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PREFACE 

The plan for the development of the prestressed concrete reactor 
vessel (PCRV) for the gas-cooled fast reactor was prepared by the General 
Atomic Company, which also has had the overall design responsibility* Oak 
Ridge National Laboratory has conducted the series of model tests as out-
lined in the development plan. This work has been supported by the De-
partment of Energy under 189a No. 1350, Pressure Vessel and Closure 

Studies. 

The closures testing program has consisted of a series of relatively 
small (~1/15- to 1/20-scale) models used to provide preliminary design in-
formation concerning the structural behavior of the closure plugs for the 
PCRV steam generator cavity and the central core cavity. The small-scale 
closure model tests have been intended to provide technical support for 
the ongoing design development. Thus, the number of models to be tested 
has depended on the requirements of the designers. In the initial plan-
ning, it was anticipated that several models of the two basic types of 
closures would be required and a separate report published for each test. 
Following design finalization, an extension had been planned to conduct 
tests using larger and more detailed models of the proposed prototype to 
provide final verification of both the plug and hold-down system designs. 

Two model tests were conducted prior to this test. The first was 
related to the preliminary design for the steam generator cavity closure 
plug, and the results demonstrated the need for conducting a test of a 
second, less conservative version of the original design. The second test 
involved testing the modified 1/15-scale model based on a half-thickness 
version of the original steam generator cavity closure design. The re-
sults of these tests were presented in previous reports. This report pre-
sents the test results of the 1/20-scale model of the central core cavity 
closure design. 
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GCFR 1/20-SCALE PCRV CENTRAL CORE CAVITY 
CLOSURE MODEL TEST 

G. C. Robinson J. R. Dougan 

ABSTRACT 

Oak Ridge National Laboratory has been conducting struc-
tural response tests of the prestressed concrete reactor vessel 
(PCRV) closures for the 300-MW(e) gas-cooled fast reactor dem-
onstration power plant. This report describes the third in a 
series of tests of small-scale closure plug models. The model 
represents a redesign of the central core cavity closure plug. 
The primarj' objective was to demonstrate structural performance 
and ultimata load capacity of the closure plug. Secondary 
objectives included obtaining data on crack development and 
propagation and on mode of failure of the composite structure. 

The Intent of the test plan was to cycle from approxi-
mately no load to the model maximum cavity pressure (MCP) of 
10.08 MPa ten times and then fail the model on the 11th cycle. 
Pressurization system component failures on cycles 11, 12, and 
14 and model tube end-cap failures on cycles 13 and 15 pre-
vented achievement of the primary goal of the test. Neverthe-
less, a large margin of safety was demonstrated; the pressure 
level achieved on cycle 15 of 79.3 MPa was almost eight times 
MCP. No visible distress (e.g., cracking of the concrete and 
steel structure) was evident; however, large concrete and steel 
strains were experienced* 

Fair agreement was indicated in comparisons of strains and 
deformations calculated using the finite-element code ADINA 
with experimental values. The differences between calculated 
and measured values are attributed to (1) difficulties in rep-
resenting the loading conditions analytically and (2) the use 
of inadequate constitutive equations to represent the nonlinear 
response of concrete under complex states of stress. 

The results of this test demonstrate the Inherent strength 
of the closure plug and also show that calculations made using 
a finite-element code in conjunction with state-of-the-art con-
crete constitutive equations provide conservative, but inaccu-
rate, predictions of the failure process. On the basis of 
these results, the recommendation Is that the design of the 
PCRV cavity closures be further refined to reduce the excessive 
safety factor to a more reasonable value, using thickness as 
the main variable* A further recommendation is continued de-
velopment of more accurate concrete constitutive models to be 
used in subsequent analyses of the remaining closure models, as 
well as in the PCRV model. 
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1. INTRODUCTION 

As part of its participation in the program to develop a 300-MW(e) 
gas-cooled fast reactor (GCFR) demonstration power plant,1 Oak Ridge 
National Laboratory (ORNL) has been conducting a series of structural 
model tests that have provided technical support for the design of the 
prestressed concrete reactor vessel (PCRV) containing the GCFR core and 
primary cooling system. These studies have been planned and conducted 
In close cooperation with the General Atomic Company (GA), which has been 
responsible for the overall design and development. 

One of the ORNL tasks has been to design, analyze, and test small-
scale models of the PCRV penetration closure plugs. The principal objec-
tives have been to determine the structural response of the plugs to 
(1) normal operating pressures and (2) substantial overpressurization. 
These tests have also provided reliable data for verification of analysis 
methods. Included In the testing program have been models of closure 
plugs for both the steam generator cavity and the central core cavity. 

Thus far, two models of the steam generator cavity closure series and 
one model of the central core cavity have been tested. The first steam 
generator cavity model, which represented the original GA design, was pres-
surized to 75.8 MPa (11,000 psi) without sustaining concrete cracking or 
plug failure, although yielding of the metallic components was recorded by 
attached 

strain gages. The second steam generator cavity closure plug 
model represented a modification of the original design to reduce exces-
sive conservatism In which the plug thickness was reduced to one-half the 
original and the steel reinforcement was also significantly reduced. The 
second steam generator cavity model failed by abrupt punching shear at 
~9S.3 MPa (14,000 psi).3 This report describes the testing of the central 
core cavity model. 



2. PROTOTYPE DESCRIPTION 

The vertical cross-sectional view of the PCRV for the 300-MW(e) GCFR 
demonstration plant (Fig. 2.1) indicates the relative size, location, and 
principal features of both the reactor central core cavity and the steam 
generator cavity closures. The design maximum cavity pressure is 10.08 
MPa (1462 psig). The prototype central core cavity closure plug (Fig. 
2.2) represents the reference design that forms the basis for this model. 
In this model the concrete is confined on the inner, outer, and bottom 
surfaces by steel liners. The liners are relatively thin except for the 
top half of the outer liner; because the plug pressure load reacts through 
the outer liner, the top section is relatively massive. Attached to the 
inside of the outer liner of the plug Is a built-up steel structure con-
sisting of a series of discontinuous, inclined flat plate segments sup-
ported by a series of vertical gussets. This structure is designed to 
provide for transfer of shearing loads from the concrete to the outer 



Fig. 2.1. Vertical cross section of PCRV for 300-tlW(e) GCFR demon-
stration power plant. 
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3. MODEL DESCRIPTION 

Figure 3.1 shows plan and cross-sectional views of the 1/20-scale 
central core cavity plug model. All physical features of the prototype 
have been linearly scaled by a factor of 20 except the tubes, for which 
the scale factor on diameter is 19.3. This minor departure from scale 
was necessary because of the necessity of procuring tubing that is made 
according to national standards. 

Although Fig. 2.1 implies the use of toggles for load restraint of 
the plug in the prototype structure, this scheme has not been utilized in 
the support of the model. General Atomic has not yet settled on a final-
ized design of the plug support and may use either the toggle scheme or a 
support scheme providing essentially only a vertical reaction. As noted 
in Refs. 2 and 3, the toggle arrangement provides prestressing to the plug 
proportionate to the pressure and may significantly contribute to the ul-
timate load and margin to failure. Testing based on the vertical reaction 
scheme therefore should be conservation. 

The following sections describe the procedures used to provide for 
accurate simulation of the mechanical properties of the various prototype 
components In the model. 

3.1 Materials Simulation of Steel Components 

The steel materials for the liner and gusjet structures of the proto-
type plug were designated by GA to consist either of American Society for 
Testing and Materials (ASTM) A508 class 2 forging or ASTM A537 class 2 
plate. The outer liner was simulated with heat-treated ASTM A106 grade C 
pipe. The remainder of the liner and gusset structure was simulated with 
ASTM A533 grade B class 1 material obtained from the ORNL Heavy-Section 
Steel Technology (HSST) Program. Reinforcing steel for the prototype plug 
was designated by GA to conform to ASTM A615 grade 60. Because of the 
brazing operations used In the model fabrication, as discussed in Sect. 
3*3, annealed cold-worked steel wire could not be used in the simulation 
of the reinforcing steel as it was in the first two models of this se-
ries.2* 3 The wire used was extruded by the Metals and Ceramics Division 
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Fig. 3.1. Plan and cross-section views of 1/20-scale central core 
cavity plug model. 
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of ORNL from low-alloy 2-1/4 Cr—1 Mo stock. This wire was deformed to 
achieve scaled prototype bar deformations and spacing by the same method 
employed for the first two models.2»3 

The control rod and penetration tubes of the prototype plug were 
specified by GA to conform to ASTM A334 grade 6. Because these tubes, ac-
cording to analysis, would fall at a considerably lowtr pressure than the 
steel and concrete structure, depatting from rigorous modeling in this 
component was necessary to achieve the test goals. Rather than achieve 
adequate strength with an increased wall thickness, GA preferred utiliza-
tion of a high-strength material to prevent perturbation of the stress 
field of the concrete penetration region for loading up to the maximum 
cavity pressure. They also recommended the employment of a high-strength 
age-hardenable alloy, Inconel 718. Consequently, rather than attempt to 
simulate the tubing's mechanical properties, the fabrication procedures 
were devel'oped to achieve as high a strength as possible while conforming 
to rigorous geometric scaling. 

Table 3.1 lists the heat-treating procedures followed to obtain the 
proper simulation of the model materials' mechanical properties. Table 
3.2 lists the mechanical properties obtained following fabrication. Ten-
sile specimens of model material other than the HSST material were sub-
jected to the brazing environment of the model. The HSST materials* me-
chanical properties reflect a simulated stress relief similar to the brac-
ing heat treatment. Table 3.3 lists the required minimum mechanical prop-
erties for the prototype materials. A study of Tables 3.2 and 3.3 indi-
cates that the model material simulations of the prototype were generally 
good except for the reinforcing steel. Values of yield and tensile 
strength for the model reinforcing steel were 20 to 30Z lower than the 
minimum required for the prototype. 

3.2 Materials Simulation of Concrete 

General Atonic specified that concrete was to have a strength of at 
least 55.2 MPa (8000 psi) at 120 days. Based on the parametric study of 
the concrete six made for the first model test,2 Table 3.4 provides the 
mix design employed In the pouring of the model on June 12, 1980. In 



Table 3.1* Correspondence between prototype and model steel materials 

Structural 
category 

Prototype 
material Model material Model material heat treatment 

Outer liner A508 class 2 or 
A537 class 2 

A106 grade C None 

Austenitlze 1 h at 871°C, hold 1 h, 
water quench, temper at 704°C, 
hold 1 h, air cool, postweld heat 
treat at 635°C, hold 1 h, air cool 

Gusset structure 
and bottom liner* 

A537 class 1 or 
AS08 class 1 

A533 grade B class 1 Postweld heat treated at 635"C 

Reinforcing steel A61S grade 60 2-1/4 Cr-I Mo Heat treat at 635°C, hold 1 h, air cool 

aMaterials for this category were obtained from the ORNL HSST Program and had been previously 
austenitized, quenched, tempered, and characterized by mechanical testing.3 



Table 3.2 Rooa-teaperature properties of a a t e r l a l used co simulate prototype material in 
1/20-scal* central cavity closure plug model 

Structural 
category 

Prototype 
material 

HSST 
plate 

i d e n t i f i -
cation® 

Test 
direction' ' 

Strength 
[MPa 

properties 
( k s i ) ] Tensile strength 

|MPa ( k s l ) | 

Total 
elongation" 

Reduction 
In area Structural 

category 
Prototype 
material 

HSST 
plate 

i d e n t i f i -
cation® 

Test 
direction' ' 

Upper yield lower yield 

Tensile strength 
|MPa ( k s l ) | <*> U ) 

Cusset structure 
and bottom l iner 

A537 class 2 or 
A508 class 2 

02F R 
U 
T 

574.1 (68 .9 ) 

488.2 (70 .8) 

470.9 
481.3 
457.7 

(68.3) 
(69.8) 
(69) 

615.7 (89 .3) 
619.9 (89.9) 
627.4 (91) 

24.4 
16.7 
23.5 

54.3 
32 
53.9 

Outer l iner A537 class 2 or 
A508 class 2 

a 549.5 (79.7) 752.2 (109.1) 50 

Reinforcing steel 

0.099 cm (0.039 i n . ) 
0.127 cm (0.050 I n . ) 
0.132 cm (0.062 I n . ) 

Aft 15 grade 60 301.8 
158.1 
314.5 

(43.8) 
(51.9) 
(45 .6) 

442.2 (64 .1 ) 
552.5 (80 .1) 
505.7 (73 .3) 

atlodel material taken from mldtlilckness section of HSST plates 01, 02, and 03 from tlio Ident i f ied plate sections. Tensile strength 
characterizations of these HSST Plates are given in Kefs. 4 and 5. 

^R or ientat ion Is tensi le axis In primary ro l l ing d i rect ion; W or ientat ion Is tensi le axis perpendicular to primary ro l l ing direct ion 
and paral le l to plate surfacc (width d i rec t ion) ; T or ientat ion is tensi le axis perpendicular to plate surface (thickness d i r e c t i o n ) . 

eAxlnl or ientat ion at mldthickness of pipe. 



Table 3*3* Room-temperature minimum required mechanical properties for prototype 
steel materials of 1/20-scale central core cavity plug model 

Structural 
category 

Prototype 
material 

Yield strength 
(0.2Z offset) 
[MPa (ksi)J 

Tensile strength 
[MPA (ksi)] 

Elongation in 
50 nun (2 in.) 

Reduction 
in area 

(X) 

Liners and gusset 
structure 

Reinforcing 
steel 

A508 class 2 
A537 class 2 
A615 grade 60 

345 (50) 
414 (60) 
414 (60) 

552 (80) 
552-689 (80-100) 
621 (90) 

18 
22 

38 
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Table 3.4. Concrete mix design 
for 1/20-scale central core 

cavity plug model 

Material Quantity or weighta 

[kg (lb)] 

Cement type II 27.2 (60.0) 
Fly ash 0.0 (0.0) 
Aggregate screen sizes 

3/8 in. 0.0 (0.0) 
No. 4 0.0 (0.0) 
No. 8 12.0 (26.4) 
No. 16 25.0 (55.2) 
No. 30 25.0 (55.2) 
No. 50 20.7 (46.6) 
No. 100 0.0 (0.0) 
Pan 0.0 (0.0) 

Water 13.2 (29.0) 
a60 ml of water-reducer Pozzolith 300N 

Master Builders, Cleveland, Ohio, was added. 

addition to the model, the mix yield of 0.0527 m3 (1.86 ft3) provided 
twelve 0.1016- by 0.2032-m (4- by 8-in.), three 0.1524- by 0.1524-m (6-
by 6-in.) and three 0.1524- by 0.3048-m (6- by 12-in.) control specimens. 
Both model and control specimens were cured 14 d in a 100% relative hu-
midity environment. Control specimens were tested on July 24, 1980, cor-
responding to test cycles 1 through 13, and on September 4, 1980, corre-
sponding to test cycles 14 and 15. Figures 3.2 and 3.3 show the stress 
vs strain curves and derived mechanical properties for these tests. 
Table 3.5 gives the average properties obtained. Note that the concrete 
strength exceeded the specified minimum by 26 to 34Z. 

To verify its workability, a representative mix of the concrete was 
poured into the fixture, which simulated an earlier, more congested proto-
type design by GA (Fig. 3.4). No problems occurred to prevent obtaining 
a dense, virtually voidless cast. 
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Fig. 3.4. Concrete workability test fixture 
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Table 3.5. Mechanical properties of concrete 

Time 
of 
test 

Average 
Age compressive 
(d) strength 

[MPa (ksi)] 

Average 
Young's 
modulus 

[GPa (ksi)] 

Average 
Poisson's 

ratio 

Splitting 
tensile 
strength 
[MPa (psi)] 

7/24/80 42 69.42 (10.070) 35.4 (5133) 0.246 
9/4/80 84 73.66 (10.683) 36.2 (5233) 0.247 

3.369 (488.7) 

3.3 Model Fabrication 

Because of the requirements for linear scaling, full-penetration 
welding, and materials simulation on all steel parts but the control-rod 
penetration tubes, the conclusion was reached that the only feasible ap-
proach for fabrication of the model would incorporate a two-step brazing 
of the penetration tube subassemblies. In the first brazing step, end-
caps and shear rings of Inconel 718 material were to be brazed to the 
penetration tubes (Fig. 3.5) also consisting of Inconel 718. Following 
chemical cleaning of parts, brazing was to be performed with American 
Welding Society (AWS)-ASTM BAu-4 braze metal in an AUS Brazing Atmosphere 
No. 7 (—59.4°C dewpoint) at a temperature of 1010 ± 5.6°C (1850 ± 10°F), 
held for 5 min. Several braze validation tests demonstrated that the 
atmosphere was not pure enough to perform a good braze. An alternative 
approach using a vacuum brazing furnace was then attempted and yielded a 
good braze. 

Figures 3.6, 3.7, and 3.8 are photomicrographs of a sectioning of the 
first vacuum braze test. Figure 3.6 shows the braze joint at the juncture 
of end-cap and tube; Fig. 3.7 shows the braze joint in the vicinity of 
the braze preform or paste reservoir groove located in the end-cap; and 
Fig. 3.8 shows the braze joint attaching the shear rings to the tubing. 
Based on this success, brazing of the tubing subassemblies then proceeded 
with this furnace. 

Following brazing, each penetration tube subassembly was visually in-
spected and then leak tested using a helium mass spectrometer to demon-
strate leakage no greater than 10~9 cm3/s. Defective subassemblies were 
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Fig. 3.5. Penetration tube fabrication for 1/20-scale central core 
cavity model. 

rebrazed. Good subassemblies were age-hardening-heat-treated by heating 
to 718.3°C (1325°F), holding for 8 h at 718.3°C (1325°F), furnace cooling 
to 621.1°C (1150°F), holding for 10 h at 621.1°C (1150°F) (18 h total 
aging), then inert-gas cooling to room temperature. A helium mass spec-
trometer leak test was again performed on each subassembly. A hardness 
test was performed on each end-cap of the subassemblies to validate the 
age-hardening heat treatment. 

Parallel with the penetration tube subassemblies fabrication was the 
fabrication of other model parts. Figure 3.9 shows the gusset structure 
parts being fixtured for welding as subassemblies. Figure 3.10 shows on 
the top left a partially assembled lower cage, on the top right a fully as-
sembled lower cage, and on the bottom left and at center the tie-bars and 
grid that constitute the upper assembly. Representative model parts and 
fixtures prior to weld assemblage are depicted in Fig. 3.11. A top view 
of the model is shown in Fig. 3.12 in the welded and rough-machined condi-
tion prior to braze joining with the penetration tube subassemblies, and 
Figure 3.13 shows the bottom view of the model at the same stage of fab-
rication. Both the lower and upper rebar assemblies were subjected to the 
final braze heat treatment. Companion specimens of each wire size and of 
the outer liner were tested (as reported In Table 3.2) following all heat 
treatment. 
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Fig. 3.6. Photomicrograph of trial braze joint at juncture of tube 
and end-cap. (Original reduced 25%) 
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Fig. 3.7. Photomicrograph of trial braze joint at braze preform 
reservoir groove. (Original reduced 25%) 



Fig. 3.8. Photomicrograph of trial braze joint at juncture of shear 
ring and tube. (Original reduced 24%) 
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1 
Fig. 3.9. Fixturlng and parts for model gusset structure. 

Figure 3.14 shows a vertical cross section of the model positioned 
in a brazing environmental chamber in preparation for final assemblage 
requiring the second brazing. Following cleaning, brazing was attempted 
twice with AWS-BAg-1 preforms in an tWS-ASTM Atmosphere No. 7 at 635 ± 
5.6°C (1175 ± 10°F). The first attempt was completely unsuccessful. The 
second attempt left ten penetration tube subassemblies unbrazed. The poor 
brazing was caused by inadequate control of temperature gradients in the 
furnace. A "jury-rigged" setup of cartridge and band heaters was then 
used in an attempt to effect repairs of the defective joints. Several 
repeated repairs and complete model helium mass spectrometer leak tests 
were performed before a leak-tight assembly was achieved. 



Fig. 3.10. Reinforcement steel fabrication for 1/20-scale central 
core cavity model* 
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Fig. 3.11. Fixturing and parts, outer liner, gusset structure, 
bottom liner, and penetration tube for central core cavity model. 

The model was then returned to the shop for final machining of the 
outer liner in the seal area. Inspection revealed this machining to be 
nonconforming, that is, out of tolerance. Overlay welding and stress re-
lieving at 482.2°C (900°F) were performed to restore proper dimensions. 
The model was then unsuccessfully leak tested using a helium mass spec-
trometer. To locate leaks, vacuum-acetone sniff and air bubble tests 
were performed, and several braze repairs were attempted before a number 
of tubes were discovered cracked near the bottom liner juncture by the 
preceding fabrication operations. 
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Fig. 3.13. Bottom view of tough-machined and welded model ready for 
braze joining with penetration tube subassemblies. 
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The cracks were not considered repairable except by complete plugging 
of the affected tubes. Thus, a procedure using urethane rubber was devel-
oped and validated. Ten percent-by-welght curing agent Ciba-Gelgy XU-205 
was added to E.I. DuPont de Nemours Adlprene LW-520, mixed under vacuum, 
and poured into the cracked tubes. Tubes numbered 2, 5, 17, 19, 25, 26, 
27, and 34 were filled by this technique. Because some tubes were cracked 
axially across the bottom liner, the bottom liner was covered with General 
Electric Glyptal and with a thin layer of urethane rubber. Fortunately, 
these tubes were generally confined to a quarter segment of the model; 
therefore, testing with this deficiency was considered to Impair but not 
invalidate the test results. Because of the reduced triaxiality in this 
quarter segment, failure might have Initiated In this region at a lower 
loading than an unimpaired model would exhibit. 

As discussed in Sect. 6, test cycle 13, conducted on July 25, 1980, 
was interrupted by the blowing out of the end-cap on tube 42. Inspection 
of the end-cap Indicated very poor filling of the capillary gap between 
the tube and end-cap by the braze material. Consequently, the decision 
was made to repair all open tubes by epoxy-cementing cup-shaped plugs to 
the tubes, with the plugs sealed against the end-cap and the cup end ori-
ented toward the bottom. A gap between the bottom end of the plug cup and 
the top of the concrete surface was designed to provide a representative 
stiffness at this Juncture. Prior to cementing the plugs, a test verified 
that the plugs had a shear strength equivalent to the calculated burst 
strength of the tubes. The plugs were cemented with an epoxy consisting 
of one part Versamid-140 to two parts DER-32 (diepoxy resin). The design 
of the cup end of the plug was intended to minimize differential radial 
growth between the plug and tube with pressurizatlon and thereby minimize 
the likelihood of failure of the epoxy bond by tearing. The juncture of 
the plug cup lip and the tube was covered with urethane rubber to give 
additional assurance that the design would function properly. 
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4. TEST FACILITY 

The facility and equipment employed in the 1/20-scale model test are 
capable of providing a maximum pressurizatlon of 276 MPa (40 ksi) and are 
shown schematically in Fig. 4.1. The upper surface of the model was ob-
served with a remote video camera and monitor; a tape recording was made 
of the video signal for all pressurization cycles. 

Penetrations were provided in the vessel to permit pressurization 
and to provide entry of up to 24 (three-wire) channels of instrumentation. 
A beam-gage plug assembly was located at the bottom of the test vessel 
cavity to serve as (1) a mounting block for three beam gages to monitor 
vertical movement of the bottom face of the model and (2) a ballast to 
reduce the total potential energy of the hydraulic fluid contained within 
the vessel. 

ORNL-DWG 76-I33BIR 
MANUALLY ADJUSTABLE 
PRESSURE REGULATOR CABINET 

BARRICADE 

7 5 , 0 0 0 psig 
PRESSURE GAGE 

TO ( 0 , 0 0 0 psig 
PRESSURE 
E L E M E N T 

•GROUND 
FLOOR 

Fig. 4.1. Test setup for 1/20-scale closure plug model. 
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5. INSTRUMENTATION 

Most of the instrumentation applied to the 1/20-scale central core 
cavity model was intended to assist GA in an understanding of strain dis-
tributions in two particularly sensitive zones: (1) the central midheight 
penetration-tube ligament zone and (2) the zone immediately under the gus-
set structure. Strain gages and displaceuent gages were also placed in 
locations similar to those of the first two models tested to permit com-
parisons of behavior.2*3 Because of the limited space and lack of avail-
ability of commercial devices, placement of embedded gages requested by 
GA required the development work described in Appendix A. 

Figure 5.1 shows the location of the strain and displacement gages, 
and Table 5.1 provides the instrument application data for these gages. 
Data were recorded redundantly by the system shown in Fig. 5.2, consist-
ing of (1) Tektronix Model 4051 video terminal, Model 4662 digital plot-
ter, and Model 4924 tape recorder; (2) Hewlett-Packard Model 3435A digital 
voltmeter and Model HP-IB digital clock; (3) Vishay Model 2110 power sup-
plies and Model 2120 strain gage conditioners; and (4) Centronics Model 
703 line printer. 

Figure 5.3 shows a mandrel used to provide the corkscrew shape re-
quired of the special weldable gages prepared for embedment in the central 
zone penetration-tube ligament of the model. Also shown is a gage that 
has been splayed and formed, ready for insertion into the model. Figure 
5.4 shows the tool used for placement of gages XE-7, 8, and 33 through 
36 inside tubes 27 through 29. Gages XE-33 through 36 were added to the 
original gage layout to provide data on the asymmetry caused by plugging 
of the cracked tubes (discussed in Sect. 3.3). 

Figure 5.5 shows a top view of the model following instrumenting and 
concrete pouring. Figure 5.6 shows a bottom view of the model following 
Instrumenting and plugging of defective tubes. Figure 5.7 shows a top 
view of the model inserted into the test fixture with displacement gages 
and instrument leads attached. Figure 5.8 shows a side view of the test 
fixture following insertion of the model and attaching of displacement 
gages and Instrument leads. 



Table 5.1. Instrument application data for 1-20-scale 

Location in 

C;aj»e ConditIonal 
channel 

Scanner 
channel 

Application 
type13 

Manufacture 
tvpe^ 

Direction 
of 

measurement1' 

polar 

R 
(cm) 

coordinates 

e z 
(deg) (cm) 

Variable 
range j 

rr.-AO 0 0 Pressure BL.H D-lir NA 
I 

0-30,000 pi 
MM 5 

1 
XK-l 1 1 SF EA-06-062AK C 12.70 0 17.02 0 -20 ,000 M 

MM 
XK-2 2 2 SF EA-06-062AK A 12.70 0 17.02 0-20,000 It 

MM 
X K -1 3 3 SF EA-06-062AK A 12.83 0 7.30 0-10,000 W 

XK-i u 4 SF 
MM 

EA-06-062AK C 12.83 0 7.30 0-10,000 w 
Mil 

x::-5 5 5 SF EA-06-062AK R 11.11 270 3.05 0-10,000 U 

y.K-n 6 6 SF 
MM 

EA-06-062AK R 12.07 270 3.05 0-10,000 V 
MM 

Xi>7 7 7 SF EA-06-062AK C 0.87 90 9.08 0-10,000 U 
MM 

xi;-8 8 8 SF EA-06-062AK A 0.89 90 8.77 0-10,000 u 
MM 

XE-9 9 9 SF EA-06-062AK C 1.27 330 16.13 0-10,000 U 
MM 

XE-10 10 10 SF EA-06-062AK C 1.27 150 16.13 0-10,000 H 
BLH 

XE-1 1 11 11 EM PA-06-062CE C 1.30 90 10.35 0-10,000 U 
BLH 

XE-12 12 12 EM PA-13-062GF A 1.30 90 10.35 0-10,000 u 
BLH 

XE-1 3 13 13 EM PA-06-062CE R 1.30 90 10.35 0-10,000 U 
BLH 

XE-11* 14 14 EM PA-06-062CE C 1.30 270 10.35 0-10,000 W 
BLH 

XE-1 5 15 15 EM PA-13-062GF A 1.30 270 10.35 0-10,000 V 
BLH 

XE-1 '6 16 16 EM PA-05-062CE R 1.30 270 10.35 0-10,000 V 
BLH 

XE-1 7 17 17 EM PA-06-062CE C 2.94 0 10.35 0-10,000 II 
BLH 

XE-18 18 18 EM PA-13-062GF A 2.94 0 10.35 0-10,000 n 
BLH 

XE-19 19 19 EM PA-06-062CE R 2.94 0 10.35 0-10,000 V 
BLH 

XE-20 20 20 EM PA-06-062CE C 3.40 180 10.41 0-10,000 l 
BLH 

XE-21 21 21 EM PA-13-062GF A 3.40 180 10.41 0-10,000 I 
BLH 

XE-22 22 22 EM PA-06-062CE R 3.40 ISO 10.41 0-10,000 l 
BLH 

XE-23 23 23 EM PA-06-062CE C 11.30 175.9 9.86 0-20,000 ) 
BLH 

XE-24 24 24 EM PA-13-062GF A 11.30 175.9 9.86 0-20,000 1 
BLH 

XE-25 25 25 EM PA-06-062CE R 11.30 175.9 9.86 0-20,000 1 
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-20-scale model of the central core cavity closure plug 

Variable 
range 

Calibration 
value 

Gage 
resistance 

(«) 

Gage 
factor 

Signal 
range Gain 

Excitation 
(Vdc) 

Balance 
(dc) 

Reductior 
factors 

0-30,000 psl 1.4780 psi 350 NA 0-3 Vdc 1.662 10. 10,000 

0-20,000 ue 978 ue 120 2.045 0-10 Vdc 2. 2,000 

0—20,000 u e 978 ue 120 2.045 0-10 Vdc 2. 2,000 

0-10,000 u e 978 ue 120 2.045 0-10 Vdc 2. 2,000 

0-10,000 uc 978 ue 120 2.045 0-10 Vdc 2. 1,000 

0-10,000 u e 978 ue 120 2.045 0-10 Vdc 2. 1,000 

0-10,000 978 ue 120 2.045 0-10 Vdc 2. 1,000 

0-10,000 u e 978 ue 120 2.045 O-IO Vdc 2. 1,000 

0-10,000 u e 978 ue 120 2.045 0-10 Vdc 2. 1,000 

0-10,000 u e 978 ye 120 2.045 0-10 Vdc 2. 1,000 

0-10,000 u e 978 ue 120 2.045 0-10 Vdc 2. 1,000 

0-10,000 ue 1,010 ue 120 1.98 0-10 Vdc 2. 1,000 

0-10,000 u e 985 ue 350 2.03 0-10 Vdc 2. 1,000 

0-10,000 ue 1,010 ue 120 1.98 0-10 Vdc 2. 1,000 

0-10,000 ue 1,010 ue 120 1.98 0-10 Vdc 2. 1,000 

0-10,000 ue 985 ue 350 2.03 0-10 Vdc 2. 1,000 

0-10,000 ue 1,010 ue 120 1.98 0-10 Vdc 2. 1,000 

0-10,000 ue 1,010 ue 120 1.98 0-10 Vdc 2. 1,000 

0-10,000 ue 985 ue 350 2.03 0-10 Vdc 2. 1,000 

0-10,000 ue 1,010 ue 120 1.98 0-10 Vdc 2. 1,000 

0-10,000 ue 1,010 ue 1.98 0-10 Vdc 2. 1,000 

o-l0,000 we 985 ue 350 2.03 0-10 Vdc 2. 1,000 

0-10,000 ue 1,010 ue 120 1.98 0-10 Vdc 2. 1,000 

[0-20,000 ue 1,010 ue 120 1.98 0-10 Vdc 2. 2,000 

IP—20,000 ue 985 ue 350 2 .03 O-IO Vdc 2. 2,000 

fc-20,000 ue 1,010 ue 120 1.98 0-10 Vdc 2 . 2,000 
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Table 5.1 (co 

Location in 
Application Manufacture Direction polar coordinates 

Cage Conditional Scanner Application Manufacture of 
polar 

Var Cage channel channel type0 type& measurement® R e Z ra 
(cm) (deg) (cm) 

BLH 

XE-26 26 26 EM PA-06-062CE C 11.30 355.9 9.86 0-20, 
BLH 

XK-2 7 27 27 EM PA-13-062GF A 11.30 355.9 9.86 0-20,1 
B1H 

XE-28 28 28 EM PA-06-062CE R 11.30 355.9 9.86 0-20,1 

XL-2 9 NA (bad) EMW C 150.0 

XE-30 30 30 EMW MG128-11H C 1.30 330.0 9.08 0-10,( 

XE-31 31 31 EMW MG128-11H C 11.26 85.9 11.54 0-20,( 

XL-32 32 32 EMW MG128-11H C 11.26 265.9 11.54 0-20,( 
MM 

XE-33 35 NA SF EA-06-062AK C 1.62 90 9.08 0-10,( 
MM 

XE-34 36 NA SF EA-06—062AK A 1.62 90 8.77 0-10,C 
MM 

XE-35 37 NA SF EA-06-062AK C 1.62 270 9.08 
MM 

XE-36 38 NA SF EA-06-062AK A 1.62 270 8.77 

Spare 39 NA 
MM 

ZE-D1 29 29 BT WK-13—125BT A 1.26 10.0 3.05 0-3 IT 
MM 

ZC-D2 33 33 BT WK-13-125BT A 5.18 1 1 . 0 3.05 0-3 li 
MM 

ZE-D3 34 34 BT WK-13-125BT A 10.62 4.7 3.05 0-3 li 
KAMAN 

ZE-D4 MA 35 EC KD-2300-8C A 0 0 27.70 0-5 ii 
KAMAN 

2E-D5 NA 36 EC KD-2300-8C A 4.37 60.0 27.70 0-5 li 
KAMAN 

ZE-06 UA 37 EC KD-2300-8C A 8.74 60.0 27.70 0-5 li 

ZE-D7 NA 38 CAP ORNL-HITEC R 9.70 0 27.31 0-10 

ZE-D8 : JA 39 CAP ORNL-HITEC R 9.70 0 20.43 0-10 
MM 

XE-37 NA NA SF EP-08-125AD R 8.83 111.8 16.13 0-20,1 
MM 

16.13 0-20,< XE-38 NA NA SF EP-08-125AD C 10.05 136.1 16.13 0-20,< 
MM 

0-20 ,< XE-39 NA NA SF EP-08-125AD R 8.83 171.8 16.13 0-20 ,< 

°SF =• surface foil, EM » embedded , EMW » embedded weldable, BT • beam transducer, EC - eddy curren' 
fcBLH - Baldwin-Lima-Hamilton; MM-Micro Measurement; KAMAN - Kaman Sciences, Inc.; ORNL-HITEC • Oak 
°C - circumferential, A * axial, R - radial (direction of measurement). 



e 5.1 (continued) 

Gage Gage Signal Excitation Balance Reduction 
_ Variable Calibration resistance factor range Gain (Vdc) (dc) factors 

range value 

0 

6 0 - 2 0 , 0 0 0 p e 1 , 0 1 0 ME 1 2 0 1 . 9 8 0 - 1 0 Vdc 2 . 2 , 0 0 0 

6 0 - 2 0 , 0 0 0 ve. 9 8 5 ME 3 5 0 2 . 0 3 0 - 1 0 Vdc 2 . 2 , 0 0 0 

6 0 - 2 0 , 0 0 0 ME 1 , 0 1 0 ME 1 2 0 1 . 9 8 0 - 1 0 Vdc 2 . 2 , 0 0 0 

8 0 - 1 0 , 0 0 0 l i e 1 , 1 0 5 ME 1 2 0 1 . 8 1 0 - 1 0 Vdc 2 . 

4 0 - 2 0 , 0 0 0 u c 1 , 1 0 5 ME 1 2 0 1 . 8 1 0 - 1 0 Vdc 2 . 2 , 0 0 0 

4 0 - 2 0 , 0 0 0 l i e 1 , 1 0 5 ME 1 2 0 1 . 8 1 0 - 1 0 Vdc 2 . 2 , 0 0 0 

8 0 - 1 0 , 0 0 0 ME 9 7 8 ME 1 2 0 2 . 0 4 5 0 - 1 0 Vdc 2 . 

7 0 - 1 0 , 0 0 0 l i e 9 7 8 ME 1 2 0 2 . 0 4 5 0 - 1 0 Vdc 2 . 

8 9 7 8 ME 1 2 0 2 . 0 4 5 0 - 1 0 Vdc 2 . 

7 9 7 8 ME 1 2 0 2 . 0 4 5 0 - 1 0 Vdc 2 . 

t 0 - 3 In. A 0 . 4 2 0 Me 3 5 0 2 . 1 0 0-3 V 1 . 6 6 2 2 . 5 1 1 5 . 2 2 0 . 1 [ B-0.416 Me 
f 0 - 3 in. A 0 . 4 3 7 Me 3 5 0 2 . 1 0 0-3 V 1 . 7 4 0 2 . 5 1 1 6 . 9 3 0 . 1 

B-0.438 Me 
> 0 - 3 in. A 0 . 4 2 3 Me 3 5 0 2.10 0-3 V 1 . 8 2 0 2 . 5 1 1 5 . 5 0 0 . 1 

B -0.423 Me 
1 0 - 5 in. NA NA NA 0-1 V NA 0 . 5 

0 - 5 in. NA NA NA 0-1 V NA 0 . 5 

0-5 in. NA NA NA 0-1 V NA 0 . 5 

0-10 in. NA NA NA 0-10 V NA 0.0 

0-10 in. NA NA NA 0-10 V NA 0.0 

0-20,000 Me 120 2.085 

0-20,000 Me 120 2.085 

0-20,000 Me 120 2.085 

< urrent, CAP - capacitance, NA -
" Oak Ridge National Laboratory 

not applicable (application type), 
•odlflcation of components produced by HITEC, Inc. 
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Fig. 5.2. Data acquisition system for 1/20-scale model. 



Pig. 5.4. Tool for placement of foil gages inside penetration tubes 
of 1/20-scale model. 



Fig. 5.5. Top view of model following instrumenting and pouring of 
concrete. 



Pig. 5.6. Bottom view of model following instrumenting and plugging 
of defective tubes. 



Fig. 5.7. Top view of model inserted into test fixture with dis-
placement gages and instrument leads attached. 
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Fig. 5.8. Side view of test fixture following insertion of model and 
attaching of displacement gages and instrument leads. 
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6. MODEL TESTING 

On July 23, 1980, the model was pressurized 10 cycles from ~1 MPa 
(150 psig) to the maximum cavity pressure (MCP) of 10.08 MPa (1462 psig). 
On the 11th cycle pressurization was intended to be step increased until 
failure occurred, but pressurization was interrupted at 38.2 MPa (5538 
psig) because of an excessively leaking fitting on the pressurization line 
to the test vessel. 

After repair of the fitting, pressurization was resumed. On this 
cycle, the 12th, pressurization was interrupted at 41.3 MPa (5994 psig) 
by an excessively leaking Autoclave instrument penetration fitting on the 
test vessel. A complete rework of this seal without loss of instrumenta-
tion would have required reinstallation and connection of instrumentation 
to the model, which would have required removal of the model from the fix-
ture and reinstallation into the test vessel. Rather than proceed along 
this costly and time-consuming route, the decision was made to isolate the 
leads to this fitting, repair the seal, and utilize spare leads on other 
fittings where possible. Therefore, gages XE-5 and XE-6 were eliminated 
on subsequent pressurizations. 

On July 25, 1980, pressurization to failure was again attempted but 
was interrupted at 48.3 MPa (7000 psig) by the failure of the end-cap 
braze joint on tube 42. Remedial work as described in Sect. 3.3 was then 
conducted. 

On September 3, 1980, another attempt, cycle 14, to step pressurize 
the model to failure was made. A pressure of 58.4 MPa (8479 psig) was 
realized, at which point seals on the intensifier failed. 

Following repair of the intensifier, a final attempt, cycle 15, was 
made on September 4, 1980, to fail the model. A pressure of 79.3 MPa 
(11,495 psig) was attained, at which point the end-cap in tube 19 par-
tially failed and relieved the pressure. In this tube the remedial repair 
measure, that is, the urethane rubber plug, was unsuccessful. Because at 
this point no practical way existed of ensuring the avoidance of further 
end-cap failures, the test was terminated. In addition, considerable 
strain was evident on other tubes, indicating that the repair technique in 
general was not successful. Although a pressure level of approximately 
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eight times MCP was attained, removal of the model from the test vessel 
showed no visual distress except for some tube straining and the tube 
end-cap failure• 
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7. MODEL ANALYSIS 

The principal objective of the 1/20-scale model test of the central 
core cavity closure plug was to demonstrate the structural performance and 
ultimate load capacity of the closure plug. In addition, Instrumentation 
was Installed in the closure plug to obtain data on crack development and 
propagation as well as the structure's mode of failure for use In evaluat-
ing the accuracy of the analytical methods utilized to predict the re-
sponse of these types of structures. An inelastic analysis was conducted 
to provide an estimate of the closure plug's ultimate strength and to de-
termine the potential mode of failure. The finite-element code ADINA6 was 
used to conduct the analysis. 

The mesh layout used In the analysis is shown in Fig. 7.1. Two-
dimensional (2-D) axisymmetric elements are used to represent the struc-
ture's entire geometry. Because the array of penetrations in the closure 
plug is not axlsymmetrlc, It cannot be directly represented by axlsymaet-
rlc elements• One possible solution to this problem is to represent the 
area of the closure plug containing the penetrations by axlsymmetrlc ele-
ments that have reduced stiffnesses proportional to the amount of material 
that ha8 been removed by the penetrations. Because an inelastic analysis 
was used, the element stiffness reduction could not be accomplished by re-
ducing the appropriate modulus of elasticity. Instead, a previously de-
veloped procedure7 was used involving the reduction of the element volume 
over which the stresses are Integrated. This procedure was applied to the 
steel liners of the penetrations, to a portion of the bottom liner, and to 
the concrete adjacent to the penetrations such that the central portion of 
the closure was modelled by reduced-stiffness axisymmetric elements with 
the material properties smeared throughout the area. This procedure was 
also applied to the gussets and the concrete between them, as neither ma-
terial Is continuous In the axlsymmetrlc representation. The steel ele-
ments are overlaid on the concrete elements In these regions, as shown In 
Fig. 7.1. The steel elements used to model the bearing plates attached 
to the bottom of the gussets received no stiffness reductions because the 
size of the gap between adjacent plates In the model was considered negli-
gible. Also, no effort was made to model the array of reinforcement 
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Fig. 7.1. Mesh layout for primary analysis. 

contained In the closure plug. The resulting analytical representation of 
the model contained 251 nodes, 20 normal-stiffness concrete elements, 31 
reduced-stiffness concrete elements, 16 normal-stiffness elastic-plastic 
steel elements, and 35 reduced-stiffness elastic-plastic steel elements. 
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Because of the method chosen for modelling the array of penetrations 
in the closure plug, no acceptable procedure was found to model the pres-
sure loadings within the penetrations. Therefore, these loadings were ne-
glected in the analysis with the hope that the analysis would then be more 
conservative because of a decrease in the amount of triaxial compression 
experienced by the concrete ligaments between penetrations. However, to 
provide limited insight into the behavior of the structure with pressur-
ized penetrations and to provide some logical means of comparing analyti-
cal results with the instrumentation embedded within the array of penetra-
tions, a secondary analysis, also using ADINA, was conducted. 

The secondary analysis utilized a mesh formed by a 30-deg section of 
a horizontal plane passed at midheight through the elevation view of the 
closure plug. The resulting mesh layout is shown in Fig. 7.2 and repre-
sents 2-D plane strain elements for both concrete and steel. Pressure 
loadings were applied to the outer surface as well as within the indi-
vidual penetrations. The analytical representation incorporated 273 
nodes, 38 concrete elements, 41 elastic-plastic steel elements, and 25 
elastic steel truss elements to satisfy boundary conditions. The truss 
elements are not included in Fig. 7.2 but project perpendicular to the 
upper surface of the mesh. 

ORNL—DWG 81-1834 ETD 

Fig. 7.2. Mesh layout for secondary analysis. 
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7.1 Material Constitutive Models 

A bilinear kinematic-hardening material model contained in ADINA was 
used to represent the stress-strain response of the elastic-plastic steel 
elements in both the initial and secondary analyses. A yield point of 
1241 MPa (180 ksi) was used for the steel penetration liners, while a 
yield point of 551.6 MPa (80 ksi) was used for the vertical liner. The 
remaining elastic-plastic steel components had a yield point of 482.6 MPa 
(70 ksi). All elastic-plastic steel components had an initial elastic 
modulus of 206,843 MPa (30,000 ksi), a Poisson ratio of 0.3, and a harden-
ing modulus of 2,068.4 MPa (300 ksi). 

Although the ADINA finite-element code contains a material constitu-
tive model to represent the nonlinear stress-strain response of the con-
crete in the closure plug, prior experience with this constitutive model 
has indicated that it suffers from two basic problems, both relating to 
the behavior of the concrete under triaxial compression.2*3 The model is 
too stiff under triaxial compressive loadings, which leads to an overesti-
mation of the stresses for a given strain level and can lead to a predic-
tion of a premature compressive failure. Also, once compressive failure 
has occurred within the concrete, the model reduces the stiffness in all 
directions of the failed portion to zero, eliminating the ability of the 
failed portion to sustain hydrostatic states of stress. As this model is 
therefore not a correct analytical model for concrete under triaxial com-
pression — the expected condition of the concrete in the closure plug — 
another material model for the concrete was chosen. 

A constitutive model based on endochronic theory8 was chosen to re-" 
place the ADINA constitutive relations for the concrete in both analyses. 
As described in Ref. 8, relations have been developed for both a base 
model and a refined model, with the refined model representing additional 
concrete behavior that the base model does not attempt. Because the re-
fined model is more characteristic of concrete behavior than the base 
model, it was chosen for use in the analyses. This model, as implemented 
at ORNL, is considerably less stiff under triaxial compression than the 
ADINA model and does allow hydrostatic states of stress to be sustained by 
portions of concrete that have undergone compressive failure* Although 
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revisions have been made to the originally developed model, it still suf-
fers from at least one basic problem.9 The stress-strain curve is depen-
dent only on the concrete compressive strength and utilizes a calculated 
initial tangent modulus that is a function of the concrete compressive 
strength. For cases in which the actual Initial tangent modulus is sig-
nificantly different from the calculated modulus, a severe discrepancy in 
the stiffness of the analytical model may occur. This problem is dis-
cussed further in Ref. 9. 

For the analyses considered here, the initial tangent modulus as 
calculated by the refined endochronic relations was considerably higher 
than the actual measured value and therefore would create an analytical 
model that was much too stiff. An attempt was made to counter this prob-
lem by directly specifying the correct value for the initial tangent modu-
lus In the model. As noted in Ref. 9, a subsequent correction is required 
to force the stress-strain curve through the correct maximum value. This 
correction was accomplished by modifying a material parameter Inherent in 
the endochronic relations through the use of a function of the calculated 
and measured initial tangent moduli. 

Both analyses used a compressive strength of 55.16 MPa (8.0 ksi), an 
initial tangent modulus of 34,474 MPa (5,000 ksi), a tensile strength of 
5.52 MPa (0.8 ksi) at a strain of 0.00022, and a shear stiffness reduction 
factor of 0.2. 

7.2 Boundary Conditions 

The simulation in the primary analysis of the constraint provided by 
the testing facility was quite simple. Because the principal constraint 
was applied by a ring situated directly over the liner, only a vertical 
reaction was considered. No direct modelling of the restraint was em-
ployed; rather, the top three nodes of the liner were fixed against verti-
cal motion, and the node farthest from the centerllne of the closure plug 
had an additional restraint against horizontal motion. 

The boundary conditions of the secondary analysis were a bit more 
complicated. In this case, all nodes must be capable of both horizontal 
and vertical motion, but the nodes along the upper surface of the mesh 
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(Fig. 7.2) must be restrained to an insignificant amount of displacement 
normal to the surface. However, in accomplishing this restraint, the 
restraining method must have a negligible effect on the radial displace-
ment of these nodes. All conditions were met by using linear-elastic 
truss elements contained in ADINA and orienting them normal to the plane 
of the upper surface of the mesh. 

7.3 Calculated Behavior of Model 

In the primary analysis, the analytical model was subjected to pres-
sure applied in increments of 6.89 MPa (1 ksi) from zero load to 48.26 MPa 
(7 ksi). At this point the load increments were reduced to 1.38 MPa (0.2 
ksi), and the loading continued until a final value of 57.92 MPa (8.4 ksi) 
was reached. The first sign of distress occurred at a pressure of 13.79 
MPa (2 ksi) as minor concrete tensile cracks formed along the entire top 
surface of the concrete and spread slowly downward as the pressure 
increased. 

At a pressure of 34.47 MPa (5 ksi), yielding of the steel liner be-
gan. The liner began yielding at the top under the restraint, immediately 
below the reduction from the thickened upper portion to the thinner lower 
portion, and over most of the reduced-stiffness bottom portion. As the 
pressure increased, the liner continued to yield such that at a pressure 
of 8.38 MPa (7.2 ksi) almost half of the thickened upper portion was 
yielded, the yielding of the midheight region was spreading downward, all 
of the reduced-stiffness elements in the bottom portion had yielded, and 
the yielding was beginning to spread outward. By this time, cracking of 
the concrete had spread to middepth in the reduced-stiffness area and to 
the bottom of the gussets, including the concrete between the gussets. 

At the final pressure of 57.92 MPa (8.4 ksi), the steel liner had 
completely yielded except for a small portion from the midheight of the 
gussets of the bottom of the gussets. Also, the gussets had experienced 
considerable yielding at this pressure. Although the concrete had experi-
enced a large amount of cracking by this time, the principal region di-
rectly beneath the bearing plate had not begun to experience any signifi-
cant difficulty. 
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The analysis stopped at 57.92 MPa (8.4 ksi) apparently as a result 
of the large displacements Incurred from the yielding of the liner rather 
than as a result of some structural failure. Thus, it seemed very feasi-
ble that the structure could withstand additional pressure loadings be-
fore structural failure occurred; therefore, the analytical estimate of 
the ultimate strength of the closure plug was thought to be quite conser-
vative, Which in fact was the case. 
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8. COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS 

As discussed In Sect. 5, several displacement transducers and strain 
gages were Incorporated Into the experimental model to assist in an under-
standing of the model behavior, particularly in the central midheight 
penetration-tube ligament zone and the zone Immediately beneath the gus-
sets and bearing plates. Because of the space constraints imposed by the 
small size of the model, the experimental measurements may have been ad-
versely affected; therefore, in the following comparisons of analytical 
and experimental results, emphasis will be placed on trends rather than 
specific numerical values. The experimental values examined in the first 
three sections represent the final attempt, cycle 15, to fail the model. 
Point stresses under normal loading conditions (i MCP) are discussed in 
the fourth section. Appendix B contains the experimental values obtained 
during the first ten cycles to 1 MCP. 

8.1 Displacements 

The displacements were measured by eight separate transducers, as 
shown in Fig. 5.1. Six transducers (three at the top and three at the bot-
tom) measured vertical displacement, while two transducers were attached 
to the penetration-tube extensions to measure radial displacement and pro-
vide an indication of rotation. No corrections were necessary to account 
for rigid body motion during the seating process, as the model was veil 
seated at the beginning of the final cycle. 

The vertical displacement of the top of the closure plug is shown in 
Figs. 8.1 to 8.3, which indicate displacements measured at the centerline» 
at a radial position of 4.37 cm (1.72 in.), and at a radial position of 
8.74 cm (3.44 in.), respectively. The agreement between the analytical 
and experimental measurements is fair for these transducer locations up to 
about 40 MPa (5.8 ksi). At this point the analytical displacements tend 
to increase much more quickly than the measured dlsplacements. Gage ZE-D5 
(Fig. 8.2) apparently failed at a pressure of 65.5 MPa (9.5 ksi). The 
vertical displacement of the bottom surface of the model is shown In Figs. 
8.4 and 8.5, which show the displacements measured at radiai::!podUtion8. df . . ̂  
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Di«ploc«Mnt (aim) 

Fig. 8.1. Vertical displacement of top of model at centerllne (gage 
ZE-D4). 
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Fig. 8.3. Vertical displacement of top of model at radial position 
of 8.74 cm (3.44 in.) (gage ZE-D6). 

ORNL-DWG 81-1838 ETD 

Fig. 8.4. Vertical displacement of bottom of model at radlalposl-
tlon of i.26 cm (0.5 In.) (gage ZE-D1). r ; ; a 
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Fig. 8.5. Vertical displacement of bottom of model at radial posi-
tion of 5.18 cm (2.04 in.) (gage ZE-D2). 

1.26 and 5.18 cm (0.5 and 2.04 in.), respectively. Gage ZE-D3 was known 
to have failed prior to cycle 15 and therefore is not presented. Also, 
gage ZE-D2 (Fig. 8.5) apparently failed prior to the final cycle. Figure 
8.4 shows good agreement between the analytical and experimental values up 
to about 40 MPa (5.8 ksi), as before. Again, at this point the analytical 
displacements Increased much too quickly. 

Because the transducers for measuring radial displacement were lo-
cated on the extended portions of the penetration tubes and the analysis 
did not model these extensions, no adequate method was obtained for com-

% 

paring the analytical and experimental results for these gages. However, 
the results of both the expeximdnt and the analysis are presented in Figs. 
8*6 and 8.7, which indicate radial displacement measured 4.3 and 11.18 cm 
(1.69 and 4.4 in.) above the concrete surface, respectively. The analyti-
cal results are based on the radial displacement at the concrete surface 
so no direct comparison can be made, aside from the observations that the 
displacement increases with increasing height for the experimental values 
and that the analytical displacements are much too large. 
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Di«pIac*m«nt CmfrO 

Fig. 8.6. Radial displacement 4.3 clu (1.69 in.) above concrete 
surface (gage ZE-D8) and at concrete surface (analytical). 

ORNL-DWG 81-1841 ETD 

Fig. 8.7. Radial displacement 11.18 cm (4.4 in.) above concrete 
surface (gage ZE-D7) and at concrete surface (analytical). 
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In general, the analytical model appears to be less stiff than the 
experimental model. The lack of appropriate stiffness can probably be at-
tributed to the corrections applied to the concrete constitutive model in 
the attempt to utilize the correct initial tangent modulus (which the ana-
lytical results indicate work properly) and still use the correct stress-
strain curve (which apparently did not happen). 

8.2 Steel Component Strains 

Comparisons of the circumferential strain on the inner and outer sur-
face of the liner are shown in Figs. 8.8 and 8.9, which Indicate strain 
measured on the inner surface just above the concrete and on the outer 
surface at midheight of the thin portion of the liner, respectively. Ap-
parently, gage XE-1 was inoperative during the final cycle, while gage 
XE-4 failed around 20.68 MPa (3 ksi). A complete comparison of analytical 
and experimental values Is not possible In either case, except to say that 
the comparison based on Fig. 8.9 is good for the short duration of the ex-
perimental values. The large analytical strain depicted In Fig. 8.8 Is 
indicative of the problem that caused the analysis to stop, that is, 
rather extensive yielding of the liner near the restraint. Figures 8.10 
and 8.11 depict axial strain at the same locations of the circumferential 
strains of Figs. 8.8 and 8.9, respectively. Generally, these analytical 
results overestimate the response of the steel; this overestimation may be 
caused by the lack of stiffness in the concrete of the analysis. 

Strain gages XE-5 through XE-8 and XE-33 were known to be Inoperative 
at the time of the final cycle, so no results are presented for them. 
Analytical values for gages placed within the array of penetrations were 
determined from the secondary analysis that, by its nature, prohibited the 
calculation of accurate axial strains. Therefore, axial strains for a 
pressurized tube were computed using the stresses obtained from a simple 
load-divided by-area calculation where the load was the pressure on the 
end-cap of the tube and the area was .the cross-sectional area of the tube. 
Axial strain on the inner tube wall was measured for both a plugged and an 
open tube, as shown in Figs. 8.12 and 8.13, respectively. As expected, 
the unpressurlzed plugged tube can be seen to have experienced a small 



55 

ORNL-DWG 8 0 - 4 2 2 4 R ETD 

M i e r e a t ' r o i n 

Fig. 8.8. Circumferential strain on inner surface of liner just 
above concrete surface (gage XE-1). 
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N l e r e a t r o l n 

Fig. 8.9. Circumferential strain on outer surface of liner at mid-
height of thin portion (gage XE-4). 
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M i c r o s i r a i n 

Fig. 8.10. Axial strain on inner surface of the liner just above 
concrete surface (gage XE-2). 
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Fig. 8.11. Axial strain on outer surface of liner at midheight of 
thin portion (gage XE-3). 
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Fig. 8.12. Axial strain on wall of plugged tube (gage XE-34). 
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=3Fig. 8.13. Axial strain on pressurized tube wall (gage XE-36). 
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amount of compression, while the pressurized tube experienced a large 
amount of axial tension. The circumferential strain on the inner wall of 
a pressurized tube is shown in Fig. 8.14. At least part of the discrep-
ancy between the analytical and experimental values is caused by the lack 
of a correct axial contribution to the circumferential strain through 
Poisson's ratio in the analysis. 

ORNL-DWG 81-1848 ETD 

Fig. 8.14. Circumferential strain on a pressurized tube wall (gage 
XE-35). 

8*3 Concrete Strains 

Circumferential strain on the top surface of the concrete was mea-
sured at three locations* However, gage XE-10 was Inoperable during the 
final cycle, so only two gages yielded the results presented in Figs. 8.15 
and 8.16. The tensile strain that occurred is caused by bending and is 
poorly represented by the analysis, as the concrete cracked very early and 
released most of the strain* The radial strain In the ligament between 
penetrations was measured at two locations; the results are presented in 
Figs. 8.17 and 8.18. Again, the analysis predicts cracking at an early 
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M! e r o a t r o i n 

Fig. 8.15. Circumferential ligament strain on top surface of con-
crete near centerline (gage XE-9). 
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H i e r e s l r o i n 

Fig. 8.16. Circumferential strain on top surface of concrete just 
outside array of penetrations (gage XE-38). 
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M i c r o s i r a i n 

Fig. 8.17. Radial ligament strain on top surface of concrete in out-
side row of penetrations (gage XE-37). 
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3000 

Fig. 8.18. Radial liagament strain on top surface of concrete in 
outside row of penetrations (gage XE-39). 
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stage and subsequently reduces strain. The experimental values do not In-
dicate cracking, which could be caused by the method employed in measuring 
strain. These gages were surface foil gages epoxied to the concrete sur-
face. Microcracking of the concrete beneath the gage could produce the 
relatively large strains shown in Fig. 8.17, as long as the bond between 
the epoxy and the concrete is maintained. Loss of this bond at a higher 
load would produce the drop in strain seen in the same figure. 

The remainder of the concrete strains were determined from gages 
embedded in the concrete at approximately midheight and placed either in 
the ligaments between penetrations or directly under the gusset structure. 
Gages XE-15, XE-25, and XE-29 were inoperative during the final cycle. 
Circumferential ligament strains are presented in Figs. 8.19 through 8.22, 
axial ligament strains are presented in Figs. 8.23 through 8.26, and ra-
dial ligament strains are presented in Figs. 8.27 through 8.30. For the 
most part, these figures indicate fair to good agreement between the ana-
lytical and experimental values, although Figs. 8.18, 8.23, 8.25, and 8.26 
indicate the lack of stiffness of the concrete in the analysis. Signifi-
cant underestimation of the radial strain is apparent in Figs. 8.28 
through 8.30, but the cause is not clear, though it may be related to the 
proximity of an unpressurlzed tube. The analytical axial strains were ob-
tained from the primary analysis, with a correction applied that was based 
on strain compatibility using the axial strain in the tubes as cal> ulated 
in the previous section. 

The circumferential strain in the concrete under the gusset structure 
is presented in Figs. 8.31 through 8.34. Axial strain in the concrete un-
der the gusset structure is shown in Figs. 8.35 and 8.36, and Fig. 8.37 
presents radial strain. A large amount of compressive strain is shown 
in Fig. 8.31, which should be comparable to the strain in Fig. 8.32 but 
clearly is not. Therefore, the strain shown in Fig. 8.31 is considered 
unreasonable. The strains in Figs. 8.33 and 8.34 should also be compara-
ble to the strain in Fig. 8.32, but they are not, probably because of the 
difference In gage types. The strains in Figs. 8.35 and 8.36 are also 
not comparable to each other, as Fig. 8.36 indicates a large compressive 
strain. Figure 8.37 also shows a large compressive strain in the radial 
direction. Based on these inconsistencies, the large values are felt to 
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Fig. 8.19. Circumferential ligament strain at midheight adjacent to 
central penetration (gage XE-11). 
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i'l̂ .--. ..vjFlg. 8.20* Circumferential ligament strain at midheight adjacent to 
central penetration (gage XE-30). 
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H i e r e a t r o i n 

Fig* 8*21* Circumferential ligament strain at midheight near center-
line (gage XE-17). 
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Mteroafcroln 

Fig. 8.22. Circumferential ligament strain atmldheightnearcenter-
line-(gage XE-20). i-j* 
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Fig. 8.23. Axial ligament strain at midheight adjacent to central 
penetration (gage XE-12). 
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Fig. 8.24. Axial ligament strain at midheight adjacent to central 
penetration (gage XE-15). 
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Hi c r o s t r a i n 

Fig. 8.25. Axial ligament strain at midheight near centerline (gage 
XE-18). 
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M i e r o a t r o l n 

Fig. 8.26. Axial ligament strain at midheight near centerline (gage 
XE-21). ; ; ... 
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Fig. 8.27. Radial ligament strain at midheight adjacent to central 
penetration (gage XE-13). 
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Fig. 8.28. Radial ligament strain at midheight adjacent to central 
penetration (gage XE-16). 
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M i e r o a t r e i n 

Fig. 8.29. Radial ligament strain at mldhelght near centerline (gage 
XE-19). 
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M i e r o a t r a i r t 

Fig. 8.30. Radial ligament strain at mldhelght near centerline (gage 
XE-22). 
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M i c r s a t r o i ri 

Fig. 8.31. Circumferential strain in concrete under gusset structure 
(gage XE-23). 
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F"ig. 8.32. Circumferential strain in concrete under gusset structure 
(gage XE-26). 
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M i e r o s i r g i n 

Fig. 8.33. Circumferential strain in concrete under gusset structure 
(gage XE-31). 
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M t c r o i t r a i n 

Fig. 8.34. Circumferential strain in concrete under gusset structure 
(gage XE-32). 



70 

ORNL-DWG 80-4224R ETD 

Mieroafcrain 

Fig. 8.35. Axial strain in concrete under gusset structure (gage 
XE-24). 
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Mleroatroln 

Fig. 8.36. Axial strain in concrete under gusset structure (gage 
XE-27). 
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Fig. 8.37. Radial strain In concrete under gusset structure (gage 
XE-28). 

be unreasonably high and the analysis presents a relatively poor compari-
son for most of these cases. 

8.4 Point Stresses 

Aside from the ultimate capacity of the closure plug* attention 
must be given to the magnitude of stresses obtained during normal load-
ing* up to a maximum of 1 MCP. Section CB-3421 of the American Society 
of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code10 estab-
lishes the allowable limits on such stresses for the normal load category* 
These stress limits were converted to strain limits and compared with the 
strains measured during the first ten cycles of pressure to 1 MCP. Be-
cause of the nature and placement of the strain gages, only limits on the 
point stresses were examined* Also, only the two sensitive concrete com-
pressive zone8 (the central midheight penetration-tube ligaments and the 
zone immediately under the gusset structure) were examined* 
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Measurements at 1 MCP from strain gages XE-11 through XE-28 were 
utilized in the computations, which were made in accordance with Ref. 10. 
Based on these measurements and the requirements of Ref. 10, no increase 
in the allowable stress limit was produced, as the measured multiaxial 
stress fields prohibited the use of Appendix B. Nonetheless, the measured 
strains (and thus the stresses) fell within the allowable limits by a con-
siderable margin. However, the large size of the gages relative to the 
model prohibits accurate measurement of true point stresses. Rather, the 
gages measure strain over a relatively large area of the model and there-
fore cannot be expected to detect a region of concentrated strain. 
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9. CONCLUSIONS AND RECOMMENDATIONS 

Although this test did not fulfill all of its primary objectives, it 
demonstrated that the GA design of the central core cavity closure plug is 
very conservative. The maximum pressure on the 15th cycle, which was 79.3 
MPa, was almost eight times the MCP of 10.08 MPa. Although failure was 
not obtained because of the very high triaxial state, very large strains 
were exhibited (1) in the middepth central ligament region, (2) in the 
zone under the steel gusset, and (3) on the top surface of the concrete. 

Using the concrete constitutive equations (with minor modifications) 
employed in the ADINA finite-element code, which was used to analyze the 
plug, attempts were made to improve the comparison with experimental data 
over that experienced with the first two tests of this series. Only mar-
ginal improvements were experienced; in general, comparisons between ana-
lytical and experimental strains or displacements showed only fair agree-
ment. Continued development of analytical methods is recommended to im-
prove predictions of inelastic behavior. 

In addition to the inadequacy of the concrete constitutive relations 
is the questionable reliability of the ad-hoc miniaturized concrete embed-
ment strain gages that were employed. The seemingly successful results of 
the limited ad-hoc development program of miniaturized concrete strain 
gages were not transferred successfully to the applications in the model. 
Future similar model tests of this scale and purpose should be preceded by 
a more comprehensive strain gage development program. 

The demonstration tests, inspections, and leak tests employed on the 
tube subassemblies to prevent premature failure of these components proved 
to be inadequate. In addition, the assembly brazing procedures presented 
difficulties In achieving the integrity required on the penetration tube 
subassembly—bottom liner braze joints. To overcome these difficulties in 
future similar tests, component failure tests and full model mock-up fab-
rication demonstrations should be employed. 

Also, the apparent success of the test with regard to the allowable 
point stress limitations should be tempered with the knowledge that the 
strain gages were of a sufficient size to Invalidate their ability to 
detect localized strain concentrations. 
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Appendix A 

DEVELOPMENT CI7 MINIATURIZED CONCRETE EMBEDMENT GAGES 

In audition to the conventional objectives of (1) margin of safety 
and (2) structural response caused by overload, GA requested that a par-
ticular effort be directed toward Instrumenting the model so that concrete 
strains in the elastic regime could be obtained for the innermost tube 
ligament at midheight, at the top surface, and for the zone immediately 
under the gusset-bearing structure. Because this space is very confined, 
having an ~6-mm radial dimension, no commercial device was Identified as 
available for use. Two methods were developed for this purpose. In the 
first, a commercial ueldable gage was split and splayed as shown in Fig. 
A. 1. In the second, three 1.58-mm polyimlde-backed foil resistance gages 
were cemented in an X-7-Z array to a rectangular graphite block having the 
dimensions 2.3 x 2.3 x 6.4 mm. This assembly was then sealed with layers 
of epoxy and a proprietary low-melting Cerro alloy* Figure A*2 shows this 
sequence of fabrication from left to right* 

After exploratory tests indicated feasibility, a confirmatory test of 
these gaging concepts was performed. Figure A.3 shows the development of 

ORNL-OWG tt-4220 ETO 

Fig. A.l. Weldable gage with flange split and splayed for embedment 
in concrete. 

> •s 



Pig. A.2. Display of fabrication sequence employed for miniature 
graphite-base concrete embedment gage. 
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Fig. A.3. Development of 1/20-scale model embedment gage. Numbers 
in circles locate gages identified In Table 3.1. 
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the two types of gages applied to a 10.2-cra-dlam by 40.6-cm-long aiccocon-
crete test cylinder. Table A. 1 provides placement and bridge completion 
data for each of the gages In Fig. A. 3. The flanges of the weldable gage 
were spilt and splayed as shown in Fig. A. 1 for embedment In the mlcrocon-
crete. Figure A.4 shows the positioning of the polylmlde strain gages on 
the graphite bases relative to the loading direction of the test cylinder. 
The test cylinder was subjected to six cycles of loading to about half Its 
ultimate strength and then on the seventh cycle was loaded to failure. 

ORNL DWG 80-4426 ETD 

Fig. A. 4. Positioning of polylmide strain gages on graphite bases 
relative to loading direction. 



Table A.1. Gage calibration: l/20-acale GCFR closure model concrete cylinder 
(10*2 cm diam by 40.6 cm long) (1/4 bridge connection) 

Gage® Placement Measurement 
direction Manufacturer Catalog No. Gage 

factor 
Resistance 

(0) 

I Surface Axial Micro EA-06-10CBE-120 2.10 120 
Measurement 

2 Surface Circumferential Micro EA-06-10CBE-120 2.10 120 
Measurement 

3 Surface Axial Micro EA-06-10CBE-120 2.10 120 
Measurement 

4 Surface Circumferential Micro EA-06-10CBE-120 2.10 120 
Measurement 

5 Iseuidc* Axial Alltech MG 128-11H 1.81 120 
surface 

6 Pseudo Circumferential Alltech MG 128-11H 1.81 120 
surface 

7 Pseudo Axial Alltech MG 128-11H 1.81 120 
surface 

8 Pseudo Circumferential Alltech MG 128-11H 1.61 120 
surface 

9 £ embedded Axial Alltech MG 128-11H 1.81 120 
10 \ embedded Radial Alltech MG 128-11H 1.81 120 
11 <t embedded Radial Magnaflux MX PA-06-062CE-120 1.98 120 
12 t embedded Axial Magna flux MX PA-06-062CE-120 1.98 120 
13 1 embedded Radial Magnaflux MX PA-13-062GF-350 2.03 350 
14 ( embedded Radial Magnaflux MX PA-06-062CE-120 1.98 120 
15 % embedded Radial Magnaflux MX PA-06-062CE-120 1.98 120 
16 (embedded Axial Magnaflux MX PA-13-063GF-350 2.03 350 

aLocation shown In Fig. 3.5. 
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According to the theoretical development of Geymayer,11 gages placed 
to measure the short dimension strain of the graphite bases (e.g., gages 
11, 13, 14, and 16 on Fig. A.4) would exhibit geometric effects relative 
to true strain. Comparison of the gage readings shown in Fig. A. 5 for 
gages 12 and 16 indicated no geometry effect for compressive strains. Be-
cause of poor bonding with the mlcroconcrete, gages 11, 13, and 15, rather 
than providing good correspondence with gages 3, 7, 8, and 10 and com-
pressometer DCDT-2 (see Figs. A.5 and A.6), indicated Poisson's strain of 
the graphite base caused by compressive loading. The three-gage graphite 
base array therefore was determined to be unreliable for tensile strains. 
Conversely, the readings from weldable gages corresponded well with the 
readings from associated surface gages and compressometer DCDTs for both 
compressive and tensile strains. The three-gage graphite-base strain 
readings, gages 12 and 16, gave good correspondence with readings from 

MXCROSTRAIN 
Fig. A.5. Load vs strain for gages 9, 11, 12, 13, 14, and 16 for 

seventh load cycle. 
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ornldwg ao-i2ioi 

Fig. A.6. Load vs strain for gages 1, 3, 5, and 7 and DCDT 1 and 2 
for seventh load cycle. 

surface strain gages and conspressometer DCDT-1. The three-gage graphite-
base array therefore was judged satisfactory for use in the 1/20-scale 
model in zones anticipated to have compressive strains only; however, 
some redundant weldable gages should be placed at these locations for 
reliability. 
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Appendix B 

RESULTS OF FIRST TEN CYCLES TO 1 MCP 

Plots of the functioning strain and displacement gages (Figs. B.I— 
B.45) as a function of pressure for test cycles one through tec are pre-
sented herein. Strain gages XE-8 and XE-29 and displacement gage ZE-D3 
were inoperative during these cycles. These plots represent the actual 
recorded data and have not been corrected for any offset caused by the 
seating of the model upon Initial pressurization. Therefore, to obtain 
the correct magnitude of either strain or displacement, the amount of the 
Initial offset must be subtracted from the remaining values. The offset 
is obvious In the majority of the plots. 

ORNL-OWG 81-1872 ETO 

Fig. B.l. Pressure variation during first ten cycles to I MCP. 
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ORNL-DWG 80-4224R ETD 

0.8 

Fig. B.2. Vertical displacement of top of model at centerline (gage 
2E-D4). 

ORNL-DWG 81-1874 ETD 

Fig* B.3. Vertical displacement of top of model at radial position 
of 4.37 cm (1.V2 in.) (gage ZE-D5). 
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ORNL-DWG 81-1875 ETD 
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 Displacement Cmm) 

Fig. B.4. Vertical displacement of top of model at radial position 
of 8.74 cm (3.44 in.) (gage ZE-D6). 

ORNL-DWG 81-1876 ETD 

0.0 0 . 1 0.2 0.3 0.4 O.S D i sp I scnrant CmnO 0.6 0.7 0.8 

Fig. B.5. Vertical displacement of bottom of model at radial posi-
tion of 1.26 cm p . 5 in.) (gage (ZE-D1). 
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ORNL-OWG 81-1877 ETD 

Fig. B.6. Vertical displacement of bottom of model at racial posi-
tion of 5.18 cm (2.04 in.) (gage ZE-D2). 

ORNL-DWG 81-1878 ETD 

Fig. B.7. Radial displacement 4.3 cm (1.69 In.) above concrete sur-
face (gage ZE-D8). 
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ORNL-OWG 81-1879 ETD 

Fig. B.8. Radial displacement 11.18 cm (4.4 in.) above concrete sur-
face (gage ZE-D7). 

ORNL-OWG 81-1880 ETD 
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Fig. B.9. Circumferential strain on inner surface of the liner just 
above concrete surface (gage XE-1). 
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ORNL-DWG 81-1882 ETD 

M i c r o * l r o i n 

Fig. B.10. Circumferential strain on outer surface of the liner at 
midheight of thin portion (gage XE-4). 

O R N L - D W G 8 1 - 1 8 8 1 E T D 

M i c r o t t r o i n 

Fig. B. 11. Axial strain on inner surface of the liner just above 
concrete surface (gage XE-2). 
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ORNL-DWG 81-1883 ETD 

M i c r o s i r a i n 

Fig. B.12. Axial strain on outer surface of the liner at midheight 
of thin portion (gage XE-3). 

O R N L - D W G 8 1 - 1 8 8 4 E T D 
12 , . . 1 

0 1 ' 1
 ' ' 1 -
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M i c r o s i r a 1 n 

Fig. B.13. Radial strain on bottom surface of the liner near the 
edge (gage XE-5). 
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ORNL-DWG 81-1885 ETD 

- 3 0 
M i c r o » l r o i r 

Fig. B.14. Radial strain on bottom surface of the liner near the 
edge (gage XE-6). 

ORNL-DWG 81-1886 ETD 

Fig. B.15. Circumferential strain on plugged tube wall (gage XE-33). 
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ORNL-DWG 81-1887 ETD 

- 6 0 - 4 0 - 2 0 0 

Fig. B.16. Axial strain on plugged tube wall (gage XE-34). 

ORNL-DWG 81-1888 ETD 

Fig. B.17. Circumferential strain on pressurized central tube wall 
(gage XE-7). 
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ORNL-DWG B1-1889 ETD 
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M i c r o t t r a i n 

100 

Fig. B.18. Circumferential strain on pressurized tube wall (gage 
•35). 

O R N L - D W G 8 1 - 1 8 9 0 E T D 
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- I S O -100 -so 0 5 0 
M i e r o s t r a i n 

100 1 5 0 200 

Fig. B.19. Axial strain on pressurized tube wall (gage XE-36). 
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ORNL-DWG 8 1 - 1 9 0 5 ETD 

100 150 
Mlcroatraln 300 

Fig. B.20. Circumferential ligament strain on top surface of con-
crete near centerline (gage XE-9). 

ORNL-DWG 31-1892 ETD 

100 fi i croitra i i 250 

Fig. B.21. Circumferential ligament strain on top surface of con-
crete near centerline (gage XE-10). 
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ORNL-DWG 8 1 - 1 9 0 5 ETD 

Fig. B.22. Circumferential strain on top surface of concrete just 
outside array of penetrations (gage XE-38). 

ORNL-DWG 81-1804 ETD 

Fig. B.23. Radial ligament strain on top surface of concrete In out-
side row of penetrations (gage XE-37). 
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ORNL-DWG 81-1905 ETD 

100 300 
MI cro»lroi n 

600 

Fig. B.24. Radial ligament strain on top surface of concrete In out-
side row of penetrations (gage XE-39). 

ORNL-DWG 81-1806 ETO 

Fig. B.25. Circumferential ligament strain at mldheight adjacent to 
central penetration (gage XE-11). 
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ORNL-DWG 8 1 - 1 9 0 5 ETD 

Fig. B.26. Circumferential ligament strain at midheight adjacent to 
central penetration (gage XE-14). 

ORNL-DWG 81-1898 ETD 

Fig. B.27. Circumferential ligament strain at midheight adjacent to 
central penetration (gage XE-30). 
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ORNL-DWG 8 1 - 1 9 0 5 ETD 
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Fig. B.28. Circumferential ligament strain at midheight near center-
line (gage XE-17). 

O R N ' . - O W G 8 1 - 1 9 0 0 ETD 
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Fig. B.29. Circumferential ligament strain at midheight near center-
line (gage XE-20). 
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ORNL-DWG 81-1905 ETD 

Mlcroatroin 

Fig* B.30. Axial ligament strain at mldhelght adjacent to central 
penetration (gage XE-12). 

ORNL-DWG 81-1902 ETD 

100 ISO 200 250 Hleroafcroin 350 400 

Fig* B.31. Axial ligament strain at mldhelght adjacent to central 
penetration (gage XE-15). 
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ORNL-DWG 81-1905 ETD 

Fig. B.32. Axial ligament strain at midheight near centerllne (gage 
XE-18). 

ORNL-DWG 81-1804 ETO 

Fig. B.33. Axial ligament strain at midheight near centerllne (gage 
XE-21)-
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ORNL-DWG 81-1905 ETD 

Fig. B.34. Radial ligament strain a raidhelght adjacent to central 
penetration (gage XE-13). 

O R N L - D W G 8 1 - 1 9 0 6 ETD 

Fig. B.35. Radial ligament strain at nidheight adjacent to central 
penetration (gage XE-16). 
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ORNL-DWG 81-1905 ETD 

Fig. B.36. Radial ligament strain at midheight near centerllne (gage 
XE-19). 

ORNL-DWG 81-1908 ETD 
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Fig. B.37. Radial ligament strain at midheight near centerline (gage 
XE-22). 
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ORNL-DWG 81-1905 ETD 

Fig. B.38. Circumferential strain In concrete under gusset structure 
(gage XE-23). 

ORNL-DWG 81-1810 ETD 

Hlerortrain 
Fig. B.39. Circumferential strain In concrete under gusset structure 

(gage XE-26). 
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Fig. B.40. Circumferential strain in concrete under gusset structure 
(gage XE-31). 

ORNL-DWG TL-1012 ETD 

NiorAatrain 

Fig. B.41. Circumferential strain In concrete under gusset structure 
(gage XE-32). 
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ORNL-DWG 81-1905 ETD 

Mi crosiroi n 

Fig. B.42. Axial strain in concrete under gusset structure (gage 
XE-24). 

O R N L - O W G 81 -1914 ETD 

Fig. B.43. Axial strain in concrete under gusset structure (gage 
XE-27). 
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Fig. B.44. Radial strain in concrete under gusset structure (gage 
XE-25). 

ORNL-DWG 81-1916 ETD 
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Fig. B.45. Radial strain in concrete under gusset structure (gage 
XE-28). 


