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ABSTRACT

The System 80+m containment may be subjected to compressive forces which could cause it to
become unstable. The stability of the containment shell under prescribed loading combinations
was investigated with two analysis levels: axisymmetric and three dimensional.

An axisymmetric shell model, including additional mass to account for penetrations and the spray
header system, was analyzed using BOSOR4 and BOSOR5 fmite difference codes. Loading
combinations with pressure, temperature, self weight, and seismic satisfied the American Society
of Mechanical Engineers (ASME) stress allowables. The buckling auessment was performed
using the worst meridian assumption, including material nonlinearities and a sinusoidal
axisymmetric imperfection. The minimum factor of safety for Service Level C was 2.35. A SSE
seismic margin of 2.91 was calculated.

The ABAQUS finite element code was selected for the three dimensional analysis and tested with
classical and BOSOR solutions. The three dimensional model included the equipment hatch, two
personnel airlocks, and additional mass for the spray. system and small penetrations. Material
nonlinearity and an axisymmetric sinusoidal imperfection were incorporated. Several vibration
modes contained large local vibrations near the equipment hatch and personnel airlocks. The
maximum structural response was computed using response spectrum analysis and six potential
buckling regions were identified. A set of equivalent static loads was determined for each of the
six regions to regenerate the maximum SRSS stress resultants. For each region, combined loads
were increased until an instability was detected. A minimum factor of safety of 1.91 was
predicted, which does not satisfy ASME Section NE3222.1 or Regulatory Guide 1.57. Code
Case N-284 is satisfied. The analysis is conservative primarily because the SRSS 10% method
provides a conservative estimate of modal coupling.
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EXECUTIVE SUMMARY

The System 80+m containment is a spherical structure of thin steel plates with large radii of

curvature. It is embedded in concrete at its base with a flexible transition zone. As it is subjected

to various loading conditions, certain regions of the shell are subjected to compressive forces

which may cause the shell to become unstable. The objective of this project is to investigate the

stability of the containment shell under prescribed loading combinations including pressure,

temperature, self weight, and seismic loads. Two basic levels of analysis were used to achieve the

objective: an axisymmetric shell analysis and a three dimensional shell analysis of six critical

regions.

!

An axisymmetric shell model, which consisted of several segments subdivided into mesh points,
!

was formulated for the BOSOR4 and BOSORS finite difference software. Additional mass was
,

smeared around the model to account for penetrations and the spray header system. The flexible

material in the transition region between the steel shell and concrete base was modelled using

clastic springs. The stresses due to the individual loads were computed using BOSOR4, The

most recent Safe Shutdown Earthquake (SSE) seismic response spectra were used (7/7/93).
! Modal stresses were combined by the Square Root of the Sum of the Squares (SRSS) 10%

>
,

method and directional components were combined with the SRSS method. Loading cases were

combined as per Standard Review Plan Section 3.8.2 and the resulting stresses were found to |

satisfy the American Society ofMechanical Engineers (ASME) allowables for Service Level A, C,

and D.

Stability was investigated using BOSORS with the axisymmetric model. The buckling assessment

was performed using the worst meridian assumption, that is, the stresses on the most highly

stressed meridian were assumed to exist uniformly around the circumference. Material

nonlinearities and residual stresses were incorporated using a stress-strain constitutive relationship

derived from the ASME Code Case N-284. A geometric axisymmetric imperfection was i

i
introduced into the model in the form of a sine wave. The amplitude of the sine wave satisfied

ASME construction tolerances and the wave length was selected to minimize the buckling factor

of safety. A minimum factor of safety for Sersice Level C was calculated to be 2.35, which does

not satisfy ASME Section NE3222.1 but does satisfy Code Case N-284 and Regulatory Guide

1.57.

I
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A buckling analysis under seismic loading beyond SSE was also conducted using the axisymmetric ]
model. Dead load was held constant and the seismic loading was increased by a factor of 2.91 at

which point buckling occurred.

The ABAQUS finite element code was selected for the three dimensional shell analysis, primarily

on the basis ofits superior nonlinear solution techniques. ABAQUS capabilities were tested by

analyzing elastic buckling of two shells, a perfect cylinder and a perfect sphere, and comparing the

results to classical shell buckling theory. It was further validated by comparing its results to those

of BOSOR5 for three spherical shell cases: uniform loading (external pressure), gradient loading

(self weight), and concentrated loading on an equipment hatch penetration. Mesh size was also

! selected using these problems.

! The complete three dimensional model of the containment included the equipment hatch and two

personnel airlocks. Additional masses were added for the small penetrations and the spray

system. The material model was the same at that used as in the axisymmetric analysis. An

axisymmetric sinusoidal imperfection which satisfied ASME criteria was incorporated. The wave

length of the imperfection corresponded to the minimum buckling factor of safety from the

axisymmetric analysis. The conditions at the base were modeled to simulate a limited outward

movement, as permitted by the flexible material, and no inward movement.

For the seismic analysis, twenty vibration modes were determined, several of which contained

! large local vibrations near the equipment hatch and personnel airlocks. Modal responses were

| combined by the SRSS 10% method. Locally high accelerations occurred near the penetrations.

The SRSS 10% method, which accounts for modal coupling of closely spaced modes, predicted
,

that the maximum meridional stress resultants varied between 15,940 lb/in. and 11,300 lblin.
'

around the circumference at the base. The SRSS method without the 10% rule gave an

approximately uniform value of 11,300 lb/in. Six areas with locally high compressive stresses

were identified: three locations near the base, the two personnel air locks, and the equipment

hatch. A set of equivalent static loads was determined for each region which regenerated the

maximum SRSS stress resultants within the region. |

2
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|
4

Pressure, temperature, and self-weight loadings were added to the equivalent seismic loadings.

For each region, loads were increased until an instability was detected by ABAQUS. The

minimum factor of safety of 1.91 was predicted for buckling near the base. Local buckling near

the equipment hatch and personnel air locks did not control. The factor of 1.91 does not satisfy

ASME Section NE3222.1 or Regulatory Guide L57. Code Case N-284 is satisfied. The analysis

is conservative primarily because the SRSS 10% method provides an overly conservative estimate

of modal coupling for shell type of structures.

|
;

|
|
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1. INTRODUCTION

1.1 Backcround

The System 80+ containment is a spherical structure of thin steel plates with large radii of

curvature. It is embedded in concrete at its base with a flexible transition zone (see Fig.1.1). As

the containment is subjected to various loading conditions, regions of compressive membrane

forces develop in the steel containment which may cause the shel! to become unstable. For the

containment to perform its intended safety function and sustain these loads, a suflicient margin of

safety against buckling should exist.

1.2 Objectives

,

The objectives of the present work are to perform:

(1) An axisymmetric stress / buckling analysis of the containment with a new response

spectra revised from that in a previous study [Ref.1.1].
i

1

(2) A three dimensional buckling analysis for the effects of localized loads near

penetrations such as the equipment hatch and personnel locks.

(3) An axisymmetric analysis to investigate the containment stability beyond the Safe

Shutdown Earthquake (SSE).

1.3 Description of System 80+ Containment

i

A cross sectional elevation and a plan view of System 80+m containment are shown in Fig.1.1.

| The containment consists of a free-standing spherical steel (SA537-class 2) shell with an inner
;

radius of 100 ft. and a wall thickness of 1.75 in. The containment is embedded in concrete

foundation below elevation 91'-9" The portion of the containment building up to elevation 90'-3" !

is embedded in a concrete foundation (see Fig.1.2). Between elevation 90'-3" and 91'-9" the

vessel has concrete on the inside and cork material of thickness 2.0 in. on the outside. In the

transition region, the containment shell thickness was increased to 2 in. to allow for corrosion.

Above this region thickness the plate thickness is tapered to 1.75 in. The global coordinate

i 4
!
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i
;

.

;

1

; system is shown on the plan view in Fig.1.1. The X-axis extends in the East direction, the Y-axis

; extends in the North direction, and the Z-axis is in the upward direction. The x-y plane passes

| through the equator at Elev.157 n. The major appurtenances are the spray header system, an

| equipment hatch and two personnel air locks. -

:

i

The spray header system is located on top of the containment and extends down to an elevation

243' 7" It contributes a total weight of 120,000 lb. Between elevation 93'-0" and elevation 139'-

7", the containment has several penetrations and appurtenances which contribute a total weight of

80,000 lb. to the weight of the containment.

1

Details of the equipment hatch are shown in Fig.1.3. The central line of the equipment hatch

barrel is located at elevation 156'-0" and azimuth 150 The equipment hatch barrel is a circular
'

cylinder with an inner diameter of 22 n, a length of 6 ft and a wall thickness of 3.75 in. The total

weight of the equipment hatch assembly was assumed to be 120,000 lb. The containment shell

plates are thickened to 3.5 in. around the penetration to compensate for the opening. Details of

the reinforcing collar around the hatch barrel are shown in Fig.1.3. The thicker plate is tapered |

to 1.75 in. over a transition zone of 10 in., which satisfies the ASME code [Ref.1.7 paragraph

NE3361].

Details of the upper and the lower air locks are illustrated in Fig.1.4. The personnel air locks

consist of a circular cylinder with inner diameter of 10 ft, wall thickness of 2.5 in. and length of 18

n. The central line of the upper air lock is located at elevation 149'-0" and azimuth 225 while I

that of the lower air lock is located at elevation 118'-0" and azimuth 20 The weight of each air

lock was assumed to be 50,000 lb. The thickness of the reinforcing collar around both air locks is

3.5 in. tapered to 1.75 in. The width of the transition zone was assumed to be 10 in. The

centroid of the lower air lock barrel coincides with the middle surface of the steel vessel.

However, the centroid of the upper air lock was located outside the containment at a distance of 4

fl. from the vessel wall middle surface. There is an additional support provided outside the

containment to reduce bending stresses in the sphere due to gravity loads.

5
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1.4 Methodology

The methodology for the axisymmetric analysis is presented in Section 1.3 of Ref.1.1. Utilizing

the same axisymmetric model as in Ref.1.1 and the BOSOR4 and BOSORS programs, objectives

1 and 3 outlined above were accomplished. The stress intensities for the load combinations

specified in Section 3.8.2 of U.S. Nuclear Regulatory Commission Standard Review Plan (U.S.

NRC SRP) [Ref.1.2], were checked with respect to the allowable values for difTerent service

limits as per the American Society of Mechanical Engineers (ASME) Boiler and Pressure vessel

code [Ref.1.3]. The critical load combination, i.e., the combination with the largest compressive

stress in the containment, was used for the buckling analysis. An axisymmetric sinusoidal

imperfection was incorporated into the model. The material constitutive model was derived from

the equations of the plasticity reduction factor as described in Ref.1.1. The critical buckling load

was obtained by minimizing the buckling load with respect to the imperfection wavelength.

The nonaxisymmetric stresses were incorporated into an axisymmetric buckling analysis by the

worst meridian assumption, i.e., the stresses on the most highly stressed meridian was assumed to

exist uniformly around the circumference. The main disadvantage of the axisynunetric analysis is

its inadequacy to predict buckling due to localized loads such as those occurring near the

equipment hatch and personnellocks. Hence, a three dimensional analysis of the containment was

conducted.

Initially, a review of the ANSYS and the ABAQUS three dimensional codes was performed by

investigatir.g the ability of the packages to predict the buckling leads for various cases compared

to closed form solutions. The packages were evaluated with regard to the choice of elements,

analysis techniques, pre- and post-processing capabilities and run times. On the basis of the
| investigation, the ABAQUS finite element code was selected for the buckling analysis.

|

The ABAQUS finite element code was further validated with the BOSOR5 program by

considering three test cases with spherical shells: uniform loading (external pressure), gradient

loading (self weight) and concentrated load on a penetration similar to the equipment hatch. In

addition to validating the ABAQUS program, the results were used to determine the mesh size

and imperfection wavelength for the thrce dimensional fmite element model for System 80+m

6
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The containment along with the major appurtenances such as the equipment hatch, personnel

airlocks and the spray system was modelled using shell elements. The mass of the penetrations )
1

was included in the model. The modal responses due to seismic input of the first twenty modes
'

were determined by a vibration analysis followed by a response spectrum analysis. The modal
!

stress resultants were combined by the Square-Root-of-the-Sum-of-the-Squares (SRSS) ten

percent method. Sets of equivalent static loads were developed that produced stress resultants to

match the SRSS values in five specific regions. Pressure, thermal and dead loads were added and

the buckling behavior of the containment was predicted.

1.5 Accentance Criteria

The U.S. NRC SRP 3.8.2 [Ref.1.2] stipulates that the design and analysis procedure for the steel
'

containment structures be in compliance with ASME code [Ref.1.4], augmented by U.S. NRC

Regulatory Guide 1.57 [Ref.1.5].

1.5.1 Section NE 3222.1
t
t

Section NE 3222.1 of the Code specifies the basic allowable compressive stress for the stability of

structures as:

"The maximum buckling stress values to be used for the evaluation ofinstability
I

shall be either of the following:

(a) One-third the vahie of critical buckling stress determined by one of the

methods given below:

(1) Rigorous analysis which considers the effects of gross and local buckling,

! geometric imperfections, nonlinearities, large deformations, and inertial

| forces (dynamic loads only).

(2) Classical (linear) analysis reduced by margins which reflect the difference

between thecretical and actual load capacities.

(3) Tests of physical models under conditions of restraint and loading the

same as those to which the configuration is expected to be subjected.

(b) The value determined by the applicable rules of NE 3133."

l
,
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The stability limits for various loading conditions, such as the Design Conditions and Service

Limits A, B, C, and D, have the factors ot' safety listed in Table 1.1. Method (a) (1) will be used

here.

1.5.2 ASME Code Case N-284

ASME Code Case N-284 [Ref.1.6] provides well-dermed stability criteria for determining the

structural adequacy against buckling of shells with more complex geometries and loading

conditions than those covered by Section NE 3133. The rules are based on linear elastic

bifurcation buckling theory which has been reduced by knockdown factors to account for the

effect of imperfections, boundary conditions, material nonlinearities and residual stresses. The

stability limits for the various loading conditions correspond to the factors of safety shown in

Table 1.1. The factors of safety are lower than those specified by NE 3222.2 of the Code, but are

consistent with other ASME factors of safety for other failure criteria, e.g., yielding due to

internal pressure [Ref.1.7].

1.5.3 Regulatory Guide 1.57

The U.S. NRC Regulatory Guide 1.57 delineates the acceptable design limits and appropriate

loading combinations associated with normal operation, postulated accidents and specified seismic

events t' r the design of containment systems. The Regulatory Guide recognizes the design limitso

as specified in Code Section NE 3222. However, the Guide states that, if a detailed analysis is

performed, e.g., Method (a)(1), Note 7 to the regulatory position applies. Note 7 explicitly states

that:

I "If a detailed rigorous analysis of shells that contain the maximum allowable

deviation from true theoretical form is performed for instability (buckling) due to

loadings that induce compressive stresses, such analyses, considering inelastic

behavior, should demonstrate that a factor of at least two exists, between the

critical buckling stress and the applied stress."

The factor of safety of two against buckling is not associated with a specific Service Limit.

However, Regulatory Guide 1.57 states that the loading combinations should encompass that

i

,
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loading which produces the greatest potential for shell instability. Hence, this factor can be !

associated with Level C and D Service Limits, which usually produce the greatest compressive !
i

stress in the shell since they are associated with the Safe Shutdown Earthquake (SSE) event. |

|
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2. AXISYMMETRIC ANALYSIS OF SYSTEM 80+ CONTAINM ENT

2.1 Analysis Approach

The axisymmetric analysis of the System 80+ containment is performed by using the BOSOR4

and BOSOR5 programs. The BOSOR Programs are finite difference codes for analysis of l

complex branched shells of revolution [Section A.3 of Ref. 2.1]. BOSOR4 can handle both

axisymmetric and nonaxisymmetric stress and buckling analyses but is limited to linear material

properties. The program can also perform vibration analysis. The BOSOR5 program is developed

from the BOSOR4 program and is used for both axisymmetric and nonaxisymmetric buckling

analysis with axisymmetric loads including nonlinear material behavior.

Seismic loading which is nonaxisymmetric are expressed by Fourier series. The analysis for

seismic loads consists of a vibration analysis as a first step. The modal quantities are determined -

using the response spectmm method [Section 2.2.4 of Ref. 2.1]. The circumferential variation of

modal stresses and stress resultants are expressed by Fourier series and the maximum response

along any merdian can be obtained by using the Square-Root-of-the-Sum-of-Squares (SRSS) ten

percent method of combining the modal responses [Section A.3.2 of Ref. 2.1]. ,

When BOSOR4 or BOSORS is used for stress or buckling analysis, the circumferential variation

of the stress resultants is not permitted. Hence, the worst meridian analysis approach is used for

analysis of nonsymmetrically loaded shells [Refs. 2.2 and 2.3]. Sections 1330 and 1720 of Code

Case N-284 recommends the assumption of uniform stress distribution around the circumference

adopted in this approach [Ref. 2.4]. In order to identify the worst meridian for the buckling

analysis several meridians must be examined and the worst meridian is identified as the one with

the highest stress resultants. In BOSOR4, the analysis is completed by considering the worst

i meridian stress resultant to be distributed uniformly around the entire circumference. In BOSOR5

direct input of stress resultants is not permitted, and the worst merdian stress resultants must be
I converted into equivalent axisymmetric pressures for the buckling analysis [ Appendix C of Ref.

2.1].

|
,

|
|
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2.2 Stress Analysis

This section summarizes the stress intensities induced in the System 80+ containment shell by

the load combinations specified for Design Conditions and Levels A, B, C, and D as in the SRP

3.8.2 [Ref. 2.5]. The different loads on the structure are the dead load, accident and operating

temperatures of 290'F and 110 F, internal pressure of 53 psi and external pressure of 2 psi. The |
stress intensities reported in Ref. 2.1 were revised to incorporate a change in the internal pressure !
(revised to 53 psi from 49 psi), elimination of Operating Basis Eanhquake (OBE) condition and a I

revised response spectra for the Safe Shutdown Earthquake (SSE) condition (Fig. 2.1)

(transmitted by personal communication from Dr. Syed Ali from NRC dated 5-24-93). The

structural analysis of the containment shell was first performed for each individual load case l
utilizing the BOSOR4 program. The results were combined to calculate the stress intensities for - I

the Design Conditions and Levels A, B, C, and D, which were compared to allowable stress

intensities from the ASME Code [Ref. 2.6]. ,

i
,

2.2.1 Axisymmetric Modelling of the System 80+* Containment |

The axisymmetric modelling of the System 80+ containment is described in detail in Section 2.1

of Ref. 2.1.

1

2.2.2 Individual Load Cases

The maximum stresses induced in the structure due to application of dead load, external pressure

of 2 psi and thermal loadings of 110 F and 290 F are discussed in Sections 2.2.1, 2.2.2 and 2.2.3

of Ref. 2.1. The modified uniform pressure loading for System 80+ is an internal pressure of 53

psi.

The revised response spectra for SSE is illustrated in Fig. 2.1. Two horizontal (X or East and Y

or Nonh) and one venical (Z or up) spectra are shown. The SRSS meridional and circumferential

stress resultants, Nm and Nm, for East, Northeast, and North meridians, are shown in Fig. 2.2

and 2.3 respectively. The maximum values of the seismic stress resultants are about 21 percent

below those of Fig. 2.9 and 2.10 in Ref. 2.1 because the revised spectral accelerations

corresponding to the dominant horizontal modes are about that much lower than the previous

values. The meridian with the highest stress resultants, or the worst meridian, was the East

meridian.

11
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2.2.3 Combination of Stresses

Section I.3 of SRP 3.8.2 [Ref. 2.5] stipulates that the design loading combinations be in

compliance with Subsection NE, Section III, Division 1 of the ASME Code [Ref. 2.6] and

Regulatory Guide 1.57 [Ref. 2.7]. The pertinent load combinations are listed in Tables 2.1 to 2.5

for the Design Condition and Service Levels A, B, C, and D. Table 2.6 defines the nomenclature

used in Tables 2.1 to 2.5. In addition, Tables 2.1 to 2.5 refer to the specific SRP 3.8.2 loading
!

combination numbers.
!

Subsection NE of the ASME Code [Ref. 2.6, (Table NE3221.1)] has established allowable stress

intensities for the Design Conditions and Service Levels A, B, C, and D as listed in Tables 2.1 to

2.5. Allowable stresses depend upon the stress classification, i.e., primary or secondary (see

Table 2.6). The stress intensities were evaluated for each of the load combinations and the
maximum stresses are listed in Tables 2.1 to 2.5.

All the evaluated stress intensity values were below the allowable limits.

2.3 Buckline Annivsis

This section summarizes the revised buckling analysis results for the System 80+* containment.

The material constitutive model was derived from the equations of the plasticity reduction factor

from Code Case N-284 [Ref. 2.4], following the approach described in Sec. A.3.6.2 of Ref. 2.1.

The earlier results as reported in Fig. A.14 of Ref. 2.1 were revised to correct an error. The

modified stress-strain curves for SA-537 class 2 steel, corresponding to temperatures of 110 F

and 290 F, are shown in Figures 2.4 and 2.5. The analysis was performed to determine the

buckling factors of safety for Service Levels A, C, and D. Service Level B was eliminated from

analysis since the OBE condition has been eliminated.

2.3.1 Loading and Solution Process

The loading and solution process for the buckling analysis of the containment is summarized in

Section 4.1 of Ref. 2.1. The factor of safety against buckling, A., is a load multiplier which is equal

to the ratio of the loads at which buckling occurs to the input loads.

12
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,

2.3.2 Level C Service Limits
.

,

On the basis of the stress analysis results, the controlling load case for buckling (largest;
; compressive stress) for Level C will be inadvenent actuation of the spray system (external

{ pressure of 2 psi and temperature of 110*F) with the SSE spectra (combination (iii)(c)(1) of SRP

3.8.2; see Table 2.4). As Level C has a larger factor of safety requirement, it will control over

Level D. The minimum predicted buckling load was determined by introducing geometric

; imperfections in addition to the material nonlinearities in the analysis. The imperfection is

modelled as a sinusoidal wave. The imperfection wave length, Lg is expressed in terms of the

; radius, R and thickness of the shell, t as

L = K*(Rt)v2 (2.1)g

where K is the imperfection wavelength parameter (see Sec. 3.3 of Ref. 2.1]. The imperfection;

! sensitivity analysis is performed by varying K. A radial imperfection amplitude of 0.875 in. was

used which corresponds to the Code specified maximum deviation of one shell thickness (1.75 in.)

[see Sec. A.3.4 of Ref. 2.1 and Footnote 7 of Ref. 2.7]. The BOSOR5 buckling analysis yielded a

minimum buckling load multiplier of 2.35 for an imperfection wavelength of 137.5 in. (3.0. M).

'
The above analysis was performed with the meridional stress resultants in compression and the

circumferential stress resultants in tension. (As explained in Sec. 4.1 of Ref. 2.1, both the

meridian and circumferential stresses cannot be in compression at the same time. This would be

incompatible with stresses in the lowest modes.) The process was repeated assuming the

circumferential stress resultants to be in compression and the meridional stress resultants in

tension, giving a minimum buckling load multiplier of 5.1.

The minimum buckling factor of safety is 2.35 for Level C Service Limit. For this load case, the

variation of the effective uniaxial strain at the extreme fiber at the elevation of 96.8 ft is shown in
.

Figure 2.6. Note that, the errective strain is well above the proportional limit (Figure 2.4).

Hence, the buckling of the containment is not elastic because geometry imperfection have been

included.

2.3.3 Level A Service Limits

Two load cornbinations constitute the Level A service limit (see Table 2.2). The first is load
combination (iii)(a)(3) of SRP 3.8.2, associated with inadvertent actuation of the spray system

(external pressure of 2 psi and a temperature of 110 F). For this loading combination a minimum

value of the load multiplier was determined to be 10.5.

13
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|
The second load case, which is associated with a loss of coolant accident (internal pressure of 53

psi and a temperature of 290 F) also corresponds to load combination (iii)(a)(3) of SRP 3.8.2.

Locally high compressive stresses arise in the transition region due to the restraint provided by the

cork as the temperature is increased. The containment reached its yield capacity in the upper

reaches remote from the base at a load multiplier of 2.85. At this point, no 'ouckling was detected

in the compression zone. Internal pressure increased the resistance of the containment to buckling

by inducing tensile stresses which counteracted the thermal compressive stresses. A requisite

characteristic for buckling is the presence of a compressive zone which extends about a buckled

wave. However, the compressive stresses in the transition zone are extremely localized and the

thermal effects rapidly reduce to zero (see Fig. 2.3 of Ref. 2.1]. Tensile stresses in the upper

portion of the shell predominate and cause overall failure of the containment before buckling

occurs. The variation of maximum effective uniaxial strain at the extreme fiber a.t Elevation 243

ft is shown in Fig. 2.7.

It should be noted that the cork embedded portion of the containment is modelled with springs

that carry both tension and compression [Section 2.1 of Ref. 2.1]. This is satisfactory for outward

buckling. Inward buckling of the containment would be restricted by the interior concrete and not

by the cork in tension, as the model now exhibits. This is a limitation of the analysis. A more

complete analysis of thermal buckling in the transition zone may be appropriate but is beyond the

scope of this task.

2.3.4 Discussion

The factors of safety against buckling prescribed in Section NE3222.1 of the ASME Code are

listed in Table 1.1. The calculated factor of safety for Level C is 2.35. This does not satisfy the

criteria. The calculated factor of safety for buckling under Level A is at least 10.5. Ilowever, the

containment would reach its yield capacity under internal pressure at a calculated load multiplier

of 2.85. The predicted factors of safety satisfy the Code Case N-284 criteria. Regulatory Guide

1.57 is satisfied.

2.4 Seismic Limit Analysis

There is a small probability that the containment could experience seismic loading beyond SSE.

The containment performance was evaluated by increasing the seismic loading beyond SSE with

constant sustained loads such as dead weight.

l

l
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2.4.1 Loading and Solution Process

The loading and solution process for the buckling analysis of the containment is summarized in

Section 4.1 of Ref 2.1. The buckling factor, F, is defined as the ratio between the SSE loads and

the seismic loads which cause buckling. The dead load is also applied and held constant. No other

loads are applied. Hence, the net load on the structure, L is the sum of factored SSE loads (i.e.,

SSE loads multiplied by the factor, F) and the dead load D equivalent to:

L = D + F (SSE) (2.2)

2.4.2 Buckling Analysis Results

The containment is initially loaded with SSE loading and the dead weight of the structure.

Geometric imperfections are introduced into the analysis and an imperfection sensitivity analysis is

performed by varying the imperfection wavelength parameter, K [Sec. 2.3.2 and Sec. 3.3 of Ref.

2.1]. The imperfection is modelled as a sinusoidal wave with a radial imperfection amplitude of

0.875 in. which corresponds to the Code specified maximum deviation of one shell thickness

(1.75 in.)[Sec. A.3.4 of Ref. 2.1 and Footnote 7 of Ref. 2.7]. The material effective stress strain
curve in Fig. 2.4 is used. The seismic loading was increased by the factor F, until buckling occurs

at a load multiplier of 2.91 with an imperfection wavelength of 137.5 in. The variation of the

effective uniaxial strain at the extreme fiber at the elevation of 96.8 fl. is shown in Fig. 2.8.

2.4.3 Summary

Buckling occurred when the SSE loading was increased by a factor F of 2.91.
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!
! 3. TilREE DIMENSIONAL MODEL PARAMETERS

,

3.1 Software Selection

; '

: The ANSYS [Ref. 3.1] and ABAQUS [Ref. 3.2] general purpose finite element programs were i

i reviewed and compared. The comparison was based on types of shell elements in the element
! .

; library, analysis procedures for buckling problems, pre- and post-processing capabilities and '

2

2 hardware and software limitations. Analytical results were compared to theoretical results from

classical shell theory and numerical results from BOSOR.

1
+

3.1.1 Types of Shell Elements
i

Flat and curved shell elements are available in ANSYS and ABAQUS. A flat shell element is the !

assembly of a plane membrane element and a plate bending element The accuracy of flat ;

elements is more sensitive to surface curvature [Ref. 3.2,3.3]. Curved shell elements are based !

on classical shell theory [Ref. 3.3]. Since those elements can take on a general second order
'

polynomial shape, they are well suited to model doubly curved surfaces. Triangular and quadratic <

shell elements are available. Quadratic shell elements can be four noded, eight noded or nine
'

noded with six degrees of freedom per node. ABAQUS also has shell elements that utilize the -

reduced integration procedure in the element formulation. In those elements, in-plane rotational

stiffness is eliminated and solution time is reduced. They provide accuracy identical to shell

elements using six degrees of freedom per node [Ref. 3.1, 3.2].

3.1.2 Analysis Procedure
4

i

Before proceeding to consideration of various shell buckling analysis techniques, a conceptual ;

description of the instability behavior of shells is appropriate (see [Ref. 3.4]). Figure 3.1
'

schematically illustrates the possible load-displacement behavior of a shell, e g. a spherical shell

under external pressure. Loading may progress along a fundamental path of the perfect structure i

OCP. The deformed shape remains essentially the same along this path with only the magnitude !

of the displacements increasing. Eventually, an instability occurs along this path, point P, at a |
point of maximum load. This point is variously referred to as the limit point buckling, A,, or snap i

;

'
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through or the plastic collapse load. For this behavior, the deflected shape at maximum load

differs from the initial deflected shape only in magnitude.

For many shell configurations and loadings, an alternative equilibrium path is available. That is, a

bifurcation point C exists at which two equilibrium shapes are possible. At this point, the shell

will follow the path of the least energy, path CD. This behavior is termed bifurcation buckling.

The post buckling path is called a secondary path. Defortnations along this path differ completely

from the prebifurcation path, e.g., non-symmetric buckling of an axially compressed cylinder in

which wrinkles or lobes form around the circumference. Elastic buckling occurs if the shell is

clastic at the bifurcation point, A., i.e., point C is below the proportional limit. If C is above the

proportional limit, inelastic (or plastic) buckling occurs.

If the shell has an initial nonsymmetric imperfection, it will not reach the bifurcation point. It will

deform in the pattern of the initial imperfection without noticeably changing shape until it reaches

a limit load identitled as A . The equilibrium path is designated as the fundamental path of the
t

imperfect structure. No bifurcation point occurs. After this limit load, A , is reached, the loadingt

path becomes asymptotic to the post buckling path (Fig. 3.1).

The purpose of shell buckling analysis is to predict the load displacement behavior, i.e. path OCP

or OCD in Fig. (3.1) for perfect shells or path OLF for imperfect shells. Buckling analysis

procedures which include both material and geometric nonlinearities were reviewed in the

ANSYS and the ABAQUS programs. Nonlinear buckling analyses in both codes employs a

nonlinear static analysis with gradually increasing loads to the point at which the structure loses its

stability. In this analysis procedure, the stmeture is loaded step-by-step and at every load

increment the equilibrium equations are solved iteratively up till convergence. Singularities may

occur somewhere along the equilibrium path, namely the critical points 4,1,, and A Hence, thet

stability analysis requires a method capable of detecting critical points and tracing the equilibrium

path beyond the critical points.

In ANSYS (Ver. 4.4A) the nonlinear static analysis is a load-controlled solution based on

Newton-Raphson technique. The fundamental path can be determined up to the critical point, A,

or 1, which ever is lower. In ABAQUS, the modified Riks method [Ref. 3.5,3.6) is utilized. In

18
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e

.

this method a constraint equation is added to the equilibrium equations to fix the length of the

1 incremental load step in the load-deflection space. The applied load level becomes an additional
i
j variable. The modified Newton-Raphson method is applied to solve the system of equilibrium
4

| equations iteratively. The stability determinate and eigenvalues are checked during solution to

! determine if a bifurcation load has been reached. The resulting technique a!!ows the limit points

to be passed, improves convergence, and detects location of critical points, b, A., and Au along

! the fundamental path. (Section 3.2.2.1 utilizes an arch as an example to further explain this

: process.)
:

j 3.1.3 Preprocessor and Postprocessor

i

; The preprocessor defines model geometric, material propenies, loading configuration and

kinematic conditions. ANSYS has a powerful preprocessor which can be easily used in a batch
~

mode or an interactive mode. Solid modeling is also available in ANSYS. On the other hand, the

] ABAQUS preprocessor is limited to only batch mode usage. It has limited node and element

j generation capabilities compared to the ANSYS preprocessor.
4

i

j The postprocessor illustrates output results after the solution, such as displacements, reaction

forces, stresses and strains. Both ANSYS and ABAQUS have powerful postprocessors that can

j print and/or plot analysis results.

4

: Based on the previous discussion, ABAQUS was selected for the 3-dimensional analysis of

System 80+5 Containment, primarily because it implements the modified Riks methods and can

predict the post buckling path.:

1

i

3.2 Solution Processes in ABAOUS
:

1
;

In the following section, the verification of ABAQUS software for buckling problems will be

; presented.

d

1

1
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3.2.1 Eigenvalue Buckling Prediction

Classical eigenvalue buckling analysis is often used to estimate the critical (bifurcation) load of

clastic, linear structures that carry loads primarily by membrane action.

|
'

The eigenvalue problem can be described as [Ref. 3.2,3.3].

[[K.] + A, [K ]]{@} = 0 (3.1)o

elastic stiffness matrix of the stnicture.[K.] =

[K ] initial stress and load stiffness matrix.=
9

j A, load multiplier (eigenvalue).=

( {@) buckling mode shape (eigenvector).=

,

Two eigenvalue buckling problems for linear elastic structures were solved with ABAQUS and

compared to theoretical closed form solutions.

|
|
'

3.2.1.1 Circular Cylinder Subjected to Axial Load
|

The critical buckling stress of a long shallow cylinder without geometric or material imperfections

is given by [Ref. 3.7,3.8].

E 't'
- (3.2)

o, = d3(1 - v ) (r j2

|

| c, critical buckling stress.=

E Young's modulus.=

shell thickness.t =

Poisson's ratio.v =

radius of cylinder.r =

<

The associated buckling mode can be either a chess board buckling pattern or an axisymmetric

sine wave. The buckling mode wave length is [Ref. 3.7, 3.8].

i 20
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j L, = 3.44M (3.3)

The finite element model used in the buckling analysis is illustrated in Fig. 3.2. A segment that

) subtends 30 at the center was modeled using S4R5 shell elements. S4R5 shell elements are

isoparametric flat shell elements, four noded with five degrees of freedom per node [Ref. 3.1].
<

N

The lower edge of the model was simply supported, symmetry conditions were applied at the
'

i other three edges. The model was loaded with uniform axialload applied at the upper edge.

The theoretical critical stress obtained from Eq. (3.2) was 175,562 psi compared to a critical

stress of 175,515 psi obtained from ABAQUS finite element model. The percentage difference

was 0.03%. The buckled mode corresponding to the least eigen value is illustrated in Fig. 3.2.

The buckled shape is axisymmetric with wave length 2.67 in. which compares to a value of 2.75

in. computed from Eq. (3.3).

3.2.1.2 Spherical Shell Subjected to Uniform External Pressure

The critical external buckling pressure of a complete sphere using the equilibrium method is [Ref.

3.7, 3.8]:

2Et ~(m + n )_, + (t / r)2(y2,y )-
2

2 2

(3.4)p, =
2

r 12(1- v ) _.

no. of sine waves in hoop direction.m =

no. of sine waves in meridional direction.n =

The smallest p, corresponds to the following condition:

2 = 2]3(1 - v ) r / t (3.5)
2 2m ,y

For m equal to n, the buckled wave length is:

2x5
L" = 2 xr=

(3(1- v ))v.
2m
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or, for v equal 0.3

L,, = 4.8967 (3.6)

|
The finite element model used in the analysis is illustrated in Fig. (3.3). Only one-eighth of the

sphere was modeled due to symmetry. The sphere was modeled using S8R5 which is an

isoparametric curved shell elemen. having eight nodes with five degrees of freedom per node. All

|
nodes in the model are located along the principal spherical coordinate lines [Ref. 3.9]. That is,

the nodal coordinates were computed as the intersection of the sphere and two planes passing

through the global cartesian axis. Symmetry boundary conditions were applied along the three

edges. The sphere was loaded with uniform external pressure.

i
'

| The theoretical critical pressure computed from Eq. (3.4) and (3.5) was 74.78 psi compared to a

critical pressure of 75.16 psi obtained from ABAQUS fmite element model. The percentage

difference was 0.5%. The buckled mode corresponding to the least eigenvalue is depicted in Fig. ,

|
(3.3) with waves in both the meridional and hoop direction. The wave length was 180 in.

compared to a value of 224 in. computed from Eq. (3.6).

'ihe previous two examples verifies the eigenvalue procedure in ABAQUS software for linear

elastic buckling of shells.

3.2.2 Nonlinear Buckling Analysis

As noted in Sec. 3.1.2, nonlinear buckling can be accomplished using a nonlinear static analysis in

which equilibrium equations are solved in a point wise fashion to the load where the structure

loses its stability.
,

I

Two problems were solved using ABAQUS to examine the capability of the code to trace the

fundamental path and the post buckling path (see Fig. 3.1), to determine the critical points A, and

A, and to obtain the buckled shape when geometric and material nonlinearities are included in the

analysis. Results were verified by comparing to BOSOR results and to solutions in referenced

literature.
|

|
,
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3.2.2.1 Ilinged Arch with External Pressures !

|
The stability of a circular arch, uniformly loaded in the radial direction is lost at either a limit

'

| point, Ao, or a bifurcation point, A, depending on the arch dimensions and supporting condition.

This property offers the oppor: unity to test nonlinear buckling numerical techniques adopted in

ABAQUS.

[ The arch was modeled using three noded curved beam elements B32 [Ref. 3.2]. The results of

j the computations carried out will be briefly discussed. Four cases were solved to examine the

ability to predict the fundamental path, post buckling path, critical points and prebifurcation
! deformed shape.

;

| I

|

In all four cases the load-deflection curve was plotted using the nondimensional load parameter,

p, [Ref. 3.5] and the nondimensional deflection parameter [Ref. 3.6), w

! where:

p = pr*h (3.7)

w = w, / h (3.8)
in which

p external pressure.=

| h arch thickness.=

E Young's modulus.=

radius of arch.r =

I cross section moment ofinertia about bending axis.=

central deflection of the arch.w, =

First, the fundamental path (Fig. 3.4) of the perfect arch was computed using the modified Riks

methods. The solution was continued beyond the bifurcation point and the limit point. The
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l

position of the critical points along the fundamental path was determined, as ABAQUS prompts

the user that a negative eigenvalue has been encountered, that is, a bifurcation point has been

reached. The load parameter, p., at the bifurcation point was 2.20 and that at the limit point, pt,

was 2.94. The solution continues on the fundamental path, hence the deformed shape remained

symmetric and only the magnitude of the deflections increased.

At the bifurcation point, p., two equilibrium shapes are possible. One possible shape is the

symmetric deformed shape of the perfect stmeture which corresponds to the fundamental path. It

was computed in the previous step. The other shape can be computed by examining the stability

condition near the bifurcation point. The nonlinear static analysis was restarted at a load

parameter, p, equals to 1.80 preceding p,. At this point, an eigenvalue solution (Eq. 3.1) with the

present pre-buckling conditions was carried out. The bifurcation point (first eigenvalue) was

computed as p equals to 2.15 and the first eigenmode (unsymmetric) was obtained (Fig. 3.4).
,

The value of p, obtained by this method compares with the value of 2.20 computed using the

| modified Riks technique alone.

!

The post buckling path was computed in the third step. An initial geometric imperfection of a

small amplitude in conjunction with the two different imperfection shapes discussed below was

applied to introduce nonsymmetries and force the arch to follow the fundamental path of the

imperfect structure and approach the post buckling path rather than the fundamental path of the

perfect structure. Note that, for this solution there is no bifurcation point, since the initial and

fmal shape of the structure remains essentially the same, except for displacement magnitude. The

solution follows a fundamental path for the imperfect structure and the maximum load is the limit

load for the imperfect structure (see Sec. 3.1.2). With a very small imperfection amplitude, the

limit load, pt., for this solution is very close to the bifurcation load for the first analysis. Likewise,

the path for this solution is the desired post buckling path.

Two imperfection shapes were selected. First, an imperfection shape similar to the first eigen

mode (Fig. 3.4) was applied. The amplitude, a, of the imperfection was varied to examine its

effect on the limit load. With a equals to 0.005 h, the limit load, pt, was 2.08 which, indeed, is

close to the bifurcation load, p., of 2.15 obtained by solving the eigenvalue problem. As the

solution goes beyond the limit load, it continues to follow the fundamental path of the imperfect

24
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|

respectively. This analysis revealed that the limit load is approximately inversely proportional to

imperfection amplitude [Ref. 3.8]. Second, a single bulge imperfection centered at 10 degrees

|
and with amplitude 0.025h was applied as shown in Fig. (3.4). The limit load was 2.08 as

'

compared to 1.97 for the eigenmode imperfection with identical amplitude. Hence the eigenmode

imperfection shape provided the least limit load for the same amplitude. This is consistent with'

Koiter theory [Ref. 3.8].

Another approach to computing the post buckling path is to apply a dummy load of a low

magnitude that willintroduce nonsymmetries into the problem. No geometric imperfections are

applied. A dummy small horizontal load was applied and the problem was solved using the

modified Riks method. The load-deflection curve is illustrated in Fig. 3.4. The limit load, pt, was

2.09. The post buckling path of the perfect arch closely followed that obtained using an

eigenmode imperfection amplitude equals to 0.005 h.

3.2.2.2 Imperfect Sphere with External Pressures

The stability of a spherical shell uniformly loaded with external pressure was investigated. The

ABAQUS solution was verified with BOSORS results.

The complete sphere has a radius of 1200 in. and a wall thickness of 1.75 in. (st .,e dimensions as

System 80+* containment). A modulus of elasticity of 29,000 ksi was used for the material. The

material was assumed to be linearly elastic. An axisymmetric imperfection for the sphere was

modeled as a sinusoidal wave, the imperfection peak to trough amplitude was 3.50 in. and the

imperfection wave length was 3.925. The imperfection amplitude applied in this example is

twice the allowable ASME value of 1.75 in.

The three dimensional model is the same as illustrated in Fig. 3.3. The equilibrium fundamental

path from the ABAQUS solution is depicted in Fig. 3.5. The bifurcation load was computed as

12.76 psi compared to 12.15 psi obtained from BOSOR which is a 5% difference.
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3.3. Three Dimensional Model of System 80+m

The finite element method ofTers an approximation to the exact solution. The difference between

the exact solution and the approximate solution arises from the discritization of the continuous

( stmeture into subdivisions, (elements), implementation of shape functions to describe

deformations and stresses within an element, and the computation of the stiffness matrix by
:

numerical integration. The solution accuracy can be improved by decreasing the size of

subdivisions, this is designated as h-refinement, and by increasing the order of the polynomial used

to describe the behavior of each element which is known as p-refinement [Ref. 3.10].

|
3.3.1 Mesh Generation Procedure

A finite element model was constructed for a spherical shell similar to System 80+ containment

| (Fig.1.1) except without penetrations. Mesh sensitivity studies with h-refinement and p-
:

refinement were conducted. Four mesh configurations A, B, C, and D were studied (Figs. 3.6 to|

i 3.9, respectively). The size of the elements was progressively doubled from Mesh A to Mesh D.

Mesh C is identical to Mesh B except in the embedded portion, where the size of the elements

was halved in the meridional direction. Two elements were used for every mesh configuration,;

the S4R5 flat shell element which is four noded [Ref. 3.2] and the S8R5 curved shell element with

midsize nodes and four corner nodes which uses a higher order polynomial. S4R5 and S8R5 shell
I

'

elements have five degrees of freedom per node [Ref. 3.2]. These two elements were previously

tested in buckling problems (Sec. 3.2.1.1 and 3.2.1.2).!

One quarter of the spherical shell was modeled due to symmetry. Symmetry boundary conditions

were applied at the two vertical edges whereas fixed boundary conditions were applied at the

base. Table (3.1) summarizes the parameters of the four mesh configurations. The four meshes

were compared with regard to the total number of elements, the size of the elements at the

equator and at the base, and the element aspect ratio at the base.

Other mesh parameters such as total number of variables, wave front, root mean square (RMS) of
,

wavefront, storage space per analysis and storage space per load increment, are presented in

Table (3.1) for the four mesh configurations. From Table (3.1) we can conclude that the use of

26
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1

midside nodes in the finite element model doubles the wave front whereas the number of variables

increase four times and the storage space requirement increases eight times.
|

Two loading conditions were solved, external pressure and gravity loads. The pressure loading

produces a uniform biaxial stress state whereas the stresses for gravity loading results in a vertical |

gradient of the stresses. The ABAQUS results obtained using the four meshes were compared to

BOSOR results.

3.3.1.1 Sphere with External Pressure

The nonlinear buckling analysis of the spherical shell when subjected to external pressure was

conducted using the four mesh configurations A, B, C and D. The containment vessel was

assumed to have an axisymmetric sine wave imperfection of amplitude 0.875 in. and wave length

of 3.92M. The effective stress-strain curve used in the analysis is illustrated in Fig. 2.5. The

shell was analyzed using BOSOR5 to compare to ABAQUS results. The axisymmetric model of

the shell is similar to that described in Sec. 2.1 of [Ref. 3.4], except all shell segments had the

same density. The critical pressure was 22.5 psi from BOSOR5. Figure 3.10 illustrates the

buckled shape obtained from the BOSORS solution. The number of waves in the hoop direction

associated with the minimum buckling pressure was 25 waves.
,

l

ABAQUS results obtained using the four mesh configurations (Sec. 3.3.1.1) are compared in

Table 3.2 which lists the critical pressure from ABAQUS, the percentage difference with respect

to the BOSOR solution and the run time per iteration. The run time per iteration is computed by

dividing the CPU time per load step by the total number ofiterations in that step. Figure 3.11

illustrates the buckled shape of Mesh C obtained using ABAQUS. The number of waves around

the circumference was 28 waves.

Table 3.2 shows that, for S8R5 curved shell elements, the percentage error in the buckling load

was significantly reduced when the size of the elements was halved from Mesh D to Mesh B. The

run-time per iteration was increased as the number of variables in the model and the wave front

were almost doubled. However, when Mesh B was refined to Mesh A, the reduction in the

percentage of error was not significant whereas the run time per iteration increased five times.
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Results obtained from hiesh C using S8R5 elements were better than those obtained from hiesh A

using S4R5 flat shell element. This indicates that p-refinement was more efficient than h-

refinement in improving the solution accuracy although the run time per iteration was increased

slightly.

3.3.1.2 Sphere with Gravity Loads l
l
|
'

The nonlinear buckling analysis of the spherical shell described above when subjected to gravity

loads was conducted using the four mesh configurations A, B, C and D. This case has a gradient

stress resultant in the venical direction. The shell has the same imperfection configuration and

constitutive relation described in Sec. 3.3.1.1.

The axisymmetric model in Sec. 3.3.1.1 was used in the BOSOR5 solution, which gave a load

multiplier at the limit point of 14.0. The deformed shape of the BOSORS axisymmetric model is

illustrated in Fig. 3.12. The deformed shape remained axisymmetric with no waves in the hoop

direction.

ABAQUS and BOSOR5 results were compared in Table 3.3. Figure 3.13 illustrates the deformed

shape of Mesh C obtained using ABAQUS. The deformed shape was also axisymmetric.

Table 3.3 shows that, for S8R5 shell element, the percentage error in the limit load was reduced

when the size of the elements was halved from Mesh D to Mesh B. The most accurate solution

was obtained by using Mesh C, since a finer mesh was utilized at the base of the shell to capture

tha deep stress gradients. There was no need to solve the problem using Mesh A, as the results

obtained from Mesh C were sufficiently accurate.

Results obtained from Mesh C with S8R5 element were almost identical to Mesh A result with

S4RS element, however, the run time required per iteration was slightly greater for the latter. ;

This reveals that using Mesh C with S8R5 element is more economic than using Mesh A with

S4RS element and provides acceptable accuracy.
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Based on the two previous examples, Mesh C with S8R5 was considered sufIiciently accurate |

with reasonable run time and storage requirements and was used as the basis for the containment

analysis.

3.3.1.3 Sphere with Reinforced Opening at the Top

A three dimensional finite element model was generated for a spherical shell with a reinforced

opening at the top. Figure 3.14 illustrates a sectional elevation of the shell. This is an

axisymmetric problem and can be analyzed with BOSOR5. A similar finite element model will be

used for the equipment hatch portion of the System 80+ containment model. The opening has

the same dimensions and reinforcing details as the equipment hatch. The hatch barrel is a circular

cylinder ofinner radius 132 in., wall thickness 3.75 in and length 30.4 in. The three dimensional

model is a sector of a sphere that subtends an angle 60 at the center. The sphere sector was

assumed to have a sine wave axisymmetric imperfection of amplitude 0.875 in. and wave length of

3.05. The imperfection sine wave was started from the axis of the barrel.

The three dimensional model of the shell is depicted in Fig. 3.15. Only one-quarter of the shell

was modeled due to symmetry. S8R5 curved shell elements wuc used in the model. The element
i

and node configuration along the edges are compatible with the Mesh C configuration at the i

equator. Four rows of elements were used in the reinforced collar region. The elements size was )
limited to 0.4 E in the meridional direction with an aspect ratio that varies from 1.3 at the

hatch barrel to 2.8 at the thickness transition zone (see Fig. 3.14). One row of elements was used

in the transition zone from the thick shell to the thin shell. The elements size is 0.12 E in the

meridional direction and 1.19 E in the hoop direction. The rest of the spherical sector was I

divided into seven rows of elements in the meridional direction as shown in Fig. 3.15. The hatch

barrel was modeled with six rows of elements in the hoop direction and three rows of elements in

the axial direction. Symmetry boundary conditions were applied at the two vertical edges

whereas fixed boundary conditions were applied at the lower edge. The model was loaded with

an axisymmetric ring load applied on the upper edge of the hatch barrel. The material constitutive

relation is shown in Fig. 2.5.
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A nonlinear inelastic buckling analysis was conducted using the modified Riks methods
'

implemented in ABAQUS and the results were compared to the BOSOR solution. The ring load

was applied in increments and the vertical displacement of the hatch barrel was recorded for every

converged solution. The solution was terminated as the limit load was reached. The load

deflection curve (fundamental path) obtained from using ABAQUS and BOSOR are compared in

Fig. 3.16. The collapse load obtained from ABAQUS was 5000 lb/m. compared to a value of

4852 lblin. obtained from BOSOR (3.5% difference). The failure mode was excessive

plastification of the transition zone. The deformed shape obtained from the ABAQUS solution is

illustrated in Fig. 3.16. Since the finite element model in Fig. 3.17 showed reliable results, it will

be used to model all penetrations in the System 80+m, i.e., the containment equipment hatch, the
|
'

upper and lower personnel air locks.

3.3.1.4 Assembly of the Three Dimensional Model

Figure 3.17 illustrates the three dimensional finite element model of System 80+" containment

with all penetrations. The model was constructed basically using the Mesh C except that elements

near all penetrations were replaced by the mesh configuration for the sphere with the reinforced

opening at the top (Sec. 3.3.1.3). The equipment hatch barrel was modeled as a circular cylinder

with inner radius of 11 fl. and wall thickness of 3.75 in. The length of the barrel in the model was

40.4 in with the outer edge of the barrel extended a distance of 22.0 in. (equivalent to E ) from

the shell wall. Not all of the barrel length was modeled as it does not contribute to the stiffness

but it does contribute to the mass of the equipment hatch. The density of the barrel material was

computed such that its total weight is 120,000 lb. (see Sec.1.3).

The upper air lock barrel was modeled as a circular cylinder with inner diameter of 10 fl., wall

thickness of 2.5 in. and length of 11.5 fl. The outer edge of the barrel is located at a distance of

8.1 ft. from the centroid of the containment vessel wall and is simply supported in the vertical

direction (see Sec.1.3). The length of the lower air lock barrel is 10.2 fl. with the outer edge

located at 5.1 ft from the centroid of the vessel wall. Note that for both air locks, the barrel

~ length for the finite element model extended at least M from the containment shell. The density

of both barrels materials was computed so that they weigh 50,000 lb. each (see Sec.1.3).
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| The mass of the spray header system was smeared from the top down to Elev. 247' - 7" Between

| Elev.139' - 7" and 93' - 0", the containment is provided with several small penetrations that

! contribute 80,000 lb. to the weight of the containment. The mass of these appurtenances was

smeared around the circumference between these elevations. The thickness of the shell at the

embedded portion in concrete was taken as 1.75 in. rather than 2.0 in. (see Sec.1.3) to account

for corrosion. However, this additional thickness was not included in the analysis presented in

this work.

|

3.4 Check Run

To verify the three dimensional model of System 80+m contaim:.ent described in Sec. 3.3.1.5

prior to the nonlinear buckling analysis, the model was loaded with uniform external pressure of

10 psi. A modulus of elasticity of 29,000 ksi was used for the material. - The analysis was

conducted using the small deflection theory and no imperfections were modeled. The meridional
!

and hoop stress resultants obtained from the ABAQUS solution compared well to the classical

theoretical value of 6000 lblin. The contour lines for meridional and hoop stress resultants were

examined and they were uniform over the containment except that high stress concentration

regions were observed around the penetrations. The stress concentration factor in the vicinity of
! the equipment hatch barrel compared well to the theoretical value of four for a biaxial stress state.

Contour lines of the nondirectional Von Mises stresses were examined at the three penetrations

and found to be approximately axisymmetric.

|

3.5 Imperfection Size and Shane

An axisymmetric imperfection was incorporated into the three dimensional finite element model of

System 80+5 The imperfection was modeled as a sinusoidal wave with radial amplitude of 0.875

in. and wave length of 3.0 El The amplitude ofimperfection corresponds to the Code specified

maximum deviation of one shell thickness. The imperfection wave length was based on thei

imperfection sensitivity analysis described in Sec. 2.3.2.
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3.6 Material Properties

The stress strain curve of the material used in the three dimensional fmite element model is

illustrated in Fig. 2,5.

The containment portion embedded in concrete has a cork type material along the outerside

between Elev. 90'- 3" and 91' - 9" whereas the inner side is in direct contact with concrete in Fig.

1.4. The cork material thickness was assumed to be 2.0 in. with a subgrade modulus of 180 lb/in'. !

The cork material was modeled using the SPRING 1 element in ABAQUS [Ref. 3.2]. The springs I

were located outside the containment in the radial direction. The load deflection curve used to

define the springs behavior is illustrated in Fig. 3.18. The springs were provided an arbitrarily

high stiffness of 1800 lblin'in tension side to model the containment contact with concrete along

the inner surface. However, on the compression side, the stiffness of the springs is 180 lb/in' up

to an axial displacement of 1.0 in. The stiffness then increases gradually as displacements :
4

increase. At a 2.0 in. displacement, the cork material is fully compressed and the stiffness of the

springs becomes very large as depicted in Fig. 3.18.
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|
4. TIIREE DIMENSIONAL ANAINSIS OF SYSTEM 80+* CONTAINMENT

|
4.1 Approach

| In this chapter the buckling analysis results for System 80+ containment is presented. The

objective is to compute the buckling factor of safety for Service Level C (Sec. 2.3.2) including

| local buckling due to concentrated loads at penetrations. The loading configuration consists of an

external pressure of 2 $si, temperature of 110 F, SSE ground excitation, and gravity loads.

|
| The containment is subjected to seismic loading that implies time varying stresses.- Hence, the

containment may exhibit such instability phenomena as parametric instability excitation or

i dynamic buckling in which the inertial forces from the seismic loading interact with the inertial |
~

forces associated with buckling motions To obtain the buckling factor of safety an elaborate

time history analyses which incorporates geometric and ' material. nonlinearities should be ;

performed. The stmetural response' would be monitored as the load level is increased until
s,

| excessive deformations occur. However, due to the lack of information such as the ground ;

acceleration history, the time integration scheme will be replaced by-a quasi-static buckling :
'

analysis. Buckling inertial forces will be neglected, as recommended in Section 1330 of Ref. 4.8.

A set of equivalent static loads were obtained to regenerate the maximum SRSS stress resultants ;
'

by two different approaches. In the first approach, the equivalent static loads were computed as

| inertia forces equal to the product of the lumped mass at the node and the maximum SRSS !
! .

:

acceleration components. The equivalent static loads were added to the pressure, temperature;

! and gravity loads to examine buckling along the equipment hatch meridian. In the second

approach, the maximum SRSS stress resultants in a critical buckling region were decomposed into
,

a linear combination of the modal stress resultants by the least squares method.

|

| 4.2 Response Spectrum Analysis ,

i

The response spectrum analysis procedure is generally applicable to the dynamic analysis of a ;

complex stmeture with essentially linear response. .

i
!

|

.

t
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4.2.1 Modes of Vibration

!

| For the vibration analysis, the global coordinate system was rotated about the Z-axis 210 counter

clockwise to the prime coordinate system X', Y' and Z' directions (see Fig 4.1) so that the local

X' axis extends along the equipment hatch center line. The modal natural frequencies,

participation factors and modes of vibration were extracted for the System 80+ containment in

| this transformed local coordinate system using the subspace iteration scheme [Ref. 4.4]. Note

! that the axis transformation was accomplished before the mode frequency analysis so that the

maximum SRSS nodal accelerations will be computed in the local coordinate system, X', Y', Z'

rather than the global coordinate system (the maximum SRSS nodal accelerations cannot be

resolved from one coordinate system to another). The first twenty modes of vibration were

extracted. Figures 4.2 to 4.11 illustrate the first ten modes of vibration. Results obtained from

the modal frequency analysis are tabulated in Table 4.1, where the natural frequency (cycle /sec)

and the participation factors in the X, Y and Z directions Tw, F,y and F,,, respectively, for i equals

one to twenty modes are shown. The fundamental mode is a cantilever mode in the X' direction

| (Fig. 4.2) whereas the second vibration mode is a cantilever mode in the Y' direction (Fig. 4.3).

The third mode is basically vibration in the vertical Z' direction in addition to local vibration of the

equipment hatch (Fig. 4.4) with the maximum displacement taking place in the transition zone

between the reinforcing collar and the thinner plate, Modes 4,5,9,10,13 and 14 also represent

local vibration of the equipment hatch as shown in the figures. Modes number 6,7,8,9 and 14

are local vibrations of the upper personnel air lock. Modes number 6,11,12 and 14 are local

vibrations of the lower personnel air lock. Modes 15 through 20 are local vibration modes of the

spray header on top of the containment. Note that all local vibration modes have a frequency that

corresponds to a significant value of spectral acceleration in the three spectra of the SSE

earthquake (Fig. 2.1). These modes cannot be obtained from an axisymmetric analysis of the

containment. The dominant modes in the containment response will be those that possess a

significant spectral acceleration and significant participation factors.

'
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4.2.2 Modal and Directional Combination

The modal response for each mode of vibration was computed foi the three directions of the

earthquake motion. The maximum response of the i mode (i = 1 to 20), say a stress resultant N ,y

due to thej (j = X, Y, Z) earthquake motion, can be determined as follows:

N = N,' F S,3/ m ,2 (4,j)y y

where,

Maximum stress resultant for mode i due to earthquake component inN, =

direction j

e, Modal frequency for mode i=

N,* Stress resultant corresponding to eigen mode i (Fig. 4.2 to 411)=

i

F,3 Participation factor of mode i in the j direction (Table 4.1)= '

S, Spectral acceleration for mode i for earthquake component in direction j=

(Fig. 2.2)

One approach to estimate the maximum response is to combine modal responses utilizing the ten

percent method to account for closely spaced modes [Ref. 4.5].

N ,= FEN, + 2 E Z|N Ny |[ (4.2)
2

y

Modes of vibration are considered closely spaced if their frequencies differ by less than 10

percent. The maximum response of the structure Nm can be obtained by combining the response

due to three earthquake directions by the square root of the sum of the squares [Ref. 4.1].

N = FEN _3{2 (4.3)
2

4.2.3 Discussion of Results

Contours of the maximum SRSS membrane stress (Eq. 4.3) in the meridional direction Nim ,are

shown in Figs. 4.12 and 4.13 and in the hoop direction N in Figs. 4.14 and 4.15. The contour2mo

plots show that high stress concentration regions were generated at all penetrations, in particular,
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|
in the reinforcing collar region at the hatch barrel. Hence, the three penetration regions were '

,

recognized as potential buckling regions. These three are listed in Table 4.2 along with the peak !
,

,

values of N _ and N _. High stress regions were also recognized in the region near thei 2

concrete foundation (Table 4.2) where the peak meridional and hoop stress resultants took place
I at a circumferential angle 0 of 260.63 (Fig.1.1). High stress gradients at the reinforcing collar of

the lower personnel air lock are near the base so that a possible buckling interaction might occur

here (Table 4.2). For future reference, Table 4.2 also shows the maximum stress resultants at the

; base below the equipment hatch. Load cases are identified in Table 4.2 for future reference.

4.2.4. Maximum SRSS Stress Resultants at Sunnort

Figure 4.16 illustrates that the value of N _ varied around the circumference at the base from ai

minimum value of 11300 lb/in at a circumferential angle 0 of 121.88 to a maximum value of

15940 lb/in at 0 equals to 260.63 (Table 4.2). The distribution of N approximates twoi

sinewaves with the peak values at 76.88 ,166.88 , 260.63 and 350.63 rather than a uniform

axisymmetric distribution of N obtained from the BOSOR model [Ref. 4.3]. As explained ini

Appendix A, this is a consequence of the ten percent rule and the two lowest modes, which are

closely spaced. This phenomena of modal coupling at the support was not detected using the

axisymmetric analysis with BOSOR because the two lowest modes aligned with the two

horizontal excitations (see Appendix A). The peak N _ at the support obtained from thei

axisymmetric analysis was less than that obtained from the three dimensional analysis by 23%

which will have a significant effect on the buckling factor of safety. The SRSS 10% method is

considered to be conservative [Ref. 4.7]. The SRSS method without modal coupling gives an I

approximately uniform value of N _ of 11300 lblin.i

4.3 Equivalent Static 1,oads

4.3.1 Purpose

The maximum SRSS stress resultants obtained from the response spectmm analysis N (Fig.

4.12 to 4.15) cannot be directly input into the ABAQUS code to check buckling. As an

alternative, they will be regenerated by applying a set of equivalent static loads on the

containment. Each loading set is computed so that it generates a stress field that bounds the
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maximum SRSS stress resultants at one critical buckling region (Table 4.2). At the same time,
,

stress fields generated in other regions must not exceed the maximum SRSS stress resultants.

|
4.3.2 Approach #1d

;

; 4.3.2.1 Methodology
;

;

In the first approach, the equivalent static loads were computed as inertia loads based on the

maximum SRSS nodal accelerations. Chronologically, Load Case 6, buckling at the base in the,

equipment hatch meridian, (Table 4.2) was studied first. Every node in the model has three ;,

components of maximum accelerations a ,c, a , y and a computed in the X', Y' and 71m mo f,

directions, respectively, similar to Eq. 4.2. Figure 4.17 shows the variation of the maximum

accelerations a , along a meridian passing through the equipment hatch central line. The figurem

indicates that a reaches 3.17 g at the top, where g is the acceleration of gravity, with a peakm

value of about 7 g near the equipment hatch penetration. This is attributed to the large vibrations

at this location in modes 1,2,3,4, 5,9,10,13 and 14. Figure 4.18, which shows the variation

around the equator, illustrates that am is nearly constant with an average value of about 1.5 g,

and a peak of 7.6 g near the equipment hatch.

The nodal mass, m, was computed according to its contributory area. The equivalent static loads

per node, F,, F , and F, were computed asy

F< = m amo ,e

Fy = m amoy (4.4)
F, = m amo,

The forces were applied by the 100/40/40 method [Ref. 4.1 and 4.2], i.e.100% of F, and 40% of

F and F,. F, was applied in the positive X' direction, Fy was in the negative Y' direction and F,y

was in the negative Z' direction (i.e. vertically downwards) (see Fig. 4.1). The intention of this

loading was to produce the maximum stress resultants near the base on the equipment hatch

meridian (Load Case 6 in Table 4.2).
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i 4.3.2.2 Discussion of SSE Stress Resultants '

f

[i A preliminary static analysis of the shell was accomplished assuming clastic material behavior and
'

,

j small deflections to compare the stress resultants from the above loading to the SRSS stress

| resultants on the equipment hatch meridian. Contour plots of meridional' stress resultants, N , are -i

| shown in Figs. 4.19 and 4.20, whereas Figs. 4.21 and 4.22 show the contours of the hoop stress
a

| resultants, N .2
!

l

{ 4.3.2.2.1 Stress Resultants at Containment Base
d

For SSE loading (Eq. 4.4), the containment exhibited a cantilever action where the extreme stress

resultants N took place at support. The value of N was calculated to be -10645 lb/in. at the'

i i

support below the equipment hatch; which was less than the corresponding value of Nm (Table

4.2) by 12%. The maximum hoop stresses N along the equipment hatch meridian was 161302

lb/in. at an elevation of 90.62 ft which was less than the corresponding value of Nu (Table 4.2)
'

,

by 23%. Hence the stress field obtained from Approach #1 had a difrerent shape than that

produced by the response spectrum analysis and it did not bound the maximurn stress resultants at ;

the support.

4.3.2.2.2 Stress Resultants near Equipment llatch

The inertial forces in Eq.'4.4 cause tensile stresses in the vicinity of the equipment hatch, which

can be explained as follows. Consider a portion of a spherical shell with a reinforced opening

from the side similar to the equipment hatch penetration (Fig. 4.23) subjected to an axisymmetric

ring load with value of P, that corresponds to the inertia loads of the equipment hatch. The ring

load, P, per unit length was computed using

P = m, a_. / 2 x r, (4.5)

where,

m. = Total mass of the equipment hatch, 120,000/g Ib. sec2/in.

m = Average acceleration of the barrelin the X' direction,6.75 g (Fig. 4.22)a

r, = Radius of the equipment hatch barrel,11 ft
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The meridional stress resultants, N , are computed using the classical membrane theory of shellsi

[Ref. 4.6].
'

N = P r, / r sin 4 (4.6)i

? where,

r = Radius at which N is computedi

& = Angle subtended at the center

The stress resultants due to P are tensile and plotted in Fig. 4.24.

The meridional stress resultants for a sphere without a penetration were obtained by reversing the

sign of the stress resultants at the 30 meridian in Fig. 4.20. They are also plotted in Fig. 4.24. !

When these two stress resultants are superimposed, as in Fig. 4.24, net tensile stresses are

obtained near the penetration. This is similar to the results obtained from the three dimensional

model (see Fig. 4.19). Hence, the locally high inertial forces cause locally high tensile stress

resultants.

The contour plots of the meridional and hoop stress resultants, Fig. 4.19, 4.20, 4.21 and 4.22,

show that high stress concentration regions were developed at all penetrations because ofinertia

loads (see Fig. 4.17 and 4.18). For the loading discussed here, the meridional stress resultants N i

were all tensile at the equipment hatch penetration (see Sec. 4.3.2.2.3) with an average stress

concentration factor of about 4.5. The maximum tensile N of 8220 lb/in. took place at thei

reinforcing collar beside the hatch barrel and is considerably less than the corresponding value of

N _ (Table 4.2).i

Utilizing Approach #1, buckling in the vicinity of the equipment hatch could have been examined |

by applying F,in the negative X' direction. For the above paragraphs, this would not bound the

maximum stress resultants values. By examining Fig. 4.24, one can see that the maximum stress

resultants would be obtained by applying all F,. in the positive X' direction except those associated

with the equipment hatch barrel (P force) which would be applied in the negative X' direction. In

other words, the maximum stress resultants are not obtained by applying all inertial forces in the

same direction. Hence, Approach #1 is not satisfactory.
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| 4.3.2.3 Nonlinear Buciding Analysis

1

Even though it is not satisfactonf, the containment was loaded with the equivalent static loads by |'

i Approach #1 (Sec. 4.3.2.1) together with an external pressure of 2 psi, rise in temperature of 40

F and gravity loads. The nonlinear buckling analysis was conducted using the modified Riks
'

method (Ref. 4.4] where all the loads are applied proportionally in increments and the nonlinear
1

system of equilibrium equations were solved iteratively up to convergence. The fundamental path4

(see arch discussion in Sec. 3.2.2.1) obtained from the nonlinear analysis is illustrated in Figs. 4.25

and 4.26. In Fig. 4.25 the load proportionality factor, A, was plotted versus the lateral deflection )
in the X' direction at the top of the containment whereas A was plotted versus radial

displacements at the base (0 equals to 183.75 )in Fig. 4.26. i

The load factor at which the containment lost its stability, A, was 2.404 when excessive

displacements took place at the base (see Fig. 4.26) and the nonlinear analysis indicated the first

negative eigenvalue of the structure stiffness matrix. Buckling took place at the support at 0

equals to 183.75 as shown in Fig. 4.27.

4.3.3 Approach #2

4.3.3.1 Methodology
|

|

In Approach #2 the maximum SRSS stress resultants in a selected region on the containment were

regenerated by applying a set of equivalent static loads using the modal decomposition method.

Five critical buckling regions were selected, Load Cases I to 5 in Table 4.2. Five sets of

equivalent static loads were generated to examine buckling in every region separately. Potential

buckling regions are illustrated in Fig. 4.28.

4.3.3.2 Theoretical Background

The modal decomposition method is based on expressing the maximum SRSS stress resultants in

a selected region as a linear combination of the modal stress resultants, No, as follows:
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(N _ }= N ' {y} (4.7)
'

i i

|

The values of(v} can be interpreted as the combination of the individual modes that superimpose

to produce the maximum SRSS seismic response. The (v} values are determined by the least

squares approach that minimizes the square of the error between the values N _ and thei

regression equation. Next, the modal inertial forces at each node are computed for each mode i

as

! 2F' = m cu i 4, (4.8)

|

where,

j F,* = Modalinertia load at each node for mode i. I

4, = Displacement at node in mode i.

The set of equivalent static loads, F, at each node were computed as a linear combination of the

modal inertia loads using the least squares coefficient as follows:

F = Z F * 9>, (4.9)

where the sum is for all contributing modes. As a check, the equivalent static loads, F, were

applied to the containment and the resulting stress resultants were compared to the maximum

stress resultants in the selected region. The stress resultants in other critical regions were also

checked to ensure that they were less than the maximum SRSS stress resultants in those regions.

4.3.4 Load Case 1

The buckling strength of the containment was examined at the support where the maximum N _i

occurred (at the 260.63 meridian). The set of equivalent static loads were determined by the

modal decomposition method (Sec. 4.3.3.2) using the first twenty modes. . The stress field was

examined and high stress concentration regions that exceeded the maximum SRSS values were

recognized at penetrations. Hence, only the first three modes were selected in the regression

analysis, as they possess the major contribution to N _ at the support at 0 equals to 260.63i
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The least squares coemeients, %, % and %, were 1.2608,1.2508 and 0.0640 for mode one, two

and three, respectively. The stress field from these equivalent static loads enveloped the SRSS

stress resultants in the critical region (see Fig. 4.29) at the support and was less than N in thei

other four critical regions.
,

i

The buckling analysis was conducted (Sec. 4.3.2.1.4) and the load factor was plotted versus radial

displacement at an Elev. 90.62 ft and 0 equals to 260.63 , (see Fig. 4.30). The containment lost

stability at a load level of 1.91 when excessive displacements took place near the containment

base as shown in Fig. 4 31.

4.3.5 Load Case 2

A possible buckling interaction can occur between local stresses at the support and the lower air

lock for Load Case 2. The vibration modes included in this case were modes 1,2,3,6,11,12,

and 14. The stress field generated by the equivalent static loads was in good agreement in the

region and the maximum response was not exceeded elsewhere in the containment. Figure 4.32

shows a comparison of the regenerated stress resultants, N and the maximum seismic response,i

N _.i

The buckling analysis was accomplished as described in Sec. 4.3.2.1.4. The load multiplier was

plotted versus the maximum radial displacement at an Elev. 97.5 fl. and 0 equals to 340 , (see

Fig. 4.33). The load multiplier at which the shell lost its stability was 1.914 which was slightly

greater than the critical load factor for Load Case i because the peak value of N% was less than

that of Load Case I by only 0.9%. The deformed shape of the containment at Ais illustrated in

Fig. 4.34. Buckling interaction effects were not significant. |

4.3.6 Load Case 3

Local buckling due to concentrated loads at the equipment hatch penetration was investigated in

this load case. A set of equivalent static loads was computed using the modal decomposition

method with the first twenty modes of vibration. The least squares coemcients exhibited

unreasonable contributions of the high frequency modes where local vibrations occurred at the top
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of the containment. As an alternative, only modes 1, 2, 3, 4, 5, 9, 10, 13 and 14 were

incorporated as they contribute significantly in this region. The resulting stress field compared

well to the maximum SRSS stress resultants. However, far from the equipment hatch, the stress

resultants significantly exceeded N , which may result in an under estimation of the bucklingi

strength. As a result, the modal decomposition procedure could not be used to examine local

buckling behavior at the equipment hatch. A simply axisymmetric ring load on the edge of the

hatch barrel was used as the equivalent static load (Fig. 4.31). It was applied parallel to the

barrel axis in the negative X' direction with a magnitude such that the stress resultants enveloped

the N , and N m, at the equipment hatch reinforcing collar. The stress field obttined with theim 2

ring load is compared to the maximum seismic response of the containment in Figs. 4.36 in the

first row of elements in the reinforcement collar. The equivalent static stress resultants bound the :

peak values ofN m.. At the same time N m, are not exceeded elsewhere in the containment.i i

I

!The equivalent static ring load was added to the external pressure, temperature, and gravity loads

and the buckling analysis was conducted as presented in Sec. 4.3.2.1.4. The load factor at

| buckling was 2.46. The radial deflection of the equipment hatch barrel was plotted versus the

load factor in Fig. 4.37 where excessive deflections took place after the critical load factor A wast

exceeded. The deformed shape of the containment at A is illustrated in Fig. 4.38.t

4.3.7 Load Case 4

Local buckling at the upper air lock penetration was examined in this load case. An equivalent

| static axisymmetric load was applied on the penetration barrel (see Fig. 4.31) to regenerate the
|

| peak meridional stress resultants N , which took place at the hatch reinforcing collar The stressim

fields generated by the equivalent axisymmetric load and the maximum seismic response are

| illustrated in Fig. 4.39 for the first row of elements in the reinforcement collar. The equivalent

static stress resultants bounded the peak values of N and did not exceed it anywhere else ini m,

the containment.

The equivalent static ring load together with the external pressure, temperature and gravity loads

were applied proportionally in a nonlinear buckling analysis seeking the critical load multiplier.

The containment had not buckled at a load factor of 2.96, hence it was recognized that this as
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not the governing load case and the analysis was terminated. The radial deflection of the upper

air lock barrel was plotted versus the load factor in Fig. 4.40. The deformed shape at the upper

air lock at A equals to 2.96 is illustrated in Fig. 4.41. This analysis revealed that the reinforcement

around the upper air lock provided an adequate strength to prevent local buckling due to

concentrated loads.

l

4.3.8 Load Case 5
!

I Local buckling due to concentrated loads at the lower air lock was investigated in this load case.
1

An equivalent static ring load was applied on the penetration barrel to regenerate the peak seismic

meridional stress resultants N, _ in this potential buckling region (see Table 4.2). The stress

field generated by the equivalent ring load enveloped N,,in the first row of elements in the

reinforcing collar as shown in Fig. 4.42. On the other hand, the maximum stress resultants N, _

were not exceeded anywhere in the containment. The nonlinear buckling analysis was conducted

by applying the equivalent static ring load on the lower air lock barre! together with the external

pressure, temperature and gravity loads (see Sec. 4.3.2.1.4). The radial deflection of the lower air

lock barrel was plotted versus the load multiplier in Fig. 4.43. The containment lost its stability at

a load factor The nonlinear buckling analysis was conducted by applying the equivalent static ring

load on the lower air lock together with the external pressure, temperature and gravity loads (see

Sec. 4.3.2.1.4). The containment did not lose stability until a load factor of 2.52, consequently

this was not the governing load case and the analysis was terminated. The radial deflection of the

lower air lock barrel was plotted versus the load multiplier in Fig. 4.43. The deformed shape of

the lower air lock at A equals to 2.52 is illustrated in Fig. 4.44. This analysis indicates that the

reinforcing collar of the lower air lock provides an adequate strength against local buckling due to

concentrated loads. The deformed shape of the containment at ( is depicted in Fig. 4.44.

4.4 Discussion of Results

In this chapter the buckling strength of the System 80+ containment was evaluated. Five critical

buckling locations were recognized (Table 4.2). The critical load factor, (, was determined for

each load case. The minimum value of, (, was 1.91 for which buckling occurred at the base at 0

equals to 260.63 (Load Case 1). Reinforcement at all penetrations enhanced the containment
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resistance against lccal buckling even though high meridicnal stress resultants were generated

near penetrations. The factor of safety for Level C Sersice Limit obtained from the three

dimensional analysis satisfies the requirements of the Code Case N-284, but it does not fulfill the

margin of safety of the ASME code. The analysis is conservative, primarily because the SRSS

10% method is conservative.
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5. SUMMARY AND CONCLUSIONS

5.1 Summary
i
i

!

The objective.of the present work is to check the adequacy of the System 80+ containment j
against local and global buckling

i

The System 80+ containment is a free standing spherical steel shell with 100 ft inner radius and

1.75 inches wall thickness. It is embedded in a concrete base with a flexible transition region.-

The steel is Type SA537 - Class 2. The major penetrations are the equipment hatch and two

personnel air locks. .;
.

,

i

The axisymmetric stress / buckling analysis of the System 80+ containment was performed 'with; j
| BOSOR4 and BOSORS finite difference programs. The stresses due to the indi"Wal loads (dead

.

loads, internal and external pressures and temperatures) were computed using the stress analysis

option in BOSOR4. The seismic loads were determined using response spectra for the Safe i

Shutdown Earthquake. The seismic analysis consisted of a response spectrum analysis utilizing |
the square root of the sum of the squares with the ten percent method. The stren intensities for

the load combinations specified in Section 3.8.2 of U.S. Nuclear Regulatory Commission . j

Standard Review Plan were checked with respect to the allowable values for different service

limits and were found to be below the allowable limits. The load combination with the largest

compressive stress was utilized in the buckling analysis. An imperfection sensitivity analysis was

conducted to find the worst imperfection. The imperfection amplitude was selected to meet with

j the ASME code requirements. The mateF.al nonlinearities were incorporated using a constitutive

! relationship derived from the equations for the plasticity reduction factor in Code Case N-284.

The factor of safety for Service Level C was found to be 2.35. A buckling analysis under seismic

| loading beyond SSE was also performed. Dead load was first applied and held constant. The
.

!
seismic loading was increased until buckling occurred at a load multiplier of 2.91. '

The three dimensional buckling analysis was conducted with ABAQUS software. Results for

elastic buckling and inelastic buckling problems from ABAQUS were verifed with the classical

theory of elasticity stability and BOSOR. A three dimensional model of the System 80+

containment including all penetrations was generated. The mass of the containment spray header !
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system and electrical penetrations were included in the three dimensional model. The finite

element mesh was selected based on a mesh sensitivity study that incorporates p- refmement and

h- refinement. The transition region at the base was modeled as springs with nonlinear load

deflection behavior. An axisymmetric imperfection was incorporated into the model.

The modal response due to the seismic loading for the first twenty modes of vibration were

obtained and assembled through a response spectrum analysis. The modal stress resultants were

combined using the ten percent method. Sets of equivalent static loads were computed to

regenerate the maximum SRSS stress resultants at five potential buckling regions.

I Pressure, temperature and gravity loads were added to the equivalent static loads and the buckling

behavior was predicted for the five loading cases. The smallest buckling safety factor was found

to be 1.91 for the first load case with buckling occurring at the support. This factor of safety was

less than that obtained from the BOSOR analysis, as the axisymmetric analysis did not account for

closely spaced modes (see Appendix A). The safety factors against local buckling at the

equipment hatch, upper air lock and lower air lock were larger than 1.91. The factor of safety of

1.91 meets the requirements of the Code Case N284, whereas it is inadequate for the ASME

requirements (NE 3222). The buckling factors of safety at the penetrations satisfied both the

ASME code and Code Case N284. The analysis is considered conservative because the SRSS
! 10% method is overly conservative for shell type of structures.

! 5.2 Conclusions
i

On the basis of the analyses presented herein, the following can be concluded:

1

1. Based on the stress analysis with the revised seismic response spectra and an

axisymmetric stress analysis, all stress intensities were below the allowable limit as

specified in Section NE3221 of the code.

2. The predicted buckling factor of safety for Service Level C was 2.35 using the
' axisymmetric analysis.
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j 3. From the axisymmetric analysis, the buckling factor of safety under seismic loading.

! and dead load only is 2.91. ,

i, '

),
.

.
. :

| 4. The minimum buckling factor of safety obtained from the three dimensional analysis'
..

i
j was 1.91 for Service Level C with buckling near the base. The safety factor of 1.91

.,ti
!' meets the requirements of the Code Case N-284, whereas it does not satisfy NE 3222 '

of the ASME code The analysis is overly conservative for at least two reasons: (1), f
| Equivalent static loads to represent the dynamic seismic lo' ads neglect the interaction >

i. between inertial forces and buckling forces,.and (2) the SRSS 10% method over
*
.

. estimates the effects of closely spaced modes (Appendix A), especially for shell type ;|
ofstructures.

,

.

t .

|*

5. The local buckling strength at the penetrations is adequate. !

-
.

- 5.3. Recommendations

Time integration analysis that incorporates geometric and material nonlinearities is recommended

where inenia loads interact with other loads to estimate the response of the containment in the
,

time domain.
~

,

-|
,

,

|

I

i

;

i
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APPENDIX A

STRESS RESULTANTS AT TIIE SUPPORT USING TEN PERCENT METilOD

A.1 Descrintion of the Problem

Consider a spherical shell similar to the System 80+ containment geometric configuration except

without penetrations. The shell is subjected to horizontal ground excitation that has two equal

components along the global X and Y directions as shown in Fig. A.l. The following discussion

describes how SRSS meridional stress resultants are obtained at the base.

A.2 Modal Frecuency Analysis

Consider only the first two horizontal modes, which are cantilever beam modes in two orthogonal

directions X' and Y'. Since the shell is axisymmetric (no penetrations), the direction X' of the

fundamental mode is arbitrary and can be assumed at an angle a from the global X direction as

shown in Fig. A.I. The natural frequencies of the first two modes are identical and equal to f, the

participation factors for X and Y earthquakes, F, and P , respectively, are shown in Table A.I.y

A.3 Modal Stress Resultants at Base

The distribution of the meridional stress resultants at the base in the first and second modes N 'i

and N *, respectively, are illustrated in Fig. A.2 and given by2

|

| N ' = a cos (0-a)i

N ' = a sin (0-a) (A.1)2

i where a is the peak value of the modal stress resultants N ' and N *.i 2

!
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A.4 Response Spectrum Analysis

A.4.1 Modal Combination )
!

The peak response in the first two modes due to the horizontal excitation in the X direction can be

computed using the design spectra method [Ref. A. l] as:
|
,

N , = N ' ri, S , = a cos (a) cos (0-a) S , (A.2)i i i i

N , = N ' F , S = a sin (a) sin (0-a) S x2 2 2 3 2

The modal combination is accomplished by the ten percent method [Eq. 4.2] :ule. Since the two

modes have the same frequency, they are closely spaced modes and the spectral displacements S ,i

and S , are the same and equal to S,. Therefore, the peak response for the X earthquake is:2

N_, = { N ,2 + Nu + 2 | N , N , | }": (4.2)
2

i i 2

2 2 2= a S, { cos a cos (0-a) + sin a sin (0-a)

+ 2 | cos a sin a cos (0 - a) sin (0-a) | }"2 (A.3)
Similarly the peak responses in the two modes due to the excitation in the Y direction can be

computed:

Ni, = N * T S = a cos (a) cos (0-a) S, (A.4)i iy y

N , = N ' F S = a sin (a) sin (0-a) S,2 2 2r y

Since the two modes have identical frequencies then:
i

2 2 2 2N_y = a S; { sin a cos (0-a) + cos a sin (0-a) ;

+ 2 I cosa cos (0-a) sina sin (0-a) | }v2 (A.5) |

A.4.2 Directional Combination

i

The maximum seismic response N ,, can be estimated by assembling the peak response due to |
m

each horizontal excitation using the SRSS method [Eq. 4.3]. Since the two horizontal excitations
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are identical the value of the spectral displacements S, and S, will be the same and the maximum

response is:

N_ = a S { l + 4 | cosa cos (0-a) sina sin (0-a) | }" (A.6)
|

Eq. A.6 shows that N at the base will be dependent on the angle a. Figure A.3 illustrates the

distribution of N _ which takes the shape of two sinewaves. The peak values of N_ occur ati

circumferential angles 0 of a+nn/4 (n=1,3,5,7) where maximum modal coupling occurs.

However, at a+nx/4 (n=0,2,4,6) no modal coupling took place due to modal orthogonality (see

Fig. A.2). The distribution of N_ obtained by the ten percent rule (Fig. A.3) is similar to the

distribution ofN at the support for the System 80+ containment (Fig. 4.16).

l

A.4.3 Maximum Response by the SRSS Method !

The maximum response computed by the SRSS method is,

N = { N_ ,2 + N_ y } "' = a S (A.7)2

The distribution of N at Sec S-S (Eq. A.7) obtained from the SRSS method is constant and

independent of the angle a.

Comparing Eq. A.7 and A.6, the effect of the modal coupling is introduced by the term

(4 | cosa cos (0-ot) sina sin (0-a) | ). Figure A.3 compares N_ at the base by the ten percent

rule (Eq. A.6) to that obtained by SRSS method (Eq. A.7).

If the earthquake components are applied along the modal directions X' and Y', i.e. angle a is

zero, the modal coupling term in Eq. A.6 will be zero, and the SRSS ten percent method will give

the same distribution of N_. This was the case in the axisymmetric analysis [Ref. A.4], in which

modal coupling according to the ten percent method was not incorporated. ;
!

|

|
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Table 1.1 Factors of Safety for AShfE Service Limits

Service Limits Factor of Safety
NE-3222.2 NUREG Case N-284

1.57*
Design Conditions 3.0 2.00-

Level A & B 3.0 2.00-

Level C 2.5 2 1.67

Level D 2.0 2 1.33

*Does not explicitly identify the service limit except as being associated with the loading causing
the largest compressive stress.
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| Table 2.1 Design Conditions (Table 2.2 in Ref. 2, revised 7-7-93)

!

| SRP Design Allowable Stress Maximum
| Reference Description * Intensity Limit Calculated Stress

Number Intensity
Type * Limit .Value Value Elev. I

(psi) (psi)

(ii) D+L+P,+T,+R, P, 1.0 S, 22,000 2,154 94.1
(P,=-2 psi, T,=110 F)

(ii) D+L+ P,+T,+R, P, 1.0 S. 22,000 19,197 98.2

| (P,=53 psi, T,=290 F)
.

!

| * Definition of variables in the column is given in Table 2.6.
!

55

i
_ _ _ .



Table 2.2 Level A Service Limits (Table 2.3 in Ref. 2, revised 7-7-93)

SRP Design Allowable Stress Maximum

Reference Description * Intensity Limit Calculated Stress

Number Intensity

Type * Limit Value Value Elev.
(psi) (psi)

(iii)(a)(1) D +L+ P,+T,+ R, P, 1.0 S. 22,000 2,160 94.1

(P =0, T,=110 F)o

(iii)(a)(1) D+L+P,+T,+R, Po+PpQ 3.0 S., 80,100 10,852 86.3

(P,=0, T,=110*F)

(iii)(a)(2) Not applicable
P.

(iii)(a)(3) D +L+P,+T,+R, 1.0 S . 22,000 2,154 94.1

(P,=-2, T,=110 F)
Po+P#Q

(iii)(a)(3) D+L+P +T,+R, 3.0 S ,i 80,100 10,170 86.3

(P,=-2, T,=110 F) P.

(iii)(a)(3) D+L+P +T,+R, 1.0 S. 22,000 19,197 98.2

P +P +Q(P,=53, T,=290 F) t 3

(iii)(a)(3) D+L+P,+T,+R, 3.0 S ,i 80,100 78,786 86.3

(P,=53,T,=290 F)

*Defmition of variables in this column is given in Table 2.6.
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Table 2.3. Level B Service Limits (Table 2.4 in Ref. i no longer applicable)

Teble 2.4 Level C Service Limits (Table 2.5 in Ref. 2, revised 7-7-93)
,

SRP Design Allowable Stress Maximum
Reference Description * Intensity Limit (psi) Calculated Stress
Number Intensity

Type * Limit Value Value Elev.
(psi) (psi)

(iii)(c)(1) D + L+P,+T,+ R,+E' P, 1.0 S 59,500 18,759 92.7y

(P,=-2,T,=110 F,E'=SSE)

(iii)(c)(1) D+L+P,+T,+ R,+E' P, 1.0 S 52,480 29,961 94.1y

(P,=53,T,=290 F,E'=SSE)

(iii)(c)(2) D +L+P,+T,+ R,+E' P, 1.0S, 59,500 18,732 92.7

(P,=0,T,=110 F,E'=SSE)

(iii)(c)(3) Not applicable

|

* Definition of variables in this column is given in Table 2.6. |

I

1
1
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Table 2.5 1.evel D Service Limits (Table 2.6 in Ref. 2, revised 7-7-93)

SRP Design Allowable Stress Maximum

Reference Description * Intensity Limit Calculated Stress

Number Intensity

Type * Limit Value Value Elev.
(psi) (psi)

(iii)(d)(1) D+L+P,+T,+R,+Y,+Y +Y,+E' P, Sr 47,600 18,759 92.7
3

(P,=-2,T,=110 F,E'=SSE)

(iii)(d)(1) D + L+ P,+T,+ R,+Y,+Y,+Y,+ E' P, Sr 47,600 29,961 94.1

(P,=53,T,=290 F,E'=SSE)

(iii)(d)(2) Not applicable

* Definition of variables in this column is given in Table 2.6.
i

|

|
|
|

|

|

,
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Table 2.6 Nomenclature,

i

P Stress Intensity (difTerence between the algebraically largest and smallest principal
stresses, twice the maximum shear stress).,

P,, General primary membrane stress intensity. Average stress across an entire section of a
vessel. Not selflimiting. Gross deformation occurs if tleis stress exceeds yield. An,

example is general membrane stress in a cylinder or sphere with internal pressure.
Temperature stresses are no1 included. Therefore, the temperature increment is set

;

equal to zero in Tables 2.2 to 2.6 in those cases for which P. is checked. These
stresses are checked at the shell middle surface.

Q Secondary stress intensity. Self-limiting. An example is the stresses due to the
bending stress resultants M , M , M for pressure or seismic loading. All thermali 2 i2

stresses are secondary. Hence, for those cases in Table 2.2 to 2.6 for which primary
plus secondary stresses are checked, the temperature is at the operating or accident
level. These stresses are checked at the shell surface.

P Local primary membrane stress intensity. A stressed region may be considered local ift

the distance over which the membrane stress intensity exceeds 1.1 S does not extend
in meridional direction more than (rt)v2, Typically self-limiting like a secondary stress
but redistribution takes place orly after large deformations. An example is the local
membrane stress near a gross structural discontinuity such as shell intersections at the
springline or at a penetration. Membrane stresses near the base of the containment
may be considered in this category.

P, Primary bending stress intensity. Same as P except bending stress. An example is the
center of a flat plate with lateral pressures). ;

S Yield stress, ASME Table I.2.0: 60,000 psi @ T=0 F; 52,480 psi @ T=290 F; 59,500 ly

psi @ T=110 F.
S, Allowable stress intensity, ASME Table I-10.0: 22,000 psi.
S, Allowable stress intensity, ASME Table I-1.0: 26,700 psi.m

S Allowable stress intensity,85% of the allowable membrane stress intensity specified int

Appendix F: 47,600 psi.
D Dead loads.
L Live loads including all loads resulting from platform flexibility and deformation, and

crane loading if applicable, equal to zero for this containment.
T, Thermal effects and loads during startup, normal operating or shutdown conditions,

based on the most critical transient or steady-state condition.
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Table 2.6 Nomenclature (continued)
.,, u -. m._,..y.m, . , . _-_.

Ps, Pipe reactions during startup, normal operating or shutdown conditions, based on the
most critical transient or steady-state condition, equal to zero for this containment.

P External pressure loads resulting from pressure variation either inside or outsideo

containment.
E Loads generated by the operating basis earthquake including sloshing efTects, if

applicable.

E' Loads generated by the safe shutdown earthquake including sloshing effects, if
applicable.

P, Pressure load generated by the postulated pipe break accident including P , pool swello

and subsequent hydrodynamic loads. For this containment, accidental spray actuation
is included in this category.

T, Thermal loads under thermal conditions generated by the postulated pipe break
accident including T , pool swell, and subsequent hydrodynamic reaction loads. Foro

this containmer t, accidental spray actuation is included in this category.

R. Pipe reactions .inder thermal conditions generated by the postulated pipe break
accident including R , pool swell, and subsequent hydrodynamic reaction loads, equalo

to zero for this containment.
P, All pressure loads which are caused by the actuation of safety relief valve discharge

including pool swell and subsequent hydrodynamic loads, equal to zero for this
containment.

T, All thermal loads which are generated by the actuation of safety relief valve discharge
including pool swell and subsequent hydrodynamic thermal loads, equal to zero for
this containment.

|
i

I
'
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Table 3.1 Four Mesh Parameters

:

Parameter A B C D )
No. of elements 2216 580 700 191

Element size at equator 0.89 EI 1.77 E 1.77 8I 3.56 det *

Element size at support 0.46 8I 0.92 O 0.46 El 1.38 El
Aspect ratio at support 1.45 1.45 2.9 1.76

No. of variables S4R5 13806 3744 4194 1308
,

S8R5 54198 14442 16206 4902 -

Wave front S4R5 306 162 162 90
S8R5 618 330 330 186

R.M.S. S4R5 278 145 147 80
wavefront

,

S8R5 563 297 301 166

Storage / S4R5 48.29 6.2 7.31 1.27
analysis *

S8R5 326.9 51.95 59.4 9.13
,

Storage / S4R5 6.9 1.8 2.03 0.6
increment *

S8R5 25.5 6.7 7.53 2.22

* Units are in megabytes.
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Table 3.2 Sphere with External Pressure

Mesh S8R5 S4R5

1, % error time /it. 1, % error time /it.
,

(psi) (sec.) (psi) (sec.)
'

A 22.1 1.6% 79.13 26.6 18 % 12.86

! B 23.6 4.9% 16.25 42.5 89% 1.4

C 23.8 5.8% 16.29 44.3 97 % 1.47

D 26.4 17.3 % 2.46 59.0 162 % 0.18
t

|

1

!
,

!

$

,
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Table 3.3 Sphere with Gravity Loads

S8R5 S4R5

Mesh ( % error time /it. ( % error time /it.
(sec.) (sec.) ;

A 14.18 1.3% 14.63- - -

B 13.69 2.2% 13.00 15.9 13.6 % 0.72
C 13.75 1.80% 13.51 14.76 5.4% 1.12
D 14.5 3.60 % 12.0 18.87 35 % 0.17

!
i

|

!

1
1

I

I

1
|

l
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Table 4.1 Results of Modal Frequency Analysis

Mode Frequency Fx l'y Ez
cycle /sec.

1 4.890 1.0376 0.6777 0.0216

2 4.9298 0.6811 1.0442 0.0044

3 10.227 0.1412 0.0965 4.0196

4 10.961 0.0536 0.0962 0.0208

5 11.308 0.4503 0.2542 3.8932

6 12.738 0.0726 0.0273 0.8692

7 12.783 0.1762 0.1843 0.8594

8 13.416 0.1914 0.2188 0.1781

9 13.541 0.2192 0.1091 1.I722 |

10 14.691 0.2438 0.1439 0.1502 |
11 14.776 0.0132 0.0092 0.0020

12 14.785 0.0169 0.0131 0.0118

13 14.863 0.0809 0.1268 0.0013

14 15.382 0.0084 0.0014 0.0005

15 16.949 0.0003 0.0015 0.0009

16 17.057 0.0199 0.0057 0.0001

17 17.057 0.0107 0.0073 0.0004

18 17.114 0.0019 0.0104 0.0016

19 17.186 0.0077 0.0161 0.0008

20 17.262 0.0491 0.0120 0.0006

;
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Table 4.2 Peak Values of N _ and N Due to SSEi 2

N. N-i 2

Potential Buckling Region Ib. in Elev. (ft) Ib/in Elev. (ft) Load
Case,

Equipment hatch (collar) 22940 148.94 35195 145.30 3
Upper air lock (collar) 16890 152.08 36490 143.51 4

Lower air lock (collar) 19080 117.42 29170 112.95 5

Base (0=260.63 ) 15940 90.62 21070 96. I i 1

Base below Lower air lock 15450 90.62 20220 96.11 2
Base below Equipment hatch 11920 90.62 15850 96.11 6

|

I
!
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Table A.1 Natural Frequencies and Participation Factors

Mode # Frequency F, F,

I f cos a sin a

2 f sin a cosa

,-

!

!
!

!
I

l

l

66



a Z

- . - - %. . w.
*

,

7
_. _... s N'' s ., Shield Building,y

- Annulus

Containment (Steel) - *
,v' p/

100'l.11. [

t
',/ 1:. lev.15T4)" X

g, ._ __. - ---t ..3
Reactor,

Building,y .!3-

'p l. . . . . . . . . . . - - - h * . . Elev. 91 '-9"- Elev. 90'- 3"

Transition Region
Sectional Elevation

Y Nonho

Upper Ai(
Lock -

's
%

%

'., '

%

's, igu

s, ,#
45y- ') ;X

|
,',3,0,' s, -

- 2 zm'

._ ,

,. . . j
,-

'

- lower Au |

,

, ig ''
,

,

- )
'

\,'
,

'
Equipment -

11atch

|
i

i

|

Plan View

Fig 1.1 System 80+ Containment

67



Containment

h Insulation
'

/Flashing

M[ Flashing
4

*

Elev. 91' - 9"
4 .

w .
.

--

4

4

Elev. 90' - 3" _ _ _ _ _ _
*

_ _ . _ _ , _ _ _ _ _ _ . _
,

.' ,. Compressible

Material (Cork)
a 4

'

.

l
i

Fig 1.2 Details of Embedment in Concrete Foundation

68



__ _ _ _ _ _ _

~~ 1.75"
_* 4-i

-a - Equipment4i
3.5" llatch barrel_"

', -. 4-

/15' 3" ' _ _ _

Elev.
..._. _. _ .g.56'IO" --- - - - --- - - -. 22 '-0""

_ . ._._, c._..i..._. i

v

"
3.5" I

,
___._ 4.___

I'
' ransition gij Ti

zone i10"
15'-3" A: ;

~ ~
Section A-A

Fig 1.3 Details of the Equipment Hatch
i
1

- A
.i*

'
Barrel Transition 10"u

zone |n
+'

} 2.5"7 '-4 " ri

4
.

! Elevul49'-0" Upper Lock
.._. ._._ _._'_._ . _... _

. T:le R 18'-0" Lower Lock
~~'~'~'~'- -'''' ' ~~10'_o"

8'-2" Lower n
Lock n

' 2.5"3.5"
~e u

A~
s 1.75"_ 7 '-3" _ '

' Both '
Locks -

Section A-A

Fig 1.4 Details of Personnel Air Locks

69



1(XX) ,

\
l

I \
. . . . ,

i si
l./\ L*

.

i ... r* \I h --

: ". \.

3 .. . s.-' .., ~ , ..

;: ' . . . ,-

.

..
, - . . . . . . . . . . . . .

-...?./100

|
.

s

D l'o :': I :
C' I |< 1 /
.5 7-'v

hc
o 1:: |5 s

$ 10 f
''

O / .

u :
' |2 i

d / /

b / |
0 ./ /
o < :
c. I

D !

|
i

!
/
/

1 :/j

East - West
North - South---

Vertical

, ,

1 10 100
l

Frequency (cps)

i
Fig 2.1 New Response Spectra for Safe Shutdown Earthquake (Revised 7-7-93)

|

I

(

| 70
,

.- _.



|

0.0

;
.

-2000.0
"

. . . > , . -

..v'
::''

v
|V

.+

-4000.0 ./
/>

//
||

:i
d

it

-6000.0 l''
//m

.E .//
2 .!!
~~~~w ||
w :
E ||

t e .

y -8000.0 l'
s .'
M
? .'
o -

b .

en
-10000.0

.

.

:I
:
it

-| 2000.0 ft i
'

|r

... .... North i

--- North East

East |

-14000.0

.

-16000.0
86.0 126.0 166.0 206.0 246.0

Elevation (ft)

Fig 2.2 Comparison of SRSS Meridional Stress Resultants at East, Northwest and North
Meridians.

71



i

|
i

I

12000.0j

__ __

.. . North
--- North East

- East

'

| 10000.0

.

.

:?
%

8000.0 1,s

b
| h

ti a

Y *'2 i
L=

$ is,
*

Q *gr .,

| @ 6000.0 i.\
; w .

.

O %
W \\
$ \\

i

| 2 \.\
z t

| *\.

' .,\'
l

' .s|
-

' >. s4000.0 -

[ ' ' .
- d.

s.
.,s

.,3
t..s*.,s

.d''h. y,

2000.0
..g'

.: 3'
>..,-n.|

|
. . .

|
-

.

0.0
| 86.0 126.0 166.0 206.0 246.0

l Elevation (ft)
i

Fig 2.3 Comparison of SRSS Circumferential Stress Resultants at East. Northwest and North
Meridians.

1
|

|

72'

,



__ -

70000

60000 -

50000 -

-

40000 -

-

.=
$
$
$
v>

30000 -
-

20000 -

-

10000 - -

0
0.000 0.001 0.002 0.003 0.004 0.005 0.006

Strain (in/in)

Fig 2.4 Stress - Strain Curve Corresponding to a Temperature of 110 F.

73

.

.
. ..

.. ..
_ _ _ _ _ _ _ _ _



.

70000

( 60000

j 50000

|

40000

3
c.

' v,
u"a

E
r.n

30000

.

!

| 20000

10000

|

;

O
' ' ' '

0.000 0.001 0.002 0.003 0.004 0.005 0.006

Strain (in/in) ,

;

Fig 2.5 Stress - Strain Curve Corresponding to a Temperature of 290 F.

74



|
|

|

i

3.0 !

2.5

t

2.0

b
=
. E-
=
j1.5
? ?

o
a

1.0

0.5

0.0
0.000 0.002 0.004 0.006

Strain (in/in)

Fig 2.6 Effective Uniaxial Strain at Inner Surface at Elevation 96.8 ft. (Level C Service Limit).

75



3.0

_

2.5

2.0

b
i .

|E f
.5 1.5
e
c
E
J

1.0

0.5

0.0
0.000 0.004 0.008 0.012 0.016 0.020

Strain (irdin)

Fig 2.7 Effective Uniaxial Strain at Outer Surface at Elevation 243 ft. (Level A Service Limit).

76
,

_ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _



_ . . - . - - .- .- . _ . _ _ - _ _ - _

:

I

i

|
i

.3.5

,

3.0

2.5

2.0g ;

5.
_= .

A !

?
O

" 1.5

i

;

1.0
,

-t

|

0.5

i

0.0 j
0.000 0.001 0.002 0.003 0.004 0.005 0.006 i

Effective Uniaxial Strain (in/in)

Fig 2.8 Effective Uniaxial Strain at Outer Surface at Elevation 96.8 ft.

!

i

77 )

_.. . . ..



,.
_ _ _ _ _ _ _ _ _ _ _ _ _

Load

1

Limit Load (Perfect structure)

l
P
#v

)'P 7n
[ Bifurcation Fundamental path

1C -m-

k -X s -

/ \ Post-Buckling path
~

'
i7 l' D

,1 Q
Limit Load (Imperfect stmeture)/

|

O >

Displacement

Fig 3.1 Fundamental and Post Buckling Load Displacernent Paths

78

_ _ - _ _ _ _ _ - _ - - _ - -



I

i

l

-- -- - -.

30" 'v

i\
,9 ;(1!g {

:','

\ /. & |;. ;
'

- /
,

, ,
-

, . .;
-

,

:::p
.

, :: I

' '

' / - .: ; - - - -

K,hlI L . = 2.67"hp!:
'

-

: :! -

w

pf ;d:
. y4: -

4- ;-. :-
y

,

,. . /

5 $ f [[; ys
'

I

!1
,

^$ *3:3 :): ::i
.: ;; 1

' '

-
.

-:-:; : :::-
- ,

P- -
'

::::: :: ::- - ,
-

;:- | . ,::: - --- -

) :!
' s, h.h

'

::: '
- -

-

! \ :::: :

-

;j-
,s .,

,,,

- - -

| : : : .- v-- -- -,

Ef!:! h s
'

: -

\ ; ,- p-

: 7 -

(a) Undeformed Shape (b) Deformed Shape

Fig 3.2 Circular Cylinder Under Axial Load
(Radius = 8 in. , Thickness = 0.08 in.)

|

|

|

79

|



|, ;

/f / Y' ', ,c / ; .

~ , , ', 9 >
'

?
.. - 9

' '

.

DJ N' - i
'

. p 4 - ,

..
.

,

-y, .

$ 5.
1

- x
,

: .;' - -

3 2
'

b3}$$b3b; h' b
'

''' ,f$$fi, ' k
s s.-

;g'::3:3::::9 e. u::: > : - . ; 4e: : - -~ . g..
- <=g::-~:--::::: -.

h3$ .
_- ..... ,

2$2I2 3 bbEbCE {3b;;:-h .' 's .I '
- h hhifh 9

'

}jj[[!5552
r ,

2555555h5555!!5 gh ' '
' ~ }j

'

'2
s

-

,.

(a) Undefonned Shape (b) Deformed Shape

Fig 3.3 Spherical Shell Under Unifonn External Pressure

(Radius = 1200 in. , Thickness = 1.75 in.)

80



I

3.5
.

|
1

Perfect Arch |

Bifurcation Load |
Eigen Mode (a=0.01"> |

---

3.0 - - Eigen Mode (a=0.05") '

-- Eigen Mode (a=0.5")

--- - Lateral 1.oad |

- - - Single llulge (a=0.05"

| 2.5
l

i
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

'

O. 4
J2 "4w.
$

.0
'NQs

/

@%s
e -

ase
y g'ts ,\

- - ~~. ._a s .-

-e '% i

%( First Eigen Mode
n
o
.J 1.5 - - ~'s, L (Ib/in) !/

.

/ ' b.
,

/ Lateral Load
o

/
/ I-

,

1.0 - ,

i
!

t

/ Single Buckle Imperfecuan

i

/

0.5 -

0.0 ' ' ' '

O.0 0.5 1.0 1.5 2.0
Deflection ,w

Fig 3.4 Load Deflection Curves of a Two Hinged Arch

81

- _ _ _ _ -
-



. _

:

|

l

|
|

|
!

14.0

A .=12.66 psi (= 12.76 psi
c

- - - - - - - - - - .- - - -----

,

'

12.0 -

! 10.0 -

|
n
*G 8.0 -

8
8
Pn

U
g 6.0 -

4.0 -

2.0 -

' ' ' ' '0.0
O.0 1.0 2.0 3.0 4.0 5.0 6.0

Deflection

Fig 3.5 Load Deflection Curve of Spherical Shell With
an Axisymmetric Imperfection.
(Radius = 1200 in. , Thickness = 1.75 in.)

82



_ _ _ _ _ _ _

|

d

'f

|'NY f@MY'kkff'k5!sa:h: ..; on

-

,
, Jf y ... /

:
, J g H

,
.

4:
'

; -

'1.- 7 ;
..

- ~
< . '!

I y jf j y
Fig 3.6 Mesh A Configuration

^
. ,,fRWiStr

|| . , k'| \\ 'r/ '

// / / / / \\\\\\_ .

/ ///// f T\\\\
- - ///l \\\\\
- 7/)f(I'H-^- -f_'rM

-

.) T
. q -.

llllll'! -. ;;- ;i
- ---- -j-jtjf

'

.. ; ~~

::55}}[~~ ~~}}b:f5::;'
'

_\ \\s IIILJ|||||
'

: t;7 _ gJ' :.___ -.~;'.--- l 1l///!!:1_
$111111! ||||| gj ,c/*

' '

%:- f~ \\\\\\\\
.
..

1 i i i 11tp Q\\A;(4 ' ! j@yg%-

Fig 3.7 Mesh B Configuration

83

.. .. . .. ..

.
_ _



|
,

r

-

/
~ \

[ _ - . __.f ___ \\\\
~

\

[.y/ , ' ~ '.
,

--
-

,.y -- .

t L__ - A,\ -\} | -+ - - - q -. .g
--4,---- - -

s,- . . . 5 r-

fg-
-. - .

..
- -. .-._.. _ . .

- 7 -

.~}~
. _ , - u.

, I li .111_ _

~ ~

(
-... . .-- - , ,

_
3;_

_ _
_-; 3

.- .- . .- .. <
,

.
- -

-

:: d:::::::::::' ; :g,::: HtH i i I stn ' |i

D. :;2:i2Z ::::::::1
~

l ;;;'
. 3:. .'.

\\\\\\\li i l lj l lt

3 \\\\\\\\\\ tffff;7z -37--.--3 ,

\ - -- \\\\ \ \ \ \ \ l i iIlll/////
" '

-

h-h)~ N \Y\\ i!!!l!!!!$'!

w aw+am e s
Fig 3.8 Mesh C Configuration

|

|

v\ 4 N
-

- / / / \ \\
/ / / \ \\

/ -- / / / \ \\'

/ / I \ \\'
-

-

b [li idi i b' ''

s
' '

/- II f 1 ' \ \ \ \
I I \\\

.[ J {{{N ' -- -

.,/ | |j'

[' ---- ---N \\\ \ { ;}~ ~ ,
~' \\\ \ l ) ! l ///-' ~~- -

L
- -. \\\ \ \ l I ////-

-

-

N '% w\ ---
s \\\\\\ /////

| / \\\\\\
. | ||||
/////

| aw # 'd\\\\ |

|

Fig 3.9 Mesh D Configuration

'

84

i

. _ _ _ _ .



m
ia

:
.

LEGEND
a > . Urvietornw4 1

a . actana

9
a

_
i.

!

1

l
t, . 1

m Ato 1

d N |ce ,

m .-
-

* |
E ,

.o 1

y 1.

55 i j
9

n - _ 1-

a
R i j

'

< s
-

'

i-

/m
:

,

.

O M
o i #,,

,

-0.5 0.0 0.5
'

1.0 1.5 2.0
3Radius, x10 (in.)

Fig 3.10 Deformed Shape of Sphere with External Pressure (BOSOR Solution)

85

.



__ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

w
f-f7T MW-_ y.ymn '~r

~$I \ \ Y-.

11 \\\

-rk- k ~' h- - h
r IM='%=(M \
4'-f'\- ----- - - \_\ \ \ ,p,

W-- |
I

__ i _Lw'-

M_

-.,___ : aJJ
-

--- ._---

2Z lfM'

i ) i / /_
IIIllt '

\\ IIIllit
n! W Im+

. .J a :-: :-: u ' .

.= taw,idisnjal

Fig 3.11 Deformed Shape of Sphere with External Pressure (Mesh C)

86



9
OJ

LLbt NO
O - UrdetonmM
t, . (kiforrmd

%
-

.

x .

&
C
=9 _

c3- ~

r.c
-

.3 s'
x '*

< ,

.

m
-o

.

y'

/

g _. ; . ..
e)gg. .

o
9 1 5 1 1 i

1.0 -0.5 0.0 0.5 1.0 15 2.
3Radius, x10 (in.) !

Fig 3.12 Deformed Shape of Sphere with Gravity Loads (BOSOR Solution)

i

87



- _. .___.m . ._ . _ . . _ . _ _ _ _ . . . .

'

n,i ,
- h1 u

\. \,M,
I \ \ e,

%=dS,&. .$\, ,
- . , '

T \, \, \. \, \,1,

i Ill O \'
i i-

-

T--
-

, .552:00: m, ,

;i -~~ :: --

.) .E
D'

'

Z ::: :

- -- ~

::O' | 4
,

- ;:::

4

I .i -
J,/

I t iliI
'

|

Ii ;;;7 .

. //
.

r

:- ,7 , ,

*
..,,

_ % .

.

. - - ~ ~ . , . ~ ,
.;-

..

.

!

Fig 3.13 Deformed Shape of Sphere with Gravity Loads (Mesh C) :
-

.

I

+

h

'

! I
'

t
'

?

4

.

'

f
a

~

l I

:

!

s

f
n

i

a

88 !

i
,

_ _ . _ _ _ _ _ _ _ _ _ _ - _ _ up.e + w -w- ?.e +6



___ __ ____ _ _____ _ .
. .

P

|1
r ~'

13.y" .2
_

A F s...
_

-- - T RANSITION '/
22* | ZONE

,

- - .. j 1.75- #,'

HATCH
|

~

BARREL Ofl/ML /

SHELL

Y

Fig 3.14 Reinforced Opening with Ring Load

N'

g
xs

s

~ -

Fig 3.15 Finite Element Model of Sphere '. .h Reinforced Opening at the Top

89

_ . _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ _



_ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _

P'%

h-f >%
.

3%.':(,_
4

%"%*% _
x,

lle191tileit_Sils!RR N
e%

%.

5000.0 '
-

'
-

/

/
/

/
4000.0 /

/

/
4^

/

Ji 3000.0 /
& J
y /
rs /

3 /

/

/

2000.0 /

/

/

/

/

/

/

1000.0 /

/ 110SOR result
'

/ - - - AB AQUS resuli
/

0.0 ' ' ' ' ' '

OO 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2-
Displacement (in.)

Fig 316 Comparison of ABAQUS and BOSOR Results

90

.. . . - - . . . . - - _ . - . _ - - - . _ . - -



-$
;:1!!! t, k i ! t <!! i |,| ||i ! )< i'j< |I

-
. .

~
.

.

.
-
.

.

.

-.

_ -
-
-

-
-

.

2

-
-

-

,

-

.
_

_
. _

_
~

.

.
. s _.

_ n _

_o
i

. t

- a .
.

r
t

- , e .

n
_. , P

.. e ' _

_

. h)..

_.
t s
i swe

n.. -
+ k

_.

~
. .

0 c
8i..

. h

. mt
- e o

t t

s gy. n
-. Si
- f dr
. o o- cl
- e c.

_
d ao nMo.

i

- l t .

a a
nc.. oi f. ' i i

.
s s. n se a.

l

mC_
-

i( _-
D

_

e-

e
_r

h _

T _.
-

7
- 1

3 _.-

g _
-

i

- F
.
..
.
.

-
- -
-

-

-

-

-
-

- O
-

O-

-
-
.

.

.

.

-
-
.
.
..

- e--
-

-
- I iia - !! , ,i . 4 8,4, ' ! ,!!i1 i1

. '



__ .__

2,000 - -- -

1,000 -
K=1800 lb/in

-

.E
2i -2.0 -1.0
o 0 - --

- --

B =180 lb/in !
!o

J k=540 lbfin

-720

(1,000) -

' ' ' L(2,000);

| (3) (2) (1) 0 1 2 3 -

! Deflection (in)

i

Fig 3.18 Load Deflection Curve of Springs Representing Compressible Materials
,

'

92
i

__________ _ _ _.____ _ ____ __



i
_ _ _ _ _ _ _

i

|

n
JL g

North
Upper air Lock

.

- Easte :

,',' X45 '

30,\'' 'i ' ' 49.)...,
,

.- /. *' ' 'Equipment ,- 30
.- r

'liatch -

i Lower air
i' ',

.. Locks,-
'X'

s

r

r

r

4 y'

Fig. 4.1 Plan View of System 80+ Containment

93

. . .

.
. .. ..

___ _



- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _

ABAGUS

5y
Fig 4.2 Mode of Vibration (1) Frequency = 4.89 Hz.

ABAGUS

Fig 4.2 Mode of Vibration (1) Frequency = 4.89 Hz.

94

__ _



. - _ _ _ _ _ _ _ _ _ - .

!
|

ABAGUS

74F
Fig 4.3 Mode of Vibration (2) Frequency = 4.93 Hz.

ABAQUS

,

Fig 4.3 Mode of Vibration (2) Frequency = 4.93 Hz.

95

_ _ _ _ _ . . - - _ .



ABAGUS

h,, + my -,.
Awf f . f ? 3 i.1 w us

An # # # # # 1 i iiT \ \ vak

_Es|f f I f f I f \_ \ \ \_ \ MR
fy// / / / 1 1 _it i \ \ \\N\,1

mwrMr7>tfn==' WIW1W WW4k
n o r axmmaarrrrrrmmr , , +

n t t 1 A \_ \_ \_ y_yp%rjf ?r;if ! ! ! + 1 >I i 1 1 '

em r r j j _c _1 << i6 i t 3 i t i i_ t um
i irsiip I i i i' i r 4116mm

.ma ri < 4 a. ;
i

. I

s.,

,

hs.hprq A .

99 ye....__.......- -

y______

=--
;

- ::_m
_

$

Fig 4.4 Mode of Vibration (3) Frequency = 10.23 Hz.

|

ABAGUS

u-..

|
__11

(' (
4 + .

I i:3

!-
^

.u _,

::| --H j
| 2: :. ,

ij. |- ?.:. -_h i..

@i-fi

Fig 4.5 Mode of Vibration (4) Frequency = 10.96 Hz.

96



. . _. .

ABAGUS

~

. 4 .

t

, .

NC

i

Fig 4.6 Mode of Vibration (5) Frequency = 11.31 Hz.

i
!

ABAGUS

/

|d5NY |

/ LF//ZA
IiMHYL
$ $| 1

y __

, .

Fig 4.7 Mode of Vibration (6) Frequency = 12.74 Hz.

97

. -



ABAGUS

| I
'

l 'i E |
'

| 1 11 un < -_

->.I |
_ \

I. ) 'f ''
,

|

| ,

|
i . .

,

| _s

1-

| Fig 4.8 Mode of ViMition (7) Frequency = 12.78 Hz.

)
i

|

ABAGUS
|

| ..

. ju,

'
y

N

i

,

t

.

Fig 4.9 Mode of Vibration (8) Frequency = 13.42 Hz.

.

98



ABAGUS

.

El FM ,

I i M |

[ hR |

Y=A
1.

Fig 4.10 Mode of Vibration (9) Frequency = 13.54 Hz.

_ _ _ _

I

ABAGUS

3 f
b
7

-

C

._v

Fig 4.11 Mode of Vibration (10) Frequency = 14.69 Hz.

99



. . --- _ _ _ _ . ._________

!
;

!
!

! ABAQ18
|

|

| __.

| =4

| :=
| :=
!
|

|

{
|
|

,

LL

Fig 4.12 Maximum SRSS Meridional Stress Resultants

:
.

; i

ABAQJS :
)

i i
!

!-.

=,

| "C ,

1!
--

I
i

|

|

Fig 4.13 Maximum SRSS Meridional Stress Resultants

100 '

;

_ _ _ _ _ _ _ _ _ _ .

;



. _ _ _ _ _ - _ .

ABAQJS

:.
:='

: =..

,

LL

Fig 4.14 Maximum SRSS Hoop Stress Resultants

ABAGJS
-

: :-
:=
b5

_

Fig 4.15 Maximum SRSS Hoop Stress Resultants

101

_ _ _ - _ _ _ _ - _ _ _ _ _



_ . . . . .-

18000

10% method
--- SRSS method.

17000 -

16000 -

'2m
$ 15000 -

5 !
n ,

: s .;

6 ;

- x
; 14000 - !m

O
b i
en

E
5 i

! 13000 - |
s .

e ;

i
!

12000 - |
t

Y
.

f f ;!
iiooo . -- ., ~~__ - ~_

,----- ,v, ;

I

f,

;
;

10000 !' ' ' ' '

O 60 120-- 180 -240 300 360 i

Circumferential Angle 0 (deg.) |

i

i

Fig 4.16 Maximum SRSS Meridional Stress Resultants at Support ;

!
102 :

I

e

, ..w , -
.-- -- - . - - - - - _ - - - .



. _. ._ _ _ .

i

|
| .1

!

|

17(y) -

. _. / ..
,

'

|
| i

800 |

| m
I 5 m) '

S
$ ,.\ ~. . f .

.g - - - - . . . _ _ . _ . . _ _Jw

E
u o
N

3

sw

3.0800 - a ,

0.0 1 2.0 3.0 4.0 5.0 6.0 7.0 80

a .us'(8)m

'

Fig 4.17 Variation of Maximum SRSS a,. along the Equipment liatch Meridian (0=210 )
i

8.0 ;
;

i

7.0 - |

'
6.0

,

5.0 )
1

I

^
co

74.0
a

2

10

20

.
r

1.0

0.0 a _ . .
!

O 60 120 180 240 300 wi

Circumferential Angle 0 (deg.)
i

Fig 4.18 Variation of Maximum SRSS a,. along the Equator (Elev. = 156 ft )

103 j

i

. _ . . . _ . . . . _



- .a +m-.d a J .s.-d. ae rs ' ,-ie Ja m w-4, .A - A- a.4- JJ,,.J4 .s~,.2 .m.+_m .4-- .J.1

?

!
t
i
;

4

.

c y ,o .-

, ,

t

, .a. I

! '

m. .
. w.s

j 'i
'

- >
,w

. e

sjs
- ** ~ %kxj ,

s. -. .- - -

; _ %.s; .,;

w p ~ ,? %- Ct ..; . x, p. ;
/~

.. - .g w; .

4
.

j FuM '

m# ~cx4i

A ./ p 7.t '; ~g;c i n ij 4 4 '

m _

*'

' ' ,h
g

5.t't i }.h 4
- % .. ;, t .4-t J =

-

| [? ,_ {3 ) j. }, f|;4*
j " 1 ,,R .

,.

k:'{ q
. * .

.

.,

w% i - .
.

k
' .. . < g i c n . [. ,,,

i ^ f. $:
4

.',

3 f ,Q& ..
< - 4

9>.. ~
;

'
s

.

'/ ' I '

j -) g .. -
'

'

i mg 33. ,.4 .a w a.- j .1 ma e
. .

' 2.tv ..s. ;

! . . _1s., . . . $ i, $i .2 65) i ! .- .4 -7 ~
p''yf . .' ' .-}'f,.Qj:,_;3.y

' ~
:y e . .. - ,>rz . n;

'. .. h *\ i g
" ,' [ f,j f_

''
.,,{ ) g ;. _ ' *

I

| ;
! ,

I
} @,[.+-- * i ''l

p-+tf M t - i p'E E

,,

j "$Q h t .j . + g &p .t.J +1.r
|

. .

H +41l g =

f $ jij{-31 'pj :; 14w

| t [7 t]M7, y 3 H d $,5H,k N
;

[ M ; -

g

gljl~ ~4-|;
gg ,N 773;

.

_7;[-} p b [-Q +,TT|,,ggT l i i*~-4 g2gj
'

s- !. _

p + )gg. p y |gq q .

Ft3
.

;

; qq g
. . t

.,71 ; !r,y yg g g
-

1 mm .

. . 3 i y . { - , ; 7 7_.: 3
- ,

: -,.

..

i ,

f ~'
.

,,

f I'S ' .$ $
'

f '- - - - ' * ' ' '

i g ': ' .', -
% p

i J 4 vt y k u.*

_

,, i - t 4_
_ ; T _. I i i 2 .. f..

I s
; <:

.
. .

- 4
..

r
,

4..,. p . r- .4 -r , ;s
; - ( \, , e ''

' ''

, , ,_ - , __%| _j,... f,. 4- ' i
. ,

j
._

,

.., . -

.. .. ; .;
. - - .- : . . . .p 'f ~' . - t

''E''-f,,', , ,

ks , s N g, f..
- w..

-

9s -

. . . . , . ~~ 'h' g.N'
e

' ''' '

,. ., @ ~ # ,,,
/

; \ | ,. , . . . , '4 ~ '- 4-..- i
;

.
,

L -

.1 ~- . / -) x .' ..p ,i _

. m . 1;&a .
-

_.~-. 4 g~..~3,..,-
, . .

:
3 x s

y/ ,A , p,x ~
- -.

,.k..
n{

'

j... . g. g_ ..

. - u
: y; . . ~ . ..

p'SE "y
;

..fp
-

g; ;: ;: ;: ; ;: g ; .1 - . > , ~ - ..
{P. '! -

: : ::::*" 'g 99999999999 L r; "g.-

~"9! - J cme- n -

i 777777777777
'

1
, e

e =
-

i
?

-- ,
3 , . j. + %.,

%. % Jn i , > : ) .. y f;^ *s i
.i , , , ,. ;

!
I

'
; [

104
'

-

! !.

:

.

. - .



-.C E,. - e..n. ,, . .a,- A JL .,aj m e

f

. .

,
d ,-M iA- er --

1
'* h -

.
N ' + -W

a.
'

rs ] !
y-A :

!h
_

b_q
.m . -- , <

M
_ ES %

as 1 *="N%% b , ...'% t

g%WMMMM }[O sk
pfAlM1&MC kS% 4Q id

p t V M IM M %i3$ % % g Y%:nP"N

hwmmas==x=k
%g ; ,

*

u%>s '
'>

yg68MMMR%=g&
, .

ff*f 1 |'e g

.iD8@p;t4 asWMMMEgassanu$Meman i<

Q>
-

f$ qhg V g {eGNMMMMMRggMMERun %

gggBEREMRR g$%p&p%
a 1 :

-

W(
. gnMERunn

!!n&n Q R i
( !

'
!

gegEMMBERRng@Ns%@{'(la;g
i ;

' gggMERNM5mmyW l :V
$ s ;

ggEEEMMMEREMissip$s$gWWEMMMMEREt Mi i! Bj .

A
g, i

'

I'

k g M E M E R R E M M M E E m i; s i m ai !! a
|| s, ERNMEMMERRENMl!# Munn !! ;

;&& \1 DE R N M E % B E M M E Nih kiM98U 8 ;'

QQy' MNRGB8M%%%%RGMM@MU;'Nk ii%%%%%%%M%% gjW @kn%
1 i

pm !
Mb

; EMMEERMMM JpMf? ia4| a !,

EERMMEHEW & &hJM [d[i1p'

e[y i

@*Estaamanaga
wpw@w

RRERMMMMM ITShEn
'

tt.

< p
E*mmaammesE W 9a* R2Manag2ES&$g pb@M '6d

psp !

%nnamp%%%&ltseaW84 49G '
!

h@b
% *Mn%gggi ff% |

5
Eh)

Junim m MFjig#. 3 !

a m m e$ gig g
- p:1!GNigid20 !

m ;

n$!Sp iic$t$$$$ive%em
"

t y' t ;

C@d p ::, :: : :: :: :: :: : .
gia >

M !gw
8@$35555355k@

: : :. : m ---e -

i

$bN * DW im -

FWj ?????? ::::: ;

|
5 ;

{,h,iEGracG7ERydmszw8;;%2DmimmMEMEn:2 rim 2:22:5:b

105

.

-. , , , . ,



E.A e -i.s. c. a. .. .wJek - - Ja, _ g. asa .aaza. . ap .uae..ssa

'b e- 4 .js'd ' L- e r ) '* 4 's% - *
.

t 3
a L .1,

m
,y, .]jt5 j

Y3 ;

j''f-#gma
,w'a

y n ]- y V q $_ r . n . N
_ i

1 c _ _J g |33j j
wi ; : 'y: A

{!j: q }.[.pp}}' '

{a t,. ~- 4 ~m .- ..1, h, .h. )h . - - d [ I

$,,5{4 fp V j - N,
}4 N' [ se"' j

7t aQt.n j. -..g tr
. , ,. ,

e4gg n ,, ; ; 3 -
-

,4 . . s. j . . la
+ 4 -

.
it: 1 mwb, ,sp >

. - . .

e;w
.. .a , n a 'w > + '- v>+g.

i o.2 :

'. [ . +j * , , ' ' , . qI' i Y <
E !) @.If - p%w( 1 ,t u- 1

- < + ...o -o, . .,

jg
.

. ..f - + , A '+ N h ~ j ' +- + t .
J 4 .- h ,- ;

. ; ,.
-

- m n7 8|qg;g 9 , ,I k': |
' ,

-
3,

' 'f . Kf f ~ ** |4 G 4 ., < | N g' -?>e
L

e|3@3. |[# o,[
a 1 e m

i it'lt +1 $$ $f -' t'
-

.- M',
* ' s ...

L.

.

i ! .. ! .i y 4 ! I +i t n n t r h .,' j i it ;
.

" -t
,

f; .

,ap |
. , .

4 a :

dh "b ' ~i..+;i~
-

t
-

"S th M t II d ' 5+4 i
i g 'g - H - i . . - . , , . ; 4 . M .; plln ; =

*

i
'

h: git j f4 j j LI4 - t35L- Q h $ ;

du.3 , . 1 i , ++ 14+1 o - e. . n. i .. a . e.

e - o1 is 1pf%:p ,. f j ,k i d d- 4 -{ + ~ s e - [ + ' f f '' Jgj{ f I g j
'' ?? * t

t - y t- -4 I i: hE i O5

J . .- f:Ott. k ||H1
, E [i' !W (! 11i- i 7 ';ti;...t

'
.

'
!

i 4 :
-

l i 4 !wa 4 4

. .. m{ 7
- 1 =-

4

.Id .I .,

{g'yd
~ -I v 4

I i +*

. j lEpp.g 4,
,. . ..

j -(,s, jt o[ ja s- a. .y 4 . . .
1

2.1-+c{'t~T,''"".
.

l .L4 4. 7
.

glHt B j
*

t ir - trw g,@t@g t
- - 3t 4e , . .

.{49 --.j
-

! rS' -..-p
f5h "r6 \ - .. r -1'

b 3. 4. - - . + . . . .

,

s
~ i

hk{ b ,f [ . A.4 ~ '

e

1 g
.

2gw,

bjp], .

j
vm - 4

- -.y.~~
m

-
. . . ~

h \ . ' - .. ' ' . _. t. .. L. f, i -. 4. f, '
F- T ,_,

.. m

: L. , A . 4 '.. _ 3 *
p; .s

-

- 4. . .. .pq '

.f.q g ~ gs .. '~,SQQ .s -m'*. . 3A. ~
_t

.

-<pg rs ; ,, . . . .

*% N ' +hy . "

g- ,,.-

@M@N g:: :: :: :: :: :: :: :: i N " N}~b M 5. ;; i

.,

'

:: .* 4 -c ~ 1,%# '

$$$$5E55$955bh DN#*
n -wa ._ .., ...

b"9 -g e e e e e +++++++ y

., es

g
anm

% -

gi|MuaNe e :em:gr:m;.nygyym *m.;pppem yyn;nnnwpppmqvmny,13p&n%gvar:wr-wernme;
,

.

$9 Rvy w
ta dMdCMeaM%. Ab21.MShedclasituAid:C2WLi AA ild&fMfnnt&T,

+
!

106 f

i

1



.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _

'
~ ..

i

1.:
. agjEEi$$igth-

j1 ,ggrjggggij
-

'

$b |ggEE.gp
gan x

Ij! ,RRj
llN REEEEEER.

,i anammama s.:

1 ggg5NEWag
In[
'<.

pgBEMMemac ,.

...MMERMgm || ji;u ; gg. mmmanWNNMEMMERRaig,gg,;ga
e

:#D /c
y

n .!!f g

mMMMWEMEEREMWagingj)! 6d ""3 ammmmmmmmmmmmmmmmn 5' a lul SEEN).AIEWEREERMMMMMME!smui s73 }pq
g42RREMMMMMENMBEERME!8|MI$
-

imm55mrWMggggMMggMMERRiBMs I!
e

gj]ggNg '"y 8

f ; ||9
REMMMMMMMM JB n 5

a

\p
- fEmmmmmmme a

0$MRRangMN i cL;:'P.

3[5
g4

$42WRammmmhut -

r'

1n_MWasssRis""
-

%3EammmW!E
~

"y
. NdRE3Eggggggm!ES3f )g

--

x
. D21ammsg2Gl!H%

-

BMR5NERE! }li
-

W. . .a .m.s.s ,p i >-

-

.

h!!EEEb
.

'

:::::::::. '

:kkkkkkkkkkky ESEEEEE [i!
_

::::::::::::.

,1
,,

:,

~
' '

.i. > . _ ,

107



!
:

f f Z' \"'
+ s

i \
;

I
r

I

l'
Ll -*

s@ I X'd
}

I r 3_. 3'

/
I

i'
'

; /
i

/
'N,

Fig 4.23 Reinforced Opening with Ring lead

1500

' 7 - SA$E ih 3 5 ii~
--- R ing 1.oad

,f
.__ __ S u m '

!

,

| !I f > !Oj

| t
e

* i
' \|
*

i \
> | \

J )
I I \

500 \

i ,'
\N* y

O

j ,' %.s
g ,

B #

'
8 0 |s

1

I

,s
y "/

(

,t s,'

!'

500 , f

,' !
1,-
|'

-

I
i :

1000
-I fM)f() -7500 -5000 -2500 0 25(H) sxx>

Mendional Stress Resultants

Fig 4 24 Meridional Stress Resultants along Equipment Hatch Meridian

108



a --

3 'S

3 -

, = 2.4 0
.

g 25 . _ . _ _ _ _ ___, j
v
5

/1.

1

0.5 -

i i i io
0 1 2 3- 4 5

Lateral De0cction U ,(in.)x

Fig 4.25 Load Deflection at the Top.

4

3.5 -

3 -

\, = 2.40
2.5u _ _ _ ,

3 w
M
L 2
3
o

1.5

1

0.5

' ' ' '0
O 1 2 3 4 5 6

Radial DeGection U,,(in.)

Fig 4.26 Load Deflection at the Base.

109



_

| ABAoL8

| h
--#:9W// // // f f I O \\ W NXiN W N

E M h ?' M // || ii ti \\ S % %%%A
i #RP/##// # // // (I \\ \\ \\ \\ \\\\WA

##### # // // # 4 \\ \\ h \\ \\\\%%'

il \\ \\ \\ \\ \\\\M-#49##// // // // 4 | '

i@1I5%fffMhfTh'HW^ - --f1M M
! EHiiiiiiiiiiiiniiir it n U n \ \ \\ \\ \\ \\ \\ U \\ MonWu1L,

! &liniutitiiiti tiil ti ti 1 \i t I \\ \\ \\ \\ \\ \\ S M\n%Mm :

i i i rV)|ilMha9u M M WM L 1
i - - ' neliiii n ii it

phh q
-:=:= =

:::::::q:=::=::s.am mmy - - .-- --' = =

f = . _

-mi , - - -- -

--[:g:-=h:7M-_,_,e-H,
- :=:=:=:=:= i

- - -
.

_ _.__ - - ---r n.
-- - -e nm .

.. __

_ _ .- -

.. .. -- -

3 g____-__

k* s , 6 i'. e j .y 6 R_1_ % i ( f f f / / / / / / // ,s,

-u tvy . s $1 4 i e i# / / i / / / / / // ,
,

''hnt iiif i i / / / / / / ///MJmunhM h h t i 61
~". .|.| ' _ , . :m g gg.glaw.a_wrif- .

i
| ,

! i

Fig 4.27 Deformed Shape

:

!

110

f
!

. _ .



_ _ _ _ _ _ _ _ _ .. . . _ -

ABAGLS .

.

. S

Fig 4.28 Potential Buckling Regions
(Regions a, b and e )

ABAQJS

.

, ,

Fig 4.28 Potential Buckling Regions
(Regions a, c and d )

111

.

.
.

. .

._.



1500.0

. . _ . . ._. . - _ . _ _ .

10% method

_- - - Ayproach #2 s

/

1000.0 ,'
I
I
I
I
I
I

I
500.0 I-

ci /
'O |

l
@ '
.E !o /$

'

8 '

N 0.0 f

/

/
/

-500.0

-1000.0 ' '

.
-16000.0 -12000.0 -8000.0 -4000.0 0.0

| Meridional Stress Resultants (lb/in)

|

Fig 4.29 Comparison of Stress Field and Maximum SRSS Stresses
(Load Case 1)

!
112



. . _ . ,

|

|

2.5

2.0 ( = 1.91
_

l.5
E
U
$
l
.3

1.0

0.5

0.0
0.0 1.0 2.0 3.0 4.0 5.0

Radial Displacement at 260.63 deg. (in.)

Fig 4.30 Load Deflection at the Base (Load Case 1)

113

- _ _



_ . -- -

.

;

;

3
:

!

$,

3

e

,

i
i
!

1

i AB&QLS
!
4

1
i
i

.

4

!
t

)
.

1
i

i

!
e

l! i

:
-,

1
i
i
J

!
i
i Fig 4.31 Deformed Shape (Load Case 1)
!
;

!

|
4

|
|

1,

i

.

!
t
3

i |

$ |

.

J

t

d

;

.

'

i
1

: 114
i

i
1



._ . _ . . - _ _ _ - - - - - _

:

1500.0

10% methtxt
--- Approach #2 s ,

< ;

i
;

1000.0 | |
I
I
I
I
I
I
I

e 5(X).0 - '
5 |
& I

| .E I
m i

O /

8 /

'N g,9 7
/

/
/

-500.0 -
r

:

-1000.0 ' ' '

-16000.0 -12000.0 -8000.0 -4000.0 0.0

Meridional Stress Resultants (Ib/in)

Fig 4.32 Meridional Stress Resultants along I

the 352.5 meridian

,
115



. - . -. - .. - , .~- --

2.5-

| 2.0 ( = 1.91

1.5

E3
0
$

| 1 |
t o )

| 4

; 1.0
|

|

|

! I

i

|

(
|

| 0.5
! ,

0.0
00 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Radial Displacement at 340 deg. (in.) -

,

Fig 4.33 Load Deflection at the Base (Load Case 2)

,

116

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _. ._



-

ABAoJS
At#5h
" w/////////li i \i \\\\\\ms

M/#//////// // / / l l )) \ \ \\\\\\\wn
M/////NN // // // f U \\ \\ \\\\\\wm

X'/### // // // Il i \\ n n\\\\\\\m
.e..qv n....
. ....

............ ,,
.................o
................,,;

...-. . ..........m _ ,
i.,... .,.......... . , .,

...,.,,, , , ..,m_ _ _ , , , a _

p .,. . . . -, ......, . ...., , ,,m._.... . g,g,
. . .|. . - - - -,- ., ,.,.i.,.i.,a. . .

- :y ;. ,

J.
. . .|.i.i.iw..... .3,j.4 g. .

. - .. . . . . . ., . _

- - - - - - ., . y=
, . . . - - .

- - . - . . =
. - -w

. . .
.. .

|11151

Fig 4.34 Deformed Shape (Load Case 2)

117

- _ _ _ _ _ _ _ _ _ _ _ _



-

P
= //////////////

o

. - . - ' .22.0
- . - . . - - - - . . . . . . . .

"
Y /////////////A

Fig 4.35 Reinforced Opening with Ring Load (Load Case 3)
i

j

|
1
1

,

118



.. . . . . .. .. _ . . ~ . . .. . _ _ _ . ._ . . . . _ . __. ..

I

!
:.

.

i

i
,

$
$

!
:
!-

!

l .

:

i

: -4000
i >

'I

| . 10% method
.,

| - - - Approach #2 ,

;. . 1- , a
: -8000 s( i / -

I '
I

g f '/l
\

( .5 I # f ,- .

22' . ;
1'.

; G. s
-

t f s; o g ....... ...... .- .....

C l #
, g

|.
5

\t
m g I g

.

I
j -12000 -

g. I I e I

g i '. l .ig y

i 3 I I I
g :

% I g Io >
.

\
I y t s |

$ n .; .i4

g

g i I b$
5e ,

;; -16000 - ', i,
I'

@ g i I !
g

5 I i I f
g

I I 'l |'c
l g

'o
E I I

~

g g

-20000 I 8 #
i,
I .i Ig

I |s /s
\ #

\ /
% \j

-24000 ' ' ' ' '

0 60 120 180 240 300 360

Circumferential Angle, a (deg.)

Fig 4.36 Meridional Stress Resultants Around the
Equipment Hatch Reinforcing Collar

(First Row of Elements in the Reinforcement)

i

ta |

;

'

119
.

_ _ -. . _ . . . _ . _ . _ . . , _ , ..-



. -- _ - .

!

3.0

, ._ _ 2'_"_ [_ _ _2.5

2.0

5
U

!
| 151

.3

|

;

l.0

!

0.5 ,

0.0
0.0 1.0 2.0 3.0 4.0 5.0

Deflection at the Equipment Hatch (in.)

Fig 4.37 Load Deflection at the Equipment
Hatch (Load Case 3) .

'

120

_ _ _ _ _ _ _ - - _ _ _ _ _ _



4

:
:
:

'

:

:
;

.

!
i

l

i

: AB&QJS
;

'

I;

i
i
f

!
'',

, ,, , _

i l

,

\'

w.

J

Fig 4.38 Deformed Shape (Load Case 3)

121

. ,



-2000

10% inctliod i

- - - Appr oach #2 %gggg
/ s - 1_

|tV
c . . .v.'..".

-6000 I
''

e,_,
'

S O.xq g ,
\ l} \ l
\ l\ ;-

% -8000 \ g \ l

\ lE \ l
\ ly 1 g

a 1 \ l
$ \ \ l

| 'g f | | ]-10000
\ lv \ I

h \ l\ li

1 I \ l,y l1 Ic '
|y -12000 - \

| gg

k \ l \ l
\ ly \ I
\ l\ I
\ I1 I
\ I-14000 \ I
\\ l
\ l\ l
\ lI
\ lI
\ I\ l
\ l-16000 \ l

\ ,/ 's I

1, \1

1g000 . . . .

0 60 120 180 240 300 360

Circumferential Angle, a (deg.)

Fig 4.39 Meridional Stress Resultants Around the
Upper Air Lock Reinforcing Collar
(First Row of Elements in the Reinforcement)

122

. _ _ _ _ - _ - _ _ _ _ _ _ _ - _ _ _ _ -



. _ - - _ _ _ _ _ - _ _

l
i
l

3.5 .I

!

, _ _ _ _ l = 2.9 6_ _ _ _ _ _ _ __ . _ _ _ _ _ . _ _
3.0

i
,

2.5
,

2.0 -
,

! E
O.
$
?
o
J

1.5 -

i

1.0

i
l

!
1

0.5 -

0.0 ' ' '

O.0 0.4 0.8 1.2 1.c,

Radial Deflection of Upper Air Lock (in.)

Fig 4 A0 Load Deflection at the Upper Air
Lock (Load Case 4)

123



:

!

!
,

i

ABAQUS
|

|
|
' /

1 -

A

N

ia, ; ,
} 9---, ;__

> '% ,\ |

g
-

gg ,q . .. -

L_ i1W ];p _)
-

< ,

,
. N>

r y,

i ,

_

|
~

Fig 4.41 Deformed Shape (Load Case 4) ;

!

|

I

:
1

i

|

!

|
5

,

124
'



I,

| l
! |

| I

|

|

I

-6000 ,

( T !.

10'X method }| g| t
'

\ Approach #2 J i I hr
--- '

, ,,_.

I - + - - - - ' - - J - --8000 \ \ N

/ \ l
# \ l \g i

'

\ |f
%'t ,

f \ [
'

-10000 - t

2 \ l 1 l
I \ I5 g

\ I \ l. ,
I \ \m

2 \ l t I
S -12000 - 1 $ 8 \ I

}
I t I3

I \ lO
% \ l s I |
N \ l t I \

\ '

$ l 1 I
A l \ I
y -14000 - 1 I g I |
5 I \ lg

I \ l5 g

'C l 1 I

s \ | \ |
l i l-16000 i I t I

I
\ s ;

I
\ \ l

'l
\ \ l
\l \ l

\ /

-18000 -

/

/

\I

-20000 '

O 60 120 180 240 300 360

Circumferential Angle, a (deg.)

Fig 4.42 Meridional Stress Resultants Around the
Lower Air Lock Reinforcing Collar
(First Row of Elements in the Reinforcement)

125



3.0

A = 2.52
"-~~~~- --------~~

2.5

2.0 -

!

8 J

n
E .5 -

1

1
.3

1.0 -

0.5 -

0.0 ' ' '

O.0 0.4 0.8 1.2 1.6

Radial Deflection of Lower Air Lock (in.)

Fig 4.43 Load Deflection at the Lower Air

Lock (Load Case 5)
126

--___-_____ _ __ - _-. -



l

/4 9 AL

//,',fS

/;cp?'N,}/
'

/f;;;Y%y,}A '
J

(V|f( f, ,,//

+

/ /g p
: -s .

y

/3zte-
,

'

-
$ 7Y Oe, k #44 +q 9 #)

127

.
. . .

. . .. . . .
.

. .

..



.__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

4
7- % | y (pi,tte
" b - 4g

%s. situh 1liHwie 2y
<1

h ,,. *\

'

'Jr .4 {} . -*

', 'T .

X
X

_

y. ' 4= >
.-*

,

x quake
,

*s' a.y
.

-

'//////////,~ '4 ,

Elevation Plan View

Fig A.1 Smooth Spherical Shell

'.
ys a-

; *

'ys
a-

.

,N
.

s / N s
, / ~ .

' ."
Y2\

.' \, ,,.. 'j+'. .-
s ',

\, . -g -
- - g..-

' x x

: ~q
. -

y ,r
'~

). ,)
-

. .

'

sx
.

,

' y' i y'

Mode i Mode 2

Fig A.2 Distribution of Meridional Stress Resultants
in Modes (1) & (2) at the Base

128

- - _ _ _ _ -



____- - _.

Ten percent Method

SRSS Method----

Yn

.

\.\ \
.

' ,\
\,

-.-

, , f'|
,

,.
-

s '
,

SL~ " ,
- ' ,

.

~/ / %
s/ g -

-
/ s /

/>
s.

* -

N '. -m'n ~ax ~#
y' 's. , __ X

s
.

'

:-
--

:

a,.' _

,
-- L_-

s. ,___L -

a' ~c.

. .- Q
.

''
-

- s.- ,

' i

r ,- '. '

i
'

'\ ,s
-- ,,

' ~,
x' . , .

_ q
~A

;

.

', Y'-
~ '

A \ \
I_

l

Fig A.3 Meridional Stress Resultants at the Base

(using the Ten Percent Method)

,

129



_. . . . . _ . . _ _ _ _ - ______--_

L

NRC FORM 335 U 5. NUCLE AR REGUL ATORY CoMMISSloN 1. RE POR T NUMBE R
U DI (Amagn.d by NRC. Add vol., supp, Rev ,

and Addendum Numcors,if any.)

IoNoE BIBLIOGRAPHIC DATA SHEET
ISee instruct *ons on the reeerse) .

NUREC/CR-6161 'i
7. TITLE AND SUBTirLE IS 5103 i

Buckling Evaluation of System 80+TM Containment
3. DATE RE PORT PUBLISHED

MONTH WEAR

August 1994
'

4. FIN oR GR ANT NUMBE R '

L2582 l
i

b AUTHOR (5) 6. TYPE oF REPORT '

L. Greimann, F. Fanous, S. Safar, R. Challa, D. Bluhm
Technical

1. PE RioD Cov E R E D tinclusive Darrel ;

'
8 PE R F onMING ORG ANIZ AT loN - N AM E AND ADDR E SS til NRC. oro*** Dwsson. Offsce or Regoon, U.S Nuclear Regulatory Commmoon, and mast *4 sedren. of contra tor. oroordt

nemt gnd mgoling OdawgL)

Ames Laboratory |
Iowa State University ;

Ames, Iowa 50011

9 SPONSOR nNG ORGANIZATION - NAME AND ADOR ESS or NRC. svor "some as otwee~. i!controrwr. orovide NRC Oremen. O!!*co or neolon. V & Nudrar Raguserory commmoon,
and mairma addersti

Division of Engineering
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, DC 20555

10. SUPPLEMENTARY NOTES

t t. ABST R ACT (Joo.orm er aus

The System 80+ containment may be subjected to compressive forces which could cause it to become
unstable. The stability of the containment shell under prescribed loading combinations was investigated with
two analysis levels: axisymmetric and three dimensional. An axisymmetric shell model, including additional
mass to account for penetrations and the spray header system, was analyzed using BOSOR4 and BOSOR5 finite

j
difference codes. leading combinations with pressure, temperature, self weight, and seismic satisfied the i

American Society of Mechanical Engineers (ASME) stress allowables. The buckling assessment was performed
using the worst meridian assumption, including material nonlinearities and a sinusoidal axisymmetric . 1
imperfection. The minimum factor of safety for Service Level C was 2.35. A SSE seismic margin of 2.91 was I
calculated. The ABAQUS finite element code was selected for the three dimensional analysis and tested with
classical and BOSOR solutions. The three dimensional model included the equipment hatch, two personnel j
airlocks, and additional mass for the spray system and small penetrations. Material nonlinearity and an
axisymmetric sinusoidalimperfection were incorporated. A minimum factor of safety of 1.91 was predicted,
which does not satisfy ASME Section NE3222.1 or Regulatory Guide 1.57. Code Case N-284 is satisfied. The
analysis is conservative primarily because the SRSS 109E method provides a conservative estimate of modal
coupling.

12. KE Y woRDSIDESCHiVloRS tim word, or o ews shar oteinnv owe &re m iwot**e *hmtwt b U***'' ' 'n

un1imited
14 M CvHl f f C LA5hli tLAllON

tThos Penet

unclassified
u,,n ,oeo.r,,

unclassified
Ib. NUMBE R Of PAGE S

16. PRICE

Necsonuswnam

. .-.. ,. . , . . . -



Printed
on recycled

paper

Federal Recycling Program

ISBN 016 045217-1

! I

! l
!

9'780160''521'784

.

.

.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _



'

UNITED STATES
SPECIAL FOURTH CLASS RATE

WUCLEAR REGULATORY COMMISSION eoSTAGE AND FEES PAD
WASHINGTON, D.C. 20555-0001 USNRC

PERMIT NO. G 67

OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE, $300

'c55rl''5'1 5 i e *; ; 7 L
US '' P C 3 D"
OIV Fr!S 9 DUPLTraT!rN! SVCS
Toc _rn: *;uecc
2 L F '; - 6 r 7

W $ $ H T P,' F. T 1 f ; nP m*CCP

. .

.
.

. .
.

. -


