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PRETEST REPORT ON THE ANALYSIS OF STEEL CONTAINMENT MODEL
(USING COMPUTER CODES TABS/NISA)

By

B.K.Dutta , P.Swami Prasad & H.S.Kushwaha
Reactor Safety Division, Bhabha Atomic Research Centre
Trombay, Mumbai 400085

MODELLING ASPECTS

The steel containment vessel along with the contact structure is an axisymmetric
structure, but than the presence of instrumentation hatch. Due to the presence of hatch,
one needs to mode! the structure either by 3-D finite elements or by using shell bending
elements. However, considering the presence of all types of nonlinearities in the
structure ( geometrical, material and contact nonlinearities) , one needs to have very
small load increments in transient calculations for monotonic iterative convergence.
However, 2 3-D model, with all types of static nonlinearities in the structure and very
small load increments, requires enormous computational time. Due to limited computer
resources, it was felt that to complete the present analysis within a specified time, it
would be prudent to model the structure by using 2-D axisymmetric elements. This in
turn means, we are neglecting the effect of hatch. Assuming the effect of hatch will be
confined to & limited domain, analysis results are valid for the regions away from the
hatch. However, in our standard plot set, we have not provided the plots which are near to
the hatch area (i.e. plotID 1 to 6 and 39). -

In the present axisymmetric model, we have used 8-noded isoparametric elements. There
are three divisions along the thickness of the containment. There are 180 elements in the
top head, 101 elements in the flange and top cylindrical region, 24 elements in knuckle
region, 199 elements in the spherical shell, 426 elements in conical shell and 168
elements in lower cylindrical shell. There are in all 1098 elements and 4041 nodes in the
containment model. The contact structure is also modelled with the 2-D axisymmetric
elements. There is one division in the thickness direction. There are 264 elements and
1323 nodes in the contact-structure model.

All the elements in the complete model are well shaped and the maximum aspect ratio is
below 5. Beside symmetric boundary condition on the vertical plane, the bottom of the
model is fixed to simulate its welding on the top surface of the ring support girder. The
mesh used in the present analysis for different zones are shown in figures 1a to 1c.

The model geometry is modified, as much as possible, to match with the as-built data
prescribed in Enclosure-3 of the SNL letter No. SO-95-099 dated Dec.1, 1995. For this
purpose, coordinates of the nodes on the outer surface of the containment were modified
to suit the measured average thickness profile. Similarly, gap between the containment
model outer surface and the inner surface of the contact structure was adjusted to match
the measured average values. This gap varies from 15 mm near the top of the knuckle to

23 mm at the end of spherical shell. The average gap in the conical shell is around 23.5
mm.
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DESCRIPTION OF THEiUSE OF NUPEC TENSILE DATA

In our model, the different tensile test data were used for different zones of the
containment. Average values of Engineering Stress-Strain data were calculated using four
sets of data provided for every zone ( Table 4 to 15 of SNL letter dated July 10, 1995).
The plots of these data as used in our analysis for different zones are shown in figures 2a
to 2c. As we have used Total-Lagrangian formulations for considering material and
geometrical nonlinearities, Engineering Stress-Strain data has been used instead of True
Stress-Strain.

FAILURE MODEL

As in our analysis only material flow is considered as per one dimensional stress-strain
material curve, failure model (i.e. collapse pressure) purely depends upon the attainment
of maximum equivalent plastic strain. We have computed average equivalent plastic
strain over the thickness of the containment model at various cross sections. The collapse
pressure is determined, when the average plastic strain exceeds the maximum equivalent -
plastic strain in stress-strain material curve. In the present analysis, weakest cross section
has come out to be the junction between knuckle and the top head.

, MODELLING OF CONTACT BETWEEN SCV AND CS

The contact between the SCV and CS and its progress at different elevations are
important considerations in the present analysis. The contact between the SCV and CS at
different regions is established once the perpendlcular gap between the outer surface of
SCV and the inner surface of CS is zero while i mcreasmg the internal pressure. Necessary
Gap elements are employed to consider this effect in the present analysis. The Gap
- elements model the transfer of forces in the normal and tangential directions at those
regions of the SCV and CS which are making contact . The tangential forces depend upon
the friction factor between the surfaces. Due to the absence of any realistic friction factor
value, no attempt has been made in the present analysis to consider this effect.

SAMPLE RESULTS

We have incorporated with this report some sample results obtained through our analysis.
Figure 3a shows the progress of deformations of the top head along with the top cylinder
and knuckle. This figure demonstrates the large vertical deformation of the crown before
the attainment of col!apse pressure. Figure 3b shows horizontal displacement of a point
with the increase in internal pressure. The point is on the outer surface of the top head at
an elevation 10 cm above the junction between top head and top cylinder. This history
shows that, this point initially deforms inward upto a pressure of 12 MPa and then starts
deforming rapidly in the outward direction with the further increase in pressure. Figure 3¢
shows the contours of equivalent plastic strain at an internal pressure 11.5 MPa near the
junction between the top head and the knuckle.
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A DISCUSSION ON THE POTENTIAL FOR BUCKLING OF HEAD REGION

In the present axisymmetric model, it is not possible to obtain the buckling modes, which
are essentially asymmetric. However, possibility of inplane axisymmetric buckling can be
_checked through the present analysis. A plot of horizontal displacement of a point 10 cm
above the junction between the top head and the top cylinder (i.e. Fig. 3b) , shows snap
through type of deformation behaviour of this point. This may indicate possibility of a
buckling of this region at higher pressure.

OCCURRENCE OF FIRST YIELD OF SCV AND FIRST CONTACT BETWEEN
SCV AND CS

It is seen from the present analysis that first point of the SCV which experiences yielding
is on the inner surface of this SCV at an elevation 3360 mm at a pressure 2.0 MPa.
Similarly the first point at which contact is established with CS is a junction point
between knuckle and top spherical shell at an elevation 3375 mm at an internal pressure
of 3.5 MPa. .

DISCUSSION ON EXPECTED PATTERN OF CONTACT PROPAGATION

The contact between SCV and CS establishes at multiple points during the pressurisation
of SCV. These points lie at various regions of the SCV. In figure 4a the SCV is divided
into seven regions to facilitate this illustration. The following Table identifies different
regions designated from A to G and the elevation and the pressure at which first contact is
established in each of these regions. Figure 4b shows the propagation of these contacts as
a ﬂmctlon of internal pressure.

REFERENCES
1.NISATI, Numerically Integrated Elements for System Analysis, Ver 92.0

2. TABS - Finite Element Code for Thermo Plastic Analyis of Bending Structures, by
B X Dutta, H.S Kushwaha.
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Region Description of Region First Contact in the
Corresponding Region
Location From Location To At Elev. At Pres.
- ' (mm) (MPa)
A Bottom Lower stiffener 820 9.3
(Z =500 mm) (Z=921 mm)
B Lower stiffener Material  change 1380 6.1
(Z=921 mm) interface
(Z=1579 mm)
C Material change Middle stiffener 1820 45
interface (Z=2079 mm)
(Z =1579 mm)
D Middle stiffener Weld line in the 2195 5.7
(Z =2079 mm) upper conical shell
(Z=2275 mm)
E Weld line in the Junction . at 2370 434
upper conical shell | spherical shell and
(Z =2275 mm) upper conical shell
(Z=2694 mm)
F Junction at Upper stiffener 2760 8.1
spherical shell and | (Z=2893 mm)
upper conical shell
(Z = 2694 mm)
G Upper stiffener Junction at knuckle 3245 6.5
(Z=2893 mm) and spherical head
(Z=3377 mm)

E-212




DULS LOVINOD ANV TIASSIA INTWNIVINOD “JAULS 40 LOTI INSWNIT ALINID ¢1 ZHNDI

E-213




FIGURE 1b FINITE ELEMENT PLOT IN THE TOP HEAD REGION OF SCV
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FIG3A PROGRESS OF DEFORMATION OF SCV HEAD WITH PRESSURE
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ELECTRIC BOAT CORPORATION
A GENERAL DYNAMICS COMPANY

NUPEC/USNRC STEEL CONTAINMENT VESSEL
| ROUND ROBIN ANALYSIS PROGRAM

ELECTRIC BOAT CORPORATION
PRE-TEST EVALUATION OF THE
STEEL CONTAINMENT VESSEL

K. ARPIN
A.BEACHAM

W. MCCORMICK

May 1996

ABSTRACT: This report documents Electric Boar Corporation’s pre-test evaluation of a steel con-
tainment vessel (SCV) as part of a research program sponsored by The Nuclear Power Engineering
Corporation of Tokyo, Japan and the U.S. Nuclear Regulatory Commission. This program includes
an internal pressurized test 10 failure of a model of a steel containment vessel enclosed by a steel
contact structure. Round Robin pre-test and posi-test analyses are being coordinated by Sandia
National Laboratories. Electric Boat Corporation employed a series of finite element models in the
pre-test evaluation of the SCV. Material and geometric nonlinear analyses were performed using

the ABAQUS/Standard Implicit Finite Element Program. Results of this evaluation include

displacement and strain predictions for the SCV which will be compared to 1est data following the

completion of the model test series.
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1.0 Purpose:

The purpose of this section is to describe the pretest analysis efforts performed by Electric Boat Corporation in the
evaluation of the Steel Containment Vessel (SCV) and Contact Structure (CS) as defined in References (1-3). Results
of this evaluation include displacement and strain predictions on the SCV which will be compared 10 1est data foliow-
ing the completion of the model test series.

2.0 Background :

This work is part of 2 multi-national analysis effort in the evaluation of the Steel Containment Vessel (SCV) and its
interaction with 2 Contact Structure (CS). The SCV will be internally pressurized resulting in an expansion of the
vessel and subsequent contact between the SCV and the CS. The pressurization will continue until failure of the SCV.
Figure 2.0.] shows 2 simple schematic of the test configuration.

..~ Apex of Head
- 0.000
Stee! Containment _

—osm  Vessel(SCV) ~ 20 mm Top Flange
d -~ 0918 :
h - 1,000
.
‘. - 18
:
: 18mm SGV4s0

Equipment
Nomina! Gap Haich

8 - 248 -
L ™ Lower 19 mm Ring
AP Yo
L Material Line
. i
v . Lower 8.5 mm
; - 2674 4" Ri

- 3778
FY - 37
p SPV480 e ?gg&m
' Lower 125 mm g
o = < g Lower ConicalfCyfindrical
1 .. Shell Intertace

- 4818 Top of Bottorn Head insert
s
c
v

Support Structure

Entry Hatch
Not Shown

Figure 2.0.1
SCV and CS in Test Configuration

The Nuclear Power Engineering Corporation (NUPEC) of Tokyo, Japan and the U.S. Nuclear Regulatory
Commission (NRC) funded all construction and test activities with Sandia Nationa! Laboratories (SNL) coordinating
the "Round Robin" activities. -
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3.0 Material Data :

The SCV is constructed of SGV480 and SPV490 Japanese steel. The upper portion of the SCV is SGV480 Steel and
the lower portion is constructed of SPV490 steel. The equipment hatch reinforcement plate is also constructed of
SPV490 steel with the remaining equipment hatch made of SGV480. The CS is entirely SA516 Gr70 steel.

Elastic material data for the Japanese steels was supplied in Reference (2). Anaverage Young's Modulus (E) of
209,850 Mpa (30.436 ksi) was used for the SGV480 steel and an average Young's Modulus of 215,750 Mpa (31.292
ksi) was used for the SPV490 steel in all the analyses. A nominal design value of 206,844 Mpa (30.000 ksi) was
assumed for the CS. A Poisson’s ratio of 0.3 was assumed for all the steels.

Tensile test data was supplied in Reference (1) for both the SGV480 and SPV490 steels. Four samples of engineering
stress-strain data a1 twelve distinct locations relating 1o various material and thickness changes on the SCV were

supplied. The engineering stress-strain was converted into true stress and strain up to the ultimate engineering stress
using the following relations.

&=1n(l+g,) Eguation (3.0.1)
C:=0Ce(l +&) Equation (3.0.2) A

This was necessary since true sn"ess, true plastic strain data is required in the ABAQUS finite element program.
Reference (4). To obtain only the plastic portion of the strain data, the elastic portion of the strain was subtracted from
the total strain using the relationship below.

Ep=&-G/E  Equation (3.0.3)

A least squares approach was utilized to determine the mean curve which would be used in subsequent nonlinear
analyses. The true stress, true plastic strain data was fit with a variable knot B-spline least squares approximation
(Reference 5). An interface program to the Reference (5) routines was developed and utilized 10 obtain the twelve
mean material curves which would be used in all the nonlinear analyses. In operation, the test data from the four
samples is read from an input file, sorted and the user prompted for the order of the spline (quadratic, cubic...). the
number of B-spline coefficients and an initial guess at the internal knot locations. The program then determines the
best placement of the knots which will minimize the error in a Jeast squares sense. Experience has shown that the use
of lower order splines and a minimum number of coefficients results in the best fit without unrealistic oscillation of
the splines, caused from the test data spread. Once a good fit is obtained, the splines are evaluated and a piece-wise
linear true stress, true plastic strain curve calculated. The range of the material curve was limited 10 the ultimate
engineering stress limit due to the limitations of Egquations 3.0.1 and 3.0.2. This limit could well be exceeded during
the numerical simulations. To extend the range of the curve, the tangent slope of the curve’s end point was extrapolat-
ed well beyond the ultimate limit. This approximation is consistent with true stress,true strain material behavior of
most metals and should not be significant since the majority of the SCV response will be below the ultimate limit.
Figures 3.0.1 and 3.0.2 show examples of this data fit for both the SGV480 and SPV490 steels. Location
identifications from Reference (1) are shown in the figures for cross reference purposes. Table 3.0.1 presents the
maximum, minimum and average true ultimate strain of the samples supplied.
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Figure 3.0.1 and Figure 3.0.2 - True Stress True Plastic Strain Data Fit
SGV480 Stee]l 8.5 mm Thick Conical Shell 2 Location 5
SPV490 Steel 9.0 mm Thick Cylindrical & Conical Shell Location 11

No inclastic material properties were supplied for the SAS16 steel used to construct the CS. The CS was designed to
remain virtually elastic for the majority of the loading sequence. At higher internal pressure, the CS does, however,
experience inelastic straining starting at the 1op of the CS near the SCV knuckle and proceeding throughout the
structure 21 very high pressures. The SCV will most likely fail before general yielding of the CS can be achieved but
for simulation purposes, an approximate material curve was sought. A literature search failed to produce 2 minimum
material curve for SA516 Gr70 steel, however, 2 material curve for ASTM A36 steel was located. ASTM A36 is
similar to SA516 steel but of lower strength. The SA516 Gr70 curve, therefore, was based on the minimum material
properties specified in Reference (2) and the general behavior of ASTM A36 steel. While 2 rough approximation, this
still represents an improvement in the simulation over treating the CS as an elastic structure. If deemed necessary, post
test analyses may use CS material data supplied by SNL after the test series.

Location Materal |- T Ma:;)&' m&' vngw
1 Top Head Shet SGV480 60 202256 | 19703 | . 19.861
2 Top Head SGV430 ) 20581 | 18480 | 19.944
3 Conical Shell 3 SGV480" 75 21512 | 20563 | 21.055
4 Spherical Shel SGV4E0 80 24458 | 18795 | 21.8%6 .
§ Conical Shell 2 SGV48D 85 22707 | 18518 | 20489
€ Reinforcement Ring SGV4E0 85 22378 | 20190 | 21.698
7 Reintorcement Ring SGVagD 125 21365 | 19954 | 20.889
® Reinforcement Ring SGVas0 180 18064 | 17502 | V7.827
$ Fange, Hatch Cover SGV480 200 20811 | 17348 | 9272
10 Knuckie SGV480 165 16643 | 16423 | 16573
11 Cy. & Conical Shell SPV450 80 10540 | 9998 | 10245
12 Haich Reinforcement SPV490 175 86N 8.423 8934

Table 3.0.1

True Ultimate Strain Values from Four Sample Lots
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4.0 Finite Element Model Description :

Electric Boat Corporation has developed a series of finite element models in the evaluation of the SCV and CS.
Axisymmetric shell models were utilized 1o evaluate general free field response away from the equipment hatch and
transition regions as well as to perform various parametric evaluations. To obtain detailed response in the transition
regions located around stiffener locations and the knuckle region, solid axisymmetric models were used. A quarter
symmetry shell model and subsequently refined submodels were used 1o obtain response data near the equipment
hatch sleeve. All models were evaluated with and without friction in defining the imeraction beiween the SCV and
the CS. Geometric and material nonlinearities were included in all the evaluations. '

4.1 Axisymmetric Shell Models :

A series of axisymmetric shell models was developed in order to perform parametric evaluations on variations in the
as-built test configuration as well as to evaluate several numerical solution altemnatives available in the ABAQUS
finite element program. As-built conditions of the SCV and CS were supplied by SNL in Reference (3) and include
radius. gap and thickness values which were specified at elevations on the SCV and at circumferential increments
around the shell (either 45 or 90 degree increments). In order to evaluate the geometric variation around the
circumference, an average value was determined. For example, a mean as-built thickness was determined by averag-
ing the eight samples taken around the SCV circumference. If multiple plate thickness measurements were taken for
a given design plate thickness, these were also averaged. To evaluate the effects of plate thickness variations, an
additional analysis was performed which utilized the minimum plate thickness specified around the circumference.
Table 4.1.1 presents the mean and minimum plate thicknesses which were used in the axisymmetric shell models. The
material location identifiers of Reference (1) and thickness labels of Reference (3) are used in the table for cross
referencing purposes.

i . . Minimum Mean
o | Mo | mioness | SR | M
{mm) (mm) (mm)_
80 1 T18, T19 8.1 X )
8.0 2 T21 6.7 88
75 3 TILTI2T13 72 7.8
3.0 4 TI4.T18 78 7.9
85 5 T7.78,T9 82 8.7
95 ] T8 95 89
125 7 5 13.1 133
19.0 8 T10 192 19.5
19.0 8 T18 19.8 19.9
200 9 T20 202 207
185 10 T$7 182 16.8
9.0 1 T1-Ta Y] 9.48
175 12 T2 176 18.0
200 9 T23 20.2 20.7
20.0 9 T24 20.3 20.4

Table 4.1.1 - SCV Minimum and Mean As ﬁuilt Plate Thicknesses

In areas of significant thickness transition such as the knuckle region and lower head area, variable thickness finite
elements were used by defining the shell thickness at nodal locations. In this way, the smooth transition from one plate
thickness to another was accurately modelled. The thickness values of the CS were taken from the gap size measure-
ment supplied in Reference (3). Again, the values (four at 90 degree increments) were averaged around the
circumference. These mean values were then averaged into two sections, one for the spherical shell of the CS and one
for the conical section of the CS. Minimum values were also determined for each section as shown in Table 4.1.2.
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H

Design cs Minimum ~ Mean
Thickness Section Thickness Thickness
(mm) (mm) (mm)
38.1 Spherical 43.36 44.33
38.1 Conical 37.01 42.50

Table 4.1.2 - CS Minimum and Mean As Built Plate Thicknesses

The gap distance values at four circumferential points at eighteen separate elevations along the CS were supplied in
Reference (3). The four circumferential values per elevation were averaged as shown in Table 4.1.3. The location
identifiers from Reference (3) are used in the table for cross reference purposes. For 2 worst case evaluation on gap
distance sensitivity, approximate minimum, mean and maximum gap values were determined by evaluating measure-
ment hole numbers 5 through 18. These locations correspond to points at which 2 nominal design gap of 18 mm was
desired. The CS model was then constructed such that the normal gap clearance from the SCV was 17.0 mm for the
minimum gap model, 21.0 mm for the mean gap mode] and 24.0 mm for the maximum gap model. Note that the actual
gap was specified since ABAQUS/Standard, the implicit numerical solver in the family of ABAQUS codes. does not
account for the thickness of the shell in the contact algorithm.

Hole | Average Gap Hole Average Gap Hole Average Gap
# {rmm) ¢ {mm) ] (mm)
2 133.03 8 2.52 14 22.86
3 101.69 8 23.32 15 2145
4 71.82 10 22.95 16 19.16
5 18.76 " 23.08 17 17.88
€ 20.58 12 22.43 18 16.64
7 20.88 13 21.86 198 25.91

Table 4.1.3 - Average Gap Distances

The out of roundness values supplied in Reference (3) were not used since it is believed that as the SCV exceeds the
yield limit of the material, the vessel will naturally conform to a cylindrical / spherical shape. Therefore, the SCV
geomerry, except for plate thicknesses, was based on the design drawings supplied with Reference (1). An average
design half thickness value of 3.75 mm was added to all the inside radial dimensions supplied in the drawing to obtain
an approximate mid-radius value.

Several axisymmetric models were developed based on the permutations of model geometry and include (1) 2 mean
thickness, mean gap model, (2) 2 mean thickness, minimum gap model, (3) 2 mean thickness, maximumn gap model
and (4) a mean gap, minimum thickness model. Figure 4. l 1 shows the mean gap model which is representative of all
the axisymmetric models.

The model shown in Figure 4.1.1 is truncated at the intersection with the support structure. The support structure, as
shown in Figure 2.0.1, was assumed to provide fixity at this point. In addition, the lower head is present only to
complete the pressure boundary and is not part of this evaluation. SNL has taken efforts to insure that failure will not
occur in this area.
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Figure 4.1.1
SCV and CS Axisymmetric Shell Model - Mean Gap

The finite element mode] was constructed of 248 ABAQUS SAX2 elements which are three-node thin or thick
quadratic axisymmetric shell elements. The element allows wransverse shear but becomes a discrete Kirchoff thin shell
as the thickness decreases. Two-point integration of a quadratic interpolation function is used for the element’s
stiffness matrix and three-point integration of a quadratic interpolation function is used for the distribution of loads.
The element also has the ability to account for reduction of thickness dus 10 siretching parallel to its mig-surface. A
full discussion of the element’s theory is given in Reference (6).

The contact definition between the SCV and the CS is simply defined in ABAQUS by creating surface definitions
which specify the elements or nodes associated with a given surface. The surfaces that may contact are then paired in
a master-slave relationship and properties of the interaction, such as friction, defined. Contact is enforced in the
algorithm by ensuring that the slave surface (SCV) must conform to the master surface (CS). That is, that nodes on
the slave surface cannot penetrate the master surface, but master nodes can penetrate the slave surface. Obviously,
penetration of the slave surface by the master surface nodes is to be minimized and this is accomplished through mesh
refinement and the use of matching meshes between the paired surfaces. Care was taken to use matching meshes on

the SCV and CS by a normal projection of the SCV mesh on to the CS. Mesh refinement studies were also performed
10 assure a convergent solution.

There are two solutions available in defining the stiding behavior of contact surfaces with nonlinear geometry. A
finite sliding solution may be utilized which permits arbitrary separation, sliding and rotation of the surfaces, or small
sliding may be used, in which arbitrarily large rotation of the surfaces are allowed, but it is assumed that a slave node '
will interact with only the same Jocal area of the master surface. The computational savings that the small sliding
solutions possess can be substantial, particularly for three dimensional interaction problems. For the axisymmetric
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shell models. the savings were insignificant. however the results from both solution methods were nearly identical.
This information was used to reduce the computational expense in performing the three dimensional gencral shell
analyses.

The contact behavior may also be modified in 2 varicty of ways. Two methods which are pertinent to this evaluation
are the default hard contact model and the sofiened contact model. Figure 4.1.2a illustrates the contact definition of
the hard contact model. When the surfaces are in contact, any pressure stress can be transmitted between the contact-
ing surfaces. ’

Contact Contact
Pressure Pressure
Any pressure possibie when
in contact
Y Po L Exponential relationship
No pressure when no contact /
- / > f——— >
Figure 4.1.2a Hard Contact Mode] Figure 4.1.2b Softened Contact Model

This particular method had convergence problems for several of the parametric models which were evaluated. The
sofiened contact model, as shown in Figure 4.1.2b, is useful when there is & thin, relatively soft coating on one or both
of the surfaces. Per Reference (2), the SCV has four independent layers of primer or paint with a total paint thickness
ranging from 3 mm to 5 mm. Contact occurs in this mode] when the gap distance decreases 10 2 value of ¢. The
pressure transmitted between the surfaces then increases exponentially with further approach. Values of ¢ = .001
meters and Pi=1.6 X 107 Pa were used which resulted in 2 maximum over-closure of approximately 1.7 mm. This
result is entirely plausible since compression of the paint to this level is reasonable. In addition, the variation of results
between the hard and softened contact models is well within the variability in the as-built gap data. The softened
contact model also removed the convergence difficulties experienced with the hard contact model and reduced the
number of equilibrium iterations required in the overall solution.

Classical Coulomb theory was used to define the frictional contact between the SCV and CS. The default. stiffness
method was used 10 implement the friction theory. This method permits some relative motion when the interface
should be sticking. The amount of slip permitted is controlled through the specification of an allowable elastic slip
distance. The larger the slip distance, the more rapid the rate of convergence at the expense of solution accuracy. In
practice, the program scans the contact surfaces and calculates "a characteristic contact surface face dimension,"” ;.
The allowable slip distance is then kept below a small fraction Fy of I;. The default value of F; =0.005 was used in
all analyses. The axisymmetric model was evaluated with a coefficient of friction, p=0.0 (no friction), B = 0.4 (steel
on steel in air, Reference (7)) and p = 0.2 (steel on steel lubricated, Reference (8)) to assess the effects of friction on
the response of the SCV. In one of the parametric evaluations, the CS is assumed to be linearly elastic. For this case,
an extension of the standard Coulomb mode] which permits the specification of a shear stress limit was used. With
this model, regardiess of the magnitude of the normal pressure stress, sliding will occur if the magnitude of the shear
stress reaches the value of the specified limit. The shear stress limit was set to the minimum yield value of SA516
Gr70 steel (262.0 X 10° Pa).

Internal pressure was incrementally applied to the inside surfaces of the SCV based on the automatic load stepping

procedure available in ABAQUS. By defauli, this pressure is applied normally to the surface regardiess of the rotation
of the surface. .

E-271



4.2 Quarter Symmetry Shell Model:

The SCV can be ideally represented with a half symmetry model if variations in circumferential dimensions are
averaged. If the effects of the equipment hatch are localized. a quarter symmetry model may be used, which effective-
ly models a duplicate penetration on the opposite side of the SCV. In order to reduce the model complexity and
analysis cost, a quarter symmetry model was constructed and the free field results compared to an axisymmetric model
(no hatch modelled). Excellent agreement between the two models was present. These findings substantiate the
assumption that the effect of the batch is localized and the benefits of a half symmetry model would be negligible.

The quarter symmetry shell model, shown in Figure 4.2.1, was therefore used 10 evaluale the response near the equip-
ment hatch. The model is based on the same properties as the mean axisymmetric models. Mean as-built thickness
data (See Table 4.1.1 and Table 4.1.2) was used as well as a mean as-built gap of 21 mm (as compared to the nominal
gap of 18 mm). No variation in thickness or gap was supplied around the circumference of the model. The as-buiit
gap data around the hatch was significantly larger than the data supplied away from the haich. This is most likely
auributed to distortions in the shell structure due to extensive welding in the area” The mean gap around the equipment
hatch was therefore increased to 25.7 mm based on data supplied in Reference (3). The gap size transition is located
at the SPV490 hatch reinforcement plate to conical shell interface. Variable thickness shell elements were used at this
transition to model the thickness transition from the thin conical shell to the thick reinforcement plate, Variable
thickness shell elements were also used at the knuckle and lower shell sections similar to the axisymmetric models.
The radial separation between the hatch cylinder and the CS was set at an average 25.5 mm as shown in Reference (3).
The finite element model is constructed of 4724 ABAQUS S3R and S4R thin or thick, reduced integration, finite
membrane strain elements. Default hourglass stiffness values were used to control the spurious modes which may
occur in lower order reduced integration elements. The finite membrane strain elements allow thickness change
(thinning of the element) and permit transverse shear stress output. Reference (6) presents a detailed discussion on the
formulation of the S3R and S4R elements. Higher order elements such as 8-noded quadratic shell elements were not
utilized since they do not account for shell thinning, which was shown to have a si gnificant effect on results at higher
internal pressures. The contact interaction between the SCV and CS utilized the small sliding solution, previously
discussed, with the softened contact model shown in Figure 4.1.2b. The mode] was evaluated with a coefficient of
friction of p= 0.0 (no friction) and p = 0.4 (steel on steel in air, Reference (7)) as was done for the axisymmerric
models. '

In order to perform a more refined analysis around the equipment haich, a submodel was constructed which effectively
quadrupled the number of finite elements around the hatch vicinity. Figure 4.2.2 shows the refined submodel which
was evaluated using the submodelling options available in the ABAQUS computer program. With this analysis
option, the model shown in Figure 4.2.1 is defined as the global model. Edge displacements are then automatically
interpolated from the global model onto the submodel. All other symmetric boundary conditions, pressure loads and
contact definitions were applied to the submodel, as was done for the global model. In applying the edge
displacements, only the translational values were applied to the perimeter elements since the interpolation scheme
used in ABAQUS is inappropriate for shell rotations which are not linearly related. Rotations are therefore applied
by the coupling action of the two driven nodes of a particular perimeter element. Comparison of results in the free
field between the global model and submodel show very similar results. A detailed discussion of this submodel
analysis option can be found in Reference (4). v , '
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Figure 4.2.1
Quarter Symmetry Shell Model of the SCV and CS
{CS Shown in Phantom)

Figure 4.2.2 Submodel of Equipment Hatch Area
CS Removed for Clarity - X Marks Location of Driven Edge Displacements
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43 Axisymmetric Solid Models

Three axisymmetric solid models were developed 10 evaluate, in detail, the localized response around several of the
transition areas. These transition areas are characterized as locations around vessel stiffeners or significant changes in
shell geometry which result in substantial strain concentrations. The axisymmetric models previously discussed do
not possess the model detail necessary to accurately capture the steep strain gradients near these transitions. In
addition, several of the required response locations are near the transition regions and it was necessary to verify that
the strain gage locations were far enough from the severe strain gradient such that simple axisymmetric shell models
could be used. All models were based on mean as-built thicknesses (Table 4.1.1) and mean gap data (gap=21.0mm).
The contact interaction between the SCV and CS utilized the finite sliding solution, previously discussed, with the
softened contact model shown in Figure 4.1.2b. The models were evaluated with a coefficient of friction, p = 0.0 (no
friction), u = 0.4 (steel on steel in air, Reference (7)) as was done for the axisymmetric shell models.

Each solid model was primarily constructed using CAXSR 8-node biquadratic, reduced integration axisymmerric solid
elements. Six-node quadratic CAX6 elements were used in mesh transition areas. These elements were selected over
lower order elements due to their superior performance under bending loads. A detailed description of the axisymmet-
ric solid element formulation can be found in Reference (6). Based on comparative studies to axisymmetric shell
models, a minimum of four elements through the shell’s thickness was used in order to accurately capture the through-
thickness nonlinear strain distribution associated with the bending response.

The first section modelled encompasses the region from the top head to just above the upper 19 mm reinforcing ring
of the spherical shell. In order to evaluate the effects of variations in the contact point between the SCV and the CS
at the knuckle, rwo models were created. For the first model, the opening at the top of the CS was governed by the
design height of the CS above the support structure and the assumed 21 mm mean gap. This modelling choice resulted
in a relatively large open space at the top of the contact sructure with contact between the SCV and CS occurring at
the bottom of the knuckle. This model is shown in Figure 4.3.1. For the second model, the CS was extended such that
the open space was equal to the mean value from Reference (3) from Hole #19 or 25.91 mm. This results in contact
in the thicker section of the knuckle. A close-up detail of the knuckle region of this model is shown in Figure 4.3.2.
Each model consists of axisymmetric shell elements in the head area which transition to axisymmetric solid elements
at the top head cylindrical shell. Multipoint Constraint Equations (MPC’s) were used at the shell / solid model
interface to insure continuity. Twenty SAX2 quadratic axisymmetric shell elements were used in the head area while
2494 and 2654 quadratic axisymmetric solid elements were used for the remainder of the model for the first and
second models respectively. Base motion data derived from the axisymmetric shell model was applied 10 the lower

boundary of the spherical shell. MPC's were 2gain used to apply the single node shell response data to the multiple
node solid model. :

The second section modelled, shown in Figure 4.3.3, is of the lower 19 mm reinforcement ring just above the elevation
of the top of the equipment hatch. The model was constructed of 1974 CAXSR elements. Base motion data derived
from the axisymmetric shell mode] was applied to the upper and lower portions of this model.

The third section, shown in Figurs 4.3.4, models the intersection of the SPV490 conical shell with the SPV490 cylin-
drical shell. Two reinforcement rings are located just above the intersection. The model was constructed of 1472

CAXSR elements. Base motion data derived from the axisymmetric shell model was applied to the upper and Jower
portions of the model.
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Figure 4.3.1 - Axisymmetric Solid Model Knuckle Region
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Figure 4.3.2 Axisymmetric Solid Model Knuckle Region Detailed View
Based on Average Gap Distance of Reference (3) Hole 19 Measurements
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Applied Base .
Figure 4.3.3 Axisymmetric Solid Model Lower 19 mm Reinforcement Ring

Applied Base
Motions ~._

Appied . .
Base Motions

Figure 4.3.4 Axisymmetric Solid Model Conical Shell Cylindrical Shell Interface
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5.0 Parametric Investigation - Axisymmetric Shell Models :

Axisymmetric shell models were used 10 economically evaluate a variety of model parameters from model geometry 1o
analytical solution strategies. Table 5.01 lists the major features of the models evaluated.

"m"' g:n") Thickness | Stiding | Comact | Friction cs
1 21 Mean Finite Hard 0.40 Inelastic
2 21 Mean Finite Hard 0.40 Elastic
3 21 Mean Finite Hard 0.00 Inelastic
4 2 Mean Finite Softened 0.00 Inelastic
5 21 © Mean Finite Schened 0.40 Inetastic
] 21 Minimum Finite Hard 0.40 Inetastic
7 17 Mean Finite Sottened 0.40 inelastic
[] 21 Mean Small Mard 0.40 inelastic
] 24 Mean Finte Sofiened 0.40 tnelastic
10 21 Mean Finite Scftened 0.20 inelastic

Table 5.0.1 Axisymmerric Shell Model Parametric Evaluation Reference Index

Selected plots are presented here to illustrate the variation in response that can be expected due to variation in the SCV and
CS geomerry including plate thickness and gap measurement as well as unknowns such as contact friction between the
SCV and CS. Itis believed that these evaluations represent bounding cases with respect 10 the variable which is being
perturbed (i.e. gap size, plate thickness, frictional constant) but not necessarily 2 solution for 2 worst case analysis with
respect to failure. Since the major purpose of this effort is to predict response behavior, mean property finite element
models are more appropriate. The parametric evaluations will be used to 2id in the assessment of the overal] accuracy of
the mean solution. Numerical perturbations were also evaluated 1o assess the effects of finite sliding versus small sliding
solutions, hard versus softened contact interaction and the effect of the use of inelastic material properties on the CS.

Figure 5.0.1 shows the effect of gap distance on hoop strain for two internal pressure levels. As expecied, the gap distance
has the most dramatic effect on response only in the contact region. The graph was developed by plotting nodal averaged
hoop strains as a function of relative distance along the SCV surface for a selected pressure level. Table 5.0.2 presents an
index 12ble of relative distance along the SCV for key areas of interest for use with the figures presented in this report.
Automatic load stepping, in which ABAQUS controls the incremental increase in load based on the previous load
increment convergence rate, was used in all analyses. Therefore. discrete pressure values across the various analyses
performed are not exactly equal. :

Figure 5.0.2 illustrates the effect of plate thickness on the response of the SCV. The portions of the SCV above the upper
19 mm ring. which are not in full contact with the CS a this pressure, show the most significant change in response. The
load sharing natre of the thicker CS tends to mitigate the effects of the thickness variations in the shell plating below the
19 mm ring where uniform contact is achieved at a lower pressure,

Location Apex of Head Top@m Top of Knuckl Botiomn of Upper_wm l.nuer"wmm
SGVas0 Ring Knuckle Ring Ring
Material Distance Along
sCv 0.00 0.828 (X1} ] 1.00 1.844 24385
{meters)
SGvasy Lower Conical
Location SPV450 Lower§.5 mm Lower 125 mm ShellLower Tep of Bottom Suppont
£PVas0 Materia! Ring Ring Cytinarical Head Insert Stucture
Material Irterface Shell interface
Distance Along
sCcv 29398 3674 3.775 3197 4,348 4818
(meters)

Table 5.0.2 Relative Distance along SCV for Key Areas
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Figure 5.0.1 Gap Parametric Results
Outside Hoop Strains versus Relative Distance Along SCV.

004 = ==+ Gap 24 ram Mode) 9 P=5.75 Mpa
e Gi2p 21 mm Mode] § P=5.24 Mpa
1 | = Gap 17 mm Mode] 7 P=5.63 Mpa
003 :
I
)
\
1
L1 ha B9
0.02 ) 4 -
001 I
‘V
001
0 1 2 3 4 s
Relative Distance meters
062 —— Mean Thick Model | P=5.82 Mpa
,,.\ — ==« Min. Thick Modsl § P=5.82 Mpa
0.015 ~
\
- \
1
1
0.01 T
i
\
\ f\\
]
0.008 \}‘, N
0
-0.005 :
0 1 2 3 4 s

Relative Distance meters

Ouside Voo Stesin i

2 3 4
Relative Distance meters

0.03 Mean Thick Model | P=5.52 Mpa
13 | ===« Min Thick Model 6 P=5.52 Mpa
\
\
0.02 ‘\
'WiRa
\
\ \
' \}
1 \]
001 T ¢
“ L
g
\l I, r\\
. —\VN
001
0 1 2 3 4

Figure 5.0.2 Thickness Parametric Results .
Vertical Displacement and Outside Hoop Strain versus Relative Distance Along SCV
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Figure 5.0.3 shows the effects of friction on the displacement and strain response of the SCV. The mcan thickness. mean
£ap models were evatuated with coefficient of friction values of 1 = 0.0 (no friction). it = 0.4 (sicel on steel in air.
Reference (7)) and p = 0.2 (steel on steel lubricated, Reference (8)). With no friction, the SCV not only has positive
vertical deflections due the pressure on the top head surface, but also some negative vertical motion due 10 bulging of the
lower SPV490 cylindrical shell into the larger gap at the base of the CS. Frictional forces effectively negate the downward
effective pressure. A comparison of the two evaluations which wtilized frictional values shows very similar response. It
is therefore believed the the actual response of the tesied vessel will tend 1oward results which assume some level of
friction. The level of friction, as Jong as reasonable, should only have minor effects on the general response of the SCV.

Figure 5.0.4 shows some selected results from the parametric evaluation of analysis assumptions. The comparison of hard
contact results with the results of a sofiened contact model show very similar response. The use of the sofiened contact
model was used 10 solve convergence problems in some of the analytical evaluations as well as, in 2 general sense. model
the compression of the three to five millimeter thick SCV painted surface. The comparison of a finite sliding solution 10
the more economical small sliding solution also shows nearly identical results. This information was used in the quarter
symmetry shell model and associated submodel to reduce computational costs. ,

At approximately 8.5 Mpa (1200 psi) the SCV shell response tends to show some deviations from the inclastic versus
elastic treatment of the CS. At approximately 11.2 Mpa (1600 psi) the effect of the inelastic behavior of the top portion of
the CS is significant. The material properties used for the CS are only an approximation and represent 2 lower bound to
the strength of the SAS16 Gr70 steel. If pressures in the SCV exceed 8.0 16 9.0 Mpa before failure, it will be necessary to
obtain more exact material behavior for the CS for the post test evaluation.
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Figure 5.0.3 Coefficient of Friction Parametric Results
Vertical Displacement and Outside Hoop Strain versus Relative Distance Along SCV
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Figure 5.0.4 Analysis Assumptions Parametric Results
Outside Hoop Strains versus Relative Distance Along SCV

6.0 Quarter Symmetry Shell Model Analysis Results :

The quarter symmetry (modelled from a global theta angle, 8, of 0.0 degrees 1o 90 degrees) shell model shown in Figure
4.2.1 was evaluated assuming a coefficient of friction of 0.0 and 0.4. Results for the friction evaluation are presented in
this section. The model was loaded with an internal pressure load which was incrementally increased until a convergent
solution could no longer be obtained for a specified minimum load increment. A minimum load increment value of 1400
Pa (0.2 psi) was uscd for all analyses. Maximum pressures achieved in the simulations for the frictionless and friction
models were 13.51 Mpa (1959 psi) and 13.57 Mpa (1968 psi) respectively. This is consistent with the axisymmerric
models evaluated. No material failure algorithm was used in any of the analyses, so these pressures do not represent a
failure condition but merely the level of pressure in which a stable solution could be found for the specified default
equilibrium tolerances. Figure 6.0.1 shows a displaced fringe contour plot of the SCV with friction for the hoop
component of strain at an internal pressure of 8.60 Mpa (1250 psi). The effects of the equipment hatch on the uniform
strain field are readily apparent.

Hoop strain versus relative distance along the SCV at a model global theta angle, 8g,, of 45 degrees (free field) from the
shell model are compared 1o the axisymmetric results in Figure 6.0.2 for two pressure load levels. Ascan be seen, free
field strain results away from the equipment hatch are very similar to the axisymmetric shell model. This validates the use

of the economical mean parameter axisymmerric shell model results for the required free field result predictions locations.

The contact propagation for the friction model is show in Figure 6.0.3 by plotting the gap distance versus relative distance
along the SCV for various discrete pressure levels. The X-axis distance is taken relative 1o the lower portion of the
knuckle. The path along the SCV was taken at 2 model global theta angle, 8. of 45 degrees (free field) and 90 degrees
(center of equipment hatch). The gap of approximately 21 mm and 25 mm around the equipment hatch is shown in the
first incremental increase in pressure. The gap distance below the lower reinforcement rings then increases dramatically
based on the CS geomerry. First contact takes place in the lower knuckle region at an approximate pressure of 3.5 Mpa
(500 psi). The next area of contact is in the center of the upper conical shell section (conical shell 3) at a pressure of
approximately 3.9 Mpa (550 psi). Contact spreads throughout the conical section and then to the spherical shell. The
reinforcement rings are clearly visible in the contact plots as local peaks in the gap distance.

Results from the submode] (Figure 4.2.2) of the hatch area are consistent with those of the quarter symmetry model but
with a higher level of resolution in the steep strain gradient areas of the model.
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7.0 Axisymmetric Solid Mode! Results :

The axisymmetric solid models were evaluated with coefficient of friction values of 0.0 and 0.4. Responses from the
friction model were compared to results from the mean property axisymmetric shell model.

Hoop strain and inside equivalent plastic strain (PEEQ) versus relative distance along the SCV (measured from the apex
of the top head) were plotted at a selecied pressure for the models of the top head/knuckle region for a coefficient of friction
of 0.4. These strains are shown in Figure 7.0.1. Strains from the mean property axisymmetric shell model are shown on
the same plot. Note that the discrete pressure values plotted are not identical for 21l models due 1o the automatic load
stepping scheme used by ABAQUS. The response comparisons show generally good correlation between the axisymmet-
ric solid models and the axisymmetric shell models. The more detailed and refined solid models more accurately capture
the strain gradients. Since the axisymmetric solid models included the fillet welds and the thickness of the reinforcement
ring, the peak PEEQ strains at these stiffeners vary in magnitude and move from the ring centerline in the shell model to
the weld toes in the solid models. Comparisons between the axisymmetric solid models show the sensitivity of the strains
in the knuckle region to the contact structure geometry. Horizontal and vertical displacements versus relative distance

- along the SCV are shown in Figure 7.0.2. This plot shows the sensitivity of the head and knuckle displacements 10 the
contact structure geometry. The mean CS opening configuration is considered more representative of the actual test
condition. The first modelling configuration will be used to aid in the assessment of the overall sensitivity of the knuckle
response behavior. A deformed shape of the mean opening model a1 a pressure of 5.68 Mpa is shown in Figure 7.0.3. Note
that the appearance of the penetration of the SCV into the CS is from the softened contact model. which in a general sense,
approximates the compression of the SCV painted surface. The mean opening mode] was also evaluated assuming no
friction between the SCV and CS. A solution for this model without friction could not be obtained beyond 5.85 Mpa due
to solution convergence problems in the contact algorithm.
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Hoop strain and inside PEEQ sirain versus relative distance along the SCV for a coefficient of friction of 0.4 were plotied
at a selected pressure for the model of the lower 19 mm reinforcement ring just above the equipment hatch in Figure 7.0.4.
Similar plots for the model of the intersection of the SPV490 conical and cylindrical shells are shown in Figure 7.0.5. The
Tesponse comparisons show good correlation between the solid and shell models. Some variation is shown at the ring
stiffeners due 10 the added detail and mesh refinement of the solid models. Differences in PEEQ strains at the solid model
boundaries are due 10 the MPC's used 1o apply the base motion data and clearly do not affect model response away from

the boundaries.
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8.0 Head Buckling Evaluation :

As the SCV is intemally pressurized. compressive hoop strains increase in the lower head region and hence thercis a
possibility for buckling 10 occur prior 10 a material failure of the structure. The buckling response of a spherical shell is
also known 10 be sensitive to imperfections in geometry. Since the type of imperfections are unknown. a typical
assumption is that the imperfection in the geometry be defined by the lowest buckling eigenvalues of the structure. This
is believed to be the most critical prestressed shape the structure could possess and therefore the most conservative. The
maximum compressive hoop strain is at the center of the 166.7 mm radius in the Jower head area on the inside surface.
Figure 8.0.1. derived from the mean propeny axisvmmetric model (Table 5.0.1 Model No. 5) shows the inside hoop strain

as a function of internal pressure. The strain increases up to a pressure of 11 Mpa (1600 psi) and then decreases as the top
head is deformed into a purely spherical shape.

oo Shell Moded Nede 33 ] : i
|
o
§ oo | 5
| |
1
B I\\\ V
o \\\ I
N //l
0 ] nrna P e ] 5
Figure 8.0.1

Maximum Compressive Hoop Strain - Mean Axisymmetric Model 5

To determine the pentinent eigenvector shape or imperfection for the inelastic buckling analysis, a three dimensional shell
mode] of the area on the head which is in compression was developed. Only this portion was modelled, since the goal was
1o extract the lowest eigenvalue and associated eigenvecior in the area under compression. Additions to the modsl would
have caused this lowest buckling mode to shift to more flexible portions of the structure as investigations have proven.
Figure 8.0.2 shows the shell model used in the eigenvalue buckling analysis. For these evaluations, design thickness
values were used which are below the minimum as-built thicknesses. Boundary conditions are at the top and bottom edges
of the shell. solely in the meridian direction. A uniform external pressure load was applied to the shell surface and the

lowest buckling mode shape extracted. The mode is a fourteen wave asymmetric shape which is consistent with the results
presented in Reference (9).

The mode shape amplitude, by default, was normalized 1o 2 maximum value of one. A scaling factor of 0.003 or 50 percent 1
of the head shell thickness was then applied to the displacement response using the Reference (10) program to obtain the ;
perturbed mesh shape. This level of imperfection is believed to be a conservative estimate of any actual as-built geometry.

Figure 8.0.3 shows the perturbed mesh mode) of the head area which is comprised of 2592 three or four noded finite strain :
elements (S3R, S4R). Pinned boundary conditions a1 the lower cylinder edge supply stability for the solution. The 3
evaluation was performed up 10 a pressure of 12.87 Mpa (1870 psi) with no true instabilities reported by the numerical

solver nor any instabilities in the displacement response. It is very unlikely that the SCV will be able to obtain such a
pressure without a material failure occurring somewhere in the structure due to the high strains that are present. Based on .
these analyses, the head area has a2 minimum potential to experience a buckling failure.
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9.0 SCV Standard Output Discussion :

In Reference (1). SNL requested al participanis 10 supply response predictions at 39 sensor locations for comparison to
test results. The requested data consists of vertical and horizontal displacement response. as well as meridian. hoop and
maximum principle strain results. The locations supplied in Reference (1), Table 16 were based on desi gn drawings of the
SCV. Notes were provided 10 relate the gage locations 10 adjacent stiffeners. welds, the knuckle. the hatch sleeve. etc. In
Reference (11), the sensor locations were updated and four additional sensors were added. However, the updated locations
were based on the as-bulit elevations for the SCV and the notes supplying relative locations were not updated. The new
locations for sensors 11-39 were given as elevations in the global axis system, but the as-built elevations for critical
locations such as the knuckle, reinforcement rings, weld joints, etc. were not supplied. The gage location with respect to
the adjacent stiffener, weld joint, or knuckle is the critical parameter. Based on the above discussion angd conversations
with SNL. the relative locations from the Reference (1), Table 16 notes were maintained with the exception of gages 1-10.
The locations for these gages were based on the local hatch or head coordinate systems. Since the updated locations were
shified significantly from the Reference (1) locations, and since the locations were based on local coordinate sysiems, the

updated data was used. The as-built data was also used for locations 40-43

Reference (1). Since the gage locations were estimated, differences,

point comparisons to the test data are expected.

Results for both the friction (4= 0.4) and non-friction evaluations are
of this report. Mean model geometry, based on the as-built data s

since these gages were not supplied in
particularly in the transition regions, in the point 1o

included in the Appendix A Standard Output portion
upplied in Reference (3), was used in all the evaluations.

Mean thickness (except for the locally thinned submode) as noted). gap, elastic modulus and plastic strain behavior values

were used consistently throughout the various simulations. The soften

used exclusively to mitigate solution convergence difficulties.

Table 9.0.1 lists the finite element models which were used for each P
models were used to evalvate free field response data, the axisymmerri

ed contact model, previously discussed, was also

ot ID requested. In general, the axisymmetric shell
c solid models were used to evaluate transition areas

around stiffener locations or rapid thickness changes and the quarter symmetry shell model and associated submodel of the
hatch area were used to evaluate response points in the hatch vicinity.

Category Pit 1D OQutput Quantity Numnerical Model Category Pt 10 Output Quantity Numerical Model
Equip. Haich Arsa 1 MAX. pein. sirain 3-D shedl suomodel Free Field 21 exl. mend.strain axisymmetric shell
Equip. Hatch Ares 2 Max, prin. strain 3-D shell submoast Free Field 2 int. menid.strain axsymmetne shelt
Equip. Hatch Area 3 ox\. merid.stran 3-D sheld submodsl Free Field 23 ext. hoop strain axisymmetric shell
Equip, Hatch Area 4 int. merid.strain 3-D shell submodsl Free Field 24 int. hoop strain ssymmene shell
Equip. Hatch Area s ext. hoop surzin 3-D shell submodel® Free Fielo 5 exi, merid.strain 3-D shell model
Equip. Hatch Ares L] inl. hoop stirain 3-D shell submodel® Free Fietd 26 ik, merid.strain 3-D shell model
Top Head 7 M pn. SYan axisymmatric shelt Free Field 2?7 ex1. hoop strain 3-D shell model
Top Head [ ] x1. hoop strain axisymmetric shell Free Fisid 28 int. hoop strain 3-D shell modsl
Top Head ® ext. merid.strain axisymmetric sheld Free Fislo 29 int, mend.stran axisymmetne $okd
Top Head 10 k. mernd.strain adsymmetnc shell Free Fieig 30 . i, hoop strain Axisymmetric soiid
Transition Regions n exi. mend.stran axsymmetric sokid Free Field n i, maerid.sirain axisymmetric shell
Transition Regions 12 int. mend.strain axsyrmmetne sokd Free Fietd b~ int. hoop strain axisymmeme shell
Transition Repions 13 ext, merid.siran axisymmetnc sokd Free Field 3 Int. merid. strain axsymmetric shell
Transition Regions " int. mend.strain axusymmetric soig Free Fisig 34 int. hoop strain axisymmetric shell
Transition Regions 15 ext. mend.strain axisyrnmetric sokid Displacemeants 35 vertical axisymmetns shell
Transition Regions 16 int. mend.strain ausyrmmetric solid Displacements 36 horizontal ROSymmetric solid
Transition Regions 7 ext. merid.strain axisymmetnc shed Displacements 7 horizortal axisymmetric solid
Transition Regions 18 int, merig.strain axisyrunetnc shel Displacemnents 38 ventical Axisymmetnic sokg

| Transtion Regions 19 | et mendsiain | axsymmewc sokd Displacements » horizortal 3-D shell model
Transition fegions 20 inl. mend.strain axisyrenetric solid Equip. Hatch Area 40 int. merid. strain 3-D shell submodal *
Equip. Hatch Area 41 i, hoop stmain 3-D shell submodet
Equp. Hatch Area 42 int. mend.strain 3-D shell submocel *
Equi. Hach Ares 43. . hoop strain 3-D shelt submodel *

Table 9.0.1 Standard Output Model Identification
(* locally thinned shell submodel).
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10.0 Key Results (First Yield, First Contact. Critical Areas)

This section discuses the predicted results associated with certain key events that occur during the pressurization of the
SCV. as well as the identification of highly strained areas on the SCV.

The SCV has a design pressure of 0.78 Mpa (113 psi) based on the design pressure of the full scale steel containment vessel
from which the SCV is based. To determine the first yield pressure and location, all analytical models previously presented
were reviewed 10 identify the critical areas of the SCV. The first yield pressure is based on 2 Von-Mises stress intensity as
compared to the minimum yield limit stress specified in Reference (2) for the SGV480 (6,=265.0 Mpa) and SPV490
(6y=490.0 Mpa) sicels. As tested material properties were not used for this evaluation, therefore the estimates of vield
pressure are conservative due to the use of minimum yield stress values. First yield pressure occurs at a pressure of 1.0
Mpa (145 psi) as determined by the mean gap opening axisymmetric solid model of the knuckle region (Figure 4.1.2). The
maximum Von-Mises stress occurs at the bottom of the knuckle on the outside surface. Yielding also occurs at a slightly
higher pressure of 1.3 Mpa (190 psi) where the material interface weld intersects the hatch reinforcement ring. This
evaluation is from the mean thickness shell submodel of the equipment hatch area (Figure 4.2.2). Local thinning of the
plate, as defined in the as-built conditions of Reference (3), may reduce this first yield pressure t0 as low as 1.1 Mpa (160
psi).

First contact between the SCV and the CS occurs in the knuckle region at 2 pressure of 3.2 Mpa (470 psi) as determined
from the mean gap opening axisymmetric solid model. This model is the best average estimate of the as-built conditions
of the SCV and CS and therefore these results represent an average estimate and not a minimum estimate of the first contact
pressure. The less refined, quarter symmetry shell model (Figure 4.2.1) first contact prediction was approximately 3.5 Mpa
(500 psi). This small difference in results (~6.0 %) can also be atributed to the different load increments which were used
in each of the respective analyses. The propagation of contact, as the internal pressure is increased, is further discussed
and illustrated in Section 6.0.

There are 2 number of critical areas in the SCV which are possible Jocations of failure. No material failure algorithm is
readily available in the ABAQUS/Standard Finite Element Program which was used throughout this pretest evaluation.
Since the loading is quasi-static, and the SCVisa complex welded structure, it is believed that such an automatic material
failure model is unnecessary. Instead. the material minimum ultimate strain limit, which represents a material's point of
ductile instability (necking), was chosen as an appropriate starting point for an assessment of a critical failure pressure.
This ultimate limit would be subsequently reduced by a factor based on variations in analytical results derived from
parametric investigations. A numerical technique which was originally intended for an objective comparison of time
history data (Reference (12)) was used 1o derive average reduction factors for differences in response prediction over the
SCV surface. For example, 2 comparison of mean £ap versus maximum gap results data (Figure 5.0.1) results in an
average difference of approximately 10.0% along the surface of the SCV. A reasonable reduction factor for the uliimate
strain value for this parametric variation would therefore be 1.10. Similarly, reductions for thickness and friction variation
would be approximately 1.10 and 1.02. The thickness reduction factor does not include the Jocal thinning around the
equipment hatch reinforcement plate since this detail was not modelled in the axisymmetric evaluations. The local
thinning around the hatch was evaluated separately by 2 shell submode] with minimum plate thickness near the equipment
hatch reinforcement plate. The friction reduction factor was derived from 2 comparison of the p = 0.4 and p = 0.2
evaluations since 2 zero friction case is improbable.

Additional reductions in the ultimate strain value would be based on unknowns in the as-built structural details such as
quality of construction, weld defects and surface flaws. A mean reduction factor of 1.10 was used in Reference (13) 10
account for these types of unknowns and will be used here as well. Further reductions due 10 material variability were not
performed since mean as-tested material properties were used in the numerical simulation, but minimum ultimate strain
limits were used in the evaluation of the peak equivalent plastic strains. The analytical models, in varying degrees. capture
the critical geometric characteristics of the SCV and CS. Since the more refined models are vsed in assessing the peak
plastic strains, no reductions were performed for the level of analysis detail.

A review of plots which depict maximum equivalent plastic strains versus interna! pressure would be prudent to insure that
relatively stable behavior is also present at the reduced ultimate strain limit. Figure 10.0.1 illustrates the rapid increases in
strain which can occur with a relatively small increase in pressure. This result was taken from the mean shell submodel,
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Figure 4.2.2, near the material interface line and hatch reinforcement plate area. Figures 10.0.2 through 10.0.4 show
critical areas of equivalent plastic strain concentration in the knuckle region, the intersection of the cylinder and conical
shell and the equipment hatch area. Note that the appearance of the penetration of the SCV into the CS, as shown in Figure
10.0.2, is from the softened contact model, which in a gencral sense, approximates the compression of the SCV painted
surface. Based on these evaluations, the equipment hatch area appears to be the most susceptible to failure due 10 the lower
ultimate strain Limit of SPV490 steel as well as the significant hoop strains which are present. In addition, Reference (3)
identified local thinning of the SPV490 and SGV480 steel plate in the vicinity of the equipment hatch. To address the
effects of the plate thinning, a shell submodel with the minimum plate thickness measured for the respective materials was
developed. The thickness of several elements was reduced 10 7.4 mm (9.0 mm design thickness) for the SPV490 steel and
7.6 mm (8.5 mm design thickness) for the SGV480 steel.
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Figure 10.0.1 Representative Equivalent Plastic Strain History
Mean Shell Submodel - Friction = 0.4 - SPV490 Material

Figure 10.0.2 Deformed Fringe Contour Plot of the Mean Model Knuckle Region
PEEQ Strain - P=6.97 Mpa (1010 psi) - Deformed Scale = 1.0
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The local plate thinning had a significant effect on the concentrated equivalent plastic strains. While the model
conservatively utilized the minimum thickness value for the thinned area, it does show the sensitivity of this area to the
as-built conditions. Figure 10.0.5 shows a comparison of equivalent plastic strains (PEEQ) between the mean thickness
shell submodel and the locally thinned shell model for the SPV490 material in the locally thinned area identified in Figure
10.0.4.
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Figure 10.0.5 Comparison of Mean Thickness Shell Model 10 Locally Thinned Shell Model
Equivalent Plastic Strain versus Internal Pressure
SPV490 Material - Inside Surface

11.0 Conclusions

The response predictions at the standard output Jocations represent mean value data and therefore may be sither conserva-
tive or unconservative as compared o the test response data. This is particularly true for the evaluations which include
friction which are considered 10 be more representative of actual test conditions. The parametic evaluations which were
performed using variations in gap distance, plate thickness and contact location illustrate the level of deviation between
predicted response and test data which can be expected.

Section 10.0 presented several critical areas in which failure of the SCV could initiate. This does not, however, preclude
failure in other areas of the SCV which may be caused by unknown as-built conditions such as poor weld penetration. The
maximum pressure level prediction for which there is a high conficence (>95%) that there is 2 low probability of failure
(<1%). as requested in Reference (1), is submitted under separate cover to insure anonymity.
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Low Probability of Failure Pressure Prediction:

Reference (1) requested each panticipating organization 1o state what maximum pressure the SCV would
obtain prior to failure. This prediction is 10 be defined such that there is a high confidence (>95%) that there
is a low probability of failure (<1%) of the SCV.

As discussed in Section 10.0 of the pre-test report, Electric Boat Corporation proposed the use of the
minimum ultimate strain reduced by a series of reduction factors to account for variation and unknowns in
the as-tested SCV as the method for determining a suitable maximum pressure. The equipment hatch area
below the material interface line was identified as a possible location for failure initiation. This location
represents a critical area due to (1) the use of the lower ultimate strain limit SPV490 stee] as compared to -
SGV480 steel, (2) strain concentrations caused from the reinforcement plate and material interface line, (3)
possible weld defects, and (4) local plate thinning during construction of the SCV.

The locally thinned shell submodel of the equipment haich region was found 10 possess the controlling strains
of all the simulations performed. The appropriate reduction factors for this evaluation include the 1.10 factor
for gap variation, the 1.02 factor for friction variation, and the 1.10 factor for as-built structural details.
Combining these factors results in a total reduction factor of 1.23. Dividing the appropriate minimum
ultimate strain for SPV490 steel (€,min =10.0%, Reference (1)) results in the following “failure” limit strain,

€ = &ymin/1.23 = 8.0%

The maximum pressure was determined by allowing the peak equivalent plastic strain to obtain this failure
Jimit value through the thickness of the shell. This results in a maximum pressure of 4.7 Mpa (680 psi) or
approximately 6 times the design pressure. Due 1o the use of minimum as-built plate thickness in the evalu-
ation, minimum ultimate strain values with suitable reduction factors, and detailed modeiling of the critical
areas of the SCV, Electric Boat Corporation considers this pressure 1o define a low probability of failure
value.
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Pre-test Analysis of SCV Test by JAERI with ABAQUS
SUGIMOTO, Jun and NIIYAMA, Kenji*

Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken, 319-11 Japan

*Mitsubishi Research Institute, Inc.
Otemachi 2-3-6, Chiyda-ku, Tokyo 100 Japan

1. Introduction

Containment Model Tests to investigate a failure of the containment vessel has
been initiated as 2 joint research program among Nuclear Power Engineering Corpo-
ration(NUPEC), U.S. Nuclear Regulatory Commission(NRC)and Sandia National Labo-
ratories(SNL). For the effective pre-and post test analysis of these tests, 2 Round Robin
analytical activities have been organized.

Since JAERI has done the post-test amnalysis of SNL's 1/6 scale RCCV test
before(1)(2), JAFRI expressed the intention to participate in the Round Robin analysis
with ABAQUS code(®). The present paper describes the results of the pre-test analysis
by JAERI for Steel Containment Vessel(SCV) test.

2. FEM Modeling with ABAQUS

(1) FEM mesh

A finite element code for non-linear problems, ABAQUS, was used to analyze the
‘behavior of SCV and Contact Structure (CS). Both SCV and CS are modeled with shell
elements. Most parts are modeled with 4-node shell elements. The top of the top head
and hatch cover are modeled with 3-node shell elements. The total number of integration
points in element section is five. Figures 1 and 2 show the FEM mesh of SCV and CS. The
FEM Model is 180-degree symmetric, and modeled between 270 and 90 degree directions
in the global coordinate system. The part lower than the upper surface of the ring
support, i.e. z < 0 in the global coordinate systeni, is not modeled in the present FEM
scheme, because the bottom head is much thicker than the rest of the system and the
deformation of this part is expected to be negligible.
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scheme, because the bottom head is much thicker than the rest of the system and the
deformation of this part is expected to be negligible.

(2) Boundary conditions and contact modeling

The bottom of the model(z = 0) is completely fixed. Symmetric conditions are used
as the boundary condition on the plane of the symmetry. Nodes of SCV model are
located on the inner surface of the vessel to set clearance between SCV and CS. Contact
between SCV and CS is modeled with small-sliding interface element. Contact model
with friction coefficient 0 between SCV and CS are calculated.

(3) Material properties

The SCV is made of two materials, SGV480 and SPV490, welded into one body.
NTUPEC conducted tensile tests of the material pieces cut from SCV. The results of the
tensile tests were used for the material properties. The tri-linear curve was used to model
stress-strain relation of the materials. Young’s moduli were measured by NUPEC. The
hardening coefficients for two materials were evaluated by the least squares method using
tensile tests data after yielding point. After stress reaches tensile strength, the hardening
coefficient was set to zero. The tensile test data at loc-11 was not used to evaluate
hardening coefficient because Young’s modulus is much different from that measured
by NUPEC. Evaluated material properties are presented in Table 1. Figures 3 and 4
show the stress-strain relation, measured in tensile tests, used in the present analysis for
SGV480 and SPV490, respectively. Material property of the CS made of SA516-70 is also
presented in Table 1. The CS is assumed to be elastic in the present analysis because it
is much thicker than the SCV.

3. Calculated Results

The internal pressure was loaded to the FEM model described above, and stress,
strain, displacements and contact condition are calculated as a function of pressure.

(1) Distribution of Plastic Strain .

Equivalent plastic strains are observed during the analysis. First yielding are seen
around knuckle and in top head at pressure of 2.80 MPa. As pressure increases, it gives
maximum value at just besides the hatch reinforcing plate. At pressure about 9 MPa,
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the value at apex of top head overtakes that around hatch reinforcing plate. Figures 5
and 6 show distribution of equivalent plastic strain at pressure of 9.00 MPa in top head
and around hatch reinforcing plate, respectively. They reach about 10 % at this pressure
level. Over this pressure level, plastic strain in top head increase rapidly, though that
around hatch reinforcing plate does slowly. Distribution of equivalent plastic strain at
pressure of 10.81 MPaz in top head and around hatch reinforcing plate are shown in figs.
7 and 8. Finally, calculation was terminated because of numerical instability due to
vielding in top head region at pressure of 11.81 MPa.

(2) Contacts between SCV and CS

Contacts between SCV and CS are observed first at pressure of 4.00 MPa in upper
and middle conical shells and around knuckle. Section of SCV and CS in 0 degree of
global coordinate system at this pressure is shown in fig. 9. Contacts area propagate in
conical shells as pressure increase. Figure 10 shows section at pressure of 7.63 MPa. In
this figure, most of spherical and conical shells contact to witk CS. Only in lower conical
shell, area of contacts increases slowly. Section at pressure of 10.81 MPa is shown in fig.
11.-

(3) Standard Outputs

Standard output #35 is shown in fig. 12. It is vertical displacement at apex of top
head. The increasing rate get small around pressure of 3 MPa, because of contact between
SCV and CS. Finally just under pressure at which analysis terminated, it increase rapidly
because of plastic deformation in top head. 4

Standard output #36 is shown in fig. 13. It is horizontal displacement in upper
cylindrical shell. Around this standard output point, SCV is free from CS. The increasing
rate changes much around pressure of 7 MPa. This results shows that plastic deformation
in top head region is getting larger over this pressure level.

Standard outputs #5 and #6 are shown in fig. 14. They are hoop strains just besides
hatch reinforcing plate. They are observed on inner and external surface of the vessel at
same location, respectively. Plastic strain is maximum around this point under pressure
of 9 MPa. A rapid increase is seen around pressure of 4 MPa. SCV begin to contact to
CS and contacts area is propagating around this pressure level. Once SCV contact to
CS, these strain increase slowly until the end of the analysis.
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Standard output #7 is shown in fig. 15. It is maximum principal strain at apex of
top head. Increasing rate is very small in the beginning of loading and quickly get large
at pressure of 5.45 MPa. The strain reaches to 12 % at the end of loading.

4. Discussions

Failure mode of SCV is discussed in this section.

Plastic strain gives maximum value around hatch reinforcing plate, and local failure
is likely to occur at material or thickness change interface around this location. But, we
have no failure model included in this analysis. Hence structural failure mode is mainly
discussed.

In this analysis, calculation is terminated because of numerical instability due to
large plastic deformation in top head. In this point of view, failure mode is expected
to be rapture in top head. No structural failure is seen around hatch, though plastic
strain is large in this region. The pressure at which rapture will occur in top head is
10.81 MPa. It is detected because standard output of strains in top head show sudden
behavior changé at this pressure. We can hardly detect confidence pressure at which
SCV is expected to be free from rapture in top head. We can say that deformation will
be small under pressure of 6 MPa, from standard output #7 and #36.
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Fig. 1 FEM mesh for the Steel Containment Vessel (SCV)
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Fig. 2 FEM mesh for Contact Structure (CS)
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Abstract

This report summarizes the results of a review, on the basis of pretest analysis, about deformation
behavior, failure pressure and failure mode of Steel Containment Vessel (SCV) test model, which is 1710
scale model (1/4 thickness) of acmal SCV, under pressure beyond design conditions.
The reviewed items and evaluation method are as follows :
(1) Global behavior, failure pressure and failure mode of the SCV test model 2-D axisymmetric elasto -
plastic/large displacement/contact analysis.
2 parameter study ,
b. global behavior prediction of SCV test model based on the results of the parameter study.
(2) Global and local behavior, failure pressure and failure mode of the SCV test model 3-D elasto-plastic
Narge displacement/contact analysis.
a. global behavior evaluation of SCV test model
b. top head submodel
¢. equipment hatch submodel
d. top head buckling model
Based on the above results, a predictive study of the pressure test on SCV test model was conducted.

1. Introduction

The nuclear reactor containment vessel is an important equipment which prevents release of radioactive
materials outside of the system at accidents. Since Chernobyl accident, many research programs on the
comainment vessel under severe accident conditions, especially in the U.S. and European countries, have
been conducted. Relating such research programs, the NUPEC and the USNRC are carrying out a
cooperative research program on structural integrity of various containments. One of the cooperative
research programs is a pneumatic pressurization test for the SCV test model. This test will be done at
Sandia National Laboratories (SNL), Albuquerque, New Mexico, USA. Regarding this test, 2 multi-
national analysis effort in the evaluation of the SCV model test, Round-Robin activity, is sponsored by
the NUPEC and the USNRC and is coordinated by the SNL.

We NUPEC conducted 2 pretest analysis of the SCV model test for the Round-Robin activity. This
paper describes the results of the pretest analvsis.
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2. Analysis Method and Outline of Analysis Series

During pressurization, SCV test model is predicted 10 show non-linear behavior, due 10 material yield and
contact with CS, as well as large displacement effects as deformation progresses.

ABAQUS (version 5.4 and 5.5) has been used 10 perform the analysis, because this general structural
analysis program with finite element method possesses good non-linear analytic capabilities for such
materials, geometry (structure) and boundaries, and is also widely used for a number of analyses.
(8.1][8.2] , : :

Table 2-1 shows the list of calculations conducted in this analysis.

This analysis program consists of two parts, i.e. 2-D analysis 10 grasp the global behavior of SCV 1est
model and 3-D analysis to grasp local behaviors.

For the 2-D analysis concerning the global behavior of SCV test model, analysis performed a study on 5
cases, case-AX1 to 5, from which the most appropriate case is 10 be selected, afier having performed
elasto-plastic/large displacement/contact analysis with such parameters as gap and friction coefficient, 10
realize the effects of the parameters on deformation behavior of SCV test model.

For the 3-D analysis, case-3D1 has been performed elasto-plastic/large displacement/contact analysis,
aiming at the deformation of the equipment hatch and its vicinity, which can not be modeled in 2-D
analysis. Case-3D2 and case-3D3 study top head, knuckle and equipment hatch regions which are
expected to be under the most severe conditions in terms of strength. These regions are separated from the
whole model 1o create a submodel with fine meshes, which has been examined meticulously. Case-3D4
has been conducted on an analytical model 10 study buckling of top head region and linear buckling
eigenvalue analysis has also been performed.

Table 2-1 OQutine of Analvsis Serjes

Case _description

AX1 Parameter study using Global Axisymmetric Shell Model Analysis.
SCV-CS Gap size = 18.0 mm (Friction Coefficient = 0.2)

AX2 Parameter study using Global Axisymmetric Shell Model Analysis.

SCV-CS Gap size = 14.4 mm  (Friction Coefficient = 0.2)

AX3 Parameter study using Global Axisymmetric Shell Model Analysis.
SCV-CS Gap size = 21.6 mm  (Friction Coefficient = 0.2)
AX4 Parameter study using Global Axisymmetric Shell Model Analysis.
SCV-CS Friction Coefficient=0.0 mm (Gap Size = 18.0 mm)
AX5 Parameter study using Global Axisymmetric Shell Model Analysis.
SCV-CS Friction Coefficient = 0.4 mm (Gap Size = 18.0 mm)
3D1 Global 3-D Shell Model Analysis. :
Gap Size = 18.0 mm / SCV - CS Friction Coefficient = 0.2
3D2 Local Top Head 3-D Shell Submodel Analysis.
Gap Size = 18.0 mm /SCV - CS Friction Coefficient = 0.2
D3 Local E/H 3-D Shell Submodel Analysis. ,
Gap Size = 18.0 mm / SCV - CS Friction Coefficient = 0.2

3D4 Local Top Head 3-D Shell model Buckling Eigenvalue Analysis,
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3. Analytical Conditions

3.1 Adopted Analysis Options

ABAQUS (version 5.4 and 5.5) has been used for the pretest analysis. The adopted analysis

options are as follows.

As for material model, an isotropic elasto-plastic material model has been selected with *ELASTIC and
*PLASTIC, which are options about materials provided by ABAQUS. Then, TYPE, cptional parameter
of *ELASTIC, has been determined as TYPE= ISOTROPIC and HARDENING, that of *ELASTIC. as
HARDENING= ISOTROPIC. And large deformation effects have been introduced by declaring
NLGEOM parameter for *STEP option of ABAQUS.

Contacts have been determined by such options like *SURFACE DEFINITION, *CONTACT PAIR and
*SURFACE INTERACTION, and friction coefficients by *FRICTION, which is *SURFACE
INTERACTION's option. Coulomb friction has been adopted for friction model with stiffness method for
the reatment. Also, analysis has been used for automatic incrementation scheme. :

3.2 Material Properties

Material properties figure on Table 3.2-1, Table 3.2-2 and Table 3.2-3 shows the typical cases for
SGV480 and SPV490 of stress-strain curves applied on each paris of analytic model at elasto-plastic
analysis.

These stress-strain curves have been drawn based on the stress-strain curves provided by SNL from the
tensile test results. That is, stress-strain curves obtained by the material tensile test have been classified
according material and thickness, then is represented, for each of SGV480 and SPV490, by 2 theoretical
hardening curves, namely inverse hyperbolic sine hardening and power law hardening.

* Inverse hyperbolic sine hardening © ¢ - ¢ ys=A fasinh B (eP-el) | ]

- Power law hardening D0, Cys=A (eP.cLy
For each pan of the model the stress-strain curves have been applied to each corresponding component
tested, and for the parts where no experimental results are available, such as lower spherical shell and
support ring, substitution has been made with values of the same material and the most approximate
thickness.
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Table 3.2-1 Material Propenties

ITEM SGV480 SPV490
Young's Modulus 209800 MPa 216000 MPa
(21400 kg/mm?) (22000 kg/mm?)
Poisson’s Ratio 0.3 0.3
Density 7.7X10% N/m3 7.7X10* N/m?®

(7.9X10 kgfmm3)  (7.9X10° kg/mm3)

Tabhl -2

Material Properties for Upper Cylindrical Shell (SGV480)

True Stress  True Plastic Strain True Stress  True Plastic Strain
(MPa) (mm/mm) (MPa) (mm/mm)
404.9 0.00 6304 0.20
404.9 0.01 714.7 0.25
428.4 0.02 7429 0.30
473.4 0.04 7669 - 0.35
513.6 0.06 787.6 0.40
548.4 0.08 306.0 0.45
578.2 0.10 3223 0.50
636.8 0.15

Young's modulus = 209800 MPa (21400 kg/mm?)
Poisson's ratio =0.3
Yield Srength = 404.92 MPa (41.3 kg/mm?)
thickness =6.0 (mm)

2 e

Material Properties for Lower Conical Shell and Lower Cylindrical Shell (SPV490)

True Stress

(MPa)
656.0
656.0
672.8
688.6
695.1
709.1
727.1
7342

True Plastic Strain True Stress  True Plastic Strain

(mm/mm) (MPa) (mm/mm)
0.00 756.6 ) 0.06
0.015 774.0 0.08
0.0155 788.6 0.10
0.018 818.4 0.15
0.02 842.5 0.20
0.025 863.3 0.25
0.035 881.7 0.30
0.40

Young's modulus = 216000 MPa (22000 kg/mm?)
Poisson's ratio =0.3

Yield Strength = 656.0MPa (67.3 kg/mm?)
thickness =9.0 (mm)
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4. Global Shell Mode! Analyses

4.1 Analysis Model and Analytical Conditions

(1) Global 2-D Shell Model

Most of SCV test mode! are symmetrical to the axis. Except for the equipment hatch and its surrounding
areas, 2-D model (axisymmetric) elasto-plastic/large displacement/contact analyses were performed to
review the deformation behavior of SCV test model effect from friction coefficient and a gap size between
the SCV test model and the CS.

Figure 4.1-1 shows the 2-D analysis model created.

This analysis model simulated the shell wal] of the SCV test model, reinforcement ring, supporn girder
and CS in axisymmetric shell element (SAX1) from each part shape and dimensions, the top head flange
in axisymmetric solid element (CAX4), and ribs of the ring suppont girder in plane stress element
(CPS4R). This model has 914 nodes and 857 elements. :

As shown on Figure 4.1-1, the analysis model was given gravity acceleration in the vertical downward
direction so that intemal pressure as well as weight of the test model and CS may apply to the model. For
the boundary condition, the node of the top head apex and symmetrical axis of the lower spherical shell
has been given the symmetrical condition and the vertical displacement of the node the bottom surface of
the ring suppon girder has been fixed.

The intemal pressure applied to the model is 14.7 MPa (150kg/cm?). This pressure gives allowance for
the estimated pressure analyzed from ABAQUS due to excessive strain on the SCV test model.

Three models with gaps of 18.0 mm, 14.4 mm and 21.6 mm are available for 2-D analysis model to
review the effect of the gap size between the SCV test model and the CS.

(2) Global 3-D Shell Model ,

Most of SCV test model are symmetrical to the axis. However, the equipment hatch is non-axisymmetric.
To review the deformation behavior of the SCV 1est model, elasto-plastic/large displacement/contact
analysis have been performed for 3-D model. Displacement or amount of rotation obtained from the 3-D
model is used as the Joad for elasto-plastic/large displacement/contact analysis for the top head submodel
and equipment haich submodel separately analyzed.
Figure 4.1-2 shows 3-D analysis model created.
This analysis model has simulated all components in 3-D shell element (S4R) for one side of symmetic
surface (180 deg.) through the center of SCV test model, CS and equipment hatch. _
This model has 7812 nodes and 7640 elements.

Similar to the 2-D model, the analysis mode! was given gravity acceleration in the vertical downward
direction so that intemnal pressure as well as weight of the test model and CS may apply 10 the model.

For the boundary condition, the node on symmetrical surface of the SCV test model and CS has been
given the symmeuical condition and the ventical displacement of the joint of the bottom surface of the ring
support girder has been fixed. The gap between SCV test model and the CS is 18.0 mm and the friction
coefficient is 0.2. .
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Figure 4.1-1 Global 2-D Shell Model and Analyiical Conditions
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4.2 Parameter Study Analysis

While the gap between SCV test model and CS is not constant as some allowable tolerance occurs during
fabrication of the actual SCV test model and CS, the friction coefficients between SCV test model and CS
are not constant either and can not be determined casily. Therefore, prior to perform the analysis on SCV
test model, an analyrical study has been conducted with such parameters as gap quantity and friction
coefficient, in order 10 identify their effects on deformation behavior of SCV test model.

4.2.1 Effect of Gap Size

To understand the effect of gap size between SCV test model and CS, analyses were performed for three
gap size of 18.0 mm, 14.4 mm and 21.6 mm (cases-AX1 10 AX3) respectively with a constant friction

" coefficient of 0.2. Typical points of SCV test model and CS were checked for history of deformation,
stress, and plastic strain for comparison.

(1) Radial displacement

Figure 4.2.1-1 shows the history of radial displacement at the knuckle region and middle conical shell
section which are typical points on the SCV test model. The relation between displacements of these
points and the internal pressure indicates that each part of the SCV test model initially expands slowly due
10 its elastic deformation, followed by a rapid increase of displacement due 10 yielding, then again
expands slowly once it comes in contact with CS. :

Considering the relation between the 82p size and the radial displacement of SCV test model the initdal
contact pressure betwesn the CS and SCV test model thar has been expanded by internal pressure
becomes smaller for smaller gap size, and further deformation is restrained by CS. Therefore, once in
contact, the radial displacement of the SCV 1est model becomes smaller for smaller gap size.

(2) Vertical displacement _

Figure 4.2.1-2 shows the history of vertical displacement at top head apex and knuckle region.

The vertical displacement of knuckle region at the pressure level in contact with CS tends 10 be smaller for
smaller gap sizes due 10 similar reasons to that of the radial displacement . On the other hand, venical
displacement at top head apex seems to differ among gap sizes at the initial contact between SCV test
model and CS, but the final displacement are almost identical in all cases. This is considered that because
the top head region is not covered with CS and because the vertical displacement of the 10p head region is
effected by the deformation of the lower part, the vertical displacement fluctuates under the effect of the
contact between SCV test model and CS, but then displacement increases rapidly due 10 plastic
deformation of the top head region itself resulting in relatively smaller displacement caused by the gap size
at the initial contact.

(3) Plastic strain ‘ o

Figure 4.2.1-3 shows the history of plastic strain at top head apex and knuckle region of the SCV test
model. The histories of plastic strain at these typical positions on the SCV test model shows similar
characteristics as the above description on displacement. The plastic deformation below the knuckle
region differ among the amount of expansion before the SCV test model contacts CS. However, at1op

- head apex where the largest plastic strain occurs, the amount of plastic strain is almost identical 10 any gap
size because it is not covered with CS.

Based on the above (1) ~ (3) results, the difference in gap between SCV tegt model and CS gives an
effect in such a behavior that, below the knuckle region where the SCV test model is covered with Cs,
the smaller the gap, the lower is the pressure at which it starts contacting with CS, slighly reducing
plastic strain. The amount of plastic strain there i, however, extremely small when compared with that a
the top head where such strain becomes the largest and, therefore, from an ultimars plastic strain's point
of view, the effect of the difference in 2ap on the SCV test model's deformation behavior is negligible.
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4.2.2 Effect of Friction Coefficient

To understand the effect due to the difference in friction coefficient between SCV test model and CS,
three cases (case-AX1, AX4, AXS)were analyzed with friction coefficient of 0.2, 0.0 and 0.4
respectively, while setting the gap at 18.0 mm for all cases, for the comparison among noticeably
representative SCV test model and CS points in terms of history in displacement, stress, and plastic
strain.

(1) Radial displacement

Figure 4.2.2-1 shows the history of radial displacements at the knuckle region and lower cylindrical shell
section as representative points of the SCV test model.

The radial displacement with friction coefficient of 0.2 and 0.4 are almost the same but only the case with
the friction coefficient of 0.0 tends to give a larger amount of displacement than in other cases.

(2) Vertical displacement

Figure 4.2.2-2 shows the history of vertical displacements at the knuckle region and lower cylindrical
shell section as representative points of the SCV test model.

The vertical displacement with friction coefficient of 0.2 and 0.4 are almost the same like in radial
displacement however, when the friction coefficient is 0.0, the deformation tends to move downward
after developing 10 a certain extent. :

For the above different behavior due 1o the difference in friction coefficient, it is imponant 1o take notice
of the lower cylindrical shell section of SCV test model. This section swells due 10 the internal pressure
by an extremely large amount, as shown in Figure 4.2.2-1, since the gap with CS is greater than at the
upper section. Possibly the section draws the upper parts downward, when it swells.

On the other hand, the difference in friction coefficient affects the friction force acting on the SCV test
model when it slides over the CS. A smaller friction coefficient, therefore, allows the parts above the
lower cylindrical shell section to be drawn downward due 1o a smaller friction force the test model
receives from CS. While, if the friction coefficient and, therefore, friction force are larger, the behavior to
draw the parts above the lower cylindrical shell section downward seems 1o be restricied, justifying the
judgment that this appeared as the above difference in deformation behavior observed.

(3) Plastic strain . '

Figure 4.2.2-3 shows the history of plastic strains at top head apex and knuckle region of the SCV test
model. It is clear from the plastic strain history at knuckle region of CS that the strain is a linde larger for
the friction coefficient of 0.0 than the case for 0.2 or 0.4, because of the above different deformation
behavior resulting from the difference in friction coefficient. On the other hand, a1 top head apex causing
the large plastic strain throughout the SCV test model, which is almost the regardless of the difference in
friction coefficient as top head region is not covered with CS. '

Based on the mentioned (1) ~ (3) results, the difference in friction cocfficient berween SCV test model
and CS affects the deformation (sliding) behavior of the SCV test model against CS, causing a larger
amount of plastic strain at the knuckle region and upper spherical shell section for the friction coefficient
of 0.0 than in other cases. The amount of plastic strain is, however, extremely small when compared with
that at top head apex having the largest plastic strain and, from an ultimate plastic strain’s point of view,
the effect of the difference in friction coefficient on the SCV test model's deformation behavior is
negligible.
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4.3 Global 2-D Sheli Mode! Analysis

As an achievement of parameter studies in the preceding 4.2, it has been confirmed that the effect of the
differences in the gap between SCV test model and CS and in friction coefficient on the SCV test model’s
deformation behavior is negligible. It was, therefore, decided that case-AX1 with the nominal gapof 18.0
mm and the friction coefficient of 0.2 be adopted as a case for the analysis to predict the SCV test model's
behavior under pressure using a 2-D model. Followings are the detailed results of this analysis.

Figure 4.3-1 shows the deformed shape of the SCV test model at representative pressure obtained
through analysis. And, Figure 4.3-2 ~ Figure 4.3-5 shows the histories of displacement, equivalent
stresses and plastic strains at each section of the SCV test model.

Figure 4.3-6 shows the profile of plastic membrane strains and inside/outside surface plastic strain along
the meridional direction from top head apex to the around of the ring support guarder of the SCV test
model at representative levels of pressure. '

From these figures concerning the deformed shape, history and profile, the SCV test model's behavior is
judged as follows:

(1) Deformation due to gravity (before pressure loaded)

As seen from the deformed shape of Figure 4.3-1, the SCV test model sinks downward due 1o its gravity,
allowing the gap between SCV test model and CS 1o increase only slightly at knuckle region.

The displacement due 1o the gravity of SCV test model is, however, as smaller 0.015 mm or less at best
(occurring to top head apex). It can, therefore, be judged that the gravity gives almost no effect on the
deformation behavior of SCV test model.

(2) First yielding (at the intemnal pressure of 2.09MPa=21.3kg/cm?)
As seen from the plastic strain history of Figure 4.3-5, when the internal pressure is 2.09MPa
(21.3kgfcm?), the first plastic strain occurred at the knuckle region of SCV test model. The history of

radial displacement shows the identical pressure at which displacement sharply increases and plastic strain
occurred.

(3) First contacting (at the intemnal pressure of 3.52MPa=35.9 kg/cm?)

The SCV test model caused its first contact with CS at the knuckle region when the internal pressure was
about 3.52MPa (35.9 kg/cm?). At this pressure, the gap at the upper conical shell section also decreases.
This justifies the judgment that this section is expected to make contact next and the upper and middle

conical sections also is started 1o yield allowing the radial displacement 10 sharply increase.

(4) After contacting (at the intemal pressure of 3.52MPa~7.59MPa)

Afier the SCV test model and CS contacting for the first time at the knuckle region, it is shown by the
history of radial displacement that, between the internal pressures of 3.52MPa to 7.59MPa, the upper
conical, middle conical, lower conical and upper spherical shell section contacted in that order.

(5) After contacting (at the intemal pressure of 7.59MPa=77.4 kg/em?)

The intemal pressure of 7.59MPa (77.4 kg/em?) is a pressure almost equal 1o the middle of the pressures
at which the knuckle region of SCV test model makes its first contact with CS and that reaches the final
increment. At the pressure of around 7.59MPa, almost all the CS covered section of SCV test model
comes to contact with CS. Deformation, however, still continues to develop at the large gap lower
cylindrical shell section and top head section not covered with CS, which causes the largest plastic strain -
of about 4.9 % to occur near top head apex.

(6) Final increment (at the internal pressure of 12.5MP2=127.5 kg/cm?)

At this pressure, the SCV test model comes to contact with CS a1 its knuckle region through lower
cylindrical section except for knuckle and upper spherical shell section junction.
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The junction between knuckle and upper spherical shell section did not contact even at this pressure
because the knuckle region, with its plate thickness of as much as 16.5 mm, still deformed so that it fitted
the shape of CS.

The largest plastic membrane strain at the SCV test model was about 40 %, causing at top head apex.
Figure 4.3-6 of plastic strain profile shows that the SCV test model has a largest value at the knuckle
region at lower pressure. As the pressure rises, the plastic strain of top head without CS cover and lower
cylindrical shell, which has large gap between SCV test model and CS, gets larger. Therefore, 1op head
section without CS cover needs a detailed investigation.

4.4 Global 3-D Shell Model Analysis

3-D model analysis (case-3D1) is performed under the condition that gap is nominal 18.0 mm and
friction coefficient is 0.2. This condition is same as last analysis on 2-D model (case-AX]1).
Followings are the detailed results of this analysis. )

Figure4.4-1 shows deformed shape under representative pressuré for global SCV test model.

- Figure4.4-2 ~Figure4.4-4 show history of displacement at SCV shell wall and plastic membrane
strain. The above mentioned result of 2-D model analysis, deformed shape obtained from above 3-D
model analysis, and various history of free field, values are almost same. Therefore, from standpoint
of global deformation behavior of SCV test model, 3:D model with harsh mesh is as effective as 2-D
model with more fine mesh.

Figure4.4-5 show history of horizontal displacement at representative points near equipment hatch
area, obtained from 3-D model analysis. Figure4.4-6 and Figure4.4-7 show plastic strain history at
each point equipment hatch area of SCV test model and inside/outside surface.

Judging from history of horizontal displacement at each region near equipment hatch area and plastic
strain, the point farthest from equipment hatch contacts with CS at about 4.1 MPa pressure.

The points near equipment hatch contacts with CS at about 5.2 MPa pressure.

The equipment hatch area is surrounded by thick insert plaie with high material intensity
(SPV490/t17.5mm), thinner lower conical shell section of same material (SPV490/19.0mm) and
thinner middle conical shell section with relatively low material intensity (SGV480/t8.5mm).
Therefore, the different expansion rate of each materia! against intemal pressure brings about large
plastic at region near 1o material change interface (MCI) between upper and lower conical shell section
and insert plate joint region.

Comparison of plastic strain history between equipment haich area and SCV shell wall shows that the
plastic strain at equipment hatch area is the largest when the internal pressure is between 4 ~ 8MPa.
Therefore, equipment hatch area needs a detailed investigation.

4.5 Comparison of 2-D and 3-D Analyses

Figure4.5-1~Figure4.5-3 show comparison of history of radial displacement, verical displacement
and plastic membrane strain at representative points, obtained from above mentioned global 2-D and
3-D analyses.

From these figures, contact starting pressure of SCV test model and CS and deformation behavior are
almost same in 2-D and 3-D analyses.

The history of radial displacement of 2-D and 3-D analyses may seem to show difference, but this
difference is brought about because the range of vertical axis is narrow.
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5. Local 3-D Submodel Analyses

5.1 Submodel Analysis of Local 3-D Top Head section

The results of prior analysis of 2-D mode! and 3-D model show that the plastic strain at pressurization
on SCV test model is larger at top head region and knuckle region. Thus to perform detailed
investigation on these regions, top head region submodel was prepared.

Figure5.1-1 shows the prepared top head region submodel. This analysis model is 10 simulate the
circumference of 30 deg. for each direction from top head region to upper spherical shell section and
CS. This model consists of 3-D shell element (S4R) and has 4545 nodes and 4290 elements. ,
This analysis model uses internal pressure, displacement and rotation obtained from prior 3-D global
shell model analysis. The boundary condition is given to the SCV test model and CS nodes on
symmetric surface. The internal pressure applied to the model is same as the pressure applied to the
3-D global model analysis which has been conducted in previous section.

Figure5.1-2 ~Figure5.1-5 show history of plastic membrane strain and plastic surface strain at top
head apex, above and below of top head flange joint, and above and below of knuckle joint.

The plastic membrane strain history at each point shows that the largest plastic strain occurs at above
or below of knuckle joint when the intemal pressure is below about 7.3MPa. When internal pressure
rises, the larger plastic strain occurs at top head apex. Also, plastic strain at the below of top head
flange joint is larger than that at knuckle joint, when the internal pressure rises above about 10.8 MPa.
This is because the deformation of knuckle region is controlled when the region contact with CS,
while other parts are free from such control.

On the other hand, history of plastic surface strain shows that the plastic strain of inside surface below
of top head flange joint or below of knuckle joint is the largest when the pressure is below about
11.8MPa. When the pressure rises, the plastic strain of top head apex becomes larger.

The plastic surface strain at below of top head flange joint or below of knuckle joint is larger than the
plastic membrane strain up 10 higher pressure. This is because these regions are effected by bending
deformation, but top head apex is free from such deformation. : :
Therefore, top head apex and below of top head flange joint and below of knuckle joint are the place
that anention should be paid on the strength of these parts.

5.2 Submodel Analysis of Local 3-D E/H area

The analysis results from the previously performed 3-D analysis model show that the ultimate plastc
strain of SCV test model under the higher level pressure occurs at 1op head apex, but the largest plastic
strain occurs near equipment hatch under the lower pressure level. For further review on this part, a 3-
D submode! for the equipment hatch and the adjacent areas has been prepared.

Figure5.2-1 shows a submodel of the prepared equipment hatch area. This analysis model is to simulate
the equipment hatch insert plate, its surrounding conical shell and reinforcement ring, and CS which
covers them 3-D shell elements (S4R). This model has 4816 nodes and 4572 elements.

This analysis model uses internal pressure, displacement and rotation obtained from prior 3-D global
shell model analysis. The boundary condition is given to the SCV test model and CS nodes on
symmetric surface. The internal pressure applied to the model is same as the pressure applied 10 the
3-D global model analysis which has been conducted in previous section.

Figure5.2-2 shows the horizonta! displacement history of the representative points near equipment
hatch given from analysis. Figure5.2-3 and FigureS.2-4 also show the plastic membrane strain history
and plastic surface strain near equipment hatch. '

Judging from the history of the horizontal displacement and plastic strain of the parts near the
equipment hatch, contact is made with CS at approximate 4.1MPa on the points distant from the
equipment hatch and contact is made at approximate 5.2MPa near the equipment hatch points.
Therefore, the contact pressure with CS near equipment hatch proves to be close to the former 3-D
global model. However, for the horizontal displacement at the point near the contact part of the
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material change interface (MCI) of the upper and lower conical shell and the insert plate, which gives
the largest plastic strain near the equipment hatch by the former 3-D global analysis, the detailed
submodel clearly gives lager values compared to the global model. Similar result is obtained also on
the plastic strain near the contact part. The strain of the submodel is higher than that of the global
model by approximate13% on the plastic membrane strain and approximate 28% on the plastic surface
strain at 11MPa. } :

Though the strain of the equipment hatch does not rise higher compared 1o those of the top head apex
and joint of top head flange and knuckle because the contact with CS control the deformation, anention
should be paid on the strength of this part.

53 Buc:k!ing Analysis of Local 3-D Top Head section

As the top head region of the SCV test model consists of two spherical shells with different
curvatures, the rigidity difference could cause buckling under pressure. Thus, a 3-D model for the top
head region of SCV test model was prepared to perform a linear buckling eigenvalue analysis.
Figure5.3-1 shows a model for the buckling eigenvalue analysis on the top head region.

This analysis model is to simulate the half side (1 80deg.) of the SCV test model symmetric section
from the t0p head to the upper spherical shell, with 3-D shell elements (S4R) completely. This model
has 2233 nodes and 2150 elements.

For analysis model, 9.8MPa (100kg/cm?) internal pressure was given, and the bottom end of the
upper spherical shell was completely fixed. The analysis is a linear buckling eigenvalue analysis, and
the buckling eigenvalue and their buckling modes were found from 1st to 10th modes.

Figure5.3-2 shows the original model and a representative buckling mode given by the analysis.
Table3.3 shows the buckling eigenvalue given by the analysis.

It has been proven that the buckling near top head of the SCV test model occurs at the upper
cylindrical shell from 1st to 6th modes, and near the top head apex from 7th to 10th modes.

Table3.3 shows the buckling load calculated from the corresponding buckling eigenvalues, and the
buckling eigenvalues were all negative. An intemal pressure was given to the model, so the top head
of the SCV test model could buckle under extemal pressure. However, the model is unlikely 1o buckle
under internal pressure in this test. A '
This analysis is linear buckling eigenvalue analysis and one of evaluations for the buckling of the top
head section. Furthermore, we will investigate the potential of nonlinear buckling 100.

able 5.3 Buckling Analvsis Result ( Eigenv.
Mode No. Eigenvalue Buckling Load
MPa (kg/cm?)
1 -0.9344 9.2 (-93.9)
2 -0.9606 94  (-96.1)
3 -0.9661 95 (-96.6)
4 -1.0377 -10.2 (-103.8)
"5 -1.0730 -105 (-1072.3)
6 -1.1515 -113 (-115.2)
7 -1.1697 -11.5 (-117.0)
8 -1.2778 -125 (-127.8)
9 -1.2911 -12.7 (-129.1)
10 -1.2966 -12.7 (-129.7)

Notel; "LIVE'LOAD = 9.8 MPa (100kg/cm?)
Note2; Negative value means buckling by exiernal pressure.
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6. Investigation of Critical Area

The failure place of the test model is termed of critical area. From the results of the previous two
submodel analyses, the critical area of the test model is investigated.

Figure 6-1 shows the plastic membrane strains vs. the internal pressure at the typical points from the
two submodel analyses. And, Figure 6-2 shows the maximum plastic surface strains at the same
points. Until the internal pressure reaches to 7.3 MPa, the outside surface plastic strain near the E/H
insert plate describes the maximum value. However, beyond the 7.3 MPa and until about 11.8 MPa,
- the inside surface plastic strains at the below of the knuckle joint and at the below of the top head
flange joint describe the maximum value. Beyond the 11.8 MPa, the outside surface plastic strain a1
the top head apex of the model describes the maximum value.

Generally speaking, the larger the surface strain value, the larger the failure probability of the model.
Therefore, it seems that these points are those in the critical area of the model for the failure initiation.
However, such a behavior as in the Figure 6-2, the point that gives the maximum surface plastic strain
moves depend on the intemal pressure level. Therefore, it is possible to say that the critical area is ons
of these areas, however, it is difficult to prescribe the exact critical area. In other words, attenstion
shoud be peyed 1o these areas in the test and have 10 be measured the strains at some points in those
areas.

According 1o the references [8.3] and [8.4) concerning 1:8-scale steel containment mode) test like this
SCV model 1est, the strain at failure position is expected 15%. Hence, an aitempt to operate this
failure criteria as a preliminary evaluation allows the occurrence of failure on the inside surface below
of knuckle joint at the pressure of about 10MPa 10 be expected. It is, however, not physical 10 apply
the failure mode in the references [8.3] and [8.4] to the failure position expected here. This should,
therefore, be taken into account for any future post-test analysis.

7. Pretest Prediction Summary and Conclusions

As a pretest analysis, elasto-plastic/large displacement/contact analyses were conducted using global 2-

D and 3-D models for the purpose of understanding the deformation behavior and failure position /
pressure of SCV test model at the tests under pressure. Similar analysis was also made using separate
submodel 10 review in detail the top head and equipment hatch area expected 1o cause high strain

through the analysis of the global shell model. A linear buckling eigenvalue analysis was further

applied on the top head region to confirm whether or not such a part is likely to suffer from buckling
when pressurized.

Table 7-1 summarizes the results of the above analyses and the main phenomena involved at each
pressure level of SCV test model given by the above analyses. The deformation behavior of SCV 1est
model when pressurized starts with the initial yield occurring at the SCV 1est model knuckle region
around 2.1MPa and then allows the deformation thers 10 rapidly develop. As a result, when the internal
pressure becomes around 3.5MPa, the first contact with CS oceurs to the knuckle region. On the other
hand, the strain at each region of the SCV test model becomes maximum near the equipment hatch until
the intemnal pressure reaches around 7.3MPa. At higher pressure. the knuckle region’s lower joint yields
the maximurm value and, when the intemnal pressure exceeds around 11.8MPa, the largest value is reached
at the top head apex. Based on the parameter study concemning the effect of friction coefficient and/or gap
distance between SCV and CS, these parameters will not be significant.

And linle probability of top head buckling has been found from our study. But, this analysis is linear
buckling eigenvalue analysis and one of evaluations for the buckling of top head section. Futhermore, we
will investigate the potential of nonlinear buckling too.
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Table 7-1__Analvsis Resu m

Analytical Methods nonlinear axisymmertic finite element shell and general
shell models; plastic, large displacement and contact
analysis. [8.1][8.2)

Constitutive Models ABAQUS nonlinear isotropic material with stress-strain
curves as provided by SNL. [8.2]

Model Geometries Global 2-D model : axisymmentic shell, axisymmertic solid

and plane stress element
Global 3-D model and Local 3-D submodel:
general shell element
Pressure Event
~ 2.1 MPa First yield occurs at below of knuckle

~22MPa Yield occurs at near equipment hatch insert plate
~32MPa Yields occur at upper and middle conical shell section
~35MPa First contact initiates at knuckle region
~3.9MPa Contact initiates at upper conical shell section
~42MPa Contact initiates at middle conical shell section
~ 4.4 MPa Yields occur at lower conical shell section
and contact initiates at near equipment hatch
~4.8 MPa Yields occur at lower cylindrical shell section
~5.2MPa Contact initiates at lower conical shell section
~5.3 MPa Yields occur at upper spherical shell section
~ 7.6 MPa  Contact initiates at upper spherical shell section
~4 MPa Maximum equivalent plastic surface strain occurs
at knuckle region
4~73 MPa Maximum equivalent plastic surface strain occurs
at near equipment hatch insert plate
7.3 ~11.8 MPa  Maximum equivalent plastic surface strain occurs
" atbelow of knuckle region
11.8~ MPa  Maximum equivalent plastic surface strain occurs at top head apex
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Tab. 1-1 Standard Output ( Plot ID 1 - 6 )
Results of Local 3-D Shell E/E Submodel Analysis

Strain
Internal Fressure Plot ID 1| Plot I0 2 | Flor X0 3 | Ploc 10 4 | Plot I 5 | Plot 1D 6
(hg/cs=2y | ¢ woa ) (7d ) (=0 = =) ) S =1
151 0.14710204) 0.198392¢2] 1.23E-04 | 1.002-04 | 6.46E-03 | 3.818-05 | €.49-05 | 1.05-0%
3 029420418 0.37728404] 2.41Z-04 | 3.00Z-04 | 1.382-04 | 7.682-05 | 3.30r-0¢ | 3. 03E-5:
3:35] 0.51483731] 0.66007348] 4.192-04 | 3.48E-04 | 3.20z-04 | 1.350-08 | 3.207-0¢ | 3 €Stz
8625109436370 1.08440642] 6.042-04 | 563204 | 3.672-00 | 32.230-0¢ | 3.775-0¢ | 5375 5¢
13.6873]1.3423063¢) 3.7209c505] 1.082-03 | 8.96x-04 | 5.792-0¢ | 3.372-0¢ | .0:2-05 | § iso:
21:292) 3.98703444) 2.67374920] 1.66E-03 | 1.333-03 | 8.95E-00 | S.e20-0t | 9.437-0¢ | 14503
22.6731_3.2041777] 4.10792013) 6.052-03 | 3.32E-03 | 1.382-03 | 8.32m-0% | 1.05-03 | 6 13203
33521 3.48337746( 3. 46586854] 1.302-02 | 6.435-03 | 3.992-03 | 6.66z-0¢ | 1.417-05 | 3.635-03
38-3671 3.762377231 4.92381694| 2.300-02 | 1.30E-02 | 3.802-03 | €.935-04 | 4.662-03 | 1332 03
83-31474.04177699 5.16176538) 3.392-02 | 2.392-02 | #.192-03 | 3.492-03 | 1.49z-07 | 2.¢>t-03
41332051 $.93923801] 3.2041313] 3.472-02 | 2.252-02 | 8.302-03 | 3.722-03 | 1.34t-01 | 7.49% 02
413701} 409669903} 3.22633722] 3.352-02 | 2.320-02 | 8.832-03 | 3.96x-03 | 1.672-02 | 2.352-03
21.2482314.99416005 3.24892314]_3.628-02 | 2.38z-02 | 9.15z-03 | 4.202-03 | 1.ész-0z | 2.60z—53
£2.01315} £.12034422] 5.28249259] 3.712-02 | 2.43E-02 | $.60T-03 | 4.55T-00 | 1.76z-02 | 3.88%-02
4341563 4159620481 5.3328¢67¢] 3.832°02 | 2.56z-02 | 1.032-02 | S.1z-03 | 1.872-07 | 7.782-53
33:0164] 4218534860 5.40837803| «.002-02 | 2.72r-02 | 1.14E-02 | S.9e2—03 | 2.02r-07 | 3.93z-03
3$3.24371 4.2¢06296) 5.4367046)f 4.062-02 | 2.772-02 | 1.38z-02 | e.322-03 | 3.00-07 | 2.98r-02
4357963 _4.293372715.47919448] 4.152-07 | 2.8e2-02 | 3.7¢2-02 | 6.€352-03 | 2.36z-07 | 3 06z-5:
237061531 4.286297411 349532483 4.102-02 | 2.€92-02 | 1.372-03 | 7.05L-03 | 2.397-67 | 308202
438964031 2.30483325] 551901955 4.232-02 | 32.932-02 | 3.312-02 | 7.36T-03 | 2.237-07 | 3.135-01
4€.18:3981 8.332799331 535482097} _4.302-02 | 2.972-02 | 1.372-02 | T.e3r_03 | 32.30r-07 | 3. 19203
84.46670312:360763461 3390322381 4.36T-02 | 2.982-02 { 3.a3r-02 | 9.352-03 | 2.36z-07 | 3 355o0s
34-3379714.367232381 $.59960241] ¢.372-02 | 3.98r-02 | 1.e3r-62 | 8.33z-03 | 32.375ca | 3 T3soi:
84:3647) 4.3703336415.69304313] 2.372-02 | 2.99702 | 1.032-02 | 9.352-03 | 2.376-07 | 3 er-o3
£4.602795) 4-37430368] 3.6080842] 4.382-03 | 2.99T-02 | 1.43E-02 | 8.380-03 | 2.3%eots | 3. 26t-5s
43-664931 _4.3802031 3.61364483] ¢.30r-02 | 3.982-02 | 3.43r-02 | e.ca2-c3 | Z.095-07 | 3 332 0
84755141 4389049721 3. 626986831 4,302-02 | 2.9%2-02 | 1.432-€1 | 8.44E-03 | 2.48-67 | 3 25301
41890441 4,402318331 5.6¢399796! 14.392-02  2.98z-02 | 1.e32-02 | 8.470-03 | 2.43-02 | 3 395-e3
43.09339) 4.4222323¢| 3. 66951442] ¢.€02~02 | 2.9€2-02 | 1.432-02 | #.312-03 | S.632-05 | 3 30r-C3
43:397091 4. 452082971 3.70729863] «.416-02 | 2.94r-07 | 3.432-02 | 8.56T-03 | 2.48-02 | 3 33553
4385449} 8. 496840841 5. 76320621] ¢.42-02 | 2.987-02 | 1.432-02 | s.s0r-03 | 32.500-07 | 3 3ert3
46.339341 4.36405237) 3.83133637] 4.442-02 | 3.982-02 | 1.432-02 | 3.¢55-03 | 2.57r-02 | 3 t1r-03
47-3470<1_£.6648C7303.98053217] ¢.432-02 | 2.99T-02 | 1.46z-€3 | 9.700-63 | 3.692-07 | 3 50T-c3
£7-932391 £.70259782] €.02097333] ¢.432-02 | 2.99T-02 | 1.392-2 | 8.73%-03 | 3.952-97 | 3 Str—o2
48:330340475927426] €.20363623] 4.492-02 | 2.9Wz-02 | 1.392-03 | 8.72r-00 | 3.e3t-02 | 3 63503
£3.39734) €.84430127] €.21044265] ¢.712-02 | 2.972~02 | 1.38T-02 | ®.742-03 | 3.05t-03 | 3 78553
5069769 £.97182407) 6.37413342] 4.70r-02 | 2.96z-02 | 31.36r-02 | ®.752-03 | 3.23t-03 | 399503
51.032741 3.00370109} .4130024f 4.702-02 | 2.942-02 | 1.3ér-03 | 9.762-05 1 3.36T-07 1 & 0SE 03
53:347791 3.03357811) 6.43586337] £.70z-62 | 2.9352-03 | 1.362-02 | 8.762-03 | 3.2860-03 | < 06>—03
123504 5.08340176.3371857%] 4.732-07 | 2.952-03 | 1.332-C2 | 8.76E-03 | 3.360-03 | €. 09c-02
33.3668415.15512798] 6.60913843] ¢.712-02 | 3.952-02 | 1.342-02 | 9.772-03 | 3.a¢z-03 ] ¢ 17203
$3.66405) 5.262731316 §.747093279] 4.73E-C2 294202 1.332-02 8.80E~C3 3.53E=02 4.362-C2
34:76134] 3.37033233} 6.8850¢9151 ¢.732-03 | 3.942-02 | 1.332-03 | 9.832-03 | 3.562-02 1 4 19507
33:83839 3.£7794351) 7.0230043] 4.742-03 | 2.94%-02 | 1.33z-02 | e.90r-03 | 3.58r-07 | ¢ 17m—o1
36:933841 3.58554849] 2.2609398¢] «.742-02 | 2.94z-02 | 1.33z-02 | 8.932-c3 | 3.60T-07 | & 17503
38.033091 3.€931538] 7.29891522] «.7¢2-62 | 2.942-02 | 3.33z-03 | ®.9a2-03 | 3.62r-02 | ¢ 133 03
59130341 3.99073903) 7.42687037] ¢.752-02 | 3.94%-02 | 1.372-02 | 9.202-03 | 3.64T-02 | ¢ 13501
$0.287391 3.90836422] 7.57482393] «.752-02 | 2.936-02 | 1.312-02 | 9.4cr-ca | 3.66z-0r | 4 1807
$1.99309] 6.9€973322) 7.78172182] &.772-63 | 2.937-02 | 1.378-02 | 3.1:-07 | 3.68r-03 | 4 30503
$¢.362091 6.31106523 8.09233¢94] <.782-03 | 3.932-03 | 1.337-02 | 1.35503 | 3.900-02 | ¢ 13203
$6.33309; §.353993291 8.40235807] €.79r-02 | 2.932-02 | 1.232-02 | _3.352-c2 | 3.93E-07 | ¢ 36203
$3:300031 6.79612323| 8.73398119) 4.83E-02 | 2.932-02 | 1.242-02 | 3.372-02 § 3.74r-01 | ¢ Iri-02
J3.003391 3.15932039) 9.17661588) 4.84T-02 | 2.957-02 | 1.302-02 | 3.435-c2 | 3.785-03 | € 33007
18:33809] 7.70403942) 9.87697363] ¢.907—02 | 3.002-02 | 1.432-02 | 1.€82-02 | 3.83t-03 | ¢ sit-o3
8421239 8.24875846] 10.5733334]_4.962-02 | 3.06z-02 | 2.09202 | 2.342-02 | 3.885-02 | ¢ e9t-33
8366709 8.793:7749] 13.273¢891| 5.022-02 | 3.14%-07 | 2.33z-02 | 7.55r-02 | 3.83-03 | ¢ .36 01
27:23939] 9.6206296| 32.33132( 5.092-02 | 3.282-07 | 3.04r-02 | 3.16z-02 | 4.032-02 | <. €3e-03
101:13409) 9.91704323] 12.714138] $.122-02 | 3.342-02 | 3.19t-02 | 3.335-02 | 4.072-03 | ¢ est-o3
103.81009} 30.3763902{ 13.3033207] $.172-02 | 3.462-07 | 3.43t-02 | 3.15-02 | 4.33z-03 | ¢ 33503
11384039 11.0660377] 34.1872534] 5.242-027] 3.64x02 | 3.84z-02 | e.02z-03 | <.203-01 | ¢ 83z-03
123.383391 121001833} 35.5130382] 3.352-02 | 3.88T-02 | 4.272-02 | 4.422-02 | 4.000-02 | € SIr—03
133230590 33.6521124] 17.5027082] 3.392-02 | 3.99T-02 | 4.397-02 | ¢.57z01 | ¢ 31T-02 | < Ser—oz
Remacks int.max. int.max. fext. merid.]int. merid.| ext. hoop | int. hoop
lprin.seral in.strain strain strain - strain strain
1 (P2 ) = 30.197 ( Kgle=-z )
1 ()

= 0.78 (MPa )
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Tadb. 1-2

Standard Output ( Plot ID 7 - 14 )
Results of Global Axisymmetric Shell Model Analysis

sesain
Internal Pressure Plot I0 7 f Plot I0 3 | Plot b 9 |Plot 10 30{ 210t 20 11{ P10t 0 22| 710t 20 33| Plot ID 14
(kg/cm~2) { P2 ) { M) (=) { =) (=) {=) {=) { =) { =) (=)
0 [ [) 0.0001 3.352-07} -1.202-07 -2.972.07 0.000f «1.242-07} -1.402-07| -6.042-07
1.310.14710209} 0.18839242] 4.992-031 -6.862-0S{ 2.202-05| 7.s6z-0% 2.362-05| -6.942-061 9.Se2-0é] 3. 3SE-0S
31 0.29420410} 0.3771848¢|  9.762-08] -1.312-0a| 4.a32-03| 1.57z-04 3.122-08| -1.362-03] 1.93r-08{ ¢.762-0s
5.2510.31425731] 0.66007348)  1.702-04] -3.282-04) 7.79E-08] 2.74r-o0s 8.942-03{ -2.312-08) 3.372-¢S| 1.19%-0¢
3.623) 0.04383701) 1.09449622] 2.77r~0¢] -3.71E-04] 31.292-0e] 4.:7r-0¢ 1.46E-04] -3.672-05| s.S22-c3} 1.982-03
13.687513.342306561 1.7209038S] 4.352-04] -5.30E-04l 2.062-0¢| 7.072-04] 2.39z-0¢ ~5.352-0S{ 8.722-cS|  3.092-04
21.28212.00708444) 2.67574928] _6.632-04] -9.832-04§ 3.23r-04) 1.08£-03] 3.51z-0¢ =7.932-05] 1.332-0s] <.012-02
32673} 3.2041737)4.10792013] 3.002-03] -1.332-03) s_202-04) 1.62r-03] -1.74z-03 =1.7¢2-04! -2.s582-03| 2.77%-03
33.5213.483377461 4463362541 1.09T-03| -:.47x-03] s_sez-va] 1.79z-03] -2.61r-03 =5.212-08{ -3.502-03 3.482-03
33.69805] 3.50083848) ¢.48825446] 1.052-03) -1.432-01) s.asr-04| 1.m1v-03 =2.668-03] -6.132-04| -3.362-031 3.s2%.03
3547611 3.5182993) ¢.51064038) 1.102-03| -1.452-03] S.932-04] 1.832-03] -2.73E-03 =6.342-0¢] ~3.602-031 3.S32-0)
3614311 3.544483673 4.34420994f 1.102-03) -1.512-03] S.sez-04l 1.862-03] -2.702-03 -6.572-03| -3.602-03] 3.3¢®-03
36.34361 3.58375993) 4.39456402] 3.322-03] -31.532-03] ¢.0cz-0a] 1.898-03] -3.¢52-03 ~6.012-04} -3.602-03} 3.S62-03
37-14435] 3.64262432) ¢.67009528] 1.132-03| -1.372-03] 6.182-04] 3.96z-03 =2.672-03| -7.232-04| -3.332-03] 3.572.03
3804541 3.73103054) 4.78338274) _1.162-03] -1.632-03] 6.412-04] 2.072-03| -2.6:2-03 ~7.832-0¢§ «3.582-03] 3.372.03
393969 3.86€357752} .93330432{ _ 1.202-03| -1.722-03] ¢.7Er-04l 2.232-03 =2.382-03] -8.6:2-04| ~3.562-031 3.582-03
4076841 3.9961163]5.12322629] 1.24w-03] -1.832-03] 7.¢52-0a] 2.44r-03) -3.51r-0% =9.362-02} ~3.532-03{ 3.542-03
$2.0999) 4128655491 52932498061 _1.232-02} -1.9¢2-03] 8.362-04] 2.622-03] -2.s¢r-03 =9.702-041 ~3.312~03 3.S12-03
£3.¢3140 4.26219847¢ 5. 46306983}  1.322-03] -2.16Z-03] 9.59z-04] 3.03r-03 =2.322-03] -1.032-03]| -3.222-03] 3.eez-03
4€.80291 393723450 3.6329916] 1.332-03| -2.872-03] 1.302-03] 3.¢9%-03] -2.31r-03 =3.002-031 -3.s52-23) 3.¢62-03
46.9309) ¢.59261340] S.88796856]  1.412-03| -2.852-03 1.362-03] ¢.332-03| -2.20%-03| -1.372-03 -3.3e2-03] 3.432-03
1883891 4.7934975)€.2429¢333] 1.472-03] -3.432-03] .esx-03l s.313-03] -2.crz-03 =1.248-03 -3.292-031 3.382-03
30.88690 499037932} 6.397922271 1.532-03] —s.162-03] 2.15e-03] ¢.S1z-03 =1.952-03] -1.332-031 -3.3¢2-03] 3.37=-03
31.6¢71) 5.06493086} 6493501231  3.552-031 —4.452-031 2.34z-03] 7.ocz.03 =1.892-03) -1.362-03| -3.072-03| 3.)s2-03
22.4073) s.1394822) 6.5290797a] 31.582-03] -¢.7¢2-031 3.352-03] 7.492.c) =1.853-03} ~1.382-03{ -2.992-03| 3.362.¢)
33.267313.234¢3353) 6.68443838)  1.622-03] _s.03z-03] 2.752-03] 7.ser-o03 ~1.322-03} ~1.402-03) -2.%02-c3| 3.31v-03
53.92771 3.20e384000 6.79023702) 1.872-03| .s.372-03] 2.9s2-03] s.4sz-03 =1.772-03] -1.522-03} .2.802-c3| 3.372.03
5468791 S.36313622| 6.07301366) 1.782-03] -s.60r-03] 3.17z-03 8.932-03] ~3.732-03] -1.¢32-03| -2.se2-03{ 3.317.03
33.448113.583768736] 6.97139431 _ 3.s2z-03] -s.282-03] 3.382-03| 9.432-03 ~1.632-031 -1.472-03] -2.542-03] 3.29z.03
36.388413.34951456) 7.22476226) _ 3.562-03] <6.332-03] 3.718-03 :.02z-02 =1.592-031 -1.512-03] -2.2%-c3) = 3.2¢2-03
38.293415.3122109419.329737621 _¢.982-03] -¢.99v_e3l  4.202-03] 1.13z-03 =1.442-03] -1.572-03{ -1.722-03} 2.13_¢3
$0.008313.88450733) 7.34475298) _9.622-03] ~7.662-03] s.sex-03} 1.25z-02 >1.262-03) -1.¢¢2-03| -1.132-03] 3.072-03
$1.718¢1 6.0326037:1 7.75974834} 1.262-02) -8.322-03} s.e72-03] 1.dér-o3 =1.082-03| -1.702-03) +5.072-04{ 2.93z-03
$¢-20491 6.30429538] 8.08242998) :.432-02] -9.392-53| 6.462-03] 1.327-02 =7.172-04} -1.822-03} 4.392-0¢l 3.822-03
$4.92631 6.367196231_8.1430731} 1.30r-02] —9.352-03) ¢.732-03] 1.Ssz_oz ~6.012-04f -3.832-03| S8.50z-04] 2.79%-03
$2:3677] 6.43009709) 8.24371421] _1.562-02] -9.792-63) 7.o0r-031 1.e0z-02 ~4.832-04{ ~3.932-031 ¢.632-04] 2.762.03
$6.52931 6.52444837) 8.36467739] _ 3.66z-02] -1.032-02] 7.37E-031 3.s6z-07 =~3.022-04] -2.00z-03] 8.202-04] 2.712-03
€7.9731 6.663991 8.34612302] 1.812-02| ~1.062-02] 7.902-03] 1.742-02] -1.097-0S =2.132~031 1.052-03} 2.642.c3
69.£164) 6.807332631 8.72740465| _ 1.962-02] -3.132-02] @.442-03] 1.s2r-02 2.972-041 -2.212-03| 1.272-03] 2.s62-C3
J0.8397) 6.949c732¢] 3.90906838} 2.33p-c2| -3.152-02] 8.992-03] 1.soz-02 6.293-04} -2.322-03] 3.432-03] 2.492.03
73.0242) 7.161343570 9-18320%1¢} _2.332-02] -1.222-02] 9.792-03] z.o012-02 1.162-03] -2.452-03] 1.sor-03] 2.37r.03
73.108717.373609891 9. 43334602 2.552.021 -3.782-02] 1.062-02| 2.13z-02 2.652-03) -2.362-031 2.142-03] 2.242-03
77.3332§ 3.5838782]9.32848487| 2.792-c2| -31.332-02] 1.142-02] 2.212-0% 2.232-031 ~2.642-03] 2.s02-03] 2.092-03
19.517707.79814632] 9.99762324] _ 3.038-02] -1.382-02] 13.21r-02{ 2.30z-07 2.772-03{ -2.682-03] 2.862-03] 1.942-03
$1.682218.01042483) 10.2697626) _ 3.262-02{ ~1.23E-02] 3.7E2-02] 2.392-037 3.312-03) -2.70r-03] 3.2:2-03} 1.s0%-0)
$3.8¢67) 823268324} 30.54190381  3.32%-03 =1.462-021 1.332-02) 2.462-02] 3.362-03) -2.652-03] 3.52¥-03] 1.672-0)
$7.09420 8.541159161 10.9502043]  3.942-02 =1.502-021 3.402-02] 2.562-021 4.70r-03} -2.¢0%-03 4.042-03] 1.472-03
91.96¢719.01879965| 21.3625636] _¢.532-02] -1.342-02] 3.Scx-03) 2.70r-02 §.012-03} -2.282-03] 4.832-03 3.182-03
36-8352) 949644013 32.1749232|  3.30e-02] -1.s¢2-02] 1.ssr-02]| 2.s1z-02 7.433-031 ~-1.652-03} S.522-03f 9.312-04
101.7037) 9.97408061) 12.7872820) _ 6.132-02] -1.3vz-02] 1.s7r-021 z.9sz-02 1.012-02] 9.e7z-0¢l  6.362-031 ¢.03v-04
106.5762) 10.4527211) 13.3996424 2.052=02] <1.557-02 1.582-02 2.962-02 1.432-02 3.222-03 7.322=0) 2.292=04
133.88270 23,1682534| 14.3282761]  3.752-02] -1.432-02] 31.s6r-02l 3.33r-02) 2.2¢E-c2 1.208-020 ®.932.03] 2.93z-es|
124.8437122.24290320 156961323  31.432-00f 2.%4z-04] 4.cer-02] s.sEr-02 3.9:x-021  2.49z-02] 9.732-03] ¢.s6z-04
123.326751 12.3101648) 13.7822623]  :.soz-s1] 2.302-03] «¢.39z-03| .32T-03 4.095-02| 2.83z-02} 9.772-03] 7.952-04
326.21181 12.3773443) 15.9683927) _1.592-03] «.972-03] a.79z-02{ ¢.73z-03 4.262-02) 2.982-021 9.322-03{ 9.162-04
127.23931 12.4702212) 35.99757881  1.822-01] 3.142-020 s.é1z-02] 7.ssr-02 4.352-02] 3.26%-03] 9.93x-03f 1.132-03
127.33363) 12.4078581! 16.0096899| 1.852-01 1.26E-02 $.752-02 7.742-02 4.352-02 3.302-02 9.932-0) 1.382-03
127.480125§ 12.5017204{ 16.0278%2 1.992-01 3.612-02 4.162-02 8.162=-02 £.672=-02 3.372-02 9.962-03 31.192=-03
127.493672] 32.5030369] 16.0295602 2.022-01 1.700-02 §.232-02 9.262-02 £.632=02 3.352-02 9.972-03/ 1.192-03
127.4970391 12.3033391( 16.029986] 2.03e-01l 3.732-02] 6.282-02] 8.29r-02] «.é9z-02 3.392-021 9.972-03] 1.202-03
127.5004861 12.3037212( 16.0304218} 2.042-01) 1.752-02] &.31r-02| s.33r-02 4.652-02] 3.402-02] 9.972-03} 1.202-03
127.301946] 12.5038683] 16. 0306004} 2.05e-03} 1.772-02] s.33z-02 9.35z.02 4.652-02] 3.402-021 9.972-03} 1.202-0)
127.503446] 12.304025¢1 316.c30789] 2.062-01] 1.s0z-02] ¢.37E-021 &.3ez-02 4.702-021  3.432-02{ 9.972-03f 1.202-0)
127.303696] 12.5042341} 16.0310739)  2.062-03] 1.s0P-02{ .37P-02{ ©.3sr-o2| «¢.Jor_o2 3.432-02{ 9.972-03| 1.202-03
Rezarks ext.max. | ext. hoop fext. merid.lint. merid.lext. marid.lint. merid.lext. merid.lint. zerid.
prin.straind strain serain szrain strain strain strain strain
1 (s )= 10.187 ¢ kg/cz-2 )
1(2) = 0.78 (2 )
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£

Tab. 1-3 Sstandard Output ( Plot ID 15 - 22 )
Results of Global Axisymmetric Shell Model Analysis

Strain
Intemnal Fressure Mot Ib 13|rlot I0 26|rlet 3D 37 Pler 22 18| plot 15 13[r10e 20 20{ P10t 30 211 Plot 3d 22
(kg/ex=2) [ ¢ 10 ) (¥ ) (=) =) =) = (=) [ (=) )
) ° 0| -1.072-0¢] s.a2z-08 0.000] -7.382-07} 5.392-07] -2.17z-C6 0.000] -3.082-0

3-310.347102091 0.188359242] -9.042-0¢ 2.3192-05{ 2.312-08 2.3172-05} % <27E-03 1.73E-34 2.032-058 3.072-05
3] 8.29420438) 0.37728484| -1 +672-03S 1.43Z-04 $.692-05 4.412-05| -31.452-04 3.5iE-63 4.122-08 4.192-08)
5.25] 0.334857311 0.66007348] -2 .T4E=05 2.502-04 8.272-05 T.772-08| «2.51F-G4 $.122~0¢ 2.282-08 7.36Z-0%
$.625 0.81383701) 1.00440642| ~4.22%-05 £.072-04 1.362-04 1.282-04] «£.052-0% 9.97E-08 1.212-0¢ 1.212-0¢
1).68751 1.33230656| 1.72090588| .§. 3132-03 6.392-04 2.172-04 2.042-04| ~6.272-04 1.562-0) 1.932.04 1.93%-04
21.282] 2.08708444] 2.67574920] 3. 38205 9.782-04 3.392-04 3.172-04] ~9.38%-04 2.382-03 3.042.0¢ 2.962-02
32.673] 3.2041777{ 4.10792013} -31.12%-04 1.48Z-0) S.662-0¢ 3.07T2-04] «1.412-0) 3.682-03 3.382-04 4.112-0¢
35.52] 3.48337746) 4.46586854] ~7.69z-04 2.32z-03 6.282-04 8.992-04) -1.5¢2-83 1.06z-03 1.652-03 3.232-04
[__.35.69803] 3.50083848) 4.48825446! -g.317-04 2.442-03 §.282-04 9.302-04| -1.55r-03 4.00T-03 1.732-03 3.302.0¢
33.8761] 3.5182995| ¢.51062038] -8.737-04 2.54Z-03 $.282-04 9.632-04] ~1.55%.03 4.102-0) 1.832-03 3.412-04
38.2431) 3.54448367( 4.5442098¢] -9.37=-04 2.672-03 $.262-04 1.012-03{ ~31.37Z-0) 213203 1.97x.03 J.642-02
36.5436] 3.38373993] ¢.59456402] -1.072-03 2.832-03 §.382-04 1.092-0)] -1.582-0) 4.182-03 2.182-03 4.172-02
37.24435] 3.64267432) 4.67009528] .1.112-03 3.042-03 6.832-04 1.39E-03{ «21.61B-03| ' 4.282-03 2.432-0) 5.152-04
38.04541 3.73103854) 4.783382%¢] .1.272-03 3.462-0) 8.312=04 1.34%-03| ~3.652-03 4.36x-03 2.782-03 $.897.0¢
39.3969] 3.86357752) 4.95330432( -1.822-03 4.782-03 1.312-03 1.592-03} «1.71r-03 4.3512-03 3-13T-¢3 9.20Z-04
40.7404) 3.99811265 S.12322629 =1.99Z-03 3.722-0) 2.132-03 1.782-03| -1.77Z-0) 4.632-03 3.152-03 1.042-03
42.0999] £.12865549] 5.29314806) 1.93z-03 $.987-03 2.682-03 1.732-03] «1.832-03 £.742-03 3.082-0) 1.232-03
42.433414.26229427) 5.46306983] -1.60r-03 $.032-03 3.222-0) Ijl-!-ﬂl «1.912-03 4.94%-03 2.882-03 1.572-0)
43.8029]14.39373325] S5.6329836] -1.342-03 6.072-03 3.80E-0) 1.442-03| <2.01E-03 $.23%-0) 2.532-03 2.122-03
45.9309) 4.93281549] 5.82796236] -».31%-0¢ 6.002-03 4.63z-03 1.30E-03} =2.372-03 $.242-03 2.422-03) 2.42r-C3
48.03091 <.7914973] 6.36294531] -3.54r-04 3.872-03 S.29z-83 1-41%-03| -2.372-01 $.302-03 2.505-0) 2.472-0)
350.8869( $.99037932| 6.39792247 1.63E-03 $.732-03 $.192-03 2.15z2-03| -2.82v.03 7.82T-03 2.572-03 2.562-03
S1.6871]5.06493086) 6.49330111 3.772-04 5.672=03 4.852-0) 2.682-03) ~3.052-03 8.31T-C3 2.602-03 2.612-03
32.40731 3.33%48221 ¢.5090787: $.082-0Cs 3.622-01 4.412-03 3.85X-03] ~3.392-03 9.392-03 2.642-03 2.632-0)
53.16751 3.21403234) 6.60463838 7.882~04 3.5ez-0) 4.39z-03 3.692-03] -3.78=-03 1.052-02 2.482-03 2.632-03
53.92771 £.28238388] ¢.78023%02 9.612-04 5.53z-03 4.33%-03 3.872-03| «2.i82.c) 1.18%-02 2.722-03 2.672-0)
54.68791 5.36313622{ ¢.875015¢6 2.182-0) S.4€X-03 4.332-03 £.00E-03] -2.332-0) 1.31%-02 2.742-03 2.702-03
$3.448115.43768758] ¢.9713923 1.312-C3 5.432-03 4.322-03 4.122-03| «1.93%.03 1.452-02 2.77¢-03 2.732+03
S6.508¢) 3.58931436] 7.2147622¢ 1.562=03 3.36z-03 4.322.03 £.262-03] ~5.30%-03 1.842-02 2.807-03 2.772-0)
38.2984) 3.7272:0941 7.32975%62 2.052-03 $.252-03 4.372=-03 $.40E-03] «$.302.0) 1.90%-02 2.892-01 2.832-0)
$0.0084] 5.98490733] 7.8:475298 2.492-03 5.152-03 4.442-0) 4.492-03 =7.19z-03 2.202-02 2.962-03 2.92r-03
61.7184) 6.85260371) 7.75874832 2.882-03 5.¢7¢-03 4.542-03 4.60T-03| ~7.96r-C) 2.452-02 3.052-03 3.002-03)
64.2849) 6.20229538) 8.035242993 J.842-03 4.962-03 4.702-03 4.802+03( «8.922-03 2.742-02 3.162-03 3.122-0)
64.926)1 $.36719623{ 8.163072: 3.812.03 4.922-0) 4.742-03 £.812-031 -9.152-03 2. =02 3.192-03 3.242-03
$3.56771 6.430057091 8.2437122) 3.98%-03 4.092-03 4.79%-03 4.892-03| ~9.362-03 2.992-02 3.20%-0) 3.13E-03
$6.5290] 6.32444837) 8.36467739 4.227-0) 4.06z-0) 4.842-0) 4.975-03| «$.864®-0) 2.99L-02 3.23r-03 3.182.03
€7.9731 $.66599] 8.54€14202 4.672-03 4.83E-03 4.992-03 3.142-03| ~1.01E-02 3.132-02 3.29T-03 3.242-03
$9.4164} 6.00753163| 8.72760463 S.18x-03 4.792-0) S.142-03 5.312-03| «1.032-02 .332=52 3.342-0) 3.29T-03
30.9397] 6.94907326( 8. 90906828 3.322-03 4.75T-03 5.312-03 S5.512-03{ ~1.06Z-02 3.328-02 3.392-03 3.342-03
23.02421 7.162341370 9.1822071¢ §.512-03 4.76L-03 5.63z-03 3.972-03| .3.0ez-02 3.452-02 3.50E-0) 3.45z-03
25.18871 7.37360989) 9.45334603 %.357-.0) 4.752-03 6.042-03 6.342-03] «~1.092-32 3.572-02 J.60%-03 3.54Z-0)
77.35321 7.3838782) 9.72548487 8.08c-01 4.752-03 €.542-03 $.912-03| -1.08z-02 J.69T-22 3.682-03 3.622-03
13.5177) 1.79%15632 | 9.9976237¢ 0.772-03 4.79Z-03 7.212-0) 3.992-03} ~i.092-32 3.792-02 3.772-03 3.702-03
$3.6322) 8.010412183] 10.269762¢ 9.38:-03 4.80I-03 8.352-03 8.472-03 -1.09r.02 3.882-02 3.822-0) 3.772-03
83.8467] 8.222623141 10.5419015 9.992-03 4.802-03 9.372-03 9.612-03| -1.082-02 3.962-02 3.90Z-03 3.82£-0)
$7.0942( 8.542125936) 1£.950204) - 082-02 4.812-03 1.162-02 1.172-02] ~1.072.02 4.062-02 3.98L-03 3.90%-03
91.9637( 9.010799¢5) 11.362563¢ 1.142-02 4.87E-03 1.462-02 3.462-02( -3.042-02 4.3192-02 4.052-03 3.972-03
96.0332] 5.49644013] 32.1349232 1.22T-02 4.88T-0) 1.322-02 1.722-02 -1.06=-02 4.33E-02 4.30C-03 £4.012-03
203.70371 8.$7508063| 12.7872828 1.272-02 4.832-0) 1.882-82 1.875-021 -1.3¢2-02 £.562-02 4.112-03 4.032-03
106.5742 20.4517211) 13.3996¢24 1.33%-02 4.76X-0) 2.08E-02 2.06E-02] ~1.2¢8%nC2 $.9:2.02 £.132-03 4.032-0)
113.82271 12.368255¢] 1¢.318276) 1.422-02 £.63%-03 2.30X-02 2.28T-021 -1.24%-02 $.032-02 4.162-03 4.052-03
13¢.8417 12.2429832] 15.6961323 1.442-02 4.395-0) 2.332-02 2.442-02| «1.20%-02 $.222-02 $.19T-8) £.08E-0)
125.82675  12.31014400 15.782262% 1.442-02 4.592-0) 2.442-02 2.452-92| ~1.20£-02 S.132-02 4.192-03 4.08:-03
226.2118] 12.3773483] 15.8623927) 1.442-02 4.59E-03. 21.492-02 2.432-02]| -1.20x.02 3.31432-02 4.202-03 4.082-03
327.23931 12.4782112] 1S.99737¢s 3.442=02 4.592-03 2.302-02 2.462-82{ ~}.20r-02 5.162-02 4.202-03 4.05T-03
3127.335€3] 32.4875381) 15.0096899 1.842-02 4.592-03 2.50E-082 2.462-02{ -1.20%-¢2 3.162-02 4.20T-03 4.09T-0)
127.480125] 32.8017284] 16.82785? 1.442-02 4.932-0) 2.502-02 2.462-02| ~1.307-02 3.146L-02 4.20Z-03 4.09Z-03
127.4936721 12.5030569] 16.0293602 1.44T-02 4.59%-03 2.3502-02 2.462-02] «1.20z-02 3.16T-02 4.20L-03 4.092-03
127.497039] 12.5033891} 16.029986 1.442-02 4.59z-03 2.5CT-02 2.462-02) -1.202-02 S.162-02 4.202-0) 4.092-03
127.300446) 12.5037212{ 16.0304118 1.44%-02 4.592-0) 2.58r-02 2.46T-02{ ~1.202-02 S$.36T-02 4.202-0) 4.092-03
127.301946! 12.5038683 16.0306004 1.442-02 4.59T-03 2.302-02 2.462~02| -1.20%-02 3.162-02 4.202-0) 4.09z-02
127.502446) 12.3040354{ 14.030788 1.442-02 4.592-03) -2.852-02 2.46T-02| -1.20r-02 5.162-02 4.20E-0)3 4.09E-0)
227.505694] 12.50423481] 16.0310719 1.432-02 4.3593-0) 2.302-02 2.462-02{ «1.202-02 S.16Z-02 4.20%-02 4.092-03

Rezxsks [exs. merid.int. merid.jext. merid.)int. meric.fext. merie.]ins. serid.jext. mezid.lint. merid.]
strain st=ain stzain strain sexain strain strain strain

(s ) » 30.187 ( kg/e=-2 )
(P ) = 0.73 (ara )
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Tab. 1-4

Standard Output ( Plot ID 23 = 30 )
Results of Global Axisymmetric Shell Model Analysis

strain
Internal Pressure Plot ID 23|rlot 3D 24]Plot ID 25|Plot 20 26]Plez zD 27{ P10t ID 28|Pl0e 2 29210t 10 3¢
(kg/cn-2) { ¥Ps ) { M) { =) (=} { =) { =) { =) {(-) (- {~)
[] 0 0] s.ese-08] S.7ir-08 0.000} «6.9¢2-07{ 1.972-07] 1.972-07 0.000{ 2.632-07
1.5]10.14710209] 0.13839242] 8.872-03| $.872-051 1.932.03} 2.162-03] s.6cr-0S] e.612-081 3.15r-0% 3.302-0s,
310.294204181 037710484 1.772-04] 1.772-04| 3.922-05] 4.382-08| 1.722z-04] 3.73r-0al ¢.332-08] ¢.ser-us
3,251 0.314857311 0.660073¢8] _3.10r-04] 3.102-04] 6€.922-8S| 7.722-05{ 3.012-04] 3.01r-04] 1.11Z-02 1.152-03
86231 0.8438370103.08440642 5.102-04 s.j0z-0al 1.142-04] 1.272-04] 4.352-04] a.s5P-0al 1.8ir-0s]  1.sez-0%
13.687311.34230636) 1.72090383] ®.082-04! ®.052-04) 3.322-04| 2.022-04| 7.sez-o4l v.sez-oal 2.97r-04] 2.ser-0%
21.28212.08708444§2.87574928]  1.262-03] _31.267-03) 2.232.04] 3.332-04] 3.237-03] 1.227-03| 4.Ssr_os| 4.e3z-0¢
32.673) 3.2081777}4.10792013) 2.242-03) 2.232-03| 3.7¢2-cal $.372-04) 1.90%-03] 1.sor-03] 7.032-04] ¢.s1z-0s
33.321 3.38337746} 4.¢6386054]  7.2¢2-03) 7.26z-03| 1.98z-04| 7.692-04] 2.1:r-03] 2.102-03] @.01%-04} 7.28r-0¢
35.69805! 3.500839481 4.53828446)  7.722-03| 7.7¢2-03] 31.s62-04| 7.352-04] 2.127-¢3] 2.12r-03) 8.072-0% 7.312-04
35.8761) 3.5192993]4.51064038) 8.2:2-03] s.2¢2-03] 1.727-04( e.012-04] 23.13%-03] 2.132-031 ¢.3cz.08 7.352-04¢
36:140113.544483670 454420983} 8.992-03] 9.022-03] 31.302-04] @.232-04] 2.162-030 2.132-03] s.16z-08) . 7.432-04
38.34361 3.303759931 4.39456403) 1.012-02] 1.012-02] 1.0s2-ca] w.¢s2-0¢] 2.19z-e3] 2.19=-03) s.21Z-0¢ 7.602-0¢
37.344351 3.642674321 467009528  1.152-02| 1.16E-02| 3.322-08] 9.372-04] 2.262-03] 2.252-03] 9.215%-0¢ 7.822-02
38.043413.7310385414.78338274{  3.352-02{ 1.362-02| -1.132.08] 1.062-03] 2.332-03l 2.382-03] s.¢0z-0al ®.13z-08
29.39691 3.863377521 ¢.933304521 1.3s2-02] 1.332-02) -3.372-0ce) 1.252-03] 2.7¢z-03] 2.71%-03| s.3sz-0a| s.ser-os
40.748¢] 3.996116513.323226290 1.572-02{ 1.372-02] -3.322-04) 1.432-03] 3.413-03] 3.372-03| s.522-03| 9.3er-oc
$2.0999]4.320655¢91 S.29314806| 1.352-02| 1.892-02] -®.972—0¢} 1.412-03] 3.zsz-c3] 3.siz-o3| s.sse-osl 1.oor-o3
43:4314)6.2611944713.46306383)  1.392-021 1.602-02) -8.922-04} 1.322-03| «.33s-03] 4.23%-03] $.eam-c:] 1.o06z-03
44.8039)4.39373345] _5.6329916f 1.602-02] 1.60%-02) -s.s0r-0a} 3.2:32-03| s.932-03l s.smz-c3| s.sis-0el 1.122-03
468309} 4.59361548) 5.28796036] 3.60z-02 1.602-02] —7.952-08]  7.92z-03]  6.3182-03 6.332-03]  9.142-04] 1.22:-03
4883891 4.791437516.3429¢333)  1.602-02) 1.602-02) -7.282-04l 2.0:2-04| 8.652-03| 8.642-03] 9.7er-oal :.37r-03
30.88691£.99637932] 6397922471 _ 1.602-02f - 1.602-02] -3.992-04] -3.942-0¢| 1.3e2-02] 13.172-03] 1.06x-03] 1.a5t-0>
31.647313.064930861 6.293302231 _ 3.602-02) 1.602~02] -3.372-04] -s.ész-0a] 1.272-02) 3.77®-e2] 1.202-03| 1.S1z-e3
32.40731 S.1354822) 6.5890797a]  1.602-02} 3,602-02] -4.262-04] -¢.7:2-0¢ 1.352-02) 31.332-02] 1.16%.030 3.6¢2-03
33.167315.214033541 ¢6.€04638281 1.602-02] 1.612-02| -s.892-04| -6.322-04i 3.3s2-02l 31.3s2-02] 3.292-03] 3.s3r-cd
33.927715.23€3848¢84 6.790237021 _1.63%-02] 1.612-02] —¢.682-0¢| -6.312-04] 3.3er-c3] 1.36=-02] 13.332.03] 2.15-03
34.607913.36313622) 697383566  1.612-02] 1.612-02| -4.71¥-04] -6.06x-0s] 31.36z-02] 1.3ez-03] 1.302-03] 32.e3r-o3
33.448115.43768734) _6.97139438 1.612-02] 1.632-02| -4.972-03( -5.552-0¢] 1.362-02] 1.362-02) 1.66Z-03] 3.378-03)
36.388413-3¢931454} 7.134762261 _ 3.632-02{ 1.612-02| -S.192-0al —s.9e2-0s] 1.36r-02] 1.3er-02] 1.se2-03] 4.73%-03
58.298415.717210941 7.32973762) _3.632-02] 3.63z-02] -s3.332-08| -d4.262-0a] 3.37r-02{ 1.37r-c2] 2.692-03] 7.aez-03
$0.000¢13.88499733] 7.34475298) _ 3.622-02| 1.612-02| -4.992-04] -3.97z-0al 3.37E-02( 1.372-03] 3.455-03] 9.s52-03
§1.7184)6.032603711 7.75974834] 3.632-02) 1.622-03] -¢.622-04} -3.S32-0sl 1.38E-c2] 1.382-02| 4.202~03] 3.15E-02
$4.28491 €.30429530) 8.082¢2998} _1.62r-02) 3.622-03) -4.042-04} -2.982-0af 31.322-02] 13.382-02] S.47Z-03] 1.53-02
$8.926)1 6.367194231 9.1630921) 1.622-02) 1.622-02} -3.902-08| -2.8¢2-0¢{ 3.352-02] 1.392-02] S.s2r-03] 3.S5er-02
$3.36771 €.430097091 8.24371823)  1.62%-02) 31.622-02} -3.772-04| -2.7:12-0al 3.35z-02] 1.39z-02] s.7sr-03] 1.e1z-02
$6.529016.524448371 8.36467739] _3.622-02) 3.632-02] -3.562-04] -2.422-04] 1.351-03] 1.392-02] s.s1r-03] 1.scr-03
67.9731 §.6€3991 8.58613102] 31.632-02] 1.632-02] -3.102-04] -2.01x-04] 3.392-02] 1.392-02] 6.21z-03] 1.e9z-02
§9.416416.907331631 8.72760463| _1.632-02] 1.632-02| -2.692-04] -1.522-04] 1.402-021 1.a0E-02| 6.722-03] 3.7CZ-0%
J0.8397) 6.94507326] 8.90906028) 1.632-02] 3.632-02] -2.272-04] -1.152-04] 3.402-02]| 1.40P-02{ 6.992-03] 1.702-02
73.024212.16134157{ 9.18120734}  1.622-02] 1.63%-02{ -1.352-04] -4.422-0S 1.412-02| 1.s37-02] 6.saz-o3} 1.702-02
33.106707.37360989) 9.433346028  1.642-02] 1.642-02] -9.032-03] 2.ss-0s] 3.«2r-c3l 3.432-02( 6.97T-03] 1.702-02
37.33321 7.3858782) 9.723¢8487) 1.642-02] 1.6:2-02] -2.632-03{ 9.3cz-0s| 3.432-02] 1.2332-02] ¢.382-03) 3.702-07
79.317717.7981465119.99262374] 1.632-02{ 31.632-02{ 3.302-08) 1.S32-0¢) 1.482-02] 1.42%-02| 7.002-03] 1.702-02
81.682210.01041433110.2697626] 1.65x-02f 31.632-¢2{ 9.072~08| 2.13z-04] 3.4¢2-03| 3.462-02( 7.002-03) 3.702-03
$3.84671 9222683241 10.5419028) _1.632-02] 1.¢52-02{ 1.432-04f 2.6cx-0al 3.432-02] 1.a52-02] 7.01%-03 1.702-02]
87.09421 8.3£113916! 10.9302041} 3.66z-02] 3.e62-02] 3.1s®-04{ 3.39p-0e} 3.47E-02] 1.472-02] 7.02z-03] 1.70T-02
9196471 9.01379965] 11.3623636) 1.66x-02| 1.662-03] 3.102-04f 4.322-0al :.423-02] 1.s482-02] 7.03z-03] 1.70E-02
96.333219.49644013) 12.1749232) 1.672-02] 1.672-02] 4.0c2-0a) S.30®-04] 1.s0z-02] 1.sez-02] 7.03z-03] 1.70%-03
101.70371 9974000611 12.9872820)  1.672-62{ 31.67x-c2! 4.632-0a S.ser-0sl :.s1z-02 1.siz-c2|  7.04E~03 1.702-02]
106.5762)10.£317211 13.399642¢) 1.682-02] 1.6e2-02] S.432-0al 6.7eE-04! 3.33z-02] 1.53r~02] 7.csr-03| 1.70z-02
113.88270 12.1682334) 14.3182761] 1.682-020 3.eez.02] 6.a%2-04l 7.832-04] 1.8:%-03] 1.5:r-02 3.1e2-03| 1.702-02]
124.8417) 32.2429832) 15.6962323} 1.702-02] 1.702-02] 3.8¢2-04] 8.97z-04] 3.s6E-03{ 1.s6z-02] 7.2:¢-03] 1.70T-02
123.32673112.3101643( 23.7822625{ 1.70x-03] 1.702-02] 7.é0m-o0il s.0iz-04} 1.s6z-03] 1.s6z-02] 7.252-03] 1.700-02
126€.2118) 22.3773483) 150623927} 1.702-02] 3.702-02] 7.s6r~o0al 9.102-04} 1.Sez-02] 1.s6z-c2 2.262-03] 31.702-02
127.2393)12.47811121 13.997378S|  1.702-021 1.70z-02] 7.72%-04] 9.17r_0e] 1.572-02] 1.87r-02] 7.27E-03] 1.70%-02
127.335634 12. 973381 160096999} 3.702-02| 1.7om-02l 7v.732-ce| 9.1g2-04] 2.S72-02] 1.Svr-02| 7.272-030 1.702-02
127.480123) 12.5017284) 16.027837] 3.70Z-02| 1.702-02] 7.752-04] 9.202-0¢} 1.572-02] 1.57z-02] 7.282-03] 1.702-02
127.493672} 12.30303¢8] 3¢.c298¢€c2] 1.702-02) 1.702-021 7.752-04] 9.202-04] 1.572-02] 31.572-02] 7.382-03] 1.702-02
127.497059} 12.5032891) 14.029986] 1.702-02) 1.7ez-02| 7.732-0al 9.202-0s] 1.37¢-02 1.8vz-021 7.282-03f 3.702-02
327.500446] 12.5037212) 16.0304339) 1.70z-02} 1.702-02] 7.732-04) 9.202-0¢| 1.872-03] 3.57z-02] 7.282-03} 1.702-02
127.501944) 12.3038633) 16.0306004) _1.702-02} 1.702-02) 3.732-0¢| 9.30r-0s! 1.372-02{ 3.372-03] 7.282-03] 1.702-02
127.50344¢] 22.5040134} 14.030789] 1.702-02] 1.702-02} 7.7s2-ozl s.30w-04]l 1.572-02{ 1.s7z-02] 7.38E-03| 1.70Z-02
127.303696] 12.5042361] 16.0330738] 1.7c2-02] 2.702-02] 7.752-0¢] 9.20z-04] 1.372-03] 1.57%-02) 7.282-03] 1.702-02
Recacks ext. hoop | int. hoop jext. mexid.lint. mecid.| exs. hocp | ins. hoop anz. zerid.] int. hoop
sexrain stoain strain strain strain serain strain strain
1 (MXa ) = 30.297 ( kg/cm*2 )
1(M) = 0.78 () E-398
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Tab., 1-6 Standard Output ( Plot ID 39 )
Results of Global 3-D Shell Model Analysis

!thxuamt
Inteznal Pressure Plot ID 39
(kg/cm-2) ( Mra ) () [ 3]
o 0 o -3.002=03

1.5 0.14710209} 0.18859242 $.232-02

3] 0.29420418{ 0.37738484 1.862-01

3.25) 0.514357311 0.66007343 3.272~01
9.625{ 0.34583701] 1.084406¢2 3.422-01
13.6975( 1.34230656( 1.72090523 3.6952-01
21.282) 2.08708444] 2.67874929 1.372+00
32.673} 3.2041777| 4.107392013) 2.312+00
35.52) 3.49337746) ¢.46586854 3.102+008
36.23191 3.35319212) 4.35337451 3.372+00
36.4539( 3.57937829| 4.5889419¢ 3.482+00
36.8994] 3.413652354} 4.6392931) 3. 652400
37.04953{ 3.63337748) 4.55817624 3.722+00
37.27485] 3.65547221 4.68630282]  3.842+00
37.6128] 3.6886143] 4.72899269] 4.04Pe00
38.119€3] 3.73832009} 4.75271807 4.36E+80
33.37383) 3.91287143] 4.8882967) 4.992¢00
40.02013§ 3.92469844) 5.03366467 §.382+00
41.73015§ 4.09239432} 5.24666003 8.822+00
44.29663| 4.3440885] 5.56934166 1.192+012
44.457] £.35981171| S.58930219 1.212+01
44.61733) 4.37583692| S.60966272 1.222+01
44.85795) 4.3991321§ 5.53991298 1.232+01
435.2187¢ 4.43451013) S.68526942 1.232+01
45.7599( 4.43750430§ 3.753313%7, 1.252+01
46.5717] 4.56719623( S.95337979 1.342+01
47.7894] 4.68661371) 6.00847912 1.422+01
49.6164) 4.96578403) 6.23918468 1.382+01
50.30145} 4.93256338) §.32433488 1.832+0)
30.55825] 4.93814946] 6.33660187 1.632+01
S0.9436] 4.99591593] ¢.48505126. 1.682+03
31.032093) 5.01011033] €.42321837 1.692+01
31.242275( 5.01542363| 6.43003033]  1.692+0) *
51.223543) 5.02339365] 6.4402¢82¢] 1.702+01
51.34543) 5.03534863] 6.4335751% 1.712+01
351.5233| 5.05328038] 6.47836459 1.722+01
31.80265! S.08028S533) 6.51305814 1.732+01
52.2141( 3.32083543} 6.5647390¢ 1.732+01
352.83133] 8.18106796| 6.£4239¢82 1.772403
53.75715] 3.27185937] 6.75379406 2.802+01
55.14583{ S.40804648] 6.9333329) 1.822¢01
56.53455| S5.35442336§ 7.10799179 1.932+01
57.92325| 5.68042071( 7.28255066| 1.842+0)
60.00673] S.884743351] 7.5445453) 1.332+03
$3.313125) 6.19113916 7.337333%4 1.B82+0)
€7.91725) 6.63070600| 8.5263¢627 1.912+01
72.50325§ 7.11025302) 9.13570899 1.932+031
77.183235} 7.56979994] 9.70¢87172 1.592+01
81.837325] 9.02934637) 10.2940344 2.032+02
$6.36125| 8.48829379} 10.8831972 2.072+031
93.39175] 9.178361238} 11.7671258 2.132+02
96.22375| 9.43656673} 12.0986753 2.132+01
100.18273{ 9.82472786] 12.595803] 2.18%+01
106.21375{ 30.4083885] 23.3414994, 2.242+01
313.01175§ 11.2789791) 14.4602296]  2.)3me01
123.9097S{ 12.1515887| 15.5789389 2.432+01
126.13423] 12.36974114 15.8586424 2.46E+81
126.34273) 12.3901883] 15.8842558 2.462+01
126.4203¢3) 12.3978567] 15.834688) 2.472+01
126.5338243) 12.4093601] 135.90943¢ 2.472+01
126.539743} 12.4095072] 15.9096246 2.472+01
126.341995] 12.4097279) 15.509507S 2.472401

Remarks horizontal
disp.

1 (Ma ) = 20.197 { kg/cm"2 )
1{»M) = 0.79 (rra)
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Tab. 1-7

Standard Output ( Plot ID 40 - 43 )

Results of Local 3-D Shell E/E Submodel Analysis

strain

Internal Pressure Plot I0 40 | Plot I 41 | Plet Ip 42 | Plot 20 43

{hg/ce"3) ( M¥a ) [ L) (=) { =) (= {=-)
1.5] 0.147102089] 0.188592422) 1.99z-0S 1.03Z~0¢ 2.012-05 8.452-05
3} 0.294204178] 0.377104843] 3.sez-05 2.05L-04 4.022-05 1.682-04
3.25] 0.514857311] 0.66007347¢] 6.97z-05 3.372-04 7.042-05 2.922-04
8.625| 0.845837011| 1.084406424] 1.15Z-04 5.832-04 1.162-04 4.742-04
13.6075] 1.342306561| 1.720903847] 3.872-04 9.192-04 1.852-04 7.432-04
21.282) 2.087084437) 2.675749278| 2.85z-04 1.422-03 2.90Z-04 1.142-03
32.673] 3.204177699} 4.207920127] d.s4z-04 2.622-03 $.232-04 1.762-C)
35.52| 2.483377464] 4.465868544] 3.292-0¢ 3.972-03 7.322-04 1.972-03
38.367| 3.762577229) 4.82381696] -7.892-03 1.082-02 5.90L-04 2.312-03
41.214] £.041776993] 5.181765376f -1.142-03 2.372-02 1.582-04 8.602-03
41.39203f 4.059238011{ 5.204151296] ~3.202-03 2.432-02 1.432-04 9.152-03
41.5701 ¢.076699029] 5.226537217] ~1.282-03 2.49T~02 1.322-04 9.722-03
41.74015| 4.994160047) 5.248923137| ~1.352-0) 2.542-02 1.172~04 1.03C-02
£2.01313] 4.220344219] 5.282492588] ~1.452-0) 2.622-02 3.892~0S 1.08Z-02
42.41365] 4.159620477] 5.332846765] -1.552-03 2.742-02 4.61Z-0S 1.162-02
$3.0164} 4.219334863] 5.4083780)] -1.752-03 2.9312-02 | ~1.43Z-05 3.272-02
43.2417) 4.240629597] 3.436704611] -1.812-03 2.972-02 | -3.842-03 1.322-02
43.57965| €.273771698] S.479194434] -1.912-03 3.052-02 | ~6.062-03 1.382-02
43.706355] $.286197421| S.495224886] ~1.94T-03 3.082-02 { ~6.94¢2-05 3.412-02
43.096405]| ¢.304835246| 5.519019546] -2.00Z-03 3.122-02 { -8.222-03 1.452-02
44.181355] ¢.33279935)] S.554870965| -2.092-03 3.202-02 { ~1.112-04 1.322+02
$4.466705] 4.36076346] 5.590722384) -2.17z-03 3.252~02 | =1.372-04 3.582-02
44.53797] ¢.36773228] S.59963241} ~2.19z-03 3.262-02 | -1.44B-0¢ 1.592~02
$€.5647] £.370373639] 5.603022127] -2.20z-03 3.272-02 | ~3.472-02 1.592-02
44.604793] ¢.374303678] 5.608084203] -2.21%-03 3.282~02 | ~3.51E-04 1,602-02
£4.66£93] 4.380203001} S.6:5644873] -~2.23z-03 3.20C~02 | =1.58Z-04 1.612-02
44.75314} 4.289049721] S.626986821] -2.252-03 3.292-02 | ~1.672-04 1.612-02
44.89044} 4.402319329| 5.643997858] -2.272-03 3.312-02 | -1.80Z-04 1.622-02
43.09339] 4.422221242] 3.669514412] -2.312-03 3.332~02 | «2.01Z-04 1.642-02
45.39789| 4.452082966{ 5.70779867¢] -2.372-03 3.372-02 | «2.322-04 1.66T-02
45.83449] 4.496860341} 5.763206207] -2.462-03 3.422-02 | ~2.82T-04 1.692-02
46.539341 4.3564042265] 5.851336366} -2.602-03 3.502-02 | =3.36E-04 3.742-02
47.56704| 4.664807296| 5.980522175] ~2.86z-03 3.652-02 | —4.78Z-04 1.872-02
47.95239] 4.702597823) 6.028971568] -2.972-03 3.752-02 | ~5.222-04 1.952-02
48.53034) 4.759276258] 6.101636228] -3.202-03 3.93Z-02 | =6.05E-04 2.132~02
49.39734] 4.864302263] 6.210642648] <3.55Z-03 4.32E-02 | =7.48Z-04 2.412-02
S0.69769] 4.971024066) 6.374133428] -4¢.102-03 4.65Z-02 | ~9.78Z-0¢ 2.748-02
51.02274} 3.003701089] 6.415001396] «~4.22=-0) 4.76x-02 | -3.032-03 2.828-02
51.34779| $.035570113| 6.455869373] «4.34E-03 4.872-02 | ~1.072-03 2.912-02
$1.83544 $.083401| 6.517180771 -¢.342-03 4.93E-02 | =-1.00Z-03 3.062-02
52.56684] 5.155127979] 6.609130434] «¢.342-03 5.032-02 | ~8.922-04 3.252-02
$3.664091 5.262733157 €.747093793] -<.40Z-03 S.13E-02 | -8.242-04 3.522-02
54.76134) 5.370338335] €.883049147] «4.402-03 $.142-02 | ~8.15z-0¢ 3.612-02
35.85839( 5.477943513] 7.023004504] =4.392-0) 5.342~02 | -7.992-04¢ 3.652-02
56.9353841 5.583548691] 7.16095986] ~4.372-03 $.132-02 | <7.722-04 3.672~02
$8.05309{ 5.693153869] 7.298915216] ~4.362-03 35.332-02 | ~7.8522-04¢ 3.712-02
59.15034| 3.800739047] 7.436870573} «4.352-03 $.132-02 | =7.34E-04 3.752-02
$0.28759] 5.908361223) 7.574825929) ~4.352-0) $.132-02 | ~7.18IZ-04 3.792-02
61.89309| 6.069735216] 7.781711016] -4.342-03 5.323E-02 | =6.89T-04 3.852-02
64.36209) 6.321063254) 8.092134942] =4.352-03 $.132-02 | -6.352-04 3.932-02
€6.83109] 6.553995293] 8.402550088] =4.33T-03 5.19Z~02 | «6.07T-04 3.99%-02
69.30009) 6.796123331) 8.712928319¢] -4.312-03 $.252-02 | -5.262-04 4.052-02
73.00359) 7.139320388} 9.378613822| -4.242-03 $.352-02 | ~3.06E-04 4.142-02
78.53809] 7.704039423) 9.87697362] -4.282-03 $.522-02 | ~2.00L~04 4.302-02
84.11259) £.248738458] 10.57533136] «4.087-03 S.68E~02 | =4.17C-06 4.422-02
89.66709} 8.793472493} 11.273 «4 .002-03 S.832~02 1.80Z-048 4.542-02
97.99959| 9.610629397) 12.32132] -3.912-03 6.06E-02 4.132-04 4.722-02
301.12409] 9.917043248} 12.71413801| -3.892-03 €.15Z-02 2.925-04 4.802-02
103.81009] 20.32659017} 13.30332074] ~3.872-03 §.30Z-02 6.182-04 4.922-02
312.84059] 21.06605766} 14.30725342| -3.85£-03 6.512-02 8.032-04 $.162-02
123.38559] 12.10010535| 15.51303814] -3.832-03 6.792~02 1.01E-03 $.492-02
139.21059] 13.65211239| 17.350270819{ -3.82E-0) 6.962-02 1.08Z-03 5.652-02
Remarks int. merid.| inz. hoop |int. merid.| ine. hoop

serain strain strain strain

1.(a ) = 10.397 ( kg/ex-2 )
1

(Pe) « o.M

(12 )
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Appendix E-7

Sandia National Laboratories
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Sandia National Laboratories
SCV Round Robin Submittal

1. INTRODUCTION

The authors of this section are Paul Carter and Samuel Key. This work was supported by the U.S.
Nuclear Regulatory Commission and performed at Sandia National Laboratories, which is
operated by the U.S. Department of Energy under contract number DE-AC04-94-A1.85000.

This section summarizes the pretest structural analyses of a scale model of a Steel Containment
Vessel (SCV) to be tested at Sandia National Laboratories. A complete description of the test is
provided elsewhere. This section includes a summary of material modeling details, finite element
model descriptions, results, and a failure prediction. -

The structural analysis effort consisted of four basic finite element models with some analyses
repeated with slight modifications. The ABAQUS general purpose finite element code was used
for all structural analyses [1]. The first finite element model was a global axisymmetric shell
clement model. This model was run with two different gap dimensions (the nominal distance
between the SCV and contact structure): 18 mm (the as-designed gap), designated the GAX18
model, and 34 mm (2 worst case scenario gap), model GAX34. All remaining analyses used the as-
designed 18 mm gap dimension. The second model was a 3-dimensional global shell element
model, designated G3DS, whose only non-axisymmetric detail was the addition of the equipment
hatch. Results from this model called for further study in two areas: 1) the area near the junction
of the material change interface and the equipment hatch insert plate; 2) the top head including the
knuckle. The third model was a locally refined shell element submodel of 2 cut-out of the material
change interface/equipment hatch insert plate junction from the 3-dimensional shell element
model. This model, referred to as the LEHS model, was also rerun later with some as-built shell
thicknesses incorporated into the model, the LEHSTh model. The last model was a local
axisymmetric continuum element model of the top head area, model LTHAXGC, including the
contact structure from the apex extending down to the upper 19 mm stiffener.

2. MATERIAL MODELS

2.1 Introduction

Each of the analyses used material models based on tensile test data provided by Hitachi [2). The
true stress-true strain data were used to fit a theoretical hardening curve such as a power law or
inverse hyperbolic sine law. In addition to capturing the measured behavior up to maximum load,
prediction of the behavior of the SCV up to failure requires reasonable extrapolations of the true
stress-true strain data beyond maximum load. The tensile test were recreated using a finite element
mode] to verify the behavior after maximum load. This section describes the procedure used to fit
the material models to the tensile test data and to obtain reasonable extrapolations beyond
maximum load. ‘ :
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2.2 Background
In a tensile test, the engineering strain, e, is written in Equation 2.1:

-1,
1

o

e =

(EQ21)

where [, represents the initial gage length of the test specimen and ! represents the current gage
length of the test specimen. The engineering stress, s, is calculated from Equation 2.2:

= E |
s= _ (EQ22)

where F is the axial load on the tensile test specimen and A, is the original cross-sectional area.
The true strain, &, is defined as

g =Int (EQ2.3)
IO
which is only valid for a homogeneous deformation, and the true stress, o, is defined as

=r '
c=2 (EQ2.4)

<
I lmpose}Displacement

Figure 2.1 Axisymmetric finite element
mode] of typical tensile test specimen show-

l 0/ 2 ing boundary conditions and loading.




Pt
where A is the instantaneous cross-sectional area. By rearranging Equation 2.1 and combining with
Equation 2.3, the true strain may be written in terms of the engineering strain:

€= In(l+e). (EQ2.5)

By using the constant volume relaﬁonshp, AL, = AL, and combining Equation 2.2 and Equatlon
2.4, the true stress may be written in terms of the engineering stress:

o= s(l+e). (EQ26)

Equation 2.5 and Equation 2.6 assume that the volume is constant, the stress is uniform through
the cross-section, and the deformation is homogeneous throughout the gage length. However, at
the point of maximum load, defined as the load corresponding to the highest stress on the
engineering stress-strain curve, the deformation localizes and necking occurs. Thus, the
assumption of homogeneous deformation throughout the gage length is violated and the stress
distribution is no longer uniform through the cross-section. So, Equation 2.5 and Equation 2.6 are
not valid beyond maximum load. Although the engmeenng stress decreases after necking because
less load is carried, the true stress continues to increase [3].

In geometries which are more complex than that of a tensile test specimen, local stresses may reach
values higher than the true stress in a tensile test specimen at maximum load. Also, true stress-true
strain data will be required beyond maximum load to assess localized material failure. Therefore,
it is necessary to extrapolate the true stress-true strain data supplied by Hitachi beyond maximum
load. :

2.3 Procedure y
The following procedure was used to obtain the necessary data. First, two different hardening
plasticity models were fit to the experimental true stress-true strain data, which is only available
up to maximum load, using a MATLAB [4] curve fitting routine. These two models were chosen
for their ability to accurately capture the hardening behavior of most steels. The first model is the
power law hardening model shown in Equation 2.7 [5]: :

6,0, = A(E’-EL)" EQ27)

where A and n are the constants calculated from the curve fit, G, is the effective stress, Oys is the
yield stress, ep is the equivalent plastic strain, and € is the Luder’s strain or yield plateau. The use
of the brackets, <, denotes the Heaviside function where the expression enclosed in the brackets
takes the value of the enclosed expression when positive and is zero when the enclosed expression
is negative. The second model uses the inverse hyperbohc sine functmn and is shown in Equatlon
2.8 ; _

G,—0,, = Asinh” (B(E”-£5)) EQ28)

where A and B are the constants calculated from the curve fit.
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After determining which of the two hardening models provided the best fit to the data from each
set of tensile tests, the next step was to simulate each set of tensile tests computationally using the
appropriate constitutive relation in the SANTOS finite element program [6]. Figure 2.1 shows the
axisymmetric finite element model used. Only half of the length of the round bar was modeled
since it is symmetric about the plane normal to the axis of the specimen. To ensure that the
localized deformation occurs at the center of the gage length, the diameter was reduced by 0.5-
1.0% at the plane of symmetry to provide an initial geometric imperfection. The specimen is
restrained in the y-direction at the plane of symmetry, and displacements were imposed in the y-
direction at the free end.

As shown above in Equation 2.1, the engineering strain is obtained by dividing the change in the
gage length or displacement by the original gage length. The load on the specimen can be
converted to engineering stress by dividing by the original cross-sectional area as in Equation 2.2.
The load-displacement data from the finite element analysis was converted to engineering stress-

Table 2.1: Summary of Material Parameters - SGV480

A
. O.., Yield 3 | e
B'atch. Location | Material Tmckness Sytsrength Hardening | B, Strain Luder’s
Designation (mm) Constant, | Constant .
(MPa) Strain
(MPa)
RT1 |fopHead,
TopHead |SGV480| 60 | 4049 | 1537 | 1536 | 001
RT34
Shell
[Upper Coni-
RTs6  [PR O sGvaso | 75 | 4042 | 1475 | 1536 | 001
RT78  [OPREESPhen-| govaen | g0 | 3865 | 1480 | 1670 | 001
. cal Shell : T : : :
Middle Coni- -
RT910 oo sGvago| 85 | 3998 | 1450 | 1703 | o001
RT1112 ;‘i‘i"mg. sGvago| 95 | 4096 | 1392 | 1771 | 001
RT1314 Is‘{?f;m“g sGvaso | 125 | 3836 | 1421 | i825 | oo
RTI516 [UieMBe ) oayuaen | 190 | 3787 | 1260 | 2383 | oo
Rings (2)
Top Flange,
Hatch Cov-
RTITIS | o s | SGV480| 200 | 3798 | 1220 | 2543 | o2
Sleeve
RT1920 [Knuckle SGVag0 | 280 | 3716 | 1109 | 3320 | ool
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strain data and compared to the engineering stress-strain data 'suép‘lied by Hitachi in an attempt to
verify the post-peak behavior. If the data from the finite element analysis did not correlate well
with the Hitachi data, a new curve fit was tried and a new finite element analysis performed. This
iterative process was repeated until reasonable post-peak behavior was obtained.

Hitachi performed a set of four tensile tests for each of the 11 different material/thickness
combinations (two in the rolling direction and two in the transverse direction) for a total of 48 tests
(one batch of tests was repeated). Table 2.1 summarizes the results of the curve fitting for the 9
different SGV480 thicknesses; Table 2.2 summarizes the results of the curve fitting for the SPV490
thicknesses. For the SGV480 materials, the inverse hyperbolic sine law model worked best, while
the power law worked best for the SPV490 materials. Figure 2.2 shows a typical true stress-true
strain tensile test data set with a typical corresponding curve fit. Figure 2.3 shows the engineering
stress-engineering strain data with the output of the finite element analysis of the tensile test. These
material models do not address material failure.

2.4 Implementation into ABAQUS

The ABAQUS input deck requires two options to specify an elastic-plastic material model:
*ELASTIC, where the user specifies the elastic modulus and Poisson’s ratio; and *PLASTIC,
which specifies a metal plasticity model with a von Mises or Hill yield surface. For this option, the
user must specify the yield stress as a function of plastic strain, using true stress and log plastic
strain values. The above data was converted by a simple FORTRAN program to a format
compatible with ABAQUS.

Table 2.2: Summary of Material Parameters - SGV 490

G. A
. ys * . (3
Batch Locati ., [Thickness| Yield |Hardening|n, Strain |, L°,
Designation| ton | Material (mm) |Strength | Constant, |[Exponent Lsut;d;rns
) (MPa) | (MPa)
Cylindrical
rr2122 [EWell  spvago| 90 | 6600 | 3900 | 045 | 0015
wer Coni-
Shell
ottom
ange, Bot-
om Head,
RT2324 S‘.‘Z‘“}R‘i‘fg SPv490| 175 | 5989 | 4500 | o048 | 001
* |Support
irder, Gusset
lates
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Figure 2.2 True Stress - True Strain curves for RT78; Material -
SGV480; Thickness - 8.0 mm; Location - Upper Spherical Shell
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3. GLOBAL AXISYMMETRIC ANALYSES (GAX18/ GAX34)

The first part of the analysis effort assumed the containment was axisymmetric. The effects of the
non-axisymmetric features such as the equipment hatch were ignored since the primary purpose of
these analyses was to study the global behavior of the SCV and its interaction with the contact
structure. Two analyses were performed with different gap dimensions. The first model (GAX18)
used the as-designed gap of 18 mm between the SCV and the contact structure. Table 3.1
summarizes the yielding and contact events for the 18 mm case. The second model (GAX34) used
a worst-case scenario gap of 34 mm. The results for this case are presented briefly in Section 3.3.

3.1 Finite Element Model Description

The basic finite element model of the SCV and contact structure for the axisymmetric analyses
appears in Figure 3.1. Two-node axisymmetric shell elements were used for the shell walls, ring
stiffeners, and rings of the support girder. Four node axisymmetric quadrilaterals were used for the
flanges, gusset plates, and the contact structure. Two-node axisymmetric contact elements were
superimposed on the shell elements on the wall of the SCV to model the contact between the SCV
and the contact structure. The total number of elements used was approximately 1600 for both the
18 mm case and the 34 mm case. Axisymmetric boundary conditions were imposed on the node at
the top of the hemispherical dome of the SCV as well as at the bottom hatch cover. The model is
also constrained in the vertical direction at the bottom outside corner of the ring support girder. The
loading consisted of pressure on the interior of the SCV and self-weight of the entire structure and
the analysis was arbitrarily terminated at 8 MPa internal pressure or roughly 10 times the scaled
design pressure (1 Py = 0.78 MPa = 113 psi). All computations for these two models were
performed with the commercial finite element code ABAQUS/Standard, Version 5.3.

Table 3.1: Summary of Yielding/Contact Events for GAX18

Internal Event
Pressure

0-2.2 MPa | Elastic behavior

‘2.2 MPa Yielding in knuckle (see Figure 3.1)
2.5MPa | Yielding in wet well/lower conical section
28 MPa | Yielding in torus of top head
28 MPa | Yielding in spherical section
3.1MPa | Yielding in middle/upper conical sections
4.0MPa | Contact initiates in knuckle/upper conical section
4.1 MPa | Contact initiates in middle conical section
5.5MPa | Contact initiates in lower conical section
5.6 MPa | Yielding in hemispherical dome in top head
6.0 MPa | Yielding in contact structure
6.7 MPa | Contact initiates in spherical section
6.7MPa | Yielding in top flange ,
8.0MPa | Analysis arbitrarily terminated
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Gusset plates are welded between the upper and lower rings of the ring support girder to provide
it with significant shear and bending resistance. In order to inchide the effect of the 32 gusset plates
in the axisymmetric finite element model, they were modeled as a solid ring with an orthotropic
material model and a reduced Young’s modulus. The ring representing the gusset plate is assumed
to have no stiffness in the hoop direction. The reduced stiffness in the axial and radial directions is
obtained by multiplying Young’s modulus of the actual material by the ratio of the actual area of
the gusset plates to the area of the solid ring in the axisymmetric finite element analyses.

ABAQUS/Standard Version 5.3, unlike newer versions of ABAQUS, requires the user to explicitly
input contact elements. For both axisymmetric models two-node axisymmetric contact elements
(ABAQUS type ISL21A) were superimposed on the wall of the SCV to model the contact between
the SCV and the contact structure. These elements are capable of modeling finite sliding between
two deformable bodies. Contact interaction takes place along a “slide line” which the user defines
as a collection of nodes on the opposite surface of the contact elements. Based on an earlier
parametric study, the coefficient of friction used for these analyses was p=0.2 (see Section 5.2 for
a discussion of the friction coefficient).

Because of recent changes in the design of the contact structure, there are two important differences
between the as-modeled contact structure and the as-designed contact structure. The first design
change is that the contact structure will be composed of SA516 Grade 70 steel rather than A36
steel. The SA516 has a slightly higher yield (258 MPa (38 ksi) compared to 245 MPa (36 ksi) for
the A36) and also a slightly higher vltimate strength (476 MPa (70 ksi) compared to 408 MPz (60
ksi) for A36) [7]. Since the contact structure is expected to remain elastic until sometime after 10
multiples of the design pressure, it is unlikely that this difference will significantly affect the
results. The other important difference lies in the geometry of the contact structure near the knuckle
of the SCV. Figure 3.2 details the differences between the as-modeled and the as-designed
geometry for the part of the contact structure adjacent to the knuckle. Note the gap at the top of the

As-Modeled As-Designed
-¢—Top Flange -¢—Top Flange

—— -q—-~ 18 mm

/4

Knuckle

Contact
Structure

Figure 3.2 Comparison of as-modeled and as-designed details in contact structure near the
SCV knuckle.
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knuckle in the as-designed structure is nearly twice that of the as-modeled: 38 mm compared to 18
mm. The last finite element model, which covers the top head and knuckle region, includes the
latest design information discussed above. It appears in Section 4.3.

3.2 Results - 18 mm case (GAX18)

For the 18 mm case, yielding is observed first in the knuckle at 2.2 MPa. The wet well, lower,
middle and upper conical sections, as well as the transition in the top head all yield prior to contact.
Contact initiates in the knuckle and upper conical section first at 4.0 MPa. By 6.7 MPa, the
spherical section, the hemispherical dome, the top flange, and the contact structure have all
yielded.

3.3 Results - 34 mm case (GAX34)

The axisymmetric model with a 34 mm gap was performed as a check on the worst
case, as-built condition of the contact structure. With a larger gap, the contact
structure will not be effective in slowing plastic flow until a higher internal pressure
and may even be useless if the SCV accumulates too much plastic strain prior to
contact. Since this analysis was only intended as a worst case scenario, it will only
be presented as a tabulated summary. Yielding and contact events are shown in
Table 3.2.

Table 3.2: Summary of Yielding/Contact Events for GAX34

Internal

Pressure
0-2.2MPa | Elastic behavior

22MPa2 | Yielding in knuckle (see Figure 3.1)

25MP2 | Yielding in wet well/lower conical section

2.8 MPa. | Yielding in torus of top head

2.8 MPa | Yielding in spherical section

3.1MPa | Yielding in middle/upper conical sections

4.3 MPa | Contact initiates in upper conical section

44 MPa | Contact initiates in middle conical section

45MPa | Yielding in top flange

48 MPa | Contact initiates in knuckle

5.6 MPa | Yielding in hemispherical dome in top head

5.3 MPa | Contact initiates in lower conical section

6.3 MPa | Yielding in contact structure

7.1MPa | Contact initiates in spherical section

8.0MPa | Analysis arbitrarily terminated

Event

e —————————————————————)
e~
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4. 3D ANALYSES | G

4.1 Global 3-D Shell Model (G3DS) ,

The next analysis performed to characterize the global behavior of the SCV and its interaction with
the contact structure used a 3-dimensional shell element model. Table 4.1 summarizes the yielding
and contact events.

4.1.1 Finite Element Model Description :
The finite element model of the SCV and contact structure for the G3DS Model appears in Figure
4.1. The half-symmetry model used approximately 4800 four-node reduced integration shell
elements with finite membrane strain capability (ABAQUS S4R elements). The only non-
axisymmetric detail included in this model is the equipment hatch. Symmetric boundary conditions
were imposed on all nodes lying in the vertical (x-y) plane passing through the centerline of the
equipment hatch, and vertical displacements were constrained at the support locations on the
underside of the ring support girder. The loading consisted of gravity and internal pressure and the
analysis ran until it failed to converge at approximately 12.7 MPa internal pressure or slightly over
16.3 P4. The nominal gap between the SCV and the contact structure was 18 mm. Computations
for this model were performed with the ABAQUS/Standard, Version 5.4.

Table 4.1: Summary of Yielding/Contact Events for Global 3-D Shell Model

Internal
Pressure

0 - 2.3 MPa | Elastic behavior

23MPa | Local yiclding in top/bottom of E/H slecve at attachment to insert plate
23MPa | Local yielding at middle conical section attachment to E/H insert plate
2.7MPa | Yielding in knuckle

2.8MPa | Local yielding at bottom of E/H insert plate

3.0MPa | Local yielding in upper conical section above E/H

3.1 MPz | Yielding in middle conical section around circumference

34MPa | Yielding in upper conical section around circumference

3.7MPa | Yielding in Jower conical section near insert plate

39MPa | Yielding in lower conical section around circumference

4.1 MPa | Contact initiates in the SCV in the upper conical section and knuckle
4.1 MPa | Circumferential contact in upper conical section

43 MPa | Circumferential contact in middle conical section

4.7MPz2 | Yielding in cylindrical wet well around circumference

5.1 MPz | Yielding in dome of top head

53MPa | Circumferential contact in lower conical section

5.5MPa | Yielding in spherical section (away from knuckle)

6.6 MPa | Contact initiates in spherical section

11.3 MPa | Circumferential contact in wet well

Event
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The contact definition in versions of ABAQUS after
Version 5.3 is much simpler. The newer versions use
the contact pair approach in which the user can
simply specify two element sets that are candidates

for eventual contact. One additional specification eSS S S S SEEEN
required for structural elements, such as the shell T S E R
elements used for this model, is that the surface be - i mmmaL
specified. For this model, a small sliding HH mmm
formulation was used since the relative sliding of the HH1+ -

SCV and contact structure was assumed to be small. ]
The friction coefficient, discussed previously in i
. I

Section 3.1, was [.L‘=0.2. 1. 10

| 5 A I A |
The thickened equipment hatch insert plate was / i |
constructed such that it is flush with the inside
surface of the SCV. The thickness eccentricity poses [z
a problem when using shell elements in ABAQUS Lt "\ :
since there are no means of explicitly modeling a [T\ I T77771
shell with uneven material distribution about a NN [ 1]]////

reference line. A simple elastic test case showed that
using the *SHELL SECTION, COMPOSITE y
option in ABAQUS is an accurate way of implicitly
modeling the eccentricity at the equipment hatch
insert plate [8]. The equipment hatch insert plate x 2
was modeled as a composite shell with 3 layers. The

eccentricity was introduced by making the middle Figure4.1 Global 3-D Shell (G3DS)
layer the same thickness as the adjacent material and model mesh. Note: contact structure ap-
then placing two shells with the same thickness on Pears behind SCV.

either side. The middle and outside layers were given the modulus of elasticity for the equipment
hatch insert plate (measured from the Hitachi tensile tests), Epme~ 216 x 10° Pa, while the inner
composite layer was given a dummy modulus of Egypmy ~ 1 Pa. This formulation makes the
stiffness of the inner layer of the composite shell negligible with respect to the outer layer.

Because of the eccentricity at the insert plate shown in Figure 4.2, the gap between the insert plate

and the contact structure is reduced considerably to approximately 9 mm. The eccentricity

formulation described above does not account for the smaller gap since the contact algorithm uses

the centerline of both the composite shells in the SCV insert plate and the regular shells in the

contact structure as the reference. So, the gap between the insert plate and the SCV in the finite
. element model is 18 mm.

‘As with the axisymmetric model described in Section 3.1, there were two important changes in the
design of the contact structure which were also not incorporated into this model. The contact
structure material and its geometry near the knuckle of the SCV were the same as in the
axisymmetric model (see Figure 3.2 for knuckle details). It is unlikely that the difference in
materials will significantly affect the results. However, the geometry near the knuckle is especially
important and is modeled more accurately and completely in the LTHAXC model in Section 4.3.
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4.1.2 Results
Results presented for this model include deformed shape plots, contact history plots, and 2 brief
discussion of the high strain or critical areas. .

4.1.2.1 Deformed Shape

Figure 4.3 shows the deformed shape of the SCV at 8 different pressure levels. The contact
structure, ring support girders, and gusset plates are not shown for clarity. At 3 MPa, when only
localized yielding has occurred, very little deformation is discernible. At 4.1 MPa, when contact
first occurs, there is noticeable deformation in the upper and middle conical sections. The effect of
the stiffeners is evident in the upper conical section as it tries to expand outward but is restrained
by two 19 mm stiffeners. The knuckle shows deformation in both the outward (radial) and vertical
directions, while the top head and top head flange appear to be deforming exclusively in the
vertical direction. The equipment hatch also appears to be rotating outward and downward at this
pressure. By 6 MPa, most of the upper and middle conical sections are contacting the SCV. The
outward expansion of the cylindrical wet well is now apparent. At 8 MPa it is clear that the contact
structure is arresting further radial expansion of most of the SCV. The apex of the top head and the
cylindrical portion of the top head, which are not shielded by the contact structure, are showing
excessive amounts of deformation. At 10 MPa, which is nearly 13 multiples of the design pressure,
the only locations where further deformations are clear are the top head and the cylindrical wet
well.

4.1.2.2 Contact History

Figure 4.4 shows the progression of contact. Only that part of the SCV which is shielded by the
contact structure is displayed. Dark areas indicate contact while light areas indicate no contact. The
first plot shows contact initiating in the upper conical section and the knuckle. The area of contact
has increased considerably at 5 MPa to include the middle conical section and by 6 MPa includes
the lower conical section. By 8 MPa, the spherical section, the last area to make contact not
including the cylindrical wet well where the gap is considerably larger, has made uniform

As-designed
geormetry
_ AN
- Inienor Contact
Thickened Surface Structure
Insert Plate :
") KGep=18mm % f Y * _  As-modeled
| Interior — T T3TT "
Shell Surface Reference line
%/7 Dummy material elements :lsgegggnc;ontact

Figure4.2 Cut-out of thickened equipment hatch insert plate and attached conical section
showing as-designed geometry (top) and as-modeled geometry (bottom) using shell elements.
Reference line shown at lower right is used for contact algorithm which makes the gap a uni-
form 18 mm even over insert plate
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Figure 4.3 Deformed shape of G3DS at 6 pressure levels. Contact structure, ring support
girders, and gusset plates are not shown. Displacements are magnified by a factor of 5. :




- circumferential contact except near the upper 19 mm stiffener, which is still arresting the radial
growth of the SCV. At 10 MPa, the only area of the SCV that has not contacted the contact
structure yet is the cylindrical wet well where the initial gap is well over 100 mm.

4.1.2.3 Critical Areas

Contour plots of equivalent plastic strain indicated three locations with high strains that dictated
further study. Figure 4.5 compares the three locations which consistently displayed the highest
plastic strains throughout the history: 1)the junction of the equipment hatch insert plate and the
material change interface; 2) the apex of the top head; 3)the knuckle region. The element at the
knuckle and at the material change interface near the insert plate both yield at roughly the same
time but the element at the knuckle contacts first and so the plastic strain for this element levels out

[l Contact D No Contact

P . . o
P = [
ema=: m=ners
P=4.1 MPa | e
(contact J sozams mmuai
o P=5MP
initiates resas: = a
RSN PR IR
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P=6 MPa : P=7MPa
. = L E
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Figure 4.4 Plots showing contact evolution
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earlier in the loading. Both elements are eventually shielded by the contact structure and so do not
accumulate nearly as much plastic strain as the apex of the top head. The apex yields at 5.1 MPa,
compared to 2.5 MPa for the other two locations, but the amount of plastic strain quickly surpasses
that accumulated at the other two locations and reaches a value of nearly 40% before the analysis
fails to converge at just over 12.7 MPa. To assess the importance of these critical areas, refined
models for both the top head, including the knuckle, and the area near the equipment hatch insert
plate were created and are discussed in Section 4.2, Section 4.3, and Section 4.4.

4.2 Local Equipment Hatch Submodel (LEHS) _
This section covers the model created to study the junction of the equipment hatch insert plate and
the material interface.

4.2.1 Finite Element Model Description

Shown in Figure 4.6, the model used 4800 four-node reduced integration shell elements thh finite
membrane strain capability (ABAQUS S4R elements). The boundary conditions were imposed
using the * SUBMODEL option. Submodeling in ABAQUS is used to study a local part of a model
with a refined mesh based on interpolation of the solution from an initial, global model, onto the

nodes on the appropriate parts of the boundary of the submodel. Figure 4.7 compares the G3DS
model mesh and the LEHS model mesh. For this particular analysis all nodes on the boundary of
the submodel were “driven” by the results from the G3DS model as indicated in Figure 4.6. The
loading consisted of gravity and internal pressure. The coefficient of friction used for this model is
the same as in previous models, u=0.2. The eccentricity of the equipment hatch insert plate was
also modeled as described in Section 4.1.1. Since this model uses results from the previous G3DS
model, the model was only allowed to run up to 12.7 MPa, the point where the global model failed
to converge. Computations for this model were performed with ABAQUS, Version 5.4.
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Figure 4.5 Equivalent plastic membrane strain for three critical locations in the Global 3-D
Shell Model as a function of internal pressure. Locations of strains are shown at left.
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4.2.2 Results

The contact history is presented for this model with a comparison of critical areas between this
model and the G3DS model.

4.22.1 Contact History _
Figure 4.8 shows the evolution of contact for the Equipment Hatch Submodel. As before, black
areas indicate contact, white areas indicate no contact. The elements on the border of the model are
gray because they are “driven” nodes and so are not included in the contact algorithm. Contact first
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Figure 4.7 Comparison of Global 3-D mesh at left and Equipment Hatch Submodel at right.
The increase in mesh density between the two models roughly a factor of 10.
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occurs at 4.2 MPa in the middle conical section. It propagates towards the insert plate at 5 MPa and
by 6 MPa has contacted a large part of the insert plate and has spread to the lower conical section
(below the material interface). At 8 MPa the contact is widespread throughout the model.

- 4.2.2.2 Critical Area

This model was intended to study the junction of the equipment hatch insert plate and the material
interface subsequent to the G3DS model which indicated potentially high strains in this area.
Figure 4.9 compares the equivalent plastic membrane strains from the two models at the same
location: the element in the 8.5 mm wall (middle conical section) that is adjacent to the equipment
hatch insert plate and adjacent to the 9.0 mm wall (Qower conical section). These elements are
indicated in the figure. In the G3DS model this element is approximately 60 mm by 30 mm in size
while in the LEHS model the element in the corresponding location is 11 mm by 11 mm.
Qualitatively the behavior of the two elements is similar. Quantitatively the element in the LEHS
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Figure 4.8 Evolution of éontact for Equipment Hatch Submodel. Black areas indicate con-
tact, white areas indicate no contact.
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submodel reaches strains nearly 50% higher than the G3DS model* 9% in the submodel compared
to approximately 6.5% in the global model. The difference is best explained by the submodel’s
ability to more accurately measure the strain concentration due to its finer mesh.

4.3 Top Head Submodel (LTHAXC) _

The second critical area requiring further study as indicated by the G3DS model was the top head
region including the knuckle. For this area a local axisymmetric continuum model was created
which includes the most recent as-designed geometry of both the SCV and the contact structure
from the top head apex down to the upper 19 mm stiffener.

43.1 Finite Element Model Description

Figure 4.10 shows the finite element model for the Top Head Submodel. The model used 7200
four-node reduced integration, axisymmetric continuum elements (ABAQUS CAX4R elements)
and 5 two-node thin or thick linear shell elements (ABAQUS SAX1 elements). Axisymmetric
boundary conditions were imposed at the apex of the top head. At the lower bound of the model,
rotations and displacements from the G3DS model were applied to the shell nodes in a manner
similar to the * SUBMODEL option in ABAQUS. However, ABAQUS does not allow the submodel
option to be used when changing from a 3-dimensional model to an axisymmetric model, so the
same process was carried out manually. The displacement and rotation histories from the
appropriate nodes on the G3DS model were applied “manually” with the *USER SUBROUTINE
option, which provides the user with a means of prescribing the magnitude of any degree of
freedom using FORTRAN code. Multi-point constraints were used to transition from the shell
elements to the continuum elements. As with the other models, the loading consisted of internal
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pressure and gravity. The contact definition for this model was basically the same as the previous
models (the coefficient of friction was p = 0.2) except that the small sliding formulation was not
specified. For this case, ABAQUS defaults to a finite sliding formulation, which allows for
arbitrary separation, sliding, and rotation of the surfaces.

As mentioned in Section 3.1 and shown in Figure 3.2, the design of the contact structure was
changed considerably after the GAX18/GAX34 and G3DS models were completed. This model
includes those design modifications. Since continuum elements were used throughout the model,
this model also more accurately models the geometry, especially near the top head flange and the
knuckle.

432 Results ,
Results presented for this model consist of deformed shape plots and a discussion of the critical
areas. :

4.3.2.1 Deformed Shape
Figure 4.11 shows the deformed shape plots for the Top Head Submodel. The first three plots are
the deformed shape of the entire model at 3 different internal pressures, while the last six are a
_close-up of the knuckle/top head flange region as in Figure 4.10 with some additional pressure
steps included. The displacements are nor magnified. First contact occurs at 3.2 MPa at the knuckle
as it expands radially outward to meet the corner of the contact structure. At 6 MPa, the bending
of the cylindrical section of the top head from the bottom of the top head flange is apparent and at
8 MPa bending around the top of the top head flange is now beginning. The vertical growth of the
dome s also significant at 8 MPa. Note that the top head flange shows almost no radial expansion

e
e

- Figure 4.10 Local Top Head Axisymmetric
Continuum Model with close-up of knuckle/
top head flange. -




at 8 MPa. The overly stiff behavior of the top head flange and the rapid radial expansion of the

knuckle create bending locations with significant plastic strains as will be shown in the next
section.

Figure 4.11 Deformed shape plots of Local Top Head Axisymmetric Continuum Model with
close-up of knuckle/top head flange. The displacements are not magnified.
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4.3.2.2 Critical Areas

Figure 4.12 plots the strains from the critical locations from the top head submodel as a function
of internal pressure. The 5 locations can be broken down into 3 areas: the apex of the top head, the
top head flange, and the knuckle. After 8 MPa, all of the locations show very similar strain histories
except for the element below the knuckle. The main differences in the strain histories appear early
in the loading.

The exterior surface of the apex of the top head yields late in the history compared to the other
elements at about 5 MPa. Since this location is not protected by the contact structure, the growth
of plastic strain is rapid up to a maximum of over 34% at an internal pressure of over 12 MPa.

The overly stiff behavior of the top head flange can probably be attributed to the mixed scaling of
the SCV: 1:4 ratio thickness; 1:10 ratio on size. This causes large bending strains in the elements
just below and just above the top flange on the interior surface, since they are both in tension due
to bending. The element just above the top flange behaves similarly to the apex of the top head
except that it yields sooner. The element just below the top flange accumulates more plastic strain
early in the loading but otherwise behaves similarly to the first two elements.

The element at the interface between the top of the knuckle and the cylindrical section of the top
head on the exterior surface accumulates still more plastic strain early in the loading but then
appears to be temporarily affected by the contact structure at just over 3 MPa. The last location
under consideration is the element at the interface between the bottom of the knuckle and the
spherical section on the exterior surface. It accumulates more plastic strain than all of the other
elements until it contacts the contact structure at just over 3 MPa. The effect of the contact structure
on this element is much more apparent as this element reaches a maximum strain of only 12%
compared to nearly 34% for the apex and 24% for the other elements.
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Figure 4.12 Comparison of critical high strain areas
from the LTHAXC model. Four of the locations are indi-
cated at left; the other one is the apex of the top head.
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4.4 Equipment Hatch Submodel with Thinned area (LEHSTh)

The last analysis performed to characterize the global behavior of the SCV and its interaction with
the contact structure was used to study the effects of thinned areas near the junction of the
equipment hatch insert plate and material change interface.

44.1 Finite Element Model Description

Figure 4.13 shows the basic finite element model used to study the effects of thinning. The model
is essentially the same as the previous Equipment Hatch Submodel except that the measured
thicknesses near the junction of the equipment hatch insert plate and the material interface were
input explicitly using the *NODAL. THICKNESS option in ABAQUS, Version 5.5. This model is
only intended to study the thinned area near the equipment hatch insert plate and so does not
include any other as-built information.

The input data for the thinned area appeared in the February 20, 1996 memorandum from Sandia
[9] regarding as-built properties of the SCV model and contact structure. The as-built
measurements indicate that the nominal thicknesses of the as-built SCV are 5-10% thicker than the
designed configuration of the SCV, while two locations on either side of the equipment hatch insert
plate are up to 22% thinner than the designed configuration, on which all of the finite element
models are based. To accommodate for this in the finite element model, the measured thickness

1 TYY Y Y
T T T
4

ke

nominal
Thickened . thickness
Insert Plate

(not shown)

O 100% of nominal thickness @ 89% of nominal thickness
M 96% of nominal thickness O 91% of nominal thickness

A 84% of nominal thickness A 78% of nominal thickness

Figure 4.13 Diagram showing the equipment hatch submodel at right (contact structure not
shown) with a detail of the thinned area at left. Values for thickness reduction are shown as per-
centages and superimposed on the appropriate nodes.
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from the thinned areas from the SCV were converted to a percentage of the nominal measured
thickness. Then, these percentages were used to calculate the input thicknesses for the thinned
locations in the finite element model. Simply changing the nominal thickness in the finite element
mode] was not an option since that model uses boundary conditions from a global model (G3DS)
which uses the original, as-designed thicknesses.

4.4.2 Contact History ,
The contact behavior for this model is nearly the same as for the LEHS model (see Figure 4.8).

44.3 Critical Areas :

Figure 4.14 compares the critical strain area from this model to the G3DS and the LEHS model
with the locations indicated in the diagram at the left. This is the same figure as Figure 4.9 with the
data from the LEHSTh model added. Qualitatively each curve represents the same behavior: the
element yields at between 3 and 4 MPa, accumulates plastic strain very quickly until it reaches the
contact structure between 5 and 6 MPa. The main difference between each curve is the amount of
plastic strain accumulated prior to contact. The effect of the thinned section is apparent, as the
slightly thicker and higher yield SPV490 material now shows the greatest accumulation of plastic
strain. This issue will be discussed in more detail later.

5. MISCELLANEOUS CALCULATIONS

This section covers additional calculations which supported the finite element analyses presented
above. Buckling is presented in Section 5.1 while a discussion of the determination of the friction
coefficient is presented in Section 5.2.

020

—& G3DS (8.5 mm wall)
A4 LEHS (85 mmwall) - | %]
=—s LEHSTh (3.0 mm wall){ _ ote|

+—¢ LEHSTh (8.5.mm wall)| § 014 }

£
o

SGV480
8.5mm

[ ||

o
]
L]

o
3

Equivalent Plaslic Membrane
o
°

o
2

5

o
8

0 2 4 8 8 10 12
intemnal Pressurs, (MPa)

Figure 4.14 Comparison of high strain locations from the

G3DS model, the LEHS model and the LEHSTh model. Lo-

cations from the LEHSTh model are shown at left. See Figure

4.9 for locations from other models.
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5.1 Buckling

The G3DS model did show compressive strains in the torispherical head but they were not
sufficient to cause buckling. To further investigate the potential for buckling simple closed-form
solutions were used [10]). Equation 5.1 may be used to estimate the elastic buckling pressure of a
torispherical head subjected to internal pressure,

A I ORONG
while the plastic collapse pressure can be estimated by Equation 5.2:
P, r\1%47 £ \1997 D11
5= 12.6(1 + 240%_')(5) (-D-) (Z) . (€Q52)
For these equations,
- Pp = elastic buckling pressure,

P = plastic collapse pressure,

Y =yield strength (SGV480, 6 mm) = 405 MPa

E = elastic modulus (SGV480, 6mm) = 210 GPa,

D = inner diameter of adjoining cylinder = 965 mm,
L = inside radius at crown = 873 mm,

r = inside radius of knuckle = 166.7 mm,

t = thickness of head = 6 mm.

- Both of these equations are valid in the ranges:

000667 < v/D < .002,
06 <r/D<.018, and
I5<L/D<1.0.

For the SCV scale model:

t/D = .0062 (out of the range),

r/D = 0.17 (near the upper limit), and

L/D=09.
The vD ratio is out of the specified range, but valucs for Pg and P, can be calculated by using a
thickness that falls within the range:

YD = .002; t = .002D = 1.93 mm.
Now,

Pg=1.65MPa
Pc=1.46 MPa.
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Since the actual thickness of the top head in the SCV scale model is more than three times the
thickness used for these calculations it is reasonable to assume that the buckling pressure for the
SCV will be significantly higher. Also, should buckling occur, it will most likely be a cosmetic
failure only, since torispherical heads subjected to internal pressure can typically carry loads
significantly higher than their critical buckling load.

5.2 Parameter Study - Coefficient of Friction

A parameter study was performed in which the frictional coefficient between the SCV and a rigid
contact structure was varied from 0.0 (frictionless) to 0.5 in-0.1 increments [11]. Several
axisymmetric finite element models were run and the displacements at the apex of the top head and
at the elevation of the equipment hatch were studied. It was found that for all of the different cases
with non-zero friction, the vertical displacement at the apex of the SCV did not vary significantly.
The vertical displacement at the equipment hatch elevation also did not vary significantly with
different values of u. The only significant differences in vertical displacement at either location
were evident when comparing the frictionless case to a non-frictionless case. For this reason, the
nominal value of the friction coefficient used for all finite element analyses described here was
taken to be p = 0.2.

6. CRITICAL LOCATIONS / FAILURE PREDICTIONS

Figure 6.1 shows a comparison of the critical areas from the finite element analyses. Only the
results from two local models, the LEHSTh and LTHAXC models are shown. Also, in order to
compare locations with differing material properties, the strains for each location were normalized
by their true strain at maximum load from the Hitachi tensile tests. Therefore, a y-value of 1.0
corresponds to the strain at necking from that material’s unjaxial tensile test. The raw data appeared
(unnormalized) in Figure 4.12 and Figure 4.14.

*—o Apex of Top Head
(gd) - LTHAXC 175
Above Top Flange § . -
A=A (iny-LTHAXC ~ § =0 e
_ Below Top Flange T
B—8 nt)- LTHAXC 3 128 -
Above Knuckle 1.00 /
& (£.1). LTHAXC § / 7
Below Knuckle 078 / ‘
—® Eq)-LTHAXC § U dee 22 T
. , —
9.0 mm wall 1,/ L1
——= (Bx)-LEHSTh 2 om L e
8.5 mm wall 0.00 d :
(Int) - LEHSTh ) 2 4 s 8 10 12
’ intemal Pressure, (MPa)

Figure 6.1 Normalized equivalent plastic strain from critical areas. Only critical areas from
the local models are included since they are the most accurate. Strains have been normalized by
each material’s true strain at maximum load.
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When the strains are normalized the primary candidate for failiire location becomes clear: the 9.0
mm wall section just below the material interface and near the equipment hatch insert plate shown
by the long dashes in Figure 6.1. The main reason that this particular location stands out is the
difference in the ductility between the SPV490 steel and the SGV480 stecl. The true strain at
maximum load for the SPV490 material is approximately 10%; the true strain at maximvm load
for the SGV480 material is approximately 20%. Thus, the SPV490 material in the thinned section
(9.0 mm nominal thickness, lower conical section) at an internal pressure of 5 MPa has reached a
plastic strain that in the uniaxial-stress tensile test led to necking.

Continued deformation in the thinned section is "displacement controlled.” That is, the boundary
around the plastic domain in the thinned section appears to the adjacent thicker stiffer elastic
sections as a "cut out" or opening with 2 nominally fixed membrane load. Further increases in
internal pressure cause the boundary around the thin section to expand similarly to the way an
unreinforced cut out or opening in a pressure vessel expands. The expansion of the opening
imposes additional strain on the yielding thinned section.

While the shell element mesh used in the LEHSTh model has some ability to represent locally
accelerated thinning, it does not have the refinement necessary to track the strain localization on
the length scale exhibited in the tensile test. The nature of the strain state, biaxial tension, is also
important for failure prediction. The analysis indicates that the total strain in the thinned section is
very nearly equal in two directions (circumferential and radial directions with respect to the edge
of the equipment hatch insert plate edge). Although a forming limit diagram for this material is not
available, examination of a typical forming limit diagram in Figure 6.2 shows the differences
between the load path for a tensile test and the load path for the area under consideration (equal
biaxial strain). In a typical tensile test, necking occurs at "2n", where n is the strain-hardening
exponent, while equal biaxial extension produces a meck at "1.3n". Thus, one can expect that

: Minor Strain, e, n
Figure 6.2 Typical forming limit diagram for low carbon steels. The strains below the curve
are acceptable while those above the curve correspond to regions affected by local necking.

Note the differences in major strain values between a tensile test load path and a biaxial strain
load path [12]. S
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significant localization of plastic flow with attendant tearing will occur in the thinned section when
. the normalized value of effective plastic strain in reaches (1.3/2.0) = 0.65 or 65% of the necking

strain from the tensile test. In Figure 6.1 this corresponds to approximately 4.5 MPa internal
pressure.

6.1 FAILURE LOCATION

Given the early and rapid occurrence of plastic flow compared to other locations within the
pressure vessel, and the strains attained relative to the material's ductility, it is expected that failure
of the pressure vessel will occur in the thinned section next to the equipment hatch insert plate.

6.2 FAILURE PRESSURE
Given the biaxial tensjon strain state , the strain localization characteristics exhibited by the plate
material, and the involvement of weld and heat affected zone (HAZ) material, it is expected that

ductile rupture of the pressure vessel will occur at or shortly after reachmg an internal pressure of
4.5 MPa.

An early failure at this or another location due to the presence of welding flaws or inclusions cannot
be ruled out since there are at the same time states of stress producing plastic flow in at least 4 other
locations in the pressure vessel (primarily the top head and knuckle regions). The weld metal and
HAZ near the thinned areas introduce additional uncertainty. The yield strength and ductility of the
weld metal is typically higher than the parent material, while the same properties in the HAZ are
typically lower than the parent material. Brittle failure modes have not been considered in this
analysis effort..

7. ANALYSIS SUMMARY & CONCLUSIONS
Five different finite element analyses have been performed in an effort to characterize the

structural behavior of a steel containment model subjected to static overpressurization. The models-
are summarized in Table 7.1.

7.1 First Yield / First Contact Prediction
Comparing the results of all analyses indicates that first yield will occur at 2.0 MPa in the knuckle.
The analyses results also show that first contact will occur at 3.2 MPa in the knuckle.

7.2 Failure Prediction
The G3DS model, a global model which included the equipment hatch, showed two areas which
dictated further study: 1) the area near the equipment hatch insert plate/material change interface
junction; 2) the top head region, including the knuckle. Two additional local models were created
to study these locations.

- The first model, a local model which takes advantage of the new * SUBMODEL option in ABAQUS,
modeled only the equipment hatch insert plate, parts of the middle and lower conical sections, and
the contact structure. The results of this model, which are shown with the resuits of the G3DS
model for the same location in Figure 4.9, indicate an increase in strain as much as 50% from the
G3DS model to the LEHS model. The element shown for both models is in the middle conical
section (8.5 mm thick nominally) adjacent to both the equipment hatch insert plate and the lower
conical section (9.0 mm thick nominally).
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The second model, an axisymmetric continuum model, included thie top head from the apex down
the upper 19 mm stiffener. This model, which was originally intended to study the behavior of the
knuckle and the apex of the top head, also suggested other potential failure areas immediately
above and below the top head flange. The results for this model, shown in Figure 4.12, indicate 5
competing areas for failure: the apex of the top head; the interior surface of the top head
immediately above and below the top head flange; and at the exterior surface immediately above
and below the knuckle.

After reviewing thickness measurements of the SCV in the area near the equipment hatch insert
plate/material change interface, it was decided that one additional analysis would be performed.
This analysis was a modification of the LEHS model where the measured thicknesses, which

Table 7.1: Summary of Pre-test Analyses

- First Yield First Contact
Model Purpose . mEli llzrs;:ntjtsr Location | Pressure | Location | Pressure
Axisymmetric/ u _uc;
GAX18 |Study global behavior |1500 shell/con- [Knuckle [2.2 MPa cggfc 1 [40MPa
tinuum elements .
section
Study global behavior |Axisymmetric/ fckde/
GAX34 |with worst case gap  |1500 shell / con- [Knuckle [22MPa [ PP=  14.0MPa
dimension of 34 mm  |tinuum elements .
: section
EH
. 3-Dimensional/ sleeve at Knuckle/
Gaps |Study global behavior g, g ;o1 |B0BSE- 1o 5 yp, [SPPET 14 MPa
with equipment hatch . |mentto conical
ments . .
insert section
plate
LEHS |. qup 4800 shell ele- J 2.6 MPa |Conical [4.2 MPa
insert plate and mate- ments to insert Section
rial change interface plate
top bead and kamell; [Symmeric
LTHAXC include latest contact Zf.e(llgcclzlotsnnnuum Knuckle 2.0 MPa |Knuckle |3.2 MPa
structure design
. Above
Study effect of thinned hinned
area near equipment  |3-Dimensional/ sectio Middle
LEHSTh {hatch insert plate and |4800 shell ele- ad'aocrzxt 2.2 MPa |Conical [4.2 MPa
material change inter- |ments toJ' 1t Section
face inse
plate
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ranged from 5% increase in the nominal thickness to 22% thinner near the weld at the material
change interface near the insert plate, were incorporated into the finite element model using the
ABAQUS *NODAL THICKNESS option.

Results of this analysis, when compared with the previous submodel for this area (LEHS) and the
global model (G3DS) indicate a significant increase in strain and also suggest that the critical
location has shifted from the 8.5 mm nominal thickness middle conical section to the 9.0 mm
nominal thickness lower conical section. In Figure 6.1, the ductility of each different material is
taken into account by normalizing each material’s equivalent plastic strain by the true strain at
maximum load from its corresponding tensile test. The forming limit diagram in Figure 6.2
indicates that the material under consideration may neck prior to the strain at which necking
occurred in the uniaxial tensile test. When taking all of this into consideration, it is expected that
ductile rupture of the pressure vessel will occur at or shortly after reaching an internal pressure of
4.5 MPa in the area just below the weld line in the lower conical section at the material change
interface adjacent to the equipment hatch insert plate (the location is indicated by the small square
in the SPV490/9.0 mm material in Figure 4.14).
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10. APPENDIX OF STANDARD PLOTS

These plots are provided for comparison to results obtained by other investigators. The prescribed
analysis parameters and locations are described in the original Round Robin package dated July
10, 1995 issued by the International Nuclear Safety Department at Sandia National Laboratories.
Some output locations were updated later in a memorandum dated May 9, 1996. The results
presented here were obtained from three models: the G3DS model, the LEHSTh model, and the
LTHAXC model. Results from the local models, LEHSTh and LTHAXC, were used for locations
that were contained within the domain of these models since the local models provided the most
accurate results in these areas. For requested output locations outside the boundaries of the local
models, the global G3DS model was used.
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Plot 11: Exterior surface meridional strain versus internal pressure for an element located just
below the top flange at (0 degrees, 3.47 m) in the global coordinate system (Model: LTHAXC).

0.12

0.10

0.08

0.06

Meridional Straln, Interior Surface

0.02

000, 2 s é 3 1'0 112 14
intemal Pressure, (MPa)

Plot 12: Interior surface meridional strain versus internal pressure for an element located just

below the top flange at (0 degrees, 3.47 m) in the global coordinate system (Model: LTHAXC).
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Plot 16: Interior surface meridional strain versus internal pressure for an element located just
above the middle stiffener at (0 degrees, 2.10 m) in the global coordinate system (Model:

G3DS).
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Plot 22: Interior surface meridional strain versus internal pressure for an element located at the
gid-geeli'ggg ofst)he upper conical shell at (45 degrees, 2.49 m) in the global coordinate system
odel: G3DS). ‘
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Plot 23: Exterior surface hoop strain versus internal pressure for an element located at the mid-
hciglg: o§ the upper conical shell at (45 degrees, 2.49 m) in the global coordinate system (Mod-
el: G3DS).
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Plot 24: Interior surface hoop strain versus internal pressure for an element located at the mid-
hciéht og ;hc upper conical shell at (45 degrees, 2.49 m) in the global coordinate system (Mod-
el: G3DS). '
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Plot 25: Exterior surface meridional strain versus internal pressure for an element located

0.126 meters below the material change interface at (45 degrees, 1.45 m) in the global coordi-
nate system (Model: G3DS).
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Plot 26: Interior surface meridional strain versus internal pressure for an element located 0.126

meters below the material change interface at (45 degrees, 1.45 m) in the global coordinate sys-

tem (Model: G3DS). '
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Plot 27: Exterior surface hoop strain versus internal pressure for an element located 0.126

meters below the material change interface at (45 degrees, 1.45 m) in the global coordinate sys-

tem (Model: G3DS).
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Plot 28: Interior surface hoop strain versus internal pressure for an element located 0.126

meters below the material change interface at (45 degrees, 1.45 m) in the global coordinate sys-

tem (Model: G3DS).
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Plot 29: Interior surface meridional strain versus internal pressure for an element located at the

mid-height (o:t)‘ the spherical shell at (45 degrees, 3.13 m) in the global coordinate system (Mod-

el: LTHAXC).
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Plot 30: Interior surface hoop strain versus internal pressure for an element located at the mid-

lll.dght oé ;he spherical shell at (45 degrees, 3.13 m) in the global coordinate system (Model:
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Plot 31: Interior surface meridional strain versus internal pressure for an element located at the
mid-height of the upper conical shell at (270 degrees, 2.49 m) in the global coordinate system

(Model: G3DS).
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6 (] 10 12

Intemal Pressure, (MPa)
strain versus internal press

14

ure for an element located at the mid-

height of the upper conical shell at (270 degrees, 2.49 m) in the global coordinate system

(Model: G3DS).
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Plot 33: Interior surface meridional strain versus internal pressure for an element located mid-
way between the material change interface and the top of the lower pair of stiffeners at (270 de-
grees, 1.25 m) in the global coordinate system (Model: G3DS).
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Plot 34: Interior surface hoop strain versus intemnal pressure for an element located midway
between the material change interface and the top of the lower pair of stiffeners at (270 de-
grees, 1.25 m) in the global coordinate system (Model: G3DS).
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Plot 35: Vertical displacement versus internal pressure for the apex of the top head at (- de-
grees, 0 m) in the top head coordinate system (Model: LTHAXC).
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Plot 36: Horizontal displacerents versus internal pressure for the interior and exterior surface
4 cm above the top surface of the top flange at (45 degrees, 3.57 m) in the global coordinate

system (Model: LTHAXC).
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Plot 37: Horizontal displacement versus internal pressure for a location 4 cm below the bottom
of the knuckle at (0 degrees, 3.32 m) in the global coordinate system (Model: LTHAXC).
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Plot 38: Vertical displacement versus internal pressure for a location 4 cm below the bottom of
the knuckle at (0 degrees, 3.32 m) in the global coordinate system (Model: LTHAXC).
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Plot 39: Horizontal displacement versus internal pressure at the apex of the equipment hatch at
(- degrees, 0.0 m) in the global coordinate system (Model: G3DS).
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Piot 40: Interior surface meridional strain versus internal sure for an element located at the
thinned area near the equipment hatch insert plate at (74.8 degrees, 1.569 m) in the equipment
hatch coordinate system (Model: LEHSTh). <
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Plot 41: Interior surface hoop strain versus internal pressure for an element located at the

thinned area near the equipment hatch insert plate at (74.8 degrees, 1.569 m) in the equipment

hatch coordinate system (Model: LEHSTh).
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Plot 42: Interior surface meridional strain versus internal pressure for an element located at the

thinned area near the equipment hatch insert plate at (105.4 degrees, 1.569 m) in the equipment

hatch coordinate system (Model: LEHSTh). ’
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Plot 43: Interior surface hoop strain versus internal pressure for an element located at the

thinned area near the equipment hatch insert plate at (74.8 degrees, 1.569 m) in the equipment

hatch coordinate system (Model: LEHSTh). ‘
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MPA STUTTGART

STEEL CONTAINMAENT VESSEL (SCV) ROUND ROBIN
Section 4 Pre-Test Analysis Report

4.1 ldealization

The analyses within the SCV round robin were performed using the finite element
program ABAQUS, release 5.5 /HKS 1995/. Pre- and postprocessing of the finite

element data was done with CAE-software MSC/PATRAN, release 1.4.2 /MSC
1995/,

For the geometric idealization of the steel containment vessel we used shell
elements from the ABAQUS element library with 5 degrees of freedom per node and
reduced integration scheme. Usually 8-noded quadrilateral elements with quadratic
interpolation of geometry and displacements, called S8R5, were used. Some
triangular elements with six nodes, called STRIS5, were inserted for mesh
refinement. The missing sixth degree of freedom, which designates the “torsion*® of
the shell, is essential for boundary conditions only and will ba introduced
automatically if necessary. The stiffeners ara also idealized with shell elements and
directly connected with the nodes of the vessel. A look on the total modal is given in
figure 4.1.

A failure criterion does not axist within ABAQUS for this kind of analysis. Therefors
no failure analysis can be performed. Also no buckling analysis was done, becauss
a combination of eigenvaiue determination together with unilateral boundary
conditions is not possible.

The coordinates of the nodes, which give the location of the mid surface of a shell
wera chosen so that the inner surface of the vessel was continuous. Therefore at the
transition between the different regions of the vessel additional ‘geometric
constraints have to be applied to make sure continuity of the unknown .
displacements and rotations. This is done with tha muitiple point constraint option
(MPC) of ABAQUS. In our case tha type BEAM was chosen.

The symmetry of the vessel can be used to mesh only ona half of the vessel. The
symmetry plane is located at 8 = 90° in the global coordinate system. The mesh
starts just above the ring support girder, i.e. z=0 in the global coordinate system. The
forces resulting from internal pressure on the lower head of the vessel are applied as
external tensils forces acting tangential to the wall. Axial displacement and bending
is suppressed there via boundary conditions. In the symmetry plane, displacements
perpendicular to this plans are suppressed, as well as rotations around the global r-
and z-axis. The loading is applied as surface loading on ths inner surfaca of all shell
elements. The maximum loading appiied is 50 bar or 5 MPa.

The contact between the vessel and the contact shell is simulated with the ABAQUS
surface interaction cption. Thers one have to define two surfaces, which may
contact. ABAQUS automatically calculates the initial distance of relevant nodes
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before loading and subsquently for every load increment which is applied. The
contact shell was defined as rigid spherica! shell and as rigid conical shell for 0.816
m< z < 3.359 m. Our first analysis of the vessel without contact shell showed, that
only in the region around the equipment hatch relevant displacements may occur.
The initial gap size was 18 mm /SNL 1895/.

4.2 Material properties

Based on the provided tensile test data we defined three stress-strain curves. The
first one describes the behaviour of the SGV480 material, the second one describes
the behaviour of the SPV490 material with wall thickness of © mm and the third one
describes the behaviour of the SPV420 material with wall thickness of 17.5 mm. The
different yield strength of these materials is given in {able 4.1.

Material/wall thickness | Yield strength [MPa)

SGV480/- 400
SPV490/9 mm 680
SPV490/17.5 mm 610

Table 4.1: Yield strength of the SCV materials used for FE analysis

The strength of specimens from the 9 mm blanks is quite higher than from the 17.5
mm blanks. The input stress-strain curves are given in figure 4.2, Isotropic kinematic
harding model due to von Mises is used.

Youhg's modulus is kept constant to 200 000 MPa.

4.3 Description of the analysis

The internal pressure is applied up to & maximum load of 50 bar, i.e. 5 MPa. The
automatic time incrementation algorithm of ABAQUS is used. Beginning with an

- initial load increment, ABAQUS enlarges the load increment with a factor of 1.5, i

convergence seems to be good. For bad convergence, the load increment is
reduced to a factor of 0.25 of the previous increment. The first and second load
increment of the present analysis are 15 bar, each. The next increment is 3.75 bar.
Subsequent increments are again smaller. It can be easily seen, that for special
points in the time history, the convergence becomes much worse, and the load
increments decrease rapidly. Subsequent the load increment is again increased.
These events coincide with beginning of contact or with beginning of yielding of the
material.

4.4 Discussion of selected results
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As it can be seen from diiferent svaluation points, first yield appears for diffarent
pressure loads.

Near the equipment hatch, yielding starts for a pressure load of about 25 bar, see
figure 4.3, where the meridional strain on tha inner surface is given. In the same
figurs, one may see that full contact between vessel and contact shell is readched
for about 35 bar, for beyond this pressura load, the strains decrease (plot id # 4).

Looking at the max principal strain on the apex of the vessel, we can sea that yield
starts for a preesurs load of about 35 bar, together with contact between vessel and
contact shell. Only for higher pressure loading, the strain inrease again, fiqure 4.4
(plot id#7).

in the upper conical shell, first yield is reached for a pressurs load of about 33 bar
and full contact in this region is reached for a slightly higher pressure load of about
35 bar, see figure 4.5 (plot id # 21). Due to the contact the meridional strains are
reduced for higher pressur loads. -

The performance ot the strains near the material interface are quite different.
Looking on the meridional strain component, we find a strong unloading on the outer
surface for pressure loads higher than 35 bar, while on the inner surface the
meridional strains are increasing rather monotonic, with some steps at 35 bar and at
43 bar. Thesa steps may ba observed also on ths outer surface. sea figure 4.6 angd
4.7 (plot id # 25 and 286).

Looking on the vertical displacement of the upper head, wae find that thera is a rather
linear elastic behaviour up to about 33 bar, followed by a region of nearly constant
displacement from 35 to 40 bar and a subsequent strong increase, see figure 4.8
(plot id # 35). This is dus to a missing contact shell in our modal around the upper
head cf the vessel.

From these evaluations we can estimate the pressure load for starting of yield near
the equipment hatch to about 25 bar.

The location of first contact between vessel and contact shell is given in fiqure 4.9.
For simulation of friction we used a friction coefficient of 0.3. No sticking as
assumed. An analysis without friction was not performed. Wa think that friction will
reduca th stresses and strains in the vessel, due to tha induced friction forces, which
act again tha relative motion due to the internal pressure.

Summary

The vessel was analyzed with the ABAQUS finite element code using release 5.4.1.
The idealization of the vessel started just above the ring support girder. Using
symmetry properties of the vessel, one half of thestructure has been modelled We
used standard shell elements with 8 nodes per element and 5 degrees of freedom
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per node with reduced integration scheme. The different wall thicknesses have been
taken into account. The contact shell was simulated as rigid body with a prescribed
initial gap of 18 mm between SCV and CS. For the material description we used best
fit stress-strain-curves based on the supplied tensile test data. The loading was
applied as intena! pressure on all shell elements. To simulate the influence of the
lower head of the vessel, forces acting in the wall are applied at the ring support
girder. Friction was assumed to be constant with a friction coefiicient of 0.3.

The load was raised from O to 50 bar using the automatic time incrementation schem
of ABAQUS.

First yield will occur for a pressure load of about 25 bar near equipment hatch.

First contact between SCV and CS will occur for & pressure of about 35 bar.
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Figure 4.2: Stress strain curves used in FEM analysis
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