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ABSTRACT

As part of Sandia National Laboratories' Severe Accident 
Sequence Analysis (SASA) Program, structural analyses of the 
Watts Bar, Maine Yankee, and Bellefonte containment structurres 
were performed with the objective of obtaining realistic 
estimates of their ultimate static pressure capacities. The 
Watts Bar investigation included analyses of the containment 
shell, equipment hatch, anchorage systems, and personnel lock.  
The ultimate pressure capability is estimated to be between 120 
and 137 psig, corresponding to shell yielding and equipment 
hatch buckling, respectively. The Maine Yankee investigation 
consisted of an analysis of the containment shell and estimated 
its failure pressure to be between 96 and 118 psig. For the 
Bellefonte containment, analyses of the containment shell and 
equipment hatch were performed. The pressure capacity of the 
Bellefonte containment is estimated to be between 130 and 139 
psig, corresponding to dome tendon yielding and cylinder wall 
tendon yielding, respectively.
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INTRODUCTION

Probabilistic risk assessments have shown that risk from nuclear 
power reactors is dominated by severe accidents, that is, acci
dents in which substantial damage is sustained by the reactor 
core. Radiological consequences from severe accidents can range 
from minor to major, depending on a number of factors including 
the degree to which radionuclides released from the core are 
retained within containment. Sandia Laboratories has under
taken, as part of the Severe Accident Sequence Analysis (ShISA) 
Program, a systematic study of PWR containment loadings that 
could affect containment integrity during such accidents. The 
SASA objectives are to determine what events threaten contain
ment integrity, the timing of these events, the uncertainties 
in both of the former, and the efficiency of operator mitiga
tion actions. To accomplish these objectives containment per
formance information is needed that includrs the structural 
response of containments when subjected to bevere accident 
induced loadings.  

This report covers strLctural analyses of the Watts Bar, Maine 
Yankee, and Bellefonte containment structures. These analyses, 
performed as part of the SASA Program, provide realistic esti
mates of the ultimate static pressure capabilities of these 
containments. The three containments considered represent a 
cross-section of different PWR containment types. The Watts 
Bar containment is a hybrid steel type, the Maine Yankee con
tainment is a steel lined reinforced concrete building, and the 
Bellefonte containment is a steel lined prestressed concrete 
structure.  

WATTS BAR CONTAINMENT ANALYSES 

Structural analyses of the following containment copn ents 
were performed: 

1. The containment shell without penetrations, 

2. The equipment hatch, 

3. The containment anchorage system, and 

4. The personnel lock.  

These components were believed to be the most susceptible to 
early failure due to internal pressurization and also are the 
most amenable to analysis.



Because the objective of the analyses was to obtain a realistic 
estimate of the ultimate capacity of the containment structure 
and since it is generally believed that the true ultimate 
capacity of a typical steel containment is beyond that of 
initial yielding. analysis techniques which are valid for 
loadings beyond the initial yield..ng of the material were 
used. The finite element analyses conducted were performed 
with either the MARC [1)] or ABAQUS (2] finite element computer 
codes. Both of these codes have large deformations and finite 
(large) strain capabilities. These two effects may have 
significant contributions to the analysis results due to the 
large ductility of most steel structures. The estimates of the 
ultimate capacity of the material were based on a maximum von 
Mises equivalent stress criteria that helps to account for the 
multiaxial stress state of the containment material(3].  

To obtain as realistic results as possible, actual (as-built) 
material properties were used for the analyses. With the 
cooperation of the Tennessee Valley Authority, a sampling of 
the mill test reports for the materials used in the Watts Bar 
Unit 1. containment was used to compute the average properties 
used in these analyses. This data is given in Appendix A and 
is summerized in Table 1.. The use of these properties is 
discussed in the sections covering the analysis of each 
component.  

Containment Shell Analysis 

Description of the Containment Structure 

The Watts Bar containment structure [4] is a stiffened steel 
shell consisting of a cylindrical wall. hemispherical dome, and 
a bottom liner plate encased in concrete. Figure 1 shows the 
general configuration and the plate sizes used for the 
structure. The design pressure for the containment is 13.5 
psig.  

The structure is compused of side walls measuring 111 feet.  
8-5/8 inches high from the top of the concrete base to the 
spring line of the dome and has an inside diameter of 115 
feet. The bottom liner plate is 1/4 inches thick. The 
cylinder thickness varies from 1-3/8 inches at the bottom to 
1-1/2 inches at the spring line. The dome thickness varies 
from 1 3/8 inches to 13/16 inches and is 15/16 inches thick at 
the apex. The entire containment structure is constructed of 
A516-GR70 steel.  

Fiaiite Element Model and Material Properties 

An axisymmetric elastic-plastic finite element analysis of the 
watts Bar containment shell was performed using the computer



Table 1.  

Summary of Watts Bar Material Properties 

Component # Samples Yield Stress* Ultimate Stress* Elongation* 
(ksi) (ksi) M%

Cylindrical 
Shell Plate 25 

Dome Plate 32 

Personnel 
Lock 1 

Equipment 
Hatch 6 

Tie Down 
Bolts 10 

*The first number is 
standard deviation.

45.9 (3.07) 74.2 (2.51) 29.5 

46.3 (5.35) 74.8 (3.17) 27.7 

50.7 73.4 22.0 

50.2 (1.78) 77.9 (4.29) 24.8 

115.7 (2.92) 136.8 (1.64) 19.4 

the average value and the second is

(3.68) 

(3.06) 

(4.92) 

(0.77) 

the



program MARC. Only the containment shell was modeled using a 
fixed base boundary condition. Because steel structures are 
usually ductile. the large displacement and finite strain 
capabilities of the program were utilized.  

The model. Figure 2. consisted of 62 nodes and 49. two noded 
axisymnetric shell elements. The containment she'l and 
circumferential stiffeners were represented in the analytical 
model. The loading was a static internal pressure and was 
incrementally applied.  

The steel true stress-true strain curve used for the analysis 
is shown in Figure 3. The elastic portion of the curve does 
not appear due to the scaling necessary to show the strain 
hardening portion o' the curve. This curve was constructed by 
taking the average yield and ultimate strength valves from the 
sampling of the actual material properties (Appendix A) and 
then fitting the general shape of the curve to other 
stress-strain curves for A51.6-GR70 steel. The engineering 
stress-strain curve was then converted to a true stress-true 
strain curve. The most important aspect of the fitting 
procedure was the use of approximately 1.3% engineering strain 
as thcý point where the ultimate stress was reached. The 13% 
strain value corresponded to the ultimate stress in the 
engineering stress strain curves of A516-GR70 steel that were 
a va ilablIe.  

The criteria for failure of the shell was based on a maximum 
von Mises equivalent stress criteria.* Biaxial tests (31 of 
A516 GR70 material have shown that this criteria describes the 
failure surface well. After adjusting shell and dome ultimate 
strength data (Appendix A) to true stress the average value for 
the maximum equivalent stress is about 85 ksi.  

Results of Analysis 

The finite element analysis was conducted by incrementally 
increasing the internal pressure in the containment. An extra 
equlibrium iteration was imposed at each load stan to keep the 
residual forces low.  

*Von Mines equivalent stress in terms of principal stresses 
for the biaxial case is given by the expres~sion: 

aeq a [( 1. a2 +a1C2 1



Figure 1 

Watts Bar Steel Containment Ve.sel 

-5--



I I I ' I I I
I

x 10 +4 

9.00 

8.40 

7.80 

7.20 

6.60 

6.00 

5.40 

4.80 e 

4.20 

3.60 

3.00 

2.40 

1.80 

1.20 

0.60 

0.00 
0.0 12.0 14.0

tr.? . n:r'zi -a r.' Srr n c.r;. forv

2.0 4.0 6.0 8.0 10.0 

TRUE STRAIN (%)

* I I ! I I



The finite element computer code, ABAQUS, was selected for the 
analyses because of its automatic load incrementation 
procedures, which are particularly well suited for buckling 
type problems. The analyses incorporated large deformation, 
elastic-plastic behavior.  

A number of equipment hatch door boundary conditions were 
considered but the most realistic boundary condition was 
believed to be a roller condition (radial displacement allowed 
but no rotation allowed) on the outside equipment hatch tension 
ring. Other configurations and boundary conditions such as the 
in:Iusion of the sleeve were analyzed, but rejected as 
unrealistic because TVA engineers believe that the twenty 1-1/4 
inch bolts cannot be expected to provide the necessary forces 
to maintain continuit'; between the sleeve and hatch at high 
pressures.  

The equipment hatch analysis was treated as an axisymmetric 
problem using 33 three-noded axisymmetric shell elements. The 
q'eometry of the model and element boundaries are shown in 
FL ire 9. The loading was a pressure applied to the inside 
saLr ice of the equipment hatch.  

Finite Element Results 

The finite element analysis results showed that there would be 
significant yielding of the equipment hatch tension ring and 
spherical door adjacent to the ring before buckling occurs at 
137 psig. A displaced shape plot of the structure at 
approximately 137 psig is shown in Figure 10. This analysis 
neglects any imperfections in the door, which would lower the 
buckling pressure. it is interesting to note that an elastic 
eigenvalue analysis, based on equipment hatch's original 
geometry, yields a buckling load of 238 psig. The eigenvalue 
analysis overestimates the buckling load because the door's 
stiffness changes significantly is the material becomes plastic.  

Analysis of the Containment Anchorage System 

Description of the Anchorage System 

The Watts Bar anchorage system: Figure 11, consLStL of two rows 
of 3-1/2-inch diameter bolts (minimum diameter of 3.338 inches) 
spaced approximately every two degrees. Each nolt has an 
initial preload of 444 kips.

-9-



Analysis of Anchorage System

From the reaction forces at the base of the containment (given 
by the containment shell finite element analysis) the loads on 
the tie-down bolts and their ultimate capacities were estimated.  

For this analysis, it was assumed that the total reaction loads 
are carried by the tie-down bolts and the bolts' preloads were 
overcome [5]. The containment internal pressure at which 
yielding first occurs was determined. The average yield stress 
of the bolts is 116.000 psi and the average ultimate strength 
value is 137.000 psi. Appendix A.  

First yielding of the bolts was found to occur at an internal 
pressure of approximately 172 psig. At this load, the 
following total reaction forces and moment are present (from 
the axisymmetric containment analysis):

Axial force 

Radial shear

Moment

S 2.57 x10
8 

S 6.06 X 107 

S 6.39 X 108

The maximum axial stress on a bolt is a combination of the 
applied axial stress and the stress due to the bending moment:

2.57 x10 8(lob) 
360 (# bolts) 

x I 
180 (bolts)

1 
8.75 (sq. in.) 

1 
8.75 (sq. in)

+ 6.39 xlOS(in-lb) 
13.375 (in.) 

S l.llx 10 5 ps

The shear stress in a bolt can be approximated by dividing the 
total shear load by the cross sectional area of the bolL:

tau = 6.06 x 107 Ib 
360 x 8.75 (sq. in.)

19,240 psi

Combininq the axial and shear components yields an equivulant 
von Mises stress of 116,700 psi which is slightly greater than 
the mean yield stress of the bolts.

Ibs.  

Ibs.

in.-lbs.
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Figure 4 

Displaced Shape of the Watts Bar Containment at 130 psig 
(Displacement magnification of 10 x)
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Displaced Shape of the Watts Bar Containment at 160 psig 
(Displacement magnification of 10 x)
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Radial Deflection at Mid Cylinder Height
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Equivalent Stress vs. Pressure at the Dome
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Equipment Hatch Section
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INSIDE OF CONTAINMENT

Figure 9 

Axisymmetric Model of the Watts Bar Equipment 

Hatch Showing Element Subdivision
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Personnel Lock Analysis

Description of the Personnel Lock 

The Watts Bar personnel lock, Figure 12, consists of a 
penetration sleeve with two 8-foot, 7-inch diameter cylinders.  
The ends are capped with 1/2-inch thick flat reinforced 
bulkheads having doors with double compression seals. The 
personnel locks are made from A516-GR70 steel.  

Finite Element Model 

The computer code ABAQUS was used to perform the stress 
analysis of the bulkhead and door. The personnel lock sleeve 
was not included in the analysis. This nonlinear analysis 
utilized the large displacement, elastic-plastic options.  
Ninety-nine four noced, three dimensional shell elements and 18 
beam elements were used. Because of the doublo symmetry, only 
one quarter of the bulkhead and door was modeled, Figure 13.  
The reinforcing stiffners were modelea with beam elements.  
Along the door bulkhead intertace, displacement continuity was 
maintained but no moment transfer normal to the interface was 
allowed. This feature allowed the door and the bulkhead to be 
analyzed together and also assured the proper force transfer 
from the door to the nulkheao. The structure was loaded by 
applying pressure normal to the plane of the bulkhead.  

The material properties for the analyses were constructed from 
Appendix A data in the same fashion as for both the containment 
shell analysis and the equipment hatcri analyses.  

The personnel lock sleeve was not included in the analysis 
because its inclusion would have gjt--atly increased the 
complexity of the problem. The analysis was conducted using 
clamped boundary conditions on the outer bulkhead boundary. It 
is ditficult to assess the conservative or nonconservative 
nature of tnis boundary condition snort of actually performing 
an analysis that includes the sleeve, the containment-sleeve 
intersection and the loads transmitted from the containment to 
the sleeve. Such an analysis would require a significant 
analytical ettort. Nonetheless, it was felt that the clamped 
boundary condition used for this analysis would provide a 
reasonable approximation to the actual boundary condition.  

Analysis Results 

Figure 14 snows the displacement ot the center ot the door as a 
function of applied pressure; note that the stifftness of the 
structure increases after a (iisplacemetit ot approximately an 
inch has occurred. This effecr is du- to rthe incr-.*ieti

-19-



deformation allows the bulkhead to carry loads in a stiffer 

membrane mode as opposed to carrying loads primarily by bending 

as is the case at low pressures. A maximum displacement of 3.3 

inches can be expected at the center of the door at a load of 

150 psig. Figure 15 shows the displacement profile of the door 

and bulkhead along its horizontal centerline at various 

pressures.  

Contour plots of ?ron Mises equivalent stress at various 

pressures on the bulkhead and door mid plane are given in 

Figures 16 - 18. In these figures, the areas shown above 50 

ksi equivalent stress have yielded. Initial outer fiber 

yielding along the outer boundary of the bulkhead occurs at a 

pressure of approximately 24 psig. This low yield pressure is 

most likely due to modeling the bulkhead boundary as a clamped 

end condition which would create artifically high stresses in 

that region when compared to the more flexible actual boundary 

condition of the bulkhead plate connected to the cylindrical 

sleeve. At a pressure of 64 psig, the bulkhead and door 

assembly act essentially as membrane structures and the 

midplane of the bulkhead material has begun to yield along the 

outer bulkhead boundary.  

In regard to failure of the bulkhead and door, none of the 

contours in Figure 17 at 150 psig shows stresses even 

approaching the 74 ksi equivalent stress required for material 

failure. From this result it was deduced that the personnel 

lock bulkhead-door system has a structrual pressure capacity 

above 150 psig.  

The analysis of the bulkhead and door system attempted to find 

when a structural collapse of the system would occur. There 

was no attempt made to estimate when possible leakage around 

the seals would occur.  

Summary of Watts Bar Results 

A summary of the analysis results is given in Table 2. These 

results indicate that a realistic range for the ultimate 

capacity of the Watts Bar containment structure would be 

between the general yielding of the containment cylinder and 

buckling of the equipment hatch door, 120 and 140 psiq, 

respectively. Although general yielding of the shell cylinder 

does not in itself mean the loss of containment capacity, 't 

does suggest that possible failures due to structural 

interactions related to excessive deformations are more 

probable. It is believed that the 120 psig pressure can be 

interpreted as a lower bound to the containment capacity while 

there is a high probability of loss of containment capacity at 

the 140 psig.

-20-
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Figure 12 

Watts Bar Personnel Lock
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Displacement of the Center of the Personnel Lock 
Door as a Function of Pressure
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Figure 15 

Displacemlenlt Profiles of the Door and Bulkhead 
Along the Horizontal Axis of Symmetry



MIeES EOUIV. STRESS 

VALUE 
LEVEL (psl) 

1 2000 
2 2600 
3 3200 

4 3800 
5 4400 
6 500 
T 5600 
a 6200 
* 6800 

10 7400 
11 8000

Figure 16 

Contours of von Mises Equivalent Stress at 16 psig 
at the Bulkhead mid Surface
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MISES EUIV. STRESS 

VALUE 
LEVEL (psi) 

1 3.0 E4 

2 3.3E4 
3 3.9 E4 

4 3.9 E4 

S 4.2 E 4 

S 4.5 E 4 

7 4.8 E4 

a 5.1 E4 

9 5.4E4 

10 5.7 E4 

11 *.0 E 4

2 
1

Figure 17

Contours of von Mises Equivalent Stress at 104 psig 
at the Bulkhead mid Surface
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MISES EQUIV. STRESS 

VALUE 
LEVEL (psi) 

1 3.0 E4 
2 3.3 E4 

3 3.6 E4 
4 3.9 E4 
5 4.2 E4 
* 4.5 E4 

7 4.8 E4 
8 5.1 E4 

9 5.4 E4 

10 5.7 E4 

11 6.0 E4

Figure 18 

Contours of von Mises Equivalent Stress at 150 psig 

at the Bulkhead mid Surface
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Component 

Containment Shell 

Equipment Hatch 

Anchorage System

Table 2 

Summary of Results 

Ultimate 
Capacity(psiq) 

120/175 

137 

172

Location or 
Mode of Failure 

General shell 
yielding/Dome 
failure 

Buckling 

Yielding of the 
Tie-Down Bolts

Personnel Lock >150
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MAINE YANKEE CONTAINMENT ANALYSIS

The Maine Yankee containment building is a reinforced concrete structure with a ductile steel liner. A structural analysis using static internal pressurization was performed with a modified version of the finite element code ADINA [6,71. The material models in ADINA are capable of dealing with concrete cracking and crushing, and reinforcement and liner yielding.  Unfortunately, as-built material properties were not available so the minimum specified properties were used in the analyses.  

Containment Building Description 

The Maine Yankee containment building consists of a steel reinforced-concrete structure with a steel liner, Figure 19.  The design pressure for the structure is 55 psig. The vertical heilht of the cylindrical wall is 102'-0" from the face of the concrete mat and the dome has an inside radius of 67'-6", making the overall inside height of the containment 169-6", not including the reactor pit. The vertical cylindrical wall is 4'-60 thick and the dome is 2'-60 thick. The containment floor is covered with a 2' thick layer of protective concrete.  A vapor-tight barrier for the reactor containment is provided by the steel liner whicn covers the containment floor and inside cylindrical wall and dome. The steel liner thickness is 1/2" at the dome, 3/8" at the cylindrical walls and 1/4" at the containment floor. There are no diagonal reinforcing bars in the containment wall.  

The concrete used in the containment has a nominal 3000 psi specified compressive strength. The reinforcing bars [81 were made from A 408 steel with a minimum yield stress of 50,000 psi and an ultimate tensile stress between 70,000 and 90,000 psi.  The liner was constructed from A 516 Gr. 60 steel. A summary of these material properties is given in Table 3. Number 18 bars were used tor major reinforcement. A summary of the major reinforcing for the dome and cylindrical wall is given in Table 4.  

Finite Element Model 

The axis/mmetric tinite element model of the containment structure:, Figure 20, consisted of Lhree types of ments.  
The concrete material was modeled usingq 212 two-dimer ... nal solid tlements. Tne containment reinforcement was modeled using truss eleinent:-, i.e. the longitudinal reinforcemen, wan represented ny 1,6 tnree-nocied truss elements and the hoop reinforcement was modeled using 208 one-node ring trusb elements. The steel liner was modeled uc;ing 57 axisyrrimetric shell elements [7]. The protective layer of concrete on the containment floor was not modelled.
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67'- " OUTSIDE 
LINER RADIUS

GROUND EL 20-0 

SEL -4'-0"

Figure 19 

Maine Yankee Containment Structure
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The two-dimensional solid elements used to represent the 
concrete were eight-node isoparametric elements using a 3 x 3 
integration. The concrete material model in ADINA allows for 
cracking and crushing [6). In this model a "crack plane" 
perpendicular to the maximum tensile principal stress is formed 
when the maximum tensile principal stress exceeds a designated 
value. When a crack plane forms, the tensile stiffness normal 
to the crack plane and the shear stiffness in the plane of the 
crack at that point are reduced. For this analysis the tensile 
stiffness and the shear stiffness were reduced to 0.0001 and 
0.5 of their original valves, respectively. Concrete crushing 
occurs when a point established by the principal stresses fall 
outside of a predetermined failure envelope [9]. Some of the 
concrete material parameters used for this analysis are given 
in Table 5.  

The longitudinal and hoop reinforcement in tht containment is 
made from A408 steel. A yield stress of 50,000 psi and a 
plastic tangent modulus of 125,000 psi were used. These 
quantities are derived from the ASTM minimum values. The 
cross-sectional area of the longitudinal reinforcing elements 
was adjusted to account for the Lotal number of reinforcing 
bars in the one radian section used for the axisymmetric 
analysis. The hoop reinforcements were placed on the interior 
and exterior wall nodes. The cross-sectional area of these 
elements were also adjusted to obtain the proper steel 
cross-sectional area.  

The containment steel 1, :r is constructed from A516 Gr. 60 
steel. A yield stress ot 32,000 psi and a plastic tangent 
modulus of 112,000 psi was used. These quantities are also 
derived from the ASTM minimum values.  

Two axisyimmetic analyses were conducted to investigate the 
importance of possible basemat uplift. The first used the 
boundary conditions shown in Figure 20 while the second 
analysis allowed for basemat uplift through the use of 
nonlinear truss elements along the tounudtion. These elements 
had high compressive stiffnesses and no tension stiffnesses.  
Any possible restraint of the cylinder side walls by earth was 
omitted.  

Static Pressurization 

The initial solution strategy consisted of applying the 
gravitational loads, tollowea by tnhe internal pressure in load 
increments of 0.5 psi. Unfortunately, at the onset of cracking 
in the hoop direction of the cylinder wall (cracking 
perpendicular to the hoop direction) the solution techniques 
available in ADINA were unablu to converge to a solutioni. The 
program allows the user to specity a load step using the
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MERIDIONAL 
REINFORCING 

LINER /

HOOP 
REINFORCING

Figure 20 

Axisymmetric Finite Element Model of Maine Yankee

-32-

HOOP



Table 3 

Summary of the Specified Maine Yankee Material Properties 

Concrete 

Minimum a8-day compressive strength 3,000 psi 

Maximum size of aggregate 3/4'

Reinforcing Bars 

Steel type 

Minimum yield stress 

Minimum elongation in 2" 

Tensile ultimate stress

A 408 

50,000 psi 

16% 

70,000 to 90,000 psi

Liner

Steel type 

Minimum yield stress 

Minimum elongation in 2" 

Tensile ultimate stress

A 51b Gr. 60 

32,000 psi 

25% 

60,000 to 80,000 psi
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Table 5 

Concrete Material Properties

Initial tangent modulus 

Poisson's ratio 

Uniaxial tensile strength 

Maximum uniaxial compressive stress 

Uniaxial compressive strain at 
maximum compressive stress 

Ultimate uniaxial compressive stress 

Uniaxial compressive strain at 
ultimate compressive stress

3.14 x 106 psi 

0.20 

356.0 psi 

-3000 psi 

-.0018 

-2000 psi 

-0.004



An alternate estimate of the containment ultimate capacity of 
117 psig was obtaine! by computing the pressure associated with 
general yielding of the hoop reinforcing and liner at the 
cylinder wall. This hand calculation is in very good agreement 
with the above analysis result of 118 psig.  

In the second analysis, which allowed for basemat uplift, the 
initial cracking again occurred at 31 psig with cracks in 
approximately the same areas as the first case. By 57 psig.  
though, both hoo,ý and in-plane cracking had progressed through 
almos. the entire horizoital portion of the basemat. First 
liner yielding again occLrred at 73 psig. As the pressure was 
increased, the liner yielding progressed, and at 96 psig all of 
the liner from approximately 20 feet above the basemat to the 
apex of the dome had yielded. At 96 psig a numerical 
instability was encountero.' because the equations of 
equilibrium in the basemat cylinder wall intersection region 
were ill conditioned. At this point the concrete in this 
region was so severely damaged that the numerical analysis 
could not be continued.  

Whether a true structural failure corresponds to the numerical 
instability is questionable and probably would depend on the 
details, e. g.. whether the damage to the concrete was severe 
enough to not allow the reinforcing bars to develop their full 
capacities. This question is apparently not addressable with 
the current state of the art of concrete analysis. The 96 psig 
pressure represents a lower bound pressure capability for the 
Maine Yankee concrete structure. The midcylinder height radial 
displacement for this case is also shown in Figure 2i. The 
differences in the uplift and no uplift plots are apparent only 
afte.: 70 psig. The basemat uplift of approximately 10 ir-hes 
at 90 psig is shown in Figure 22.  

Maine Yankee Summary 

The finite element analyses of the Maine Yankee containment 
building subjected to static internal pressurization indicated 
that initial hoop cracking of the containment wall would occur 
at 31 psig followed by liner yielding at 73 psig. If basemat 
uplift is accounted for, severe concrete damage in the 
basemat cylinder wall intersection region will occur. In the 
present numerical analysis, this damage was severe enough to 
cause a termination of the analysis at 96 psig. When the 
basemat uplift was not allowed, the analysis was continued 
above 118 psig at which pressure qeneral yielding of the 
cylindrical wall reinforcing bars occurred. The 96 psig 
internal pressure value represents a lower bound estimate tor 
the ultimate structural capacity of the concrete containment.
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Figure 21 

Radial Displacement of the Cylinder 
Wall at Midheight
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Figure 22 

Displaced Shape of the Maine Yankee 
Containment With Basemat Uplift at 90 psig.  

(Displacement magnification of 10x)
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Given that the analyses reported herein were performed using 

minimum allowable material properties and not as-built 

properties, the ultimate capacity estimates of the concrete 

containment are probably conservative. Other potential 

failure modes, such as penetration failures, were not addressed.  

BELLEFONTE CONTAINMENT ANALYSIS 

Containment Building Description 

The Bellefonte primary containment, Figure 23, is a prestressed 
concrete structure consisting of a 1/4 inch thick steel liner, 

steel reinforcement, and prestressing tendons [111. A unique 
feature of the Bellefonte containment is the rock anchor system 

that ties the cylindrical walls to the rock foundation. This 
feature eliminates the typical basemat found in most concrete 
containments.  

The containment cylindrical wall has an inside diameter of 135 
feet, a height from the base slab to spring line of 227 feet, 

and is 3 feet 6 inches thick. There are four equally spaced 
exterior concrete buttresses around the cylindrical wall. Each 
horizontal tendon is anchored at buttresses located 180 degrees 
apart. The vertical tendons are fastened to the prestressed 
rock tendons by coupling devices located in th- tendon access 
gallery.  

The elliptical dome roof is 3 feet thick and is prestressed by 
three groups of tendons.  

The primary containment structure is enclosed within a free 
standing, reinforced concrete secondary containment. The 

secondary containment provides missile prutecLion for equipment 
within ti:e 10 foot annulus area.  

Finite Element Modeling of the Containment Snell 

An axisymmetric finite element analysis of the containment 
shell was performed. The finite element model, Figure 24, 

consisted of 237 axisymmetric continuum elements and 57 three 
noded axisymmetric shell elements. Eight noded isoparametric 

continuum elements were ur*..d to represent the concrete. The 
reinforcing bars and prestressing tendons were embedded in the 
elements. The shell elements were used to model the 
containment's steel liner. The finite element code ABAQUS[2), 
version 4.5.71, was used to perform the analysis.
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Of course, the Bellefonte containment is not truly 
axisymmetric. The variation of reinforcing and tendon patterns 
around the major penetrations were ignored. The extra steel 
reinforcing in these areas makes them less likely to tail than 
the general shell regions. The dome tendon arrangement is also 
not axisymmetric. in the finite element model, the dome tendon 
geometry was approximated with an axisymmetric representation.  

The ABAQUS computer code uses the Chen ana Chen constitutive 
theory for concrete [121. The theory is basically a plasticity 
theory with a yield surface used to define the salient features 
of concrete. The implementation of this theory in the ABAQUS 
code allows the concrete to crush and crack. If crushing 
occurs, the concrete loses all of its strength 
instantaneously. If cracking occurs, cracks will form ia a 
plane orthogonal to the largest tenAile strain directirl and 
the tensile strength of the material is lost. An unloading 
portion of the stress-strain curve is used to control how 
quickly the strength or the concrete is lost.  

The Bellefonte liner is constructed frim A516 GR 70 steel while 
the reinforcing bars were constructed from A615 GR 60 steel.  
Each prestressing tendon consists of 170- 1/4 in. diameter 
wires. The finite element analysis utilized average actual 
material properties. These properties were obtained from 
either mill test reports or Tennessee Valley Authority data 
[131 of the Bellefonte containment material. A summary of the 
average properties is given in Table 6, and a listing of the 
mill tests report data is given in Appendix B.  

Static Pressurization of the Containment 

The analysis was conducted by first applying the prestress and 
then the internal pressure in the structure. The prestress was 
applied incrementally by specifying a series of temperature 
changes in the structure with the coefficients of thermal 
expansion of all the containment materials, except that of the 
tendons, set to zero. This technique allowed the prestress to 
be applied gradually so that the nonlinear behavior of the 
concrete could be followed. Also, pronounced nonlinear 
behavior of the concrete at the top of the dome during 
prestressing necessitated using a linear constitutive 
representation for the concrete in the row of elements adjacent 
to the centerline.  

After the prestre&s w.; ap[pieir, the internal pressure of the 
containment was increaspos in one psi increments until a clear 
indication of contalnment faLlure was reached. Because of the 
nevere and abrupt nonlinear behavior of the concrete, smooth 
convergence to a satisfactory solution at i given loao was nor
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always possible, even when using a full Newton technique.  

Therefore, the analysis was conducted by allowing the 
program 

to iterate no more than a fixed number of times at a given 
load 

step. If the residual forces reached acceptably low values 

during the iteration process, the analysis continued to the 

next load step. If the residual forces did not reach 

acceptable levels at the end of the maxium allowed number of 

iterations, the program was directed to go on to the next load 

step and continue the analysis even though convergence was not 

met. The residual forces are carried over to the next step, 

though. The initial attempts to conduct this analysis showed 

that smooth convergence could not be expected and that 

convergence may be very slow, making it impractical to apply 

conventional convergence criteria to this problem. For this 

analysis, a maximum of four iterations was allowed for 

pressures below 100 psi, and a maximum of three iterations was 

allowed for pressures above 100 psi. The change in the 

allowable number of iterations was based on the results of the 

previous runs that showed that the solution was not 

significantly improved with four rather than three iterations.  

The results of the analysis show that after the prestress was 

applied, the top of the dome was lowered by 1.2 inches and the 

cylinder wall at midheight had come in radially by 0.17 inches, 

Figure 25. The magnified deformed shape of the inside surface 

of the containment after the prestress had been applied is 

shown in Figure 26.  

Little nonlinear behavior was exhibited below an internal 

pressure of 110 psig. At that pressure cracking began to occur 

in the dome concrete. At 120 psig, yielding of the liner in 

the dome had begun and cracking of the dome concrete 

increased. By 130 psLg, yielding of the dome tendons had 

occurred accompanied with gross cracking of the concrete 

adjacent to the yielded tendon areas. The structural integrity 

of the dome is questionable at this pressure level because of 

the loss of stiffness in the tendons and the severe damage to 

the concrete. The magnified displaced shape of the inner 

surface of the containment at 100 dnd 130 psig internal 

pressure is also shown in Figure 26. There is, though, an 

added degree of uncertainty associated with this failure mode 

since the nonaxisymmetric come tendon placement was 

approximated as axisymmetric for the analysis. It is difficult 

to determine the effect of this representation short of 

performing a three dimensional analysis.  

Little damage to the containment in areas other than the dome 

was noted at 120 psig and only the dome tendons were yielded at 

130 psig. A hand calculation performed to estimate tne 

pressure associated with cylinder wall general yslel'inq gave a 

pressure of 139 psig.
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Equipment Hatch Analysis

The Bellefonte equipment hatch is constructed from A516-Gr 70 
steel. The disk portion of tta hatch consits of a 1-inch thick 
spherical cap of 180 in inside radius. This cap is attached to 
a 4.50 by 7" outer steel ring. The steel ring is approximately 
22 feet in diameter.  

A structural analysis of the Bellefonte equipment hatch was 
performed using the ABAQUS Version 4-4. The average acutal 
material properties were used for the analyses. The finite 
element model, Figure 27, consisted of 81 nodes and 40 
elements. The elements were three noded axisymmetric shells.  
The boundary conditions were identical to that used for the 
Watts Bar equipment analysis,i.e., symmetry conditions at the 
dome apex and only radial displacement allowed at the base of 
the ring. The finite element results indicated that the 
buckling capability of the hatch is above 169 psig. This 
pressure is significantly above the 139 psig pressure that is 
expected to cause general yielding of the cylindrical walls of 
the containment.  

Bellefonte Summary 

The finite element analysis of the Bellefonte containment 
building subjected to static internal pressurization indicated 
that the building will fail at an internal pressure between 
approximately 130 psig and 139 psig. The l.wer pressure is 
associated with dome tendon yielding and the upper pressure 
corresponds to cylinder wall yielding. The buckling capacity 
of the equipment hatch is expected to be greater than 160 
psig. Failure of other containments components were not 
addressed.
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Table 6

Summary of the Bellefonte Containment 
Material Properties 

Concrete

Number of Samples 

Average Compressive Strength

several hundred 
(exact number unknown) 
6.85 ksi 

Steel

Component # Samples

ill rebar 
#9 retar 
#8 rebar 
#6 rebar 
Liner 
Tendons 
Equipment Hatch 

Personnel Lock

48 
16 
37 
26 
85 
100 

8 

28

Yield 
Stress 
(ksi) 

67.4(4.01) 
69.9(3.69) 
72.7(4.59) 
67.8(4.04) 
45.8(2.75) 
228.7(10.1) 
50.8(1.19) 

51.8(4.22)

Ultimate 
Stress 
(ksi) 

105.1(4.46) 
108.2(6.92) 
110.3(6.03) 
107.1(7.03) 
64.3(2.21) 
252.9(5.17) 
79.9(1.67) 

74.9(3.21)

Elongation

13.1(4.96) 
12.2(3.20) 
14.5(1.44) 
13.3(2.03) 
26.5(2.05) 

29.38(0.52) 

25.9(2.45)

*The first number is the average value and the second is the standard deviation.
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The Bellefonte Containment Structure
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Model of the Bellefonte containment
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Figure 25 

Displacement of the Beliefonte Containment at 
Mid Cylinder Height as a Function of Pressure
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Displaced Shape of the Inner Surface of the 
Bellefonte Containment at Various Pressures 

(Displacement magnification ot 100x)

-48-



INSIDE OF CONTAINMENT

Figure 27 

Finite Element Model of the 
Bellefonte Equipment Hatch Showing Element Subdiivsions
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Appendix A 

Summary of Mill Test Reports Of Materials Used 
In the Watts Bar Containment Unit 1 

Cylindrical Shell

Part No.  

52-2

61-1 

50-4 

49A 

49B 

49C 

58A 

58B 

58C 

87-1 

60A 

90-1 

90-1 

90-1 

90-1

Thickness 

1-3/8" 

1/3/8" 

1-3/8" 

1-3/8" 

1-3/8" 

1-3/8" 

1-3/8" 

1-3/8" 

1-3 /8" 

1-3/8

1-31/8" 

i-I /2" 

1-1/2" 

1-1/2" 

1-1/2"

(1) 

(2) 

(3) 

(4)

Yield 
Stress 
(ksi) 

51.3 

44.6 

44.1 

49.2 

45.8 

48.5 

46.2 

44.9 

42.4 

46.3 

42.4 

39.4 

49.3 

47.8 

49.3

Tensile 
Strength 
(ksi) 

77.6 

74.2 

70.7 

76.8 

71.2 

75.8 

77.0 

73.7 

72.7 

70.5 

72.7 

71.4 

72.8 

73.8 

72.8

Percent * 
Elongation 

28.5 

27 

25 

28 

33 

22 

24 

25 

29.0 

26.0 

29.0 

34 

32 

34 

32

* The number of significant 
Mill Test Reports.

figures are as reported in the
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Cylindrical Shell (continued)

Yield Tensile 
Stress Strength Percent 

Part No. Thickness (ksi) (ksi) Elongation 

90-1 (5) 1-1/2" 46.5 75.6 29 

90-1 (6) 1-1/2" 48.8 75.6 2F 

90-1 (7) 1-1/2" 44.8 73.4 35 

90-1 (8) 1-1/2" 47.0 79.0 29 

90-1 (Oj) 1-1/2" 50.0 75.5 33 

90-1 (11) 1-1/2" 39.5 73.5 32 

90-1 (12) 1-1/2" 44.8 70.7 34 

90-1 (14) 1-1/2" 44.6 72.4 33 

90-1 (16) 1-1/2" 46.1 75.8 25 

90-1 (17) 1-1/2" 43. 79.0 32 

Average 45.9 74.2 29.5 
Standard Deviation 3.07 2.51 3.68 

Dome 

Yield Tensile 
Stress Strength Percent 

Part No. Thickness (ksi) (ksi) Elongation 

401-1 (2) 1-3/8" 42.0 71.0 32 

401-1 (3) 1-3/8" 50.1 75.2 31 

401-1 (5) 1-3/8" 48.6 75.6 32 

401-1 (6) 1-3/8" 51.1 75.9 30.5 

401-1 (7) 1-3/8" 53.8 74.7 30.0 

401-1 (8) 1-3/8" 52.0 74.5 30.0
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Dome (continued)

Part No.  

401-1 (9) 

401-1 (10) 

401-1 (11) 

401-1 (12) 

401-1 (13) 

401-1 (15) 

401-1 (16) 

401-1 (17) 

401-1 (18) 

401-2 (1) 

401-2 (2) 

401-2 (3) 

401-2 (4) 

401-2 (5) 

401-2 (6) 

401-2 (7) 

401-2 (8) 

401-2 (9) 

401-2 (10) 

402-3 (1) 

402-3 (2)

Thickness 

1-3/8" 

1-3/8" 

1-3/8

1-3/8" 

1-3/8" 

1-3/8" 

1-3/8" 

1-3/8" 

1-3/8" 

13/16" 

13/16" 

13/16" 

13/16" 

13/16" 

13/16" 

13 /16" 

1 3/1 6"

Yield 
Stress 

(ksi) 

53.3 

52.4 

41 .5 

47.7 

38.0 

49.4 

45.5 

45.7 

43.0 

48.2 

43.7 

48.2 

30.6 

44.5 

51.7 

51.8 

44.4 

48.5 

50.6 

52.8 

55.4

Tensile 
Strength 

(ksi) 

76.8 

74.9 

71.  

73.5 

71.7 

77.7 

73.6 

73.7 

71.0 

74.0 

70.3 

72.0 

74.8 

71.4 

74.S 

75.6 

70.8 

73.2 

74.1 

77.2 

82.6

Percent 
Elongation 

28.0 

30.0 

34 

25 

26 

24 

27 

25 

35 

24 

23 

26 

30 

29 

26 

27.1 

23 

27 

25 

28.5 

26.0
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Dome (continued)

Part No.  
F ongation(%)

Thickness

Yield 
Stress 
(ksi)

Tensile 
Strength 
(ksi)

402.3 (3) 

402.3 (4) 

402-1 

402-2 (1)

13/16" 

13/16" 

15/16"**

(2) 15/16** 51.8 7 .9 28 
-------------------------------------------------------
Average 46.3 74.8 27.7 
Atandard Deviation 5.35 3.17 3.06

Personnel Hatch Bulkhead and Hatch

Part No.  

155-11 

157-2 (1)

Thickness 

1/2"

1/2"

Yield 
Stress 
(ksi) 

50.7

50.7

Tensile 
Strength 
(ksi) 

73.4

Percent 
Elongation 

22

73.4

(2) 1/2" 50.7 73.4 22 
------------------------------------------------------
Average 50.7 73.4 22 

Equipment Hatch

Pa-t No.

443-1

443-2 (1)

Thickness

3/4" 

3/4"

Yield 
Stress 
(ksi) 

48.4

48.4

Tensile 
Strength 
(ksi) 

76.9

72.9

Percent 
Elongation 

24

19.0
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Percent

55.4 

54.7 

51.9 

47.9

82.6 

81.8 

76.1 

75.9

26.0 

26.0 

26.0 

25.5



Equipment Hatch (continued)

Yield Tensile 
Stress Strength Percent 

Part No. Thickness (ksi) (ksi) Elongation 

443-2 (2) 3/4" 48.9 72.9 19.0 

443-3 1-1/2" 51.8 81.6 29.0 

443-4 1-1/2" 51.8 81.6 25.0 

443-5 1-1/2" 51.8 81. 29.0 
-----------------------------------------------------------

Average 50.2 77.9 24.8 
Standard Deviation 1.78 4.29 4.92 

Tie Down Bolts 

Yield Tensile 
Stress Strength Ultimate 

Spec. No. (psi) (psi) Strain 

All 113,250 135,250 19.5 

A12 117,250 138,500 19.0 

A14 115,500 137,000 18.5 

A15 114,000 136,000 19.5 

A16 113,750 136,500 21.0 

A17 122,750 140,000 19.0 

A18 116,500 136,500 19.0 

A19 112,250 135,000 19.0 

A20 117,000 138,250 19.0 

*19 115,000 135,250 20.5 

Average 115,725 136,825 19.4 
Standard Deviation 2,973 1,637 0.77
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Appendix B

Summary of Mill Test Reports of the Maý -ials Used 
In the Bellefonte Containment Unit I 

Bellefonte Rebar [1ata 

No. 1. Reinforcing F!ar 

Sample No. Yield Ultimate Percent 
Stress Stress Elongation 
(Psi) (Psi) 

1 65,385 100,641 14.00 
2 65,705 104,167 13.50 
3 71,474 113,782 10.50 
4 60,256 98,076 14.00 
5 71,794 108,974 10.75 
6 63,461 100,000 15.50 
7 71,794 108,974 10.75 
8 72,115 111,858 11.75 
9 65,385 100,641 14.00 
10 65,750 104,167 13.50 
11 65,385 100,641 14.GO 
12 67,948 105,769 13.50 
13 66,666 104,807 7.00 
14 62,179 99,038 13.75 
15 61,S 1 100,692 13.50 
16 69,551 108,974 10.50 
17 66,666 104,807 7.00 
18 61,858 101,282 14.50 
19 66,666 104,807 7.00 
20 75,000 116,026 10.50 
21 61,858 101,282 14.50 
22 66,666 101,602 13.75 
23 68,590 106,090 12.50 
24 67,949 107,051 10.50 
25 70,833 107,692 13.75 
26 74,359 112,179 14.50 
27 66,666 101,602 13.75 
28 68,590 106,090 12.50 
29 70,513 107,692 12.50 
30 71,474 109,615 12.50 
31 00,2619 105,449 14.0o 
32 62,179 99,038 13.75
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Bellefonte Rebar Data

No. 11 Reinforcing Bar Cont'd

Sample No. Yield 
Stress 
(psi) 

60,577 
71 ,153 

61,858 
68, 590 
71,474 
66,666 
72, 756 
73,*397 
68,269 
69,230 
63,782 
72,756 
72,435 
66,346 
68,269 
63,461

Average 67,448 
Standard Deviation 4,076

UlIt imate 
Stress 
(psi) 

100,000 
113,782 
101,282 
1.05,769 
109,615 
1.01,923 
100,576 
109, 935 
1.04,487 
107,370 
104,1.66 
1.10,576 
108,012 
101,602 
103,525 
100,000 

105,127 
4,46 1

Percent 
Elongation 

13.75 
8.00 
14.50 
15.50 
12.50 
14.00 
9.00 

11..00 
12.50 
10.50 
13.75 
9.00 
14.75 
9.00 

1.3.50 
15.50

13.09 
4.96

-60-



Bellefonte Rebar Data

No. 9 Reinforcing Bar 

Sample No. Yield Ultimate Percent 
Stress Stress Elongation 
(Psi) (Psi) 

1 69,500 110,500 10.00 
2 70,000 106,500 12.75 
3 68,000 105,500 13.00 
4 70,000 10b,500 12.75 
5 76,500 123,000 10.00 
6 70,000 107,500 11.75 
7 76,500 123,000 10.00 
8 69,500 110,500 10.00 
9 68,000 105,500 13.00 

10 70,000 106,500 12.75 
11 60,500 nq,RO 1 .,0 
12 72,660 1 1,k, . .  
13 67,500 104,000 I.  

14 72,000 110,000 16.00 
15 67,500 104,000 14.00 
16 71,000 113,000 12.50 

Average 69,906 108,750 12.15 
Standard Deviation 3,693 6,943 3.20
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BELLEFONTE REBAP. DATA

No. 8 Reinforcing Bar 

Sample No. Yield Ultimate Percent 
Stress Stress Elongation 
(Psi) (Psi) 

1 73.418 109,494 12.75 
2 72,152 110,127 13.50 
3 77,215 115,823 13.50 
4 68,354 104,430 16.00 
5 68,354 103,797 17.00 
6 73,418 109,494 12.75 
7 72,152 110,127 13.50 
8 74,684 111.392 14.25 
9 81,012 122,152 13.00 

10 68,354 104,430 16.00 
S68.354 103,797 17.00 

-5,3949 113,921 13.25 

13 81,012 122,152 13.00 
14 81,012 118,987 13.00 
15 75,949 113,924 13.25 
16 81,012 118,987 13.00 
17 75,949 113,924 13.25 
18 65,189 99,367 16.00 
19 69,620 106,962 13.00 

20 70,886 10b,962 14.25 
21 68,354 106,962 14.00 
22 71,518 108,860 15.75 
23 70,886 107,594 16.00 
24 65,189 99,367 16.00 
25 72,152 113,291 13.50 
26 78,481 118,354 13.75 
27 74,684 113,291 15.00 
28 68,354 102,531 17.00 
29 68,354 106,962 14.00 
30 67,089 103,165 16.00 
31 74,684 113,291 15.00 
32 77,848 118,354 12.50 
33 71,518 108,860 15.75 
34 65,82? 101,898 17.00 
35 72,152 113,291 13.50 
36 75,943 111,392 14.00 
37 74,684 113,291 15.00 

-----------------------------------------

Averaqe 72,713 110,297 14.46 
Standard Deviat ion 4,599 6,033 1.44
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Bellefonte Rebar Data

No. 6 Reinforcing Bar 

Sample No. Yieild Ul~timate Percent 
Stress Stress Elongation 
(psi) (Psi) 

1 61,590 96,363 16.50 
2 66,363 108,636 13.00 
3 67,045 104,090 15.00 
4 73,863 115,909 LOAO 
5 71,363 113,636 14.00 
6 72,045 112.954 11.00 
7 63,636 99,545 15.00 
8 66,818 102,727 14.75 
9 67,272 105,000 11.00 

10 71,363 113,636 14.00 
11 64,318 100,681 15.00 
12 66,818 102,727 14.75 
13 60,454 94,409 16.25 
14 71,363 113,636 14.00 
15 67,045 104,545 13.25 
16 69,090 112,272 11.50 
17 72,272 115,227 12.00 
18 60,454 93,409 16.25 
19 72,045 112,954 11.00 
20 64,318 100,681 15.00 
21 66,818 108,409 12.50 
22 69,772 111,136 12.00 
23 73,636 115,227 10.50 
24 67,772 111,136 12.00 
25 72,954 114,772 10.00 
26 63,636 100,454 15.25 

Average 67,851 107,083 13.29 

Staindard Deviation 4,043 7,027 2.03
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Bellefonte Equipment Hatch 
Material Data

No - Yield 
Stress 
(psi) 

51,800 
52,500 
49,700 
51,000 
51,800 
51,000 
49,200 
49,700

Average 50,838 
Standard Deviation 1,191

Ult i mate 
Stress 
(Ps i) 

79,400 
79,000 
78,500 
82,500 
79,400 
82,500 
79,.000 
78,500

79,850 
1,670

Percent 
Elongation 

29.00 
29.00 
30.00 
29.00 
29.00 
29.00 
30.00 
30.00

29.38 
0.52
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Bellefonte Personnel Lock 
Material Data 

No. Yield Ultimate Percent 
Stress Stress Elcngation 
(Psi) (Psi) 

1 52,500 80,600 28.00 
2 52,600 72.500 24.00 
3 50,600 71,200 24.00 
4 47,500 73,200 29.00 
5 45,200 71,800 28.00 
6 47,500 74,000 30.00 
7 47,300 72,000 30.00 
8 64-73 72,000 27.00 
9 51,200 73,500 24.00 
10 52,000 76.700 21.00 
11 50.000 70,200 24.00 
12 51.000 75,200 27.00 
13 53,200 79,100 29.00 
14 50,800 76,200 25.00 
15 50,300 75,000 28.00 
16 54,200 77,700 22.00 
17 53,900 '76,000 26.00 
18 51,000 76,500 26.00 
19 53.000 75,900 28.00 
20 54,000 76,506 23.00 
21 53,900 77,500 23.00 
22 54,000 75,900 25.00 
23 53,800 76,200 24.00 
24 45,600 70,400 28.00 
25 48,900 76,200 27.00 
26 62,000 83,100 24.00 
27 48,600 70,400 24.00 
28 49,600 71,OC0 27.00 

-- ---------------------------------------------------

Average 51,753 74,675 25.89 
Standard Deviation 4,214 -,-39 2.45



Bellefonte Liner Data

1/4" Liner Plate Cont'd 

Sample No. Yield Ultimate Percent 
Stress Stress Elongation 
(Psi) (Psi) 

44 46,200 A7,100 24.00 
45 46,000 64,000 25.00 
46 43,500 62,4u0 27.00 
47 50,100 62,800 25.00 
48 44,000 63,200 30.00 
49 48,600 63,800 25.00 
50 46,300 67,400 27.00 
51 45,300 63,000 30.00 
52 46,300 67,400 27.00 
53 46,500 64,600 29.00 
54 45,300 63,400 25.00 
55 46,000 64,200 26.00 
56 46,500 64,600 29.00 
57 45,700 64,200 25.00 
5b 45,800 64,000 25.00 
59 43,400 63,400 25.00 
60 43,400 63,400 25.00 
61 42,500 63,200 24.00 
62 4h,000 64,100 22.00 
63 42,100 63,400 26.00 
64 45,700 63,400 28.00 
65 40,300 60,200 32.00 
6b 40,300 60,200 32.00 
67 43,600 62,600 27.00 
68 45,000 65,400 26.00 
69 43,600 62,600 27.00 
70 44,200 63,600 27.00 
71 45,700 64,000 29.00 
72 46,000 63,800 26.00 
73 45,600 64,C00 26.00 
74 46,000 63,800 26.00 
75 45,600 63,400 26.00 
76 44,500 64,400 25.00 
77 46,100 62,500 28.00 
78 44,600 63,000 26.00 
79 44,200 62,000 27.00 
H0 50,800 65,700 23.00 
81 51,000 66,500 25.06 
82 44,200 61,C00 2t.0C 
83 44,400 63,000 25.00 
84 44,200 61,000 2t. .00 
AS 54,100 70,600 22.00 

--------------------------------------------------------
Average 4 5,7h0, 4, 13 2(.54 
Standard Deviation 2,753 2,211 2.r 5
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Figure 2 

Axisynmetric Finite Element Model 
of the Wdttr Bar Containment
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First yielding was calculated to occur at 90 psig at the bat 
of the containment. General yielding of the cylinder wall at 

mid-cylinder height occurred at approximately 120 psig (see 
displaced shape plot in Figure 4). Also, yielding of the dome 

material was quite apparent at this load. Once general 

yielding occurs, the containment becomes noticeably distorted, 

Figure 5.  

The radial deflection at mic-cylinder height as a function of 

internal pressure is plottei in Figure 6. At 120 psig, the 

radial deflection is approxLmately 1.0 inch, while at 175 psig 

the deflection is over 40 inches. These computations assume 

that there are no restraining elements such as piping or the 

shield building. This, of course, is not the real case and it 

is unrealistic to expect that displacements of the order of 40 

inches could occur before some interaction would invalidate the 

analysis; e.g., contact with the wall of the shield ouilding.  
Nonetheless, the assumptions of the analysis leaas to an upper 
bound ultimate strength prediction of approximately 175 psig 

and that failure (assuming a maximum von Mises stress criteria) 
would occur in the 13/16-inch dome section, Figure 7. An 

approximate realistic lower bound could be 120 psig at which 
pressure the deflections are still reasonably small. The 
containment shell itself could .e expected to have an ultimate 
capacity between these two values.  

Equipment Hatch Analysis 

Equipment Hatch Description 

The Watts Bar equipment natch structure, Figure 8, consists of 
the shell insert, a 20-foot diameter door ;nn twenty 1-1/4 inch 
diameter equally 'spaced swing oolts. The a or is a 3/4-inch 
thick, 20-foot radius spherically dished section. The seals 

have double compression gaskets between the coor tension ring 
and the penetration sleeve.  

The equipment hatcn failure mode of most interest was buckling 
due to the internal pressure. It is probable that buckling ot 

tne hatch door would cause large displacementr; of tne tension 
ring, breaking trie zeal and causing a loss ot pres-uer 
containment.  

Finite Element Modeling 

The stress-strain cuLrv- ~-.n t.n dnda nl3is was constructer: 
trom as-built rd.terial properrtie:. (Appendix A) in tr.4 :;ame 
ashiion a. wa;i ..;.f r.:> -ni t :n-:n.r-nt ;K ri Jnri Iy:: :.
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updated current stiffness matri., but after each load step, 
equilibrium between the applied and internal forces must be 

reestablished usir4 either a modified Newton method or a BPGS 
matrix update procedure [61. Neither of these techniques were 

successful in obtaining convergent solutions. This result was 

similar to that found in a different study using ADINA [101.  

Because the ADINA program does not have a full Newton-Raphson 

technique capability, solutions were obtained by taking small 

pressure load steps of 0.1 psi and reforming the stiffness 

matrix at each load step. Small load steps were taken to 

minimize the error. This strategy was apparently successful 

since reasonaole results were obtainea.  

The containment structure exhibited a linear response up to an 

internal pressure of 31 psig. At that pressure, severe hoop 

cracking occured involving essentially the entire cylincical 

wall and continuing to approximately half way up the aome. Tne 

hoop forces were redistributed to the still elastic liner ana 
hoop rebar elements. At 33 psig, the hoop cracking had 

progressed through the entire come. Between 33 anc 73 psig the 
concrete cracking progressed at a much slower rate with some 

additional in-plane crack development (cracks that are 
perpendicular to the plane of tne finite element model). At 73 

psig the first yielding of the liner occurred at mid-cylinder 
height.  

As the internal pressure increasea to 118 psig, additional 
in-plane cracks developed throughout the dome, cylincer wall, 
and cylinder wall-basemat intersection region. At this 
pressure, the liner yielding nac progressed to include the 
entire dome region and cylinder wail to approximately 12' above 
the basemat. Also at 118 psig, the general yielding of the 
hoop reinforcing bars had begun.  

The analysis ended when a numerical instability was encountered 
at 129 psig. This instanility was proajbly the result of tnh 
very severe damage of the structure at the cylinder 
wall-basemat interface, the rea on associatec with the 
instability. At this point in tne analysis the concrete 

material of the containment cuicinq- is severely damage' anc 
general yielding of the cylinder nopr. reinftrcing bar. anr 

liner has already occurrer.  

A plot of pr--,;re ver.sui ra:iIal : l.;i . :ement at m.cilincler 
heiaht is shcwn n Figure 21. Tr.*- s:; in :tiffne:;s s rre 
initial cylinder wall crack., i-:·.v-ie ; ; I, ite apparent -t 31 
psig. The yielding of tne iin.r (:. 7nnin a* 7 pai 7 g) 1 nas 
only a sliqht intiuen:ce on rr.: .n :tn.. r.e :t>-r.ct; r> .i•le1 
the effect of tne hoop rLnt)ninfr :i,; : y.i::-'n ; t l.i, p i;g :1 

dramatic.
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Bellefonte Liner Data

1/4" Liner Plate

Sample No. Yield 
Stress 
(Psi) 

51,400 
41,600 
43,100 
40,800 
42,000 
42,000 
44,000 
44,500 
51,200 
49,600 
50,000 
44,600 
48,000 
44,800 
46,100 
47,900 
47,300 
47,000 
45,000 
45,800 
45,000 
46,400 
43,400 
45,900 
44,900 
45, 10(0 
43,80(0 
50,600 
43,800 
50,600 
44,700 
47,900 
47,700 
47,600 
49,500 
49,700 
44,400 
47,600 
49,60U 
46,300 
43,600 
45,000 
46, 300

Ultimate 
Stress 
(Psi) 

63,200 
62,300 
60.300 
60.800 
60,400 
62,200 
63,000 
65,200 
68,000 
68.400 
68,300 
64,200 
67,400 
66,000 
66,000 
66,800 
66,200 
65,600 
66,600 
64,700 
66,000 
67,400 
65,700 
67,000 
66,400 
62,200 
62,000 
67,200 
61,600 
67,200 
62,400 
65,000 
64,200 
64,700 
65,300 
,)4,100 
C4, 100 
65,900 
68,400 
67,000 
62,600 
64,100 
60,200

Percent 
Elongation 

26.00 
25.00 
26.00 
26.00 
26.00 
29.00 
24.CO 
26.00 
22.00 
27.00 
28.00 
28.00 
28.00 
29.00 
30.00 
27.OC 
25.00 
27.00 
27.00 
25.00 
24.00 
24.00 
28.00 
26.00 
25.00 
28.00 
26.00 
30.00 
27.00 
30.00 
26.00 
26.00 
25.00 
26.00 
26.00 
27.00 
26.00 
27.00 
27.00 
28.CO 
27.00 
28.00 
32.00


