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CONCEPTION, FABRICATION ET ESSAIS DE CONTENEUR

D'ISOLEMENT DE COMBUSTIBLE PROTOTYPE A ENVELOPPE SOUS CONTRAINTE

par

J.L. Crosthwaite, J.N. Barrie et K. Nuttall

RESUME

L'Energie Atonique du Canada, Limitée effectue et coordone des re-
cherches portant sur la mise au point de barrières structurées pour évacuer
le combustible irradié non retraité dans une enceinte géologique stable si-
tuée en profondeur. Dans le cas de l'une des solutions envisagées, on pro-
pose une enveloppe de retenue faite de métal résistant 3 la corrosion comme
barrière principale contre la fuite des radionuclëides, ce qui assurerait des
probabilités de confinement très élevées pendant au moins trois cents ans,
isolant ainsi presque tous les produits de fission pendant la période où ils
présentent un risque* Le concept le plus simple est celui du conteneur "â
enveloppe sous contrainte" d'une épaisseur suffisante pour supporter la pres-
sion hydrostatique existant dans une enceinte d'évacuation située à mille
mètres de profondeur et que l'on présume inondée par de l'eau souterraine.

Ce rapport décrit la conception, la fabrication, l'analyse et les
essais hydrostatiques d'un prototype a l'échelle doté d'une enveloppe sous
contrainte. Comme conclusion, on avance que les performances de déformation
et d'affaisement des concepts faisant appel à l'enveloppe sous contrainte
peuvent Stre modelées convenablement par le BOSOR 5 (un programme informati-
que sur les contraintes/la fatigue disponible sur le marché) â partir de pro-
priétés mécaniques à court terme. Si l'on doit retenir le concept de l'enve-
loppe sous contrainte comme méthode viable pour l'isolement du combustible,
les analyses ultérieures devront comprendre une évaluation du rôle du fluage
des matériaux sur les performances à long terme des conteneurs.
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DESIGN, FABRICATION AND TESTING OF A

PROTOTYPE STRESSED-SHELL FUEL ISOLATION CONTAINER

by

J.L. Crosthwaite, J.N. Barrie and K, Nuttall

ABSTRACT

Atomic Energy of Canada Limited is conducting and coordinating
research Into the development of engineered barriers for the disposal of
unreprocessed irradiated fuel within a deep, stable geologic vault. In one
approach, a containment shell of corrosion-resistant metal is proposed as
the principal barrier to radionuclide release, giving a high probability of
containment for at least 300 years, thus ensuring isolation of nearly all
fission products for their hazardous lives. The simplest concept is the
"stressed-shell" container, designed with sufficient shell thickness to
withstand the hydrostatic pressure witliin a 1000-m deep disposal vault
postulated to have flooded with groundwater.

This report describes the design, fabrication, analysis and hy-
drostatic testing of a full-scale stressed-shell prototype. The report
concludes that the deformation and collapse performance of stressed-shell
designs, based on short-term mechanical properties, can be modelled ade-
quately by BOSOR 5, a 'commercially available stress-strain computer pro-
gram. If the stressed-shell concept, is retained as a viable fuel isolation
concept, future analyses should include an assessment of the role of mate-
rial creep on long-term container performance.
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1. INTRODUCTION

One aspect of the Canadian Nuclear Fuel Waste Management Program

is research into the development of containment technology for the disposal

of unreprocessed Irradiated fuel, deep within a stable geologic formation.

The research is concentrating on two approaches' ':

(i) The development of a system that will give a high probability of

containment for at least 300 years, thus ensuring isolation of

nearly all fission products for their hazardous lives.

(ii) The investigation of concepts that might offer prospects of sub-

stantially longer isolation.

In approach (i), a containment shell of corrosion-resistant metal

is proposed as the principal barrier to radionuclide release. The simplest

concept is a container with sufficient shell thickness to withstand the

hydrostatic pressure that could be experienced In a flooded disposal vault.

This is called the "stressed-shell" concept. Other concepts within ap-

proach (i) employ some means of Internal support for a thinner shell such

as a cast-in-place metal matrix, packed particulate or rigid bracing. These

are called "supported—shell" concepts. Container concepts within approach

(ii) may include the use of different types of materials such as ceramics

or composites. Present work on this approach Is mainly directed toward

materials evaluation. To date, most of the development effort has focused

on approach (i), and the first concept to be investigated in detail was a

stressed-shell container.

The assessment of various fuel isolation container concepts is

being done through the consideration and investigation of four broad

aspects:

1. Design

2. Ease of Fabrication and Inspection

3. Cost

4. Performance In the Vault Environment.
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Each broad aspect includes several sub-aspects, some of which

are:

applicability of existing construction codes

- required remote fabrication and inspection techniques

handling

materials availability and use

corrosion performance

- strength.

The principal objectives of this investigation were to design a

stressed-shell container within the constraints imposed by the conceptual

fuel waste disposal system and to determine how well the container design

strength could be modelled under postulated hydrostatic pressure conditions

in the disposal vault. To achieve these objectives, a design was produced

and analyzed for its deformation and collapse behaviour under hydrostatic

loading. To evaluate the analysis, a full-scale prototype was fabricated,

and tested under hydrostatic pressure while its deformation behaviour was

monitored by the appropriate instrumentation. The production of a. full-

scale prototype allowed us to gain experience with fabrication techniques

and to identify problems not otherwise apparent through scale-model

studies. Finally, the entire design, fabrication, analysis and testing

exercise will allow us to assess future requirements for the investigation

of other fuel isolation container concepts.

2. CONTAINER DESIGK

2.1 DESIGN PERMUTATIONS

Practical considerations and dimensional restraints imposed by

the entire nuclear fuel waste disposal system, in its present concept,

reduce the possible container configurations to a manageable number for

assessment. Restraints on the maximum size of a container include; ease
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of fabrication and handling, availability of components, vault design,

optimum decay heat loading per container and cost.

After considering the parameters and restraints imposed by the

current conceptual disposal system, three cylindrical container configura-

tions were selected as candidates for the stressed-shell design (Table 1).

TABLE 1

CANDIDATE STRESSED-SHELL CONTAINER DESIGNS

Designation

1. BEC-I (Borehole
Emplacement
Container,
Mark I)

2. TEC-I (Trench
Emplacement
Container,
Mark I_)

3. TEC-II French
Emplacement
Container,
Mark II)

Fuel
Bundles

Contained

42

72

72

Configuration
of Bundles
(Layers x No.
of Bundles/Layer)

6x7

2 x 36

4 x 18

Outside
Diameter

(mm)

406

863

660

Overall
Length
(approx.)
(m)

3.5

1.5

2.5

In a disposal vault, containers of the BEC type would be inserted

in holes drilled in the floors of the disposal rooms, whereas TEC-type con-

tainers, because of their larger diameter, would be placed directly on the

floors or in floor trenches. However the TEC-II type could also be instal-

led in a larger borehole. Figure 1 shows a sketch of each design.

2.2 CANDIDATE CONTAINER FABRICATION MATERIALS

Nuttall and Urbanic have assessed a wide range of engineering

metals and alloys for their potential use as container fabrication aater-
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6 fuel
ba sket s
7 bundles

per
basket

2 fuel baskets
36 bundles per

ba sket

BEC-I

0.86m-

TEC-I

1.5m

4 fuel baskets
18 bundles
per basket

0.66m

TEC-II

2.5m

FIGURE 1: Conceptual Stressed-Shell Container Configurations
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ials. The assessment was based primarily on physical metallurgy, weldabil-

ity and corrosion performance. The following were recommended for further

evaluation:

dilute titanium-base alloys

ASTM grade 2 titanium

ASTM grade 12 titanium

ASTM grade 7 titanium

Inconel 625 , high nickel_baae alloys

Hastelloy C-276

316L austenitic stainless steel

Copper

The material selected for the prototype stressed-shell test con-

tainer was 316L stainless steel, although it is recognized that, given its

susceptibility to stress-corrosion cracking, this material would only be
( 2)suitable if the vault environment were very benignv '.

Several factors were considered in making this choice including

material cost, availability, ease of fabrication (particularly welding) and

the principal objectives of the experiment. For example, owing to its low

strength, a copper stressed-shell container would require very thick sec-

tions for which the welding technology is complex and not well developed.

It is presently considered that copper is an unlikely choice for a

stressed-shell container, although it is a candidate for the supported-

shell concept. The titanium- and nickel-base alloys, although appreciably

stronger than copper, are expensive and not readily available. In addi-

tion, the welding of titanium alloys requires the development of closely

controlled procedures using inert gas shielding to ensu re a high integrity

weld. Conversely, 316L stainless steel is relatively cheap and readily

available, and there is considerable background and experience in its

welding fabrication. Furthermore, to assess our ability to predict the

American Society for Testing and Materials
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stress-strain and collapse behaviour of stressed-shell containers, It was

not imperative that the test prototype oe manufactured from the raors cor-

iasion-resistant but costly and difficult-to-fabricate candidate materials.

Therefore It was decided that stainless steel was the most appropriate

material for the test prototype.

2.3 SELECTION OF PROTOTYPE DESIGN

Designs were produced first for the BEC-I and TEC-I configura-

tions described in Section 2.1 of this report, according to the require-

ments for Class 1 vessels under Sections III and VIII of the ASME Pres-

sure Vessel Code* . These configurations represent the dimensional ex-

tremes of the three container concepts. The design boundary conditions

were a container shell temperature of 150°C and a hydrostatic pressure of

9.8 MPa (1422 psi), which corresponds to that of a flooded vault, 1000 m

deep. The calculated material thicknesses for containers employing flat,

torispherleal, and hemispherical heads are shown in Table 2.

TABLE 2

TYPICAL REQUIRED THICKNESSES FOR BEC-I AND TEC-I
CONTAINER COMPONENTS IN 316L

Container
Design

BEC-I

TEC-I

* According
** According

ACCORDING TO ASME

Structural
Element

Cylinder Wall
Flat Head*
Torispherical
Hemispherical

STAINLESS
CODE

*

Head**
Head**

Cylinder Wall*
Flat Head*
Torispherical Head**
Hemispherical Head**

to Section III Clas; I
to Section VIII Class 1

STEEL

Thickness
(mm)

53
106
67
34

80
253
113
57

* American Society of Mechanical
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From this first design trial it was clear that the use of flat

heads was precluded in the stressed-shell concept because of the very thick

sections required for adequate strength. Semi-elliptical heads were se-

lected as a compromise between the hemispherical and torispherical shapes.

Hemispherical heads require the thinnest material thickness, but at a pen-

alty of increasing the overall container length and superfluous volume.

Torispherical heads are flatter and require greater material thickness.

The semi-elliptical shape requires a material thickness between that re-

quired for the torispherical and hemispherical shapes. To achieve a thin-

ner shell, the container was redesigned using a safety factor of 2.0

against collapse (rather than the factor of 3.0 to 4.0 provided by the

Code), based on the material's 0.2% yield stress at 150°C. However, Code-

recommended values of mechanical properties were used for the revised de-

sign calculations. Code properties have been tried and proven over many

years and are based on a substantial background of laboratory testing and

in-service behaviour. Furthermore, the Code values generally represent a

lower bound of data and therefore are conservative for most applications.

Using these revised design criteria, the three container concepts

were redesigned with uniform shell (cylinder and head) thicknesses accord-

ing to membrane stress theory (Table 3). To ensure that the minimum col-

TABLE 3

REQUIRED 316L STAINLESS STEEL SHELL THICKNESSES
FOR THREE CONTAINER CONFIGURATIONS BASED ON
DESIGN PRESSURE OF 19.6 MPa AT 150"C AND
ASME CODE-RECOMMENDED MATERIALS PROPERTIES

Container
Design

Shell Thickness
(mm)

Critical Pressure
for Elastic
Instability

(MPa)

BEC-I

TEC-I

TEC-II

28.6

60.2

49.8

86.3

454.9

334.9
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lapse pressure was determined by design stress, and not by a combination of

geometric and materials properties leading to early collapse by elastic In-

stability, the critical pressure to cause elastic instability was deter-

mined for each design' . Table 3 shows that for each case this is well

above 19.6 MPa, the design hydrostatic pressure for a safety factor of 2.0.

The TEC-I1 design was selected for construction of a prototype,

based on the following considerations:

(1) The TEC-II design represents an intermediate size that could be

emplaced in either boreholes or trenches in the vault. Since no

firm decision has been made on the container emplacement method,

the selection of TEC-II for the construction of a prototype does

not preclude either possibility.

(2) In terms of container cost per unit of irradiated fuel iiraobi-

lized, a preliminary assessment revealed little significant dif-

ference between the three designs. Therefore, economics did not

figure prominently in the selection.

(3) Should a detailed economic analysis, including the complete immo-

bilization system (surface facilities, vault design, etc.), show

that either the BEC-I or TEC-I design is preferable, a change

from the TEC-II design concept would be less radical than if the

change were from one sine extreme to the other.

(4) A TEC-I prototype could not be fabricated entirely at the White-

shell Nuclear Research Establishment (WNRE) due to diameter lim-

itations Imposed by the available nachining equipment. To ensure

valid interpretation of the test results, It was important to be

able to control and monitor all stages of the construction.

The prototype was designated "TEC-II-SS" to Indicate its configu-

ration, TEC-II, and construction material, 316L Stainless j>teel.



- 9 -

No North American facilities were available to conduct a hydro-

static pressure test at 150°C on a container of this size. However, sever-

al exist that can conduct room-temperature tests. To achieve the objective

of assessing the accuracy of the deformation and collapse analysis, the

final detailed design was done using ASME Code materials' strength proper-

ties at room temperature while adhering to a safety factor of 2.0 against

collapse. Thus the required wall thickness of the TEC-II-SS test prototype

could be reduced to 28.6 mm (1.125 in.) for a room-temperature test. Fig-

ure 2 shows details of the final design.

The prototype incorporates a plate and pipe structure w'~hin the

bottom head. In a container intended for vault disposal, this stroc-.ure

would support baskets containing the irradiated fuel. This feature was in-

cluded in the prototype because it provides some additional support to the

shell. However, no fuel baskets were installed in the prototype. Although

the baskets would have limited the extent of container deformation that re-

sulted from the hydrostatic test, they would not have affected the onset-

of-collapse pressure.

The two penetrations in the top head were required for the hydro-

static test and are explained In Section 5.2.

3. CONTAINER FABRICATION

As described in Section 2, the primary components of the contain-

er were a pipe and two semi-elliptical heads. The specifications to which

the components were ordered are outlined below.

3.1 PIPE

Seam-welded pipe with an outside diameter of 660 mm (26 in.), and

a wall thickness of 28.6 an (1.125 in.), manufactured to specification ASTM

A358-76 Class j/ ', was selected for the container shell. The Class 1 de-

signation Beans that the pipe should be double-vrelded using filler metal in
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2615

28.6

2502

1/2" STEEL
PLATE. \
4 THROUGH
HOLES 12 mm 0
EQUALLY
SPACED ON
360 mm
DIAMETER

, 38

4" SCH40 C/ST PIPE

DIMENSIONS IN mm
EXCEPT WHERE
OTHERWISE NOTED

TANGENT

2020 2179

TANGENT

SUPPORT STAND

FIGURE 2: Test Container - Major Dimensions
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all passes, followed by complete radiography of the weld. The exceptions

to ths A358 specification noted by the pipe manufacturer were:

(i) The outside diameter tolerance was ±12 of the specified outside

diameter and not ±0.5* as required in specification A358.

(11) The hydrostatic testing required in A358 was not performed. How-

ever, the manufacturer certified that the pipe would withstand

the hydrostatic pressure specified in A358 (J> 7 MPa for a pipe of

these dimensions). After welding, the pipe was annealed at

1090°C and rapidly cooled.

3.2 SEMI-ELLIPTICAL HEADS

The two semi-elliptical heads were 660.4 mm (26 in.) outside dia-

meter with a nominal wall thickness of 28.6 cm (1,125 in.) and a minimum

wall thickness of 25.4 mm (1.0 in.). These were hot-formed in the range

925-1090°C from 316L stainless steel plate conforming to ASTM A24O. The

head8 were then re-sized to give tolerances of ± 3.2 mm (± 0.125 in.) on

outside circumference and ± 3.2 mm on out-of-roundness. After forming, the

heads were annealed at about 1110°C followed by water quenching, sandblast-

ing and pickling.

3.3 PBE-FABRICATION INSPECTION

After delivery, the components were inspected visually, the pipe

seam weld was checked by dye penetrant examination and the radiographs from

the pipe supplier were reviewed. In addition, the ends of the pipe and

heads were inspected ultrasonlcally for laminations. All components met

the requirements of Section VIII of the ASHE Code.

The dimensions of the pipe and heads were measured and found to

meet the specifle<_ tolerance*. The outside diameter of the heads was very

dose to specification (maximum 662 mm, minimum 659.6 mm) indicating almost

no out-of -roundness. Both ends of the pipe had maximum outside diameters
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appreciably greater than the heads, and the maximum out-of-roundness was

9 mm. However, due to the forming operation, the thickness of the heads at

the ends of the straight flange was about 1.5 on greater than the pipe

thickness.

3.4 HELD FABRICATION

3.4.1 Pipe-to-Head Welds

A full-penetration circumferential bott weld design using the gas

tungsten arc welding (GTAW1 method was selected for joining the heads to

the pipe. The geometry of the weld preparation is shown in Figure 3.

Owing to the dimensional differences discussed above, some machining of the

internal diameter of the pipe and heeds was required to ensure an accept-

able diametral mismatch (less than ± 0.8 mm) at the weld root. The inter-

nal diameters of the pipe and heads were machined back from the root for a

distance of 10-20 ma and then tapered at a IS" angle. The development of

the weld procedure and qualification tests were done on 25.4-inm thick plate

of 316L stainless steel and documented in accordance with Section IX of the

ASME Code.

The pipe was supported horizontally on notor-driven rollers and

the head fitted and tack-welded at several locations around the circumfer-

ence. No backing ring was used so that the pipe and head were essentially

in contact at the weld root. During welding, the pipe was purged inter-

nally with argon gas to protect the root pass and inside surface. Manual

welding was performed in the flat (1G) position while the container was

rotated slowly. Hatching filler metal corresponding to American Welding

Society specification AWS ER 316L was used and each weld pass cleaned with

a stainless steel wire brush. About 36 passes were required to complete

each weld.

Visual inspection, dye penetrant tests and radiography were per-

formed at three stages of the welding procedure:

(a) after the root pass,



All Dimensions in mm

FIGURE 3: Geometry of Pipe-to-Head Weld Preparation
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(b) after the weld deposit thickness was about 50Z of the shell

thickness,

(c) after the final weld pass.

Radiography on the first plpe-to-head weld was done with the source inside

the container, spaced equidistant from the weld. For the second plpe-to-

head weld, the source was placed close to the outside surface of the weld

and 180° around the circumference from the recording film. No indications

of defects were found and the welds met the requirements of Section VIII of

the ASME Codec Some weld drop-through occurred on the inside of the con-

tainer, but this was generally less than a depth of 1.5 mm. The longitudi-

nal shrinkage across each weld, measured between markers with a pre-weld

separation of 100 mm, was about 9 mm and was fairly uniform around the

circumference.

3.4.2 Other Welding

Prior to welding Che bottom head to the pipe, the fuel basket

support plate and support pipe (Figure 2) were welded in position. The

support pipe was made from 101.6-mm (4-in.) outside diameter schedule-40

carbon steel pipe conforming to ASTM A106B. The support plate was machined

from 12.7-mm (0.5-in.) thick carbon steel plate conforming to ASTM A36. The

pipe was fillet-welded to the inside surface of the head and to a central

hole In the support plate. The plate was fillet-welded to the head at reg-

ularly spaced locations around the circumference.

The container support stand was a 105-BB length of the same pipe

as that used for the shell. This was intermittently fillet-welded to the

curved contour of the bottom head. Two lifting lugs were machined from

25.4-ma (1.0-in.) thick 304L stainless steel plate (ASTM A240) and fillet-

welded in symmetrical locations to the top head. Finally, the fittings

that house the connector* for the fill and vent penetrations were fillet-

welded In place. Figure 4 shows the completed prototype.

Inspection revealed no defects in any of the welded joints.
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FIGURE 4: Completed Tec-II-SS Container

FIGURE 5: Container Appearance with Painted Grid
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3.5 POST-CONSTRPCTIOK FINISHING

After construction, the container surface was lightly sandblasted

and painted with a regular grid of squares as a visual aid to Its gross de-

formation behaviour during hydrostatic testing. Figure 5 shows its final

appearance. The container was then crated for shipment to the testing

laboratory.

3.6 CHEMICAL ANALYSES AND MECHANICAL PROPERTIES DATA

The suppliers' chemical analyses and mechanical properties for

the pipe and heads are given in Tables 4 and 5 respectively.

To obtain the most accurate predictions from the theoretical

analysis of the collapse pressure and node under hydrostatic loading, ac-

curate values of the container material tensile properties were required.

The tensile data provided by the suppliers of the pipe and heads were con-

sidered not to be sufficiently accurate or representative for this purpose.

For example, the asterisked data for the pipe material in Table 5 were

measured by the plate manufacturer, and may not correspond to the parti-

cular piece of plate from which the received pipe was fabricated. Further-

more, the pipe fabrication procedure aay have resulted in changes in the

tensile properties. The length of pipe obtained was sufficient to con-

struct the prototype and to provide additional material for determining

mechanical properties.

Sub-size tensile specimens conforming to ASTM E-8 were machined

from pipe samples in the longitudinal and circumferential directions. The

dimensions of the specimens were small enough to obviate the need for flat-

tening the pipe sample to machine the specimens from the circumferential

direction. Room-temperature tensile tests were performed using a 25.4-mm

extensometer. The results are shown in Table 5 and confirm that the pipe

material meets the tensile specifications of ASTM A358. Figure 6 shows the

stress-strain relationship obtained from the materials' samples teats. The

elastic limit of the material was determined as 66.7 MPa (9670 psi), and Is

the first data point illustrated on the stress-strain diagram. A more de-

tailed explanation of Figure 6 is presented in Section 4.1.



TABLE 4

PRINCIPAL ALLOYING ELEMENTS IN 316L STAINLESS

STEEL SEAM-WELDED PIPE AND SEMI-ELLIPTICAL HEADS

Material

Seam-Welded
Pipe

Semi-
Elliptical
Heads

0

0

C

.017

.026

Mn

1.

1.

9

58

0

0

Alloying Element

P

.021

.030

S

0.021

0.020

Si

0.58

0.58

(wt%)

Ni

11.

11.

35

65

Cr

16.

17.

75

30

Mo

2.

2

15

19

Co

0.15

_

Cu

0.37

_

0

0

N

.042

.039



TABLE 5

TENSILE DATA FOR 316L STAINLESS STEEL PIPE AMD
SEMI-ELLIPTICAL HEADS

Direction 0.2* Yield
of Gauge Stress

Material Section
(MPa)

Plate prior
to pipe
fabrication*

Plate prior
to head
fabrication*

As-received
pipe (parent
metal)

As-received
pipe (parent
metal)

As-received
pipe (welded
section)**

not
speci-
fied

not
speci-
fied

axial

circum-
ferential

circum-
ferential

211.1

269.1

230.1

254.3

411.6

Ultimate
Tensile
Stress
(MPa)

530.0

569.3

554.7

539.2

568.7

Elonga-
tion

(X)

65(1>

53<1>

69<2>

68(2>

39<D

Reduct-
ion in
Area
(2)

73

62

77

74

74

Young's
Modulus

(MPa)

not
reported

not
reported

1.93xlO5

1.97xl05

not de-
termined

(1) Elongation on 50.6 mm gauge length.
(2) Elongation on 25.4 mm gauge length.
* Supplier's data.
** Average of two specimens; fracture occurred outside the weld in both

cases.
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FIGURE 6: Stress-Strain Curve for 316L Stainless Steel Obtained from
Tensile Tests on Samples Taken from Pipe Used to Construct
Prototype
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Tests were also performed on circumferential tensile samples ma-

chined to include the pipe seso weld In the sample gauge length. This re-

sult is also Included in Table 4, and confirms that the weld met the ten-

sile requirements of the ASME Code Section IX. Since it was not possible

to perform tensile tests on the head material, the data determined for the

pipe material were assumed to be appropriate for the heads.

4. CONTAINER STRESS-STRAIN AMD COLLAPSE ANALYSIS

4.1 ANALYTICAL PROGRAM DESCRIPTION

One of the principal test objectives was to determine how well

the behaviour of the container could be predicted when subjected to in-

creasing hydrostatic pressure. The prototype was designed according to

simple membrane stress theory, which did not account for end effects or the

presence of the fuel basket support plate. A more detailed analysis was

therefore required.

This type of problem can be handled readily by finite-difference

analysis. For a reasonably simple structure such as this, we selected the

commercially available BOSOR 5 program* '. The MARC program( ' is equally

capable of handling the analysis but is more cumbersome than BOSOR 5 for

this application. The analysis was performed by Kedward, Kawa and Asso-

ciates .

BOSOR 5 uses an iterative finite-difference method to solve for

stress and collapse in axisyametrlc structures. A preliminary analysis was

attempted with BOSOR 4 which assumes linear elastic material stress-strain

behaviour. The predicted result was a minimum collapse pressure of 39.6 MPa

(5770 psi) and an ellipsoidal container collapse mode ("two circumferential

waves"). At this pressure, the shell circumferential stress would be

481 MPa (69 880 psi) - well beyond the yield stress of 316L stainless

•teel. Therefore, it was obvious that prior to collapse, non-linear mate-

rial behaviour would occur, requiring the more complex BOSOR 5 analysis.
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The principal input data to BOSOF. 5 are the container dimensions

and materials properties. To ensure that the analysis was relevant to the

test prototype, a final computation was delayed until construction of the

prototype was complete and the as-fabricated dimensions determined. Fur-

thermore, as noted in Section 3, mechanical properties data were obtained

from test samples taken from the pipe used for the container shell, rather

than from literature values. Boom-temperature tests were used to determine

the modulus of elasticity and the stress-strain relationship. To simplify

the analysis, the following assumptions were made:

(1) The material stress-strain curve can be characterized by linear

segments in the plastic region.

(2) The material behaviour is isotropic.

(3) Thin-shell theory is applicable.

(4) The structure is initially in a stress-free condition.

(5) The structural geometry contains no initial imperfections such as

out-of-roundness.

(6) All welds are full size and full penetration.

(7) Time-dependent effects, i.e., creep, can be neglected at the

collapse stress level.

Dealing with these numerically:

(1) Figure 6 shows the stress-strain curve derived from tensile tests

on samples taken from the pipe. For input to BOSOR 5, Figure 6

was represented by linear segments between each pair of data

points illustrated on the curve. Short segments are used where

the change in do/de is rapid. Conversely, longer segments can be

used where the change in do/dc is less. By tailoring the segment

length this way, a reasonably accurate fit to the actual stress-

strain curve can be obtained.
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(2) Both longitudinal and circumferential samples of the as-received

pipe material were tested to determine mechanical properties.

Based on 0.2Z yield strength, the material behaviour was deter-

mined to be isotroplc within 5%.

(3) For most practical purposes, thin-shell theory Is applicable

where the diameter/shell thickness ratio exceeds 10:1. The D/t

ratio for the prototype was 23:1.

(A) The assumption of an initially stress-free container was almost

certainly invalid, since fabrication procedures invariably intro-

duce some internal stress. An indication that the shell section

contained tensile internal stress was provided when a hoop sec-

tion taken from the as-received pipe opened approximately 25 mm

when cut. However, the level of internal stress and its distrib-

ution in the as-fabricated container is unknown.

(5) The assumption of perfect geometry was also not completely valid.

Inspection of the pipe prior to fabrication of the prototype

showed that it had a slight ovality and some localized surface

depressions, neither feature being abnormal for conmercially pro-

duced pipe. However, these are not accounted for in BOSOR 5,

which handles axisyometric structures only. A much more compli-

cated two-dimensional analysis is required to aodel a structure

with non-axisymmetric Imperfections.

A series of BOSOR 5 analyses, in which dimensional and material

stress-strain data were varied, was run to determine the sensi-

tivity of the predicted collapse pressure and mode to these vari-

ables. The results indicated that small geometric variations

produce only second-order effects compared to material properties

changes. In view of this, a two-dimensional analysis was deemed

unnecessary for purposes of this test.

(6) Full-size, full-penetration welds were used to construct the pro-

totype .
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(7) Creep effects are recognized as an important paraneter In the de-

sign of any long-life component and will be an Important: consid-

eration In the ultimate performance asaessnent of fuel Isolation

containers. Although creep strain was not considered in the pre-

dictive analysis, it was apparent that some time-dependent strain

occurred during the hydrostatic tests. Further discussion is

presented in Section 10.

The model used by the program represents the container as a se-

ries of line sections located at the mid-thickness of each component (see

Figure 7). Since the structur is axisyoaetric, only the radial and axial

positions need be defined. The line sections are divided into smaller seg-

ments whose positions are geometrically identified by their radius from the

axis of symmetry and their length from an arbitrary starting position. In

this case, the length coordinate for a particular segment Is measured from

the lowest end of Section 1, the container support stand. Finally, each

segment Is divided into seven layers through the material thickness for

plasticity calculations.

The program output predicts:

collapse pressure for the container,

- collapse mode (i.e., number of circumferential waves and the

shape of the shell following collapse),

the position on the structure where collapse initiates,

elastic and plastic strain in the meridional* and circtaiferentlal

directions for each segmental layer at each selected pressure

level,

- stress in the meridional and circumferential directions.

Imaginary meridional line* on the container surface (line Sections 2,
5 and 6) arc analogous to lines of longitude on the earth's surface.
All meridional lines are parallel on the cylindrical section and con-
verge at the «xtr-"--.s ends of the container. Circumferential lines are
perpendicular everywhere to the meridional lines.
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Calculations were completed for seventeen Increasing pressure

levels, terminating at the collapse pressure.

4.2 PREDICTED RESULTS

For the as-fabricated container geometry and measured material

properties, the predicted results were:

Collapse pressure: 19.5 MPa (2830 psi)

Collapse mode: Shell ovallzatlon (two circumferential
waves)

la^se^lnitlatlon- 1 2 3 5 m m a b o v e t h e b o t t o m tangency plane*

Figure 8 shows a plot cf predicted circumferential stress against

meridional length on the container shell surface (Sections 2, 5 and 6) at

the predicted collapse pressure. Maximum stress occurs at the peak** of

the top head and Is estimated to be -250 MPa (-36 300 psl)***. Crown

stress must be estimated by extrapolating from previous segments because

the equation set in the program becomes invalid at zero radius from the

container's axis of symmetry. The program also predicts the discontinuity

stresses at the tangency points* of the top and bottom heads.

The analysis predicted that the elastic limit [66.7 MPa (9670 psi)]

would first be attained at a hydrostatic pressure of ̂  4.9 MPa (711 psi), near

Che crown of the top head. In other words, the structure was predicted to

start deforming plastically at approximately half the hydrostatic pressure of

* A "tangency point" is defined as that location where the radius of
curvature of a semi-elliptical head intersects the cylindrical body of
the container. A locus of tangency points defines a "tangency circum-
ference", and an imaginary disc bounded by a tangency circumference is a
"tangency plane".

** Generally (and hereafter) called the crown.

*** The negative sign convention denotes compressive stress. The same
convention is used for strain.
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a flooded, 1000-m deep vault. By interpolation of the analytical results,

the first indication of plastic deformation on the cylindrical shell, be-

tween the tangency planes, was predicted to occur at J1 5.7 MPa (830 psi).

However, at these low stress levels, the Indicated permanent strains are

still well below the 0.2% yield offset strain used as a reference for

designing the prototype.

5. EXPERIMENT PREPARATION

5.1 TEST FACILITY

A survey of North American hydrostatic test facilities revealed

that a United States laboratory, the David W. Taylor Naval Ship Research

and Development Centre (NSRDC) at Annapolis, Md., had a pressurizing cham-

ber of sufficient size and pressure capability to test the prototype. The

chamber (Figures 9 and 10) is a horizontal tank of 3.05 m (10 feet) inside

diameter and 8.23 m (27 feet) inside length. Pressures up to 82.7 MPa

(12 000 psi) are achievable in either fresh or sea water. The chamber is

sealed by a massive flat-head closure plug mounted on a movable trolley.

Sealing is achieved by hydraullcally operated wedges, which force the clo-

sure plug against an 0-ring seal. Penetrations through the chamber wall

permit access of instrumentation leads, power supply cables, closed-circuit

television monitor cables and hydraulic conduit from the chamber interior

to the data-monitoring area.

Under a contract agreement with the NSRDC, a test of the proto-

type was scheduled for early 1980. Under the terms of the agreement, de-

livery of the prototype to the test laboratory, prototype preparation, and

the attachment and waterproofing of strain gauges were the responsibility

of AECL personnel. The supply of the strain gauge readout instrumentation,

interfacing of the gauge leads with the instrumentation, venting of the

prototype interior to atmospheric pressure, closed-circuit television moni-

toring and operation of the test were undertaken by the NSRDC.
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FIGURE 9: Scale Model of Hydrostatic Pressurizing Chamber
at the David W. Taylor Naval Ship Research and
Development Centre, Annapolis, Maryland. Model
Shows Deep Submersible Vehicle Being Installed in
Chamber for Testing.

FIGURE 10: View of Actual Test Chamber
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The prototype was shipped to the testing laboratory In 1979 De-

cember. Test preparations required approximately two weeks. The test was

conducted In 1980 January.

5.2 PROTOTYPE PREPARATION AMP INSTRUMENTATION

Twenty-nine strategic locations on the prototype were selected

for the attachment of strain rosettes to monitor the container's deforma-

tion during hydrostatic testing. All rosettes were three-gauge (45°) rec-

tangular types In which each strain gauge is 3.2 mm long and 1.6 mm wide.

Figure 11 shows a typical rosette. Specific details are given in the

Appendix.

Rosettes were designated alphabetically A to Z plus AA to CC.

Figure 12 depicts their locations on the prototype. The individual gauges

comprising each rosette were Identified by rosette and number, e.g., A-l,

A-2, A-3, B-l, B-2, B-3, etc. Twelve rosettes (A to L) were positioned at

equal intervals around the circumference near the plane of predicted col-

lapse. Eight rosettes (M to T) were positioned at equal circumferential

intervals on a plane half-way between the tangency planes. This "mid-

plane" was later dntemined to be slightly (9.3 mm) below the true mid-

plane of the container.

Two strain rosettes (U, V) were located on the bottom head-to-

shell weld and another two (W, X) on the top head-to-shell weld. The

rosettes were located 90° apart on each weld circumference. Rosettes Y and

CC were attached to the location of maximum curvature (or "knuckle") of the

top head, while rosettes Z and BB were located mid-way between the knuckle

and the crown. Finally, rosette AA was located near the crown such that

the point of intersection of the longitudinal axes of the three gauges com-

prising the rosette was directly over the central axis of the container.

Figure 12 also shows the orientation of the rosette gauges at

each location. In rosettes A to T, gauge 1 was oriented as closely as pos-

sible along a container meridian. Gauge 3 (at 90° to gauge 1) was, there-

fore, oriented along the circumferential direction and gauge 2 was at 45°
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to both the meridional and circumferential directions. For the rosettes po-

sitioned on the head-to-shell welds, the order was reversed: gauge 1 mea-

sured strain in the circumferential direction and gauge 3 in the meridional

direction. This alternate orientation (which does not affect the results,

only the analysis of the observed data), was required to allow positioning of

the rosettes within small areas on the weld that had been polish-ground flat

to achieve good contact between the strain gauge and base material. On the

top head, in each of rosettes Y, Z, BB and CC, gauge 1 was oriented along a

container meridian and therefore gauge 3 was in the circumferential direc-

tion. Rosette AA presents a special case in which all three gauges radiate

toward the central axis of the container and are therefore oriented along

container meridians.

The rosettes were attached with a special adhesive to local areas

on the container from which the paint had been removed and the exposed metal

surface polished to a smooth finish. Next, the strain signal wires were sol-

dered to the filament terminals of each gauge. Finally, each rosette was

waterproofed using a technique developed at the NSRDC for undersea applica-

tions. The technique Includes the use of a combination of a polysulfide

epoxy compound* and layers of butyl rubber, Neoprene sheet and aluminum foil,

thus giving high waterproofing reliability in combination with good mechani-

cal strength. Figure 13 shows the final appearance of a waterproofed rosette

with the strain signal wires emerging from the waterproofing patch. Follow-

ing waterproofing, all gauges were checked for correct electrical resistance

and shorts to ground. Only one rosette required replacement as a result of

this check, but during the test several gauges developed signal faults. This

Is described in greater detail in Section 8.

All strain signal wires were spliced to 12-m long, insulated signal

transfer wires, which passed through special penetration plugs fitted in the

wall of the test chamber. Each splice was Individually insulated with heat-

shrinkable tubing. All splices were waterproofed by setting them Into a

single epoxy casting. Because of the relatively long wire lengths required

to transfer the strain signals to the instrumentation located near the test

chamber, a three-wire system was used for each gauge. This system eliminates

* Commercially known as "M-Coat 6"
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potential errors due to the electrical resistance of the signal transfer

wires. Thus, for 29 three-gauge rosettes, the required number of signal

transfer wires was 261. To ensure correct identification, each wire was

colour-coded and numerically tagged.

The strain-gauge readout instrumentation was a Gilmour Modular

Graphical Plotter with a capacity of 192 strain-gauge channels, of which 87

were utilized. Data were presented in graphical form, with strain as abs-

cissa and pressure as ordinate. At each selected pressure, the plotter

automatically scanned each gauge, beginning with A-l and ending at AA-3. The

scanning rate was approximately one gauge per second. Each strain signal was

plotted as a point (strain versus pressure). When all 87 gauges had been

scanned, the graph paper was manually returned to the A-l gauge data plot

position, and the test chamber pressure raised (or lowered). When the cham-

ber pressure had stabilized, the scanning sequence was restarted. Individual

plots of strain versus pressure thus were obtained for each gauge.

Final preparation of the prototype for testing included filling it

with water via the fill/vent penetrations In the top head. One penetration

was then sealed off with a Swagelok plug; a length of small diameter copper

tube was connected to the other. The other end of this tube was connected to

a special penetration in the test chamber wall, thereby venting the interior

of the prototype to atmospheric pressure. Thus, the water within the con-

tainer could offer no support to the shell and did not affect the experi-

mental results. This arrangement was required as a precautionary measure by

the NSRDC. It eliminates the possibility of severe shock waves arising from

the rupture of an empty container under external hydrostatic pressure. Such

an event could cause potentially damaging overpressures in the test chamber.

Figure 14 shows a post-test view of the prototype within the test chamber.

The vent tube connecting the prototype to a chamber penetration is clearly

visible.

Two closed-circuit television cameras had beea positioned in the

test chamber to view the prototype frus opposite directions in anticipation

of capturing the moment of collapse oa videotape. Sbwever, last-minute
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electronic problems caused one camera to short out and the other to trans-

mit an unsatisfactory picture. Resolution of these problems would have

caused several days delay and since the video information was not vital to

the attainment of the test objectives, we elected to proceed without tele-

vision monitoring.

Upon completion of the instrumentation hookups and final proto-

type preparations, the test chamber closure head was moved forward and

wedged in place. The chamber was filled with fresh water at 20°C and made

ready for pressurization.

6. TEST PROCEDURE

Two test runs were performed. In the first, the chamber pressure

was raised in 1.72 MPa* (250 psi) steps to 10.34 MPa (1500 psi), then low-

er ad in 1.72 MPa steps back to zero. The time interval required to scan

all strain gauges, incrementally adjust the pressure, and begin a new scan

was approximately 300 seconds. At each step, a complete set of strain

gauge readings was obtained when the chamber pressure had stabilized. The

main objectives of this run were to "exercise" the strain gauges (see Sec-

tion 9.2) and to confirm correct functioning of the data plotter.

In the second run, the chamber pressure was raised in 3.45 MPa

(500 psi) steps, with strain readings again taken at each step. As the

pressure was raised, small quantities of water trickled from the vent tube

indicating contraction of the container under pressure. As the test cham-

ber pressure approached 18.96 MPa (2750 psi), the trickling suddenly

changed to a sustained gush, indicating the prototype had collapsed. At

the same instant, most strain gauge readings went off-scale. The chamber

pressure was immediately released, marking the conclusion of the test.

As predicted by the analysis, collapse had occurred in the two-

lobe mode (Figures 14 and 15). When the strain-gauge connections and the

All pressures are gauge pressure.



- 36 -

FIGURE 15: Post-Test Appearance of Proto-
type Container Following Removal
from Test Chamber



- 37 -

vent line had been severed, the container was removed from the test chamber

and photographed in detail. It was then emptied of residual water and pre-

pared for return shipment to WNRE.

7. POST-TEST INSPECTION

Following its return to WNRE, the container was subjected to a

series of dimensional measurements. These included diameter and wall

thickness, the latter being accomplished by ultrasonic technique. All

welds were inspected for integrity by radiography and dye penetrant.

The minimum container diameter (see Figure 16) was 112 mm at si

plane * 1180 mm above the lower tangency. This was <c 55 mm below the pre-

dicted collapse level. The maximum container diameter (at the same plane)

was 939 on.

No defects were detected in any of the welds.

8. DATA ANALYSIS

To compare the experimental strain data with the analytical pre-

dictions, the principal strains at each rosette location were derived from

the individual gauge readings In the rosette. For a cylindrical structure,

the principal strains are generally oriented in the circumferential and

meridional directions. However, as will be seen, certain locations on the

structure exhibited principal strain orientations different from these.

Since the test was conducted In room-temperature water, no tem-

perature corrections of the data were required. Similarly, potential

errors due to direct hydrostatic loading of the gauges and transverse
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Container Shape
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sensitivity* were determined to be small (< ±2X). Thus, the data could be

used directly.

The following formulae for rectangular rosettes were used to re-

solve the data Into the principal strains:

. , 1/2

ain " ("V^ " T
1 I tf V £ , • * ^ |̂  \ * b I

-1 |"2c2 - <el + e3>

L «1 " <3•P ' r tan

where: emax * m a x^ m u m principal strain (uni/m)

e . - minimum principal strain (um/m)

e,, £2, e,, - indicated strain from gauges 1, 2 and 3 respectively

In each rosette.

• » the angle of eaflx relative to the sensing axis of

gauge 1 In the rosette (eBln is oriented 90° to =„,„)

From observations during the test and the subsequent data analy-

sis, the following were evident:

(1) Eight rosettes (G, H, M, 0, Q, S, T and AA) contained a gauge

that was either inoperative, or was transmitting highly suspect

readings. Of these, S was the only rosette for which it was pos-

sible to infer the meridional and circumferential strains. Since

rosette AA was measuring meridional strain in all three gauges,

its one defective gauge was less consequential than for the other

rocettes.

Transverse sensitivity in a strain gauge refers to the behaviour of
the gauge in responding to strains that are perpendicular to the pri-
mary sensing axis of the gauge. In practice, most gauges exhibit some
degree of transverse sensitivity, but the effect Is ordinarily quite
small.
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(2) All rosettes recorded soae degree of permanent container deforma-

tion following Run #1, Indicating that the elastic limit of the

shell had been exceeded.

Data were plotted in the form of strain versus applied hydrostat-

ic pressure for those locations on the structure corresponding to the line

segment locations of the strain-gauge rosettes attached to the prototype.

To compare the analysis with the test results, the predicted circumferent-

ial and meridional strains were plotted with the experimentally derived

principal strains for each rosette. Figures 17 to 26 are examples of these

plots and are discussed later. Note that the plotting convention shows

compresslve (-) strain to the right and tensile (+) strain to the left.

The permanent deformations In the principle strain directions resulting

from Run #1 were taken as the zero pressure strains for Run #2.

9. COMPARISON OF PREDICTED AND EXPERIMENTAL RESULTS

9.1 COLLAPSE RESULTS

A preliminary evaluation of the analysis is afforded by comparing

the predicted and experimental collapse pressure and mode for the con-

tainer. For collapse pressure, the difference between the two was •* 3Z

(19.51 MPa predicted versus 18.96 MPa observed), an excellent confirmation

of the analysis. The predicted two-lobe collapse node was verified. The

analysis also predicted that collapse would initiate at a plane <*> 146 am

above the container aid-plane. The post-test examination showed that col-

lapse began ̂  91 m above the aid-plane, a reasonably close result for a

large structure.

A aore detailed evaluation of the analysis is afforded by com-

paring the predicted and observed strain-pressure curves.
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FIGURE 21: Strain-Pressure Results for Second Pressurization Run
(Rosette E)
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9.2 STRAIN-GAUGE DATA

Prior to the experiment we undertook a series of investigations

into the characteristics of the type of strain rosette selected for the hy-

drostatic test. Rosettes were mounted on a tubular specimen with an accu-

rately determined wall thickness. The specimen was pressurized Internally

to produce a range of pre-calculated strain levels, which were compared to

those indicated by the strain rosettes. The tests showed that strain-gauge

accuracy improved dramatically after an initial pressurization cycle to the

strain level of interest, followed by depressurization. Subsequent pres-

sure cycling resulted in further slight improvements in gauge accuracy, but

these were of much less significance than that achieved from the first cy-

cle. This procedure is termed "exercising" the gauges. Increased response

accuracy in strain gauges, which are subjected to a historic strain level,

is a well-known phenomenon in experimental stress mechanics. Therefore, it

is fairly common practice for strain-gauge users to employ gauge exercising

whenever possible.

As described in Section 6, the container was pressurized to

10.34 MPa, slightly above that which would occur in a flooded vault of

1000 m depth, and the pressure then reduced to zero. This constituted the

strain-gauge exercising run for the experiment. This was followed by the

final pressurization run to the container collapse pressure.

From a consideration of the collapsed container geometry, it is

clear that not all experimental strain data will agree with the predicted

values since the analysis assumes the structure remains axisynmetrlc. In

fact, one of the test objectives was to determine for which segments of the

prototype the best agreement between the predicted and experimental results

would be obtained. Thus, sufficient rosettes were attached to ensure all

areas of interest were monitored.

Rosettes A-T (located on the cylindrical section of the container)

The best agreement between the predicted and experimental results

occurred for rosettes located at, or near, points of maximum compresaive
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strain. These include rosettes A, B, C, J, L, N and R. Fair agreement was

achieved for rosettes D and I.

Rosettes displaying poor agreement with the analysis include E,

F, K and P. All of these are at, or near, positions of extreme tensile

strain on the collapsed container.

Rosettes G, H, M, 0, Q, S and T each had a defective gauge and

are not considered further.

Figures 17 to 20 depict the principal strain-pressure results

from rosettes N and R, which were located diametrically across from each

other on the prototype. Figures 17 and 18 depict the results for each

rosette for Run #1. The upward arrows on the curves indicate pressuriza-

tion strain; the downward arrows indicate depressurizatlon. Note that for

each rosette about 30 iim/m of permanent deformation in the circumferential

direction resulted from this test run. No permanent deformation occurred

in the meridional direction.

Figures 19 and 20 show, respectively, the results for N and R for

Run #2, along with the curves of predicted strain. Note that in this run

the zero pressure circumferential strains are approximately 30 Mm/a due to

the permanent deformation incurred in Run #1. At •* 12.1 MPa (1750 psi),

the measured and predicted circumferential strains coincide. As the col-

lapse pressure is approached, the agreement rapidly decays as the shell

deformations become large and structural symmetry is lost.

Figure 21 shows typical Run #2 strain data from rosette E, which

are typical of rosettes located near the lobes of the collapsed prototype,

Illustrating poor agreement with the predicted strain curve. Note that as

the collapse pressure is approached, the strains are changing rapidly from

conpresdve to tensile.

For all operational rosettes in the A-T group, the orientations

of the principal strains were confirmed to be in the circumferential and

meridional directions. For those rosette* displaying good agreement with

the analysis, the observed permanent strain deformations from Run #1 also
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displayed reasonable agreement with the predicted permanent strains at

10.34 MPa. These were: meridional, none; circumferential, -81 jim/m.

Rosettes U, V and W, X (located on lower and upper head-to-shell welds)

Resolution of the data from these rosettes showed that the ori-

entations of the principal strains were not in the circumferential and

meridional directions. Furthermore, the principal strain orientation was

dependent on the rosette's location on the container circumference. This

is shown in Table 6, which indicates the angle of displacement of the maxi-

mum principal strain from the circumferential direction for rosettes U to

X, as derived from the experimental data for Run #2.

TABLE 6

PRINCIPAL STRAIN ORIEKTATIONS, ROSETTES V TO X

Rosette

U

V

w
X

Location

bottom weld

bottom weld

top weld

top weld

Angle of Haxlaum Principal Strain
from Circumferential Direction

+ - clockwise, - • counterclockwise

+ 90"

+ 22.5°

- 35°

+ 55°

To afford a comparison with the analysis, the experimental strain

results for rosettes U to X were also resolved into their circumferential

and Meridional components. Reasonably good agreement with the analysis was

obtained for rosettes U, V and H. Figure 22 shows the comparison for ros-

ette U. Poorer agreement was obtained for rosette X (Figure 23), which in-

curred a surprisingly large permanent deformation In Run #1. The permanent

strain deformations observed for U, V and W in Run #1 were generally in

agreement with the predicted values of 40-50 iim/m in both the circumferent-

ial and meridional directions.
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Rosettes Y and CC (located on the top "knuckle")

At these locations the experimental data confirmed that the prin-

cipal strains were oriented in the circumferential and meridional direc-

tions. At higher pressures, fairly good agreement with the analysis was

obtained for rosette CC (Figure 24). The predicted permanent strains in

the knuckle at 10.34 MPa were zero in both the meridional and circumfer-

ential directions. However, the test results for CC differed, indicating

* +100 iin/m and -30 (im/rn permanent strain in the circumferential and meri-

dional directions, respectively, as a result of the gauge-exercising run.

Rosette Y generally exhibited principal strains about 100-200 vm/m

larger than predicted.

Rosettes Z and BB (located on the top head between the knuckle and crown)

At these positions, the predicted maximum principal strain was

meridional (the predicted minimum, therefore, circumferential). The exper-

imental data confirmed this, as shown by Figure 25 for rosette BB. Data

obtained for rosette Z were similar. Both Z and BB recorded substantial

permanent strains following Run #1. For comparison, the predicted perma-

nent strains at 10.34 MPa were -110 |im/m and -61 tm/a in the meridional and

circumferential directions respectively.

Rosette AA (located at the top crown)

Although gauge #1 In this rosette was inoperative, the two opera-

tive gauges were, In fact, measuring the principal strains because at this

location all strain is meridional. The predicted permanent strain at

10.34 MPa was -200 pa/a. Gauge 2 agreed closely with this while gauge 3

difplayed a permanent deformation of -300 ua/m (Figure 26). The permanent

•trains incurred froa Run #1 remained a« a constant difference between the

measured and predicted values throughout Run #2.
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10. DISCUSSION

The analysis has been verified to be reasonably accurate in pre-

dicting the deformation and collapse of a hydrostatically loaded, axlsym-

metric fuel isolation container, based on short-term mechanical properties.

In the deformation analysis, the best agreement between the predicted and

experimental results was obtained for those locations on the cylindrical

shell that Incurred maximum compressive strain. Two regions on the proto-

type exhibited strain levels or principal strain orientations that differed

significantly from the analysis: strain levels in the top head were gener-

ally greater than those predicted, and the principal strain orientations in

the head-to-shell welds differed from the meridional and circumferential

directions, depending on position around the weld. This may be due to sev-

eral reasons:

(1) The stress-strain properties of the heads were assumed to be the

same as those measured for the pipe. This assumption was neces-

sary because tensile test samples could not be taken from the

heads without destroying their Integrity. The stress-strain

properties used in the analysis may be invalid for the heads be-

cause the heads were obtained from a different material supplier

than the pipe and were, therefore, formed from a different batch

of plate. Furthermore, the heads represent an Initially flat

plate formed into a complex shape incorporating several radii of

curvature. Therefore, the stress-strain properties of the heads

may, in fact, vary with distance from the crown.

(2) As stated in Section 4.1, the level of internal stress within the

as-received heads and pipe due to thu fabrication procedures of

the materials suppliers could not be determined.

(3) The internal (tresses in the head* and pipe were undoubtedly al-

tered during machining of the weld preparation* and welding of

the heads to the pipe.
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The differences between predicted and observed strain In the top

head and the top and bottom head-to-shell weld regions are of less concern

than if similar differences had been observed in the cylindrical shell

where collapse initiated. These anomalous results did not, apparently,

markedly affect the collapse pressure, if at all. Nevertheless, since ac-

curate characterization of the container's stress distribution under pres-

sure is required for a full assessment of its long-term performance under

postulated vault conditions, where stress corrosion and/or hydriding ef-

fects may occur, a more detailed analysis and experimental study of these

specific regions in stressed-shell designs has now been Identified as a re-

quirement for future studies.

Creep effects can be modelled in BOSOR 5 but were not Included in

this initial analysis and verification test exercise. During the hydro-

static test, creep effects were minimized as much as possible by rapid data

acquisition. Below 17 MPa, little or no creep deformation was observed

but at 17.5 MPa and higher, significant creep effects became apparent.

There Is little doubt that, as the predicted collapse pressure was ap-

proached, the onset of significant creep contributed to the prototype's

collapse at a slightly lower pressure than predicted. Thus, the test has

demonstrated the need to quantify creep effects when assessing container

performance over long-term periods. The encouraging accuracy of BOSOR S in

predicting performance based on short-term mechanical properties would jus-

tify an experimental assessment of a further analysis which Included the

creep model. However, this would be necessary only if the stressed-shell

design is retained as a viable fuel Isolation container concept. This de-

cision is awaiting further evaluation of both the stressed-shell and sup-

ported-shell concepts in terms of deformation performance, ease of fabrica-

tion, economic*, applicability to the vault design, etc.

Although the principal objectives of this test were to evaluate

and confirm the deformation and collapse performance of the prototype, ad-

ditional objectives were to gain practical experience from the fabrication

and testing phases. Although the fabrication techniques employed were of a

"on* off" nature and cannot be related simply to a mass production process,

some common aspects exist. For example, correct component matching, in
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this case the heads and pipe, is a common requirement. Other requirements

are reliable pre- and post-fabrication inspection techniques, and adequate

and complete component specifications including dimensions, code require-

ments and documentation. A greater awareness of these requirements has now

been gained for immediate application in the container assessment program.

The test procedure served to highlight problem areas where future

difficulties can be avoided. The most severe of these were the inherent

difficulties in performing the test at a remote facility where transporta-

tion of the prototype and personnel, available test time, and unfamiliarlty

with the test facility equipment are often problematical. These difficul-

ties were experienced In spite of the excellent efforts that were afforded

us at all times by the NSRDC personnel. It is anticipated that such prob-

lems will be largely resolved when the WNRE Hydrostatic Test Laboratory be-

comes operational in 1962, since this test facility will be tailored to the

specific requirements of the Canadian Nuclear Fuel Waste Management Pro-

gram.

11. CONCLUSIONS

Three main conclusions can be drawn from a comparison of the pre-

and post-test analyses:

(1) The commercially available BOSOR 5 analysis is acceptably accu-

rate for predicting the deformation, collapse pressure and col-

lapse mode of a stressed-shell container, based on short-term

mechanical properties.

(2) Current stressed-shell container designs are based on their abil-

ity to withstand twice the hydrostatic pressure of a flooded,

1000-B deep vault. Some location* on the containers will incur

plastic deformation at pressures below that corresponding to the

1000-m depth.
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(3) If the streased-shell design is retained as a viable fuel isola-

tion concept, additional investigations into the effects of pri-

mary creep strain are indicated. However, these studies should

include the shell-supportive effects of the fuel baskets.
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APPENDIX

STRAIN-GAUGE ROSETTE DETAILS

The strain rosettes were selected and waterproofed according to

the recoiMiendations of the NSRDC, based on their substantial experience in

making this type of measurement in high-pressure water environments.

The gauges were type EA-O9-125RA-12O, manufactured by Micro Mea-

surements Ltd. The gauges included the "W option", which provides printed

circuit terminals at the tab ends of each gauge. Except for the terminals,

the gauges are covered with a polyimide encapsulation. The W option great-

ly facilitates attachment of the lead wires to the gauges and Is recom-

mended for similar work.

Details:

Gauge Type: EA-O9-125RA-12O

Gauge resistance: 120.0 chms ± 0.4Z

Lot No: R-A34AE27

Gauge #
in Rosette

1

2

3

Gauge

2.035

2.065

2.035

Factor

± 0.5Z

± 0.5Z

± 0.5%

Transverse Sensitivity
Coefficient

+ 1.4Z

+ 0.9%

+ 1.4%
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