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1. INTRODUCTION
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During the past decade, the Oak Ridge National Laboratory has been engaged

• - in a comprehensive program of experimental and analytical studies pertaining to

the design and development of PCRVs. The program has been directed primarily

toward the gas-cooled reactor since it has remained the only reactor concept

currently utilizing PCRVs. However, interest has developed recently in potential

applications to coal conversion systems.

The purpose of this paper is to review the background and scope of the PCRV

Research and Development Program and to summarize the status of the current

studies.

2. BACKGROUND

In mid-1966 the Oak Ridge National Laboratory was directed by the U.S.

Atomic Energy Commission to initiate a program of research and development in

support of PCRV technology. This program was implemented under the Gas-Cooled

Reactor Program. The primary objective was to provide data to be used for con-

ducting more detailed assessments of the reliability and efficiency of concrete

vessels for nuclear service.

The program was organized around four major areas of development consist-

ing of studies and reviews, analytical methods development, materials investi-

gations and model studies. The studies and reviews were to provide data for
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program planning and to disseminate information about PCRVs. The analytical

methods development was to support formulation and development of more sophis-

ticated methods of analysis which are necessary to determine the structural be-

haviors of thick-walled heterogeneous structures such as a PCRV.

Materials properties investigations were undertaken to provide the reliable

data required to characterize the structural behavior of concrete and metallic

materials which could be used in PCRVs. Tests were also conducted to determine

adequacy of relatively small PCRV models such as are shown in Fig. 1 to predict

the behavior of prototype vessels. Also investigated were failure modes, and fac-

tors of safety against failure. The resulting data were used in the verification

of finite element analysis methods which had beefa developed in part under the

ORNL prograc.

3. CURRENT PROGRAM

The current PCRV Research and Development Program was established in May

1974 with the completion of a document entitled Planning Guide for ETGR Safety

and Safety-Related Research and Development (ORNL-4968). Chapter 12 of this docu-

ment forms the basis for the work under the present High-Temperature Gas-Cooled

Reactor (HTGR) Base Program.

The Base Program is divided into the following eight task areas.

1. Analysis Methods Development,

2. PCRV Head Failure Studies,

3. Concrete Properties in a Nuclear Environment,

4. Concrete Creep and Creep Recovery,

5. Prestressing Tendon Investigations,

6. Liner and Penetration Studies,

7. Instrumentation Evaluation and Development,

8. Structural Model Tests.



In addition, ORNL is an active participant in the DOE-supported program to

develop the Gas-Cooled Fast Reactor (GCFR). The work under the GCFR Program con-

sists of experimental and analytical investigations of the PCRV penetration

closures for both the central core cavity and steam generator cavity.

The basic activities of the current program are shown diagramatically in Fig.

2. Under the assessment activity, informatdon is collected, and subjected to

critical review. The findings are then published as state-of-the-art reports.

We iiave completed such reviews for (1) PCRV analysis methods, (2) concrete proper-
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ties in a nuclear environment, and (3) multicavity PCRV design and analysis.

This activity also provides information required for overall program planning.

The primary direction of effort as shown in Fig. 2 is from the assessment

activity toward the materials and analysis activities. The present analysis

methods effort has centered on the evaluation and improvement of finite element

methods of analysis. We have undertaken the development of improved constitutive
4

equations for concrete, crack formulations, and techniques for analytical model-

ing of reinforcement. The status of this work is discussed in Section 5.

The objectives of the materials properties investigations are to develop a

bank of highly reliable data and to provide the basic information required to

support development of improved methods of analysis.

We have completed an extensive concrete creep testing program for tempera-

tures of ,295.4 and 338.7 K (Refs. 5 and 6) which represent the concrete tempera-

tures expected during normal PCRV operation. We have also completed a study of

moisture migration in concrete subjected to simulated PCRV conditions and a

study of the causes of corrosion of prestressing tendons used in the ORNL thermal
o

cylinder model. Currently in progress is a program to determine fracture tough-

ness properties of representative steel forging and plate materials, and we have

initiated a program to develop multiaxial strength data for concretes subjectedto a range, of temperatures.



PCRV model tests have been conducted to demonstrate capability to predict

structural behavior using analysis methods in conjunction with small specimen

materials test data, to demonstrate adequacy of particular configurations or

designs and to demonstrate specific structural features. In the case of the

latter, we are testing a series of relatively simple beam structures to demon-

strate advantages of grouted prestressing systems. Examples of the other types

of our more recent structural model tests are described in the following sections.

4. MODEL STUDIES

4.1 Thermal Cylinder Model

The ORNL thermal cylinder model was a 1/6-scale representation of a portion

of the barrel section of a single cavity PCRV as shown in Fig. 3, TL^ ring sec-

tion was posttensioned circumferentially and vertically, and subjected to tem-

peratures of 338.7 K on the inside and 295.4 K on the outside.

The top and bottom of the model were insulated and the vertical prestress

designed to simulate the presence of the complete vessel. The model was instru-

mented extensively using the various types of concrete embedment instrumentation

shown in Fig. 4. In addition to various types of embedment strain gages a series

of disk-shaped experimental stress cells some of "which are shown in the figure

were included in the model. The completed structure is shown in Fig. 5. It was

subjected to an internal pressure of 483 MPa using a pressurization annulus that

was attached to the inside surface of the concrete ring.

The chronology of the various loading conditions to which the model was

subjected is indicated at the top of Fig. 6. These loadings represent what is

to be expected during the operating lifetime of a PCRV. The figure also shows

a comparison of typical experimental and calculated results, the latter of which

was obtained using the SAFE-CRACK finite element computer code. These results



are discussed in Section 5. A more complete description of the thermal cylinder

experiment is contained in Ref. 9 which is the final report.

4.2 Head Failure Studies

A series of 36 models have been tested at the University of Illinois to pro-

vide further understanding to the mode of failure of the PCRV head region. The

side walls of the models, one of which is shown in Fig. 7, were designed to force

failure in the head region. The basic mode of failure, shown in Fig. 8, which

was called a cryptodome was identified in the earlier studies. More recently

studies have been conducted to determine the effect of penetrations on head fail-

ure. The failed section of a model representing the earlier tests can be seen

in Fig. 9. The characteristic cryptodome failure surface can be easily identi-

fied both in the photographs and cross sections. In contrast, a model represent-

ing the more recent tests is shown in Fig. 10. The failure mechanism is by di-

rect shearing rather than by cryptodome. The later models were designed to repre-

sent the head of a multicavity PCRV directly above the core cavity. A complete

discussion of these tests can be found in Ref. 7.

4.3 Closure Studies

A series of model tests are being conducted at ORNL to provide design sup-

port for the 300 MW(e) gas—cooled fast reactor. We are working closely with

General Atomic Co. (GA) which has the overall design responsibility. Two series

of tests are planned. We are presently conducting tests of a series of 1/15-

scale models designed to provide preliminary design information. Satisfactory

performance of the final design of each closure will be demonstrated by testing

larger, and more detailed 1/4-scale models.

The cross section of an early GA conceptual design of the PCRV for the gas-

cooled fast reactor is shown in Fig. 11. Two types of large closures are



employed. They are the central core cavity closure and the steam generator

cavity closure. The dimensions for the full-scale steam generator cavity closure

which provided the basis for the first model test are shown in Fig. 12. The

plug is held down by a series of struts or toggles at the top which provide for

load transfer to the vessel prestressing system. The closure plug also employs

shearing reinforcement in the concrete in the form of a conical steel ring that

is supported by the series of vertical steel gusset plates shown in the plan view

of Fig. 12.

The prototype concrete was modeled using microconcrete made using crushed

limestone sand that was screened to pass the ASTM Standard No. 8 sieve and re-

tained on the no. 50 sieve. The microconcrete had a modulus of elasticity of

33.1 GPa (4800 ksi) and an ultimate strength of 51.7 MPa (5.7 ksi). The metallic

components of the prototype were modeled using various materials which required

heat treatment in some cases. The reinforcing bar was modeled using AISI 1010

wire which was deformed using a knurling machine and heat treated by annealing.

The completed and instrumented metallic assembly for the 1/15-scale steam

generator cavity closure plug model is shown on the right side of Fig. 13; a

second partially assembled model showing details of the reinforcement network

is shown on the left. The model after concrete casting and immediately prior

to testing is shown in Fig. 14, prior to insertion into the steel ves-

sel. Figure 15 shows a cross section of the vessel with the model positioned

for testing.

Since the purposes of the first test were to determine response both for

design pressure and overpressure, the support toggles have been replaced by

steel balls in order to prevent premature failure of the hold-down systems.

Direct current differential transformers shown at the top of the model were used



to measure vertical and lateral deflections and predeflected beam-type deflec-

tion gages, shown beneath the model also measured vertical deflections- The

central opening in the model was sealed at the bottom by a rubber O-ring and

steel clamp. A collapsable O-ring seal was employed at the top of the model

which permitted lateral pressurization of the model as required by the design.

The model was subjected initially to a series of 10 pressurization cycles

to 10.08 MPa (1462 psig). The model was then pressurized to 75.84 MPa (11,000

psig) without failure. However the displacement gages displayed significant

nonlinearities and strain gages attached to steel components indicated yielding

had occurred. A cross section of the model after testing, Fig» 16, indicates no

observable distortion in the metallic components or cracking in the microconcrete.

The 1/15-scale steam generator cavity closure model test demonstrated that

the proposed plug meets design requirements. The response was elastic up to

operating pressure and the plug showed substantial resistance to overpressure.

The comparisons between analytical and experimental results will be discussed

in the next section.

5. ANALYTICAL METHODS DEVELOPMENT

The first activities undertaken in the area of analytical methods develop-

ment were review and assessment. The findings were published in the previously

mentioned ORNL report. Three principle areas identified for further develop-

ment were (1) modeling the effect of thermal transients on the time-dependent

response of concrete, (2) modeling nonlinear response and postfailure conditions

for concrete under compressive loading conditions, and (3) modeling t_nsile

cracks in plain and reinforced concrete.

The identification of a potent^il inaccuracy in analytical modeling of the

time-dependent response of concrete under thermal transient conditions was the



result of our attempt to resolve discrepancies between the experimental and

9
analytical results of the ORNL thermal cylinder testc The analytical results

were obtained by treating the concrete as a thermorheologically simple material.

A logarithmic creep law was used with the coefficients in the expression adjusted

to provide correspondence with the results obtained from laboratory isothermal

uniaxial creep tests. The coefficients in the temperature-time shift function

were adjusted so that the creep law provided accurate representation of the iso-

thermal creep response throughout the temperature range of interest. This creep

law was implemented in the linear-viscoelastic finite element code SAFE/CRACK,

which was developed by GA, and was validated for the uniaxial isothermal case.

When this code was used to predict the response of the thermal cylinder model

it was found that the calculated creep strains during the heat-up phase were

significantly less than the experimental values as shown in Fig. 16. It was

our conclusion that the probable source of the error is the mathematical generali-

zation of the isothermal creep data to the thermal transient case.

Although the algorithm implemented in the SAFE/CRACK code is widely accepted,

the results of the thermal cylinder test indicates that it tends to underesti-

mate the accumulated creep strain during thermal transient conditions. We plan

to eventually conduct further investigations of the effect of thermal transients

on the ;ime-dependent response of concrete.

The other two areas identified in the review report for which additional work

seems to be required pertain to the nonlinear response of concrete. The first of

these is the development of an appropriate procedure for modeling cracks that

develop when the tensile strength of the concrete is exceeded. These cracks

form in planes transverse to the direction of the maximum tensile stress and the

material has no resistance to tensile stress in the direction normal to the crack

plane.
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Even for this rather simple cracking mode of failure, fundamental difficulty

arises in its implementation in a finite element analysis. In the finite ele-

ment method^ continuous trial functions are assumed for the displacement field

within each element, while a crack is characterized by the existence of displace-

ment discontinuities. Thus, interelement cracking cannot be readily accommodated.

'Because of this, the more common approach is to ignore the displacement discon-

tinuities and attempt only to achieve force-displacement relations for the cracked

element that are consistent with the existence of the crack. When the tensile

stress in an element exceeds the failure criteria, the material properties of

the element are modified to produce an orthotropic material with zero elastic

modulus in the direction normal to the crack and zero shear modulus for the ap-

propriate orthogonal directions. When this method is applied tc the commonly

used isoparametric element formulation, the procedure is to calculate the stresses

of the integration points and compare them to the failure criteria. If the fail-

ure criteria is exceeded, the material properties at that point are modified in

'the manner described and the revised element stiffness is determined by summing

the contributions associated with each integration point.

The difficulty with this procedure is that the amount of material modified

is determined by the integration order used to calculate the element stiffness.

If a single-point integration is used, the material properties are modified for

the entire element, but as the integration order is increased, the volume of

affected material diminishes until the existence of the crack has no effect on

the calculated element stiffness. We are investigating an alternative procedure

for'modeling interelement cracking by direct modification of the element stiff-

ness matrix to produce force displacement relations that are consistent with

the existence of a crack.

The third area identified in the review report is the development of appro-

priate constitutive models to describe the nonlinear response of concrete under
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high levels of compressive stress. During recent years a number of such models

have been proposed and it is not clear at this time to what extent the various

models are appropriate. One of the models identified in the review as having

particular promise was proposed by Prof. Z. P. Bazant of Northwestern University.

The description of the model and comparisons with experimental data are contained

in the project final report. A comparison of the predictions of the endochronic

model with the experimental results of Kupfer, Hilsdorf, and RUsch for biaxial

loading conditions is shown in Fig. 17, while a comparison of the results of

12
Bremer for uniaxial loading under various levels of hydrostatic compression

is shown in Fig. 18. We are implementing the endochronic model in the finite

element program ADINA (Ref. 13) for further evaluation of its applicability.

In addition to our involvement in analytical methods development, we are

involved in the work supported under the Gas-Cooled Fast Reactor Development pro-

grar. We provide design support to GA as described in Section 4. Although these

tasks are primarily intended as design verification tests, the models are instru-

mented and thus provide data as compared with analytical results. Up to this

time most of our efforts have been devoted to the steam generator cavity closure.

The test of the 1/15-scale model was described in Section 4. Some discrepancies

were observed between the experimental results and the analytical results ob-

tained using the ADINA finite element code. We found that the concrete constitu-

tive model that is contained in the ADINA code is too stiff under multiaxial com-

pressive loading as is shown in Fig. 19. The result was excessively high com-

pressive stress in regions of high localized strain. Consequently the ADINA

analysis predicted premature failure of the model.

We are presently substituting the endochronic model for the present model

in ADINA and will repeat the analyses of the 1/15-scale steam generator cavity

closure model. We hope to see much better agreement between experimental and

calculated results.
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