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The Atomic Enmergy Control Board of Canada initiated June, 1975, a major study of the
behaviour of concrete containment under over-pressure conditions. Although extensive theore-
tical and experimental work has been carried out for thick-walled Prestressed Concrete Reactor
Vessels (PCRV's), there is a want of information on the non-linear response of thin-walled
structures typical of the CANDU, 600 MW(e) cylindrical/spherical, post-tensioned containment
shells. The purpose of this paper is to provide an overview of the total program, to present
the reasons behind the research contract, and the specification and implementation of the
work. The results of the theoretical and experimental work and their implications with
respect to Canadian Concrete Containment practice are discussed, This study is unique, and,
as far as 18 known, has no world~wide precedence.

The structure under examination 1s a major component of the speclal safety system called
containment. Nuclear power plant designers are obliged to consider each design basis serious
process fallure combined with failure of each of the speclal safety systems. For each of 'x'
accldent analyses, ny (1=1,4) configurations of availlable safety systems must be investigated
to ensure that the resulting release rates are within the limits specified. Each special
safety system must be designed, constructed and operated to minimize the probability of cross-—
linked failures between process and speclal safety system. The containment structure, however,
by its massive presence and its integral water storage tank, is inescapably linked to some of
the process systems and the speclal safety systems.

An initial examination of the structure and its functions ildentified five critical
pressure limit states. Each of these limit states was investigated theoretically and verified
by experiment. The theoretical program included a linear analysis to investigate a number of
secondary loadings such as construction sequence, order of prestressing and shrinkage, which
contribute to the state of stress at service loads and to possible pre-cracking. Pressure
loads at first cracking were also determined. The non-linear regime was investigated with
the finite difference code BOSOR5. The experimental program was pursued in two parts., First,
by a local examination of 14 wall and dome 'segments' under blaxlal tension and, second, by a
global examination of a 1/14 scale model. The latter model was successfully tested, December,
1978; synthesis of results and corroborative testing will continue into 1979. Current results

and their impact on Canadian Concrete Containment practice will be discussed.



1. Introduction

The Atomic Energy Control Board has initiated a major study of the behaviour of concrete
containment, one of the apecial safety systems associated with a CANDU reactor, under over-
pressure conditions. Failure of any one special safety system(l) is congidered acceptable
provided that it can be shown that the faillure will not cause failure of other speclal safety
systems (e.g. the shutdown systems, the emergency core cooling system) or propagate in other
ways which would cause a cascading of undesirable events. 1In establishing confidence in
postulated accldent scenarios, it is necessary to be able to predict the behaviour and mode
of failure of the containment under over-pressure conditions.

Although extensive theoretical and experimental work has been carried out for thick-
walled Prestressed Concrete Reactor Vessels (PCRV's)(Z), a computerized literature search
confirmed that there is a lack of information on the non-linear response of thin-walled struc-
tures typical of CANDU, 600 MW(e), post-teneioned, cylindrical/spherical contaimment shells.
An interesting Russian experimental program using micro-concrete models to simulate contain-

(3 (4)

ment response to over-pressure conditions has been recently reported , and Stevenson has

provided an overview of concrete containment design practice and has discussed such 'potential

(5)

innovations' as plastic liners. The use of plastic liners 1s standard practice in the
Canadian containment concept. Because the atructure is fully post-~tensioned, the concrete is
placed in a state of blaxial compression closing all potential cracks up to the design pressure
Canadian designers have felt that the traditional steel liner would only incrementally improve
the leakage rate and have decided to do without. The steel liner, however, has some secondary
uses for severe, albeit rare, events. The steel liner, typical thickness 1/4 to 3/8 inches,
will prevent spalling or scabbing of concrete due to external and internal missiles. The
steel liner acting as a ductile leak-tight membrane also allows a reasonably confident esti-
mate of ultimate strength and the faillure modes(s). For unlined structures the integrity of
the containment depends to a greater extent on the progression of failure in the concrete.

An uncomfortable side effect of a steel liner, however, may be that 1ts very leak-tightness
could precipitate a ductile explosive failure(7).

The specifications of the project were written with the advice of the Civil Engineering
academic, profession. It was decided from the outset of the program that the thrust of the
research effort must be on experimental investigations and that the experiments must be carried
out on a scale which will realistically simulate the behaviour of reinforced, post-~tensioned
structures;—emphasis would-be -on—mode-of failure: -Well-in-advance—of the-call—for-tenders-
AECB staff visited major campuses across the country to discuss the project, its cost, feasi-
bility, and methodology. Feed-back played a major role in shaping the wording of the invita-
tion for proposals so that the objectives were thought feasible within the budget proposed
and could be done by existing facilities in Canadian laboratories. To the call for tenders
8 Canadian Universities replied with detailed and carefully researched proposals, After a
thorough evaluation the contract was awarded to the University of Alberta, effective June,
1975. Total budget was $450,000.

Considerable interest is now being shown in this research project as Phase II of the
project - the testing of the 1/14 scale model - has been completed, and the magnitude and
importance of the work is realized by the nuclear engineering profession.

2. Reactor Safetv Principles

For a concise review of safety criteria see Beare(s). The conceptual model of a nuclear
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power plant in Canada comprises two kinds of systems. The first kind is the process system,
that is, those structures and components assoclated with the nuclear reaction and its con—
version to other forms of energy. The second kind is the special safety system whose purpose
it is to protect the public in the event of a serious failure in the process system which
might otherwise lead to unacceptable radiological consequences. The speclal safety systems
play no part in the routine operation of the plant and are only called upon to mitigate the
effects of faults in the process systems which could result in fuel failures. The special
safety systems are required to be physically and functionally independent of each other and
of the process systems in order to minimize the chance of a cross-linked failure, particularly
under the conditions experienced as a result of the more severe types of postulated serious
process failures. In the category of special safety systems are the protective shutdown
eystems, (SDS1, SDS2), the emergency core cooling system (ECCS) and the containment system.

The frequency (events/year) at which serious failures in process systems occur is one of
the important safety comsiderations. The operation of nuclear power plants is reviewed to
ensure that the actual rate does not exceed the rate assumed in the risk assessment that goes
with the conceptual model. Quantitative limits are also set on the unavailability of the
special safety systems. Those limits are set so as to be consistent with low overall risk and
yet be demonstrable in operation. There are practical limitations to the extent to which in-
dependence can be achieved. For example, containment must be penetrated by and support pro-
cess piping, electrical cables and other process components.

Nuclear power plant designers are obliged to consider each design basis serious process
failure combined with failure of each of the specilal safety systems. As seen in Table 1 for
each of 'n' aeccident analysis, n, (1=1,4) configurations of available safety systems must be
investigated to ensure that the resulting doses are within the limits specified in Table 2.

It 1s seen that contaimnment and its sub-systems are an important part in the defence against
serious process failures. In addition, containment is indispensable for defence against
external hazards such as aircraft crash, tornadoes, missiles and explosions.

A quantitative limit of 10-3 is specified for the unavailability of each special safety
system. In order that the unavailability of a speclal safety system reflect its unreliability
under accident conditions, each special safety system must be designed, constructed and opera-
ted to stringent standards to minimize the probability of cross-linked failures between pro-
cess and special safety systems. Assuming independence, the probability of an accident with

consequences exceeding the design basis limits on a per annum basis is as follows:

Q(f),£5,65,) = w(€)) U(E)) P(f,) 1
where:

w(fl) = annual frequency of serious process failures

U(fz) = unavailability of one safety system

P(f3) = probability of second safety system being unavailable

The product @ should be less than 10_6'5 per annum. Equation 1 does not in itgelf address
the consequence of a serious process failure. It is clear, however, that if failure of con-
tainment, for example, could cause a cross-linked failure of ECC, then the probability of the
rare event Q would increase about 3 orders of magnitude. Certainly the containment, as a
speclal safety system, deserves in-depth study.

3. Containment - Special Safety System

The containment system is basically an envelope around the nuclear components of the
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reactor coolant systems. Failure of these components could result in release of a significant
amount of radioactivity to this envelope. The containment system i1s made up of both active
and passive sub-systems. The passive systems are the post-tensioned, concrete containment
shell and base, including the reinforced concrete dousing tank, the spent fuel discharge
chamber and 1ts access passage, and a variety of steel piping and duct-work. The active com~
ponents are the dousing system, containment valves and dampers, airlocks, building air coolers,
and filtered air discharge system. (see Figure 1)

The containment structure and its sub-systems are designed and built to cope with the
pressure and other effects resulting from the fracture of any pipe in the primary or the
secondary coolant systems. The most important of these containment sub-systems from the point
of view of pressure suppression in the 600 MW(e) CANDU stations, is the dousing system.
Following a loss-of-coolant accident (LOCA) the dousing system releases a fine spray of water
which condenses steam from the failed pipe thereby limiting the contaimment pressure to the
design value or less. If the dousing system fails to operate properly, the containment shell
could be subjected to a pressure greater than the design value. In such an event, there may
be structural failures. Such failures must not cause failure of other safety-related systems
nor propagate to cause failure of the spent fuel bays or adjoining reactor units, 1f any.

4. Concrete Containment Study

4(a) Background:

The obJective of the study was to investigate the behaviour of containment structures at
pressures exceeding the design pressure up to the point of gross structural failure, if neces-
sary, so as to predict the location and modes of failure and establish information which would
be useful in the safety analysis of nuclear power plants. A firm requirement of the study was
that the analytical techniques developed be supported by experimental verification in a manner
adequate to give confidence in the analytical results. TInitially the study was to assume zero
leakage through the contaimnment although flexibility in the approach was required such that
the study be adaptable to take account of leakage and its effects on the maximum pressure,
Inltially the study was to be limited to a single unit containment of the Gentilly-2 or Point
Lepreau desigh. The pressure limit states which the study was to address are shown in Table 3.

From these general directions, the researchers drafted detailed proposals for each phase
of the study. The work was divided into three phases. Phase I, the theoretical analysis, was
designed to lay the ground-work for the experimental phase. Phase II and Phase III would cover
the experimental work. Phase II-is-now-in-progress—and is investigating global effects; - -
Phase III will carry out follow-up tests, dgtail local effects and the effect of pneumatic
loading.

4(b) Theoretical Analysis

Linear Elastic Analysis: Although the thrust of the research project is to study the struc-
tural behaviour beyond what would be considered the linear, elastic design range, the starting
point for the non-linear analysis is the end point of the elastic behaviour. Therefore, the
researchers have felt it important to study the linear range in some detail. For G—2(9) the
design basis accident pressure 1s 18 psig and the proof pressure is 20.7 psig. The design
specification 1s for no tension to exist at concrete containment interior surfaces (except at
isolated stress ralsers) for normal operation and the proof pressure test. However, there are
a number of secondary effects which contribute to the state of stress and are not normally

included in the design procedure. Such stresses may influence the cracking level of internal
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pressure loads. Accordingly, the stresses assoclated with construction sequence, shrinkage,
and partial prestressing were evaluated.

The researchers have carried out the analysis in two steps, (a) by classical shell theory
to produce 'closed form' solutions and (b) by two discretization methods: the finite differ—
ence method and the finite element method. The BOSOR 4 computer code (Buckling Of Shells Of
Revolution) was cliosen as the primary analytical tool. The classical approach was employed
as a check program and because of its simplicity and low running cost was intended to be used
for extensive parametric and sensitivity studies. BOSOR requires axisymmetric assumptions;
consequently the effects of the vertical abutments, penetrations, temporary openings or cut-
outs, and airlocks could not be determined. The finitie element approach (SAP IV) was reserved
for detailed examination of such local effects. Details of the linear analysis are given in
references 10 and 11.

Non~linear Analysis: In studying the response of containment structures to over-pressures,

'first-cracking' represents the initiation of significant non-linear behaviour. Determination
of response beyond crack initfation requires non-linear analysis, The primary problem in the
non-linear analysis of concrete structures is adequate characterization of the material behav-
lour. Hence, a fundamental aspect of the current investigation is to explore material charac-
terization of concrete which will allow adequate correlation of predictive analytical capabil-
ity with experimental observations. In order to permit the maximum flexibility with respect
to adjustment of the material characterization, the researchers decided to employ a non-

proprietary code. The investigators, in their judgement, selected BOSOR 5(15)

as the code
which appeared to be most suiltable for their purposes. This code was developed for the analy-
sls of layered, thin shell, metallic structures and, as such, the non-linear constitutive
relationships were based on a Von-Mises theory of metal plasticity. The challenge to the
researchers was to replace the latter by the behaviour of concrete under blaxlal stress and,
in particular, tensile stress. Acécurate prediction of the behaviour of concrete structures

in biaxial tension is an unusual structural engineering problem since concrete structures are
normally intended to function primarily in compression and/or flexure. The investigators
rejected a tension cut-off-analysis on the basis that 1t would not model the actual progres-
sion of failure., To this end they have developed the concept of retaining an effective stiff-
ness(14) in the concrete.

4(c) Experimental Program

The experimental program, Phase II, was carried out in 2 parts(13). First, a detailed
examination of reinforced, prestressed concrete under biaxial tension was carried out on wall
segments. These wall segments may be assumed to be cut from various locations of the vertical
cylindrical wall and the spherical dome. Sensitivity and parametric studies were carried out
on these wall segments, with 14 specimens to be tested. Thirteen have been tested and can be
seen in Figure 3. One leakage specimen remains to be tested. The second part of the test
program involved the testing of a scale model which bears a generic similarity to the Gentilly-
2 type of containment.

The model is a 10 ft. diameter by 12 ft.-6 in. high vessel with 5 in. thick walls, 4 in.
thick dome and a 3 ft.-6 in. thick base. The average prestress in the concrete varied between
50 and 100 percent of that in the prototype. The walls and dome had two layers of mild steel
reinforcement near the outside faces. The dome was constructed with two perpendicular great

circle sets of tendons rather than three sets at 120° apart as in the prototype. The model
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was tested using water pressure with the water enclosed in a rubber bag inside the vessel.

Even though the exact material properties of the model were not known, the analytical predic-
tion carried out some 6 months in advance of testing, when compared with the results of the
testing were very encouraging. First cracking was predicted at 30 psi (actual at 40 psi),
through-cracking at 62 psi (actual at less than 80 psi), failure at 132 psi (actual failures
of tendons started at 142 psi, blow-out at 159 psi).

5. Concluding Remarks

The preliminary results of the containment model are given in reference (16). Documen-
tation and interpretation of results will not be completed until the end of 1979. The model
test alone generated 36,000 readings that were read electronically into the computerized data
base. The model will also be carefully dismantled and critical parts sectioned to gain an
appreclation of internal concrete and steel behaviour. During the final pressure test two
vertical prestressing tendons and a horizontal tendon in the ring beam failed between 142 and
145 psi internal pressure. The final failure involved the fracture of 3 circumferential ten-—
dons at about mid-height of the model wall causing a local blow-out of the concrete wall. By
good luck and an alert photographer the entire local failure sequence including the sudden
blow-out of the water was captured on film. Sample comparisons of predicted behaviour with a
limited set of experimental results have been carried out; the general impression is that the
analysis correlates well with experiment. In particular, measured and computed strains
plotted against pressure had excellent agreement.

Comparing these preliminary results of the model and wall segment tests with the pressure
1imlt states of Table 3 we may note the following: (1) Leakage occurs at all values of inter-
nal pressure. Quantitative estimates of leakage rates are expected to be obtalned by synthesis
of the results of the leakage tests on two wall segments, and by observed cracking behaviour
of the containment model. A subjective observation 1s that leakage becomes significant at
high internal pressures. For example, maintaining hydraulic pressure was difficult because
of several liner fallures at or about 80 psi and consequent leakage of water through the con-
crete. (2) The test structure was subjected to a number of loading cycles, with the highest
preliminary loading going up to 80 psi. This loading produced extensive cracking but the
structure managed to 're-zero' itself quite well. Further examination of the readings taken
should permit quantification of the residual area of leakage. (3) Visual examination of the
crack patterns both inside and outside of the model would indicate that missile generation
(i.e. chunks of concrete coming loose) is a minor problem until blow-out actually occurs.

The post-mortem should be able to bound, with comfidence, the size of spalling concrete. (4)
It was quite evident from the visual examination and the deflection readings that the base
hinge became locked during pressurization; no evidence of distress was visible in the hinge
area. However, the hinge area had been strengthened to prevent brittle failure in the labora-
tory model(13). Detailed review of internal strain gauge readings and careful dismantling
will allow an assessment to be made of an actual hinge construction. (5) The load strain
curves and visual examination of the model showed a large ductility (ratio of strain at rup-
ture to strain at first significant cracking) approaching 50. Local through-the-wall disinte-
gration and blow-out of concrete occurred in the wall. However, the wall thickness and dome
thickness were chosen to have approximately equal strength in order to force near ultimate

crack patterns over t ot pneumatic.
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According to reference (7) 1t could be surmised that the model would have failed explosively
had it been tested pneumatically with leakage prevented.
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ACCIDENT SPECIAL SAFETY  SYSTEMS
ANALYSIS SHUTDOWN SYSTEMS EGC
n SDS1/SDS2
b o x X o
n, ° x o
n, x o X o
X o o
X - system avallable
o - system unavailable
TABLE I  ACCIDENT CONSEQUENCE ANALYSIS - MATRIX APPROACH
RECIPIENTS INDIVIDUAL AT POPULATION
SITE BOUNDARY Integrated out until
personal dose is 17%
CIRCUMSTANCES (1 km radius) of that at the
0.5 Rem/yr-whole
NORMAL body body
OPERATION 3 Rem/yr - thyroid lOlI thyroid-Rem/yr

includes non-
serious process

Note:

Application of the

faillures ALARA* principle
has resulted in an
operating target
of 1% of above
limits
SINGLE 0.5 Rem - whole 10[I man-Rem - whole
body body
FAILURES 3 Rem - thyroid lOA thyroid ~ Rem
DUAL 25 Rem - whole lO6 man-Rem - whole
body body
FAILURES 250 thyroid-Rem 106 thyroid-Rem

% ALARA - As Low As Reasonably Achievable

TABLE 2

REFERENCE DOSE LIMITS

(whole body and thyroid only are quoted)

PRESSURE LIMIT STATES — CONCRETE CONTAINMENT

The winimum pressure causing leakage through the containment structure
The maximum pressure from which the contalnment structure can recover,
i.e., can reseal itself.

The pressure at which chunks of concrete may become detached from the
containment structure, and thelr probable locations.

The pressure at which containment uplift results in a vertical dis-
placement of the walls of 1/8 inch.

The pressure at which distortion of the base slab or walls or dome
would result in rupture of the containment structure or through-the~
wall disintegration and blow-out of concrete. Where would such

failures occur?

TABLE 3

J
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Figure 1 Containment - Special Safety System

Figure 2 Containment Under Construction - Pt. Lepreau

Figure 3 Containment Model And Wall Segments After Testing
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