures 10 and 11 show liner strains and stresses at the midheight of the cylinder. The pressure-plus-temperature 
results show interesting liner stress behavior. 
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Fig. 8.  1:4 Scale PCCV With Temperature Case 2 – Radial Displ. at Azimuth: 135 Degrees, 
Elevation: 4.68 Meters, E/H Elevation 

 Copyright © 2005 by SMiRT18 2117



-10.00

-5.00

0.00

5.00

10.00

15.00

20.00

25.00

0 10 20 30 40 50 60 7

Time (hr)

Ve
rt

ic
al

 D
is

pl
ac

em
en

t (
m

m
)

0

Pressure Without Temperature Pressure With Temperature Pressure With Temperature and Degraded Properties 

 

Figure 9.  1:4 Scale PCCV With Temperature Case 2 – Vertical Displ. At Azimuth: 135 
Degrees, Elevation: 10.75 Meters, Springline 
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Figure 10.  1:4 Scale PCCV With Temperature Case 2 – Liner Hoop Strain at  Azimuth: 135 
Degrees, Elevation: 6.20 Meters, Inside Liner Surface, Midheight 

 (Dashed Lines Show Total Strain - α∆T) 
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Figure 11.  1:4 Scale PCCV With Temperature Case 2 – Liner Hoop Stress at Azimuth: 135 
Degrees, Elevation: 6.20 Meters, Inside Liner Surface, Midheight 

In most of the containment research program, the analyses have not looked closely at liner stresses because the 
focus of the research has been on beyond design basis loads, where liner strains are most important for predicting 
failure.  But when temperature is added, examination of stresses becomes very important, since in the presence 
of large thermal strains, strains alone can be deceptive for predicting failure.   

The two additional pieces of information for the liner are stress, and also strain adjusted for thermal strain.  In 
the elastic regime, temperature produces a strain in the absence of stress.  In the plastic regime the relations 
become more complex, but it is still instructive to plot an estimate of the “strain producing stress,” as e−α∆T.  
The strains pulled directly from the ABAQUS analysis are εtotal, and these are plotted in the usual way as the 
solid curves in Figure 10.  The estimates of “strain producing stress” or “εe” are shown as dashed lines on these 
figures.  The most significant observation is that for Temperature Case 2, the liner reaches general compressive 
yield during the early temperature spike.  In fact, the thermally induced stress is three-times large enough to 
cause yield, thus causing plastic strains such that the liner reaches tensile yield upon cooling of this pressure 
spike.  This phenomenon is illustrated in stress-strain space in Figure 12.  Then the liner remains in a state of 
general yield throughout the rest of the analysis, as more pressure is applied.  This phenomenon leads to large 
differences in the liner stress-histories between pressure-alone versus pressure-plus-temperature, even though the 
strain histories are not much different. 

The corresponding stress history is plotted in Figure 11.  In evaluating the plots, two observations can be made. 
It can be noted that the stress curves for the analysis with degraded properties is significantly different than 
without degraded properties because of the “knockdown” factor (0.47) applied to the yield curve and to Young’s 
modulus of 0.47, to account for the high temperature reached. 

One of the most important plots to draw conclusions from is Figure 10, because this shows the largest “free-
field” liner strains in the analysis.  As previously mentioned, it is important to consider the dashed lines, since 
this is an approximation of the “strain causing stress.” Based on a revised (at temperature) failure criteria 
assigning a 50% increase in ductility, and using the pressure-only studies as a baseline for prediction of liner 
tearing, then the liner tearing mode with temperature is predicted to occur at a maximum free-field hoop strain of 
approximately 1.11%.  For the analysis with pressure-plus-temperature-and-degraded-properties, the hoop liner 
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strain reaches 0.011 at Time of 3160 minutes.  This corresponds to an event pressure of 1.28 Mpa and 
temperature of 299 C.  

Liner Stress-Strain Behavior
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Figure 12.  Liner Stress-Strain Behavior showing Schematic of Mid-height hoop Stress-Strain, 
Temp Case 2 

5.0 CONCLUSIONS 

The axisymmetric analyses for the 1:4 and full scale finite element models of the PCCV subjected to pressure 
and temperature, with and without material property degradation, have led to the following conclusions: 

• The deformations associated with temperature are very significant, especially for vertical displacement.  
For radial displacement at cylinder midheight, displacement with temperature at 3Pd and 185C, are 
nearly double those for pressure alone.  For vertical displacement at cylinder top (springline) 
displacement with temperature and 3Pd is nearly 8-times the pressure only displacement. At full scale, 
the thermally induced displacements can be very large and may lead to piping and equipment 
interference problems. 

• For Temperature Case 1, the differences due to thermally induced material property degradation, are 
very minor, and this tends to justify the use of an approximate material property degradation approach. 

• For Temperature Case 2, the temperature again induces large displacements, and the vertical 
displacements are quite large.   And the vertical displacements are still not significantly influenced by 
the material property degradation. 

• For Temperature Case 2, the radial displacements are significantly influenced by the material property 
degradation. At the cylinder wall mid-height, the thermal solution with and without material property 
degradation track closely together out to ~35 hours, or P= 2.8 Pd / T=240C, but then begin to separate.  
By time=50 hours, P=3.2Pd / T=295C, the cylinder midheight radial displacements are nearly double 
for the temperature/property degradation case over the pressure case, and are about 50% higher than the 
pressure + temperature case without property degradation.   
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• It appears that thermal and property degradation analysis in a Temperature Case 2 scenario would 
reduce the pressure causing failure of the vessel.  It appears that “global” failure of the vessel would be 
reduced from the 3.6Pd that occurred in the SFMT to approximately 3.4Pd.  And local liner failure 
pressure would be affected since these are “driven” by global displacements and liner strains.   

Final prediction summaries are shown in Tables 1 and 2.  The liner tearing “leakage” pressure reduces from 
pressure-only prediction of 1.33 Mpa to 1.28 Mpa.  

Table 1. Results Summary With pressure-only 

Event Pressure (MPa) Milestones For Pressure-only Analysis
Cracking Liner Yield Liner Rebar Yield Hoop Tendon Stress Pressure Free Field

Rupture @ Failure Hoop Strain
Hoop Meridonal Hoop Meridonal Yield 2% Rupture @ Failure

0.60 0.60 1.02 1.33** 1.10 1.30 1.18 1.35 1.42 1.33* 0.74%*

**Assumes "perfect welds" and no grinding flaws  

Table 2. Results Summary With pressure-plus-temperature (Case 2) 

Event Milestones for Pressure-Plus-Temperature Analysis with Temperature Property Degradation
Cracking Liner Yield** Liner Rebar Yield Hoop Tendon Stress Pressure Free Field

Rupture @ Failure Hoop Strain
Hoop Meridonal Hoop Meridonal Yield 2% Rupture @ Failure

Pressure 0.50 0.40 1.10 1.28 1.13 1.10 1.15 1.30 1.33 1.28* 1.11%*
Temperature 380 240 245 299 248 245 254 302 310 299

Time 260 260 2200 3160 2280 2200 2360 3240 3600 3160 at free-field
Elev. 6.2 m

*Assumes erfect welds? and no grinding flaws, tendon rupture at 2% strain損

**Liner yields in compression at 0.5MPa, 220C, on initial pressure spike
Pressure in Mpa, Temp in degrees C, time in minutes
All data in this table is for Temp Case 2, because it is the controlling case.  
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