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Containment Fragility - RAI Numbers 6.2-96, 19.2-39, 19.2-40, 19.2-42, 19.2-43,
19.2-4 7, 19.2-48, 19.2-51, 19.2-52, 19.2-53, 19.2-54, 19.2-55,19.2-66, 19.2-67
and 19.2-68. October29, 2006.
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43, 19.2-48, 19.2-66, 19.2-67, 19.2-68. January 16, 2007.
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1. MFN 06-428 Supplement 2, Partial Response to RAILetter No. 43 Related to
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96 S2, 19.2-39 S1, 19.2-40 S1, 19.2-42 51, 19.2-43 S2, 19.2-47 S1, 19.2-48 S2,
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19.2-68 S2.
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ENCLOSURE 1

MFN 06-428 SUPPLEMENT 2

Partial Response to RAI Letter No. 43

Related to ESBWR Design Certification Application
(Previously Submitted' Under MFN 06-428 and

MFN 06-428 Supplement 1)

Containment Fragility- RAI Number 6.2-96 S2, 19.2-39 S1,
19.2-40 S1, 19.2-42 S1, 19.2-43 S2, 19.2-47 S1, 19.2-48 S2, 19.2-
51 S1, 19.2-52 S1, 19.2-54 S1, 19.2-55 S1, 19.2-66 S2, 19.2-67 S2

and 19.2-68 S2

1 Original Response previously submitted under MFN 06-428 and Supplement 1
are attached to provide historical continuity. The DCD updates and papers
originally transmitted with the responses are not included.
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NRC RAI 6.2-96. Supplement 1

In ESBWR DCD Tier 2, rev 01, Section 6.2.5.4, which addresses 10 CFR 50.44(c)(5) -
Hydrogen Rule, GE states that the pressure capability of the containment's limiting
component is higher than the pressure (GE does not quantify this pressure) that results
from assuming 100% fuel clad-coolant reaction. Provide the following information:

a) the estimate of the internal pressure loading on the ESB WR containment structure,
assuming an "accident that releases hydrogen generated from 100 percent fuel
clad-coolant reaction accompanied by hydrogen burning."

b) where the estimate is in response to question (a), above, documented in DCD Tier
2.

c) what the estimated temperature of the containment structure is at the time of this
event discussed in question (a).

d) a justification for the use of ambient temperature material properties, in the case
that the estimated temperature is higher than ambient temperature, or a revision to
the Service Level C pressure capabilities for each containment structural
component, consistent with its estimated structural temperature.

e) details of the analysis described in the last paragraph of ESBWR DCD Tier 2, rev
01, Section 6.2.5.4.2, for the concrete containment, "A nonlinear finite element
analysis of the containment concrete structure including liner plates is performed
for over-pressurization." If the analysis is contained in another section of the DCD,
provide the reference.

J) the estimate of the Level C pressure capability of the drywell head if evaluation of
instability is NOT included? Provide details of the calculation.

g) the estimate of the Level C pressure capability of the drywell head if the method of
Code Case N-284-1 (linear bifurcation buckling prediction, capacity reduction
factor for imperfections, capacity reduction factor for inelastic response, SF=I. 67
for Level C) is used, instead of DCD Tier 2, Rev 01, Section 6.2.5.4.2, Eq. (6.2-2).
Provide details of the calculation.

GE Response

a) The 100 percent fuel clad-coolant reaction pressure is 1.087 MPa absolute (or
0.987 MPa gauge). Burn of hydrogen was not considered because the containment
is inerted. There is residual oxygen (<4%), but the concentration is too low for
detonation. The amount of heat that could occur from the limited hydrogen burning
possible at this low oxygen level is small compared with decay heat, and it can be
effectively removed by the PCCS - which is not at its heat removal limit 4 hours
into the scenario (the earliest time of core melt that was calculated). DCD Section
6.2.5.5 establishes that the time required for the oxygen concentration to increase to
the de-inerting value of 5% is significantly greater than 24 hours for a wide range of
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fuel clad coolant interaction. The results support the conclusion that there will be
sufficient time available to activate the emergency response organization and
implement the Severe Accident Management Guidelines (SAMG) actions necessary
to preclude a combustible gas deflagration.

b) It is not in Tier 2.

c) Temperature is a not a required loading condition for the determination of Service
Level C pressure capability in according with RG 1.7 Revision 3.

d) As a first stage, room temperature material properties were used in determining
Containment Ultimate Capacity and the results extrapolated for higher temperatures
(see NEDO-33201 Rev. 1 Table B.8-2, and response to RAI 19.2-45 and 46). In
addition, the way high temperature Drywell Head material is considered is
explained in response to RAI 19.2-55.

A confirmatory analysis was performed taking into account high temperature effects
explicitly. The results are shown in response to RAI 19.2-47.

e) Details of the nonlinear finite element analysis of the containment concrete structure
performed for over-pressurization are contained in report 092-134-F-C-0004, which
is available for NRC review at GE San Jose offices.

f) The estimate of the Level C pressure capability of the drywell head excluding
instability is 1.684MPa which is the pressure required to result in the primary
membrane stress equal to Service Level C allowable based on the ASME B&PV
Code Sec. III, Subsection NE-3324.8(b). The details of calculation are described in
DC-OG-0052, "Structural Design Report for Containment Metal Components",
Revision 1, which is available for NRC review at GE San Jose offices.

g) The method of Code Case N-284-1 is not used since evaluation of instability is not a
RG 1.7 Rev. 3 requirement for demonstration of containment structural integrity to
meet NE-3220, Service Level C Limits.

DCD Impact

No DCD changes will be made in response to this RAI.
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NRC RAI 6.2-96. Supplement 2

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

a) Acceptable.

b) Acceptable.

c) Temperature induced stress is considered secondary, and therefore may not need to
be included However, material properties at expected temperature conditions
should be included in the capacity calculation as required by the Code.

d) Consideration of the high temperature Drywell Head material effects is not
adequately explained in response to RAI 19.2-55.

e) GE's calculation needs to be reviewed

J) Regarding the Level C capability of drywell head, see evaluation of RAI number
19.2-40 (b).

g) Since buckling is not a possible failure mode for this particular configuration of the
drywell head, this is Acceptable.

Audit Interest

Review and discuss GE's analysis for estimating the internal pressure loading on the
ESBWR containment structure.

Confirm this analysis is appropriately documented in DCD Tier 2.

Confirm the description of the analysis referenced in the last paragraph of ESBWR DCD
Tier 2, rev 01, Section 6.2.5.4.2, for the concrete containment ("A nonlinear finite element
analysis of the containment concrete structure including liner plates is performed for over-
pressurization. '9 will be provided in DCD Tier 2. If the analysis is described in another
section of the DCD, provide the reference.

Discuss how the high temperature Drywell Head material effects were considered Identify
how this is documented in the DCD.

Discuss GE's analysis of RCCV pressure capability and resolve the issues raised in the
above RAI assessment.

Status Update/Resolution of RAI

a) See 19.2-39, c).

c) See 19.2-39, a).

d)-g) See 19.2-41.
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GE Response

a) See response to Item c in RAI 19.2-39 S1.

c) See response to Item a in RAI 19.2-39 S1.

d)-g) See response to RAI 19.2-41 S1.

DCD Impact

DCD Tier 2 Section 6.2.5.4.2 will be revised and moved to DCD Tier 2 Appendix 19B in
the next update as noted in the attached markups. DCD Tier 2 Appendix 19C will also be
revised in the next update as noted in the attached markups. In addition, DCD Tier 2
Sections 3.8.1.4.2 and 19.3.2.4 will be updated in the next update as noted in the attached
markups.
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NRC RAI 19.2-39

In DCD Tier 2, Section 19.2.4, General Electric (GE) provides a containment performance
assessment for the ultimate pressure capability. This assessment was described in the
context of the containment pressure fragility estimates. However, it is the staff's
expectation that deterministic containment performance assessment addressing the criteria
in SECY 93-087 and 10 CFR 50.44(c)(5) be located in this section and the structural
calculations and assumptions need to be presented in Chapter 19 or in Section 3.8. All
relevant structural assessments of the critical elements necessary to maintain containment
performance and integrity, such as reinforced concrete containment structure, drywell
head and its connections, critical bellows and their connections, large diameter piping
connections, instrumentation or power supply penetrations should be described and
discussed in Chapter 19.

Provide the following information for the deterministic containment performance
assessment in this section:

a) A discussion of the deterministic containment performance assessment of the
ultimate pressure capability of all relevant critical elements of containment
integrity and performance.

b) In order to ensure that the as-built plant implements the containment performance
as reviewed by the staff for the design certification, it is necessary to provide
essential details and drawings of critical sections of all critical components and
connections in the table of Inspection, Test, Analyses and Acceptance Criteria
(ITAAC) with clear statements related to as-procured engineering specifications,
cert/iied as-built engineering reports, test data and results, walk down and
measurements of dimensions, as appropriate.

c) A discussion of how 10 CFR 50.44(c)(5) is met, and, if the issue is addressed in

other sections of the DCD Tier 2, provide a direct reference.

d) SECY-93-087 requires satisfaction of Service Level C limits, including
considerations of structural instability, for the more likely severe accident
challenges for approximately 24 hours following the onset of core damage under
the most likely severe accident challenges, and, following this period, the
containment should continue to provide a barrier against the uncontrolled release
offission products. Provide:

1) a discussion of how the SECY-93-087 requirements are addressed in the GE
deterministic containment performance analysis, include any transient condition
in which the containment could be subjected to negative external pressure
caused by condensation of internal hot gases and,

2) the estimate of the Service Level C pressure capability of the ESBWR
containment and associated failure modes for the challenges discussed in
response to question (1) above.
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GE Response

a) PRA report NEDO-33201 Rev 1, Appendix B.8 contains evaluation of ultimate
pressure capability for all critical elements (concrete shell, drywell head, PCCS heat
exchangers, liner plates, and penetrations), along with the uncertainties in the
prediction of the failure pressure.

b) Inclusion of design details and drawings in ITAAC Tables is not warranted. DCD
Tier 1 ITAAC Table 2.15.1-1 already contains sufficient requirements to ensure that
the containment is built according to design configuration.

c) 10 CFR 50.44(c)(5) regulation is met following RG 1.7 Revision 3 requirements for
demonstration of containment structural integrity by meeting ASME Service Level
C/Factored Load Category limits. Service Level C pressure capability evaluation is
contained in DCD Section 6.2.5.4.2.It is GE's understanding that the SECY-83-087
requirements are reflected in RG 1.7 Revision 3. The structural evaluation
performed in accordance with RG 1.7 as stated above also satisfies SECY-83-087.

No DCD changes will be made in response to this RAI
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NRC RAI 19.2-39. Supplement 1

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

a) PRA report NEDO-33201 Rev 1, Appendix B.8 provided an evaluation of ultimate
pressure capability for all critical elements in the context of a fragility assessment.
Fragility method differs from a deterministic analysis in that the fragility approach
estimates median capacity and uncertainty separately and establish a fragility curve
based on log-normal distribution, while a deterministic analysis conservatively
calculates the capacity which provides a lower bound on the uncertainty. Both
methods, however, should reach a comparable conclusion regarding the
component's capacity. SECY-93-087 expects a demonstration of containment
pressure capability comparable ASME Service Level C or Factored Load. In
performing the estimate of level C pressure capability, the effect of temperature on
material properties should be included (e.g., carbon steel SA-516 Gr-70, Fy at
500°Fis 20% less than Fy at ambient temperature, and fc' for concrete could
degrade 40-60%).

b) Without inclusion of design details and drawings in ITAAC Tables, it needs to be
justified that the as-built plant will have the same containment performance as
reviewed by stafffor the design certification.

c) Given the inerted containment and the design pressure of 0.31MPa for ESBWR
which is the minimum pressure required by RG 1.7, the requirement of 10 CFR
50.44 is considered met and therefore, this RAI is closed.

d) The SECY-93-087 expectations are met in part by satisfying RG 1.7 Rev 3 analysis
for estimation of the containment response. However, RG 1. 7 specifically deals
with loads generated from the 100% fuel-clad coolant reaction following by
hydrogen burning, but the containment challenges due to the more likely severe
accident scenarios should also be quantified under SECY-93-087.

To this end, the severe accident sequences that fall in the SECY-93-087 should be
identified and then the containment challenges resulting from these severe accident
sequences should be clearly defined in terms of the transient pressure and
temperature time histories (for both short term up to 24 hours and long term up to
72 hours). Assessment should then be performed to ensure there is adequate
margin between the containment Level C/Factored Loads pressure capacity and the
severe accident challenges that have been defined to address to SECY 93-087.

Furthermore, the effect of temperature on material property degradations should be
considered in the pressure capability calculation. Since DCD Section 6.2.5.4.2
presented the Service Level C pressure capability calculation for ambient
temperature only, justification should be provided for not considering material
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property degradation due to high than ambient temperature, which may be
considered for the ESBWR containment under severe accident scenarios.

Audit Interest

Discuss and resolve how GE will address the SECY-93-087 expectation for the
deterministic containment performance assessment as discussed above in the staff
assessment. Discuss GE's analyses of the pressure capability of all relevant critical
elements of containment integrity and performance (with material properties determined
from the appropriate temperatures) to determine the ultimate containment pressure
capability (based on Level C or Factored Load limits) and associated failure mode.

Discuss how it will be confirmed that the as-built plant meets the same containment
performance as reviewed by the stafffor the design certification.

Status Update/Resolution of RAI

a) GE will demonstrate the pressure capability comparable ASME Service Level C or
Factored Load for all containment components. In performing the estimate of level
C pressure capability. GE's Level C calculations will use the material properties
associated with the temperatures which coexist with the containment pressure
profiles that will meet SECY-93-087 expectation.

GE provided the description of the pressure and temperature profiles associated
with the more likely severe accident scenarios as expected by SECY-93-087, which
the staff has found to be appropriate.

GE will inform NRC of the format for describing the deterministic containment
performance analysis (Level C assessments); NRC staff suggested that the
description should preferably be as a section in DCD Chapter 19.

b) GE will inform NRC the format to assure the as-built plant will have the same
containment performance as reviewed by the stafffor the design certification.

c) Given the inerted containment and the design pressure of 0. 31MPa for ESBWR
which is the minimum pres sure required by RG 1. 7, the requirement of 10 CFR
50.44 is considered met. However, GE will verify the estimate of containment
pressure of 1. 087 MPa resulting from the 100%fuel clad-coolant reaction.

d) See a).

GE Response

a) A deterministic, finite element analysis has been performed using the
ABAQUS/ANACAP-U software and modeling to demonstrate containment
integrity for the RCCV walls and liner system per the expectations of SECY-93-087
and 10 CFR 50.44. The concrete, rebars, and liner material all remain within the
ASME factored load limits (CC-3000) for pressure corresponding to the most likely
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accident scenarios (0.62 MPa or 90 psig), and the liner is demonstrated to remain a
leak tight barrier under the pressure corresponding to 100% fuel clad-coolant
reaction (.987 MPa or 143 psig). In both cases, a temperature distribution
corresponding to steady state conditions with the liner at 260'C (500'F) is used in
evaluating the material properties. This analysis will be discussed in detail in the
next update of DCD Tier 2 Appendix 19B.

Level C pressure capabilities for pressure retaining parts, bolted flanges (sidewalls
for airlocks) and anchor structures of drywell head, hatches and airlocks are
evaluated considering temperature effect of material strength at 260'C (500F). The
evaluations and results are documented in DCD markup for Sections 19B.3 and
19B.4, which replace DCD Section 6.2.5.4.2.

The Level C pressure capacity of the most critical component in the PCCS heat
exchangers at a temperature of 260'C (500'F) is 1.33 MPaG (193 psig). The effect
of temperature on material property reduction has been considered.

The Level C pressure capacity of the most critical component in the main steam
penetrations at a temperature of 260'C (500F) is 3.38 MPaG (490 psig). The effect
of temperature on material property reduction has been considered.

b) DCD Tier 1 Table 2.15.1-1 requires an as-build built inspection of the containment
system as an ITAAC item. It provides assurance that the as-build built plant will
have the same containment performance as reviewed by the staff for the design
certification.

c) A recently updated and verifed calculation shows a slightly higher value of 1.097
MPa (absolute). The slight increase in pressure is caused by the use of more
conservative drywell initial humidity conditions. However, the difference from the
1.087 MPa (absolute) value considered in the structural analysis is considered
negligible.

d) See Item a above.

DCD Impact

DCD Tier 2 Section 6.2.5.4.2 will be revised and moved to DCD Tier 2 Appendix 19B in
the next update as noted in the attached markups. DCD Tier 2 Appendix 19C will also be
revised in the next update as noted in the attached markups. In addition, DCD Tier 2
Sections 3.8.1.4.2 and 19.3.2.4 will be updated in the next update as noted in the attached
markups.
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NRC RAI 19.2-40

In DCD Tier 2, 6.2.5.4 and 19.2.4, respectively, GE provides a deterministic analysis and a
fragility analysis for the containment performance under internal pressurization. However,
neither information nor discussion of adequate anchorage of the drywell head into the top
concrete slab to ensure the anchorage capacity exceeds the load capacity of the drywell
head is provided in these sections. The design pressure for the ESBWR containment is 0.31
MPa (45 psi), the stated Service Level C pressure capability for the drywell head is 1.182
MPa (171 psi), which is about 4 times the design pressure. Provide the following
information:

a) In determining the Service Level C pressure capability for the drywell head, how
was the primary axial load path through the bolted flange closure (DCD Figure
3G. 1-51, Detail B), to the anchored support cylinder (DCD Figure 3G. 1-51, Detail
C), and into the concrete evaluated?

b) Include in the DCD details of the calculation which demonstrates that the Service
Level C pressure capability for the bolted flange closure, anchored support
cylinder, and supporting concrete exceeds 1.182 MPa (171 psi), including: (1) a
description of the load transfer from the drywell head, through the bolted closure,
to the overall concrete upper slab,- (2) the location and magnitude of the maximum
radial shear load due to internal pressure; (3) the location and magnitude of the
maximum shear stress in the concrete, (4) a discussion ofpotential leakage through
the bolted flange closure at 1.182 MPa (171 psi) internal pressure, and (5) a
discussion of potential bolt failure due to combined axial tension and transverse
shear loading.

GE Response

a) The primary axial load of the drywell head under internal pressure is resisted by the
bolted flange closure in the form of bending, by the anchored support cylinder
through the lower flange and gusset plate in the form of bending and shear, and by
the concrete in the form of bearing.

b) The Service Level C pressure capability of the bolted flange closure, anchored
support cylinder and supporting concrete was evaluated by stress analysis under
internal pressure loading equal to 1.182 MPa, the controlling Service Level C
capability. The results are summarized in Tables 19.2-40(1) through (4). All
stresses satisfy Service Level C allowable based on the ASME B&PV Code Section
III, Subsection NE and CC; hence their Service Level C pressure capabilities are
higher than 1.182 MPa. The details of calculation are described in DE-ES-0024,
"Stress Analysis Report for Drywell Head under Severe Accident Condition",
Revision 1, which is available for NRC review at GE San Jose offices. It should be
noted that under internal pressure load, no transverse shear is developed in the
flange bolts and no radial shear in the anchorage system. See response to RAI 19.2-
52 for potential leakage through the bolted flange closure.
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Figure 3G. 1-51 of DCD Tier 2 Appendix 3G will be revised in the next update as
noted in the attached markup.

Table 19.2-40(1) Summary of Stress Evaluation for Flange
_________ _unit: MPa

Condition Stress Result Limit
Level C SH 201 1.5Smc 227

SR 99 1.OSmc 151
ST -24 1.OSmc 151

(SH+SR)/2 150 L.OSmc 151
(SH+ST)/2 89 1.0Smc 151

Table 19.2-40(2) Summary of Stress Evaluation for Flange Bolt
unit: MPa

Condition Stress Result Limit
Level C GB 212 2.2S 439

Table 19.2-40(3) Summary of Stress Evaluation for Other Metal Parts
unit: MPa

Evaluation Point Service PL+Pb
Level JResult Limit

Lower Flange Plate Level C 386 1.8Smc 393
or 1. 55 Y

Gusset Plate of Lower Level C 334 1.8Smc 393
Flange Plate or 1.5Sy I

Table 19.2-40(4) Summary of Stress Evaluation for Concrete Portion
unit : MPa
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NRC RAI 19.2-40, Supplement 1

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

a) Acceptable.

b) The Service Level C pressure capability of various components in the load pass as
identified in a) was established based on ASME B&PV Section III, Subsection NE
and CC. The Service Level C pressure of ]. 182 Mpa applied is questionable, since
it was derived based on asymmetric buckling failure mode. Given D/t ratio of 260
and r/D ratio of 0.1726 (D is diameter of the cylinder, t is thickness of the drywell
head and r is radius of the knuckle shell), it can be concluded that based on the test
data GE presented, the drywell head under internal pressure should fail by
axisymmetric plastic yielding, not asymmetric buckling. Therefore the scenario of
buckling failure, as described by GE in DCD Rev 1, Section 6.2.5.4, is not correct.
The correct Level C pressure capability should be calculated using equation (6.2-1)
in Section 6.2.5.4, which will lead to much higher Level C pressure capability
(1.684 Mpa @ ambient temperature and 1.36 Mpa @ 500YF). However, based on
Table 19.2-40(1) and 19.2-40(3), the failure of the drywell head will no longer be
controlled by axisymmetric plastic yielding of the head, but will be governed by the
capacities of the head anchorage, through the flange and lower flange plate. Note
that the temperature effect on material properties was not considered in GE's
results presented in Table 19.2-40(1) and 19.2-40(3).

Audit Interest

Review and discuss GE's analysis (DE-ES-0024, "Stress Analysis Report for Drywell Head
under Severe Accident Condition ", Revision 1) and associated drawing details to ensure
that a correct failure mode is used for the Level C pressure capability calculation of the
drywell head, and determine whether structural failure along the primary axial load path
of the drywell head, through the bolted flange closure (revised DCD Figure 3G. 1-51,
Detail B), to the anchored support cylinder (revised DCD Figure 3G. 1-51, Detail C), and
into the concrete top slab, is now controlling the ultimate pressure capacity of the drywell
head

Discuss how temperature effect on material properties is addressed in the pressure
capability calculation.

Status Update/Resolution of RAT

From GE's new calculation of Level C pressure capacity vs. the pressure demand
generated from the 100 fuel clad-coolant reaction, which showed that Level C capacity is
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slightly lower than the pressure demand from 100% MWR. GE will assess the need for
design changes, if any.

GE identified the ASME Code section with respect to SA-516 plate material not being
affected by the temperature increase when applied to the Level C capacity calculation,
which has been reviewed and accepted by the staff The staff also confirmed the bolting
material is not subject to reduction in code allowable stresses up to 500°F.

GE Response

The Level C pressure capacity of the lower anchorage flange plate of the drywell head
discussed in the audit was calculated without consideration of dead load.

Dead load including hydrostatic pressure of the reactor well acts in a direction opposite to
internal pressure load, therefore it reduces the lower flange plate stress. In response to RAI
19.2-39, Supplement 1, the results taking dead load into consideration show that the Level
C capability of drywell head, which is controlled by the lower flange plate, is 1.033 MPa
(150 psig) at temperature 260'C (500 0F). This capability exceeds the pressure demand
from 100% MWR, 0.987 MPa (143 psig).

DCD Impact

DCD Tier 2 Section 6.2.5.4.2 will be revised and moved to DCD Tier 2 Appendix 19B in
the next update as noted in the attached markups.
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NRC RAI 19.2-42

What provision has GE made in the DCD to ensure that the containment structure
geometry, critical dimensions and details, and materials of construction will not be subject
to change without prior review and approval by the staff?

GE Response

Critical sections will be identified in the next update of DCD Tier 2 as Tier 2* items which
will require NRC Staff approval prior to implementing a change.
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NRC RAI 19.2-42, Supplement 1

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

Need to be captured in a way acceptable to the staff

Audit Interest

None.

Status Update/Resolution of RAI

GE will inform the staff of a format for documenting critical containment performance
information which is acceptable to the staff

GE Response

The critical containment performance information is an existing ITAAC commitment for
as-built verification in DCD Tier 1 Table 2.15.1-1.

DCD Impact

No DCD change was required in response to this RAI Supplement.
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NRC RAI 19.2-43. Supplement 1

In DCD Tier 2, Section 19.2.2.4, GE provides a brief summary of the seismic fragility
evaluation using the Zion method in NUREG/CR-2300. However, the details of the
fragility results are presented in Section 15.0 of the PRA. These fragility results should be
included in this DCD section. Further, the seismic fragility results and the ultimate
containment pressure capability results should be adequately included in ITAAC tables of
DCD Tier 1. Provide the following information:

a) Include the seismic HCLPF values from Tables 15-1 through 15-13 of the ESBWR
PRA in DCD Tier 2, Section 19.2.2.4 and make appropriate entries into DCD Tier
1, ITAAC tables.

b) Also make appropriate entries into DCD Tier 1, ITAAC tables that address the
ultimate containment pressure capability results from both the deterministic and
fragility containment performance assessments.

GE Response

a) Seismic categorizations of SSCs are part of the standard inputs within the Tier 1
Design Descriptions and ITAAC. See the response in RAI 19.2-66 Supplement 1
for seismic HCLPF values of the Reactor Building and Control Building and RAI
19.2-67 for the Reinforced Concrete Containment Vessel. NEDO-33201
Section 15.3 and Table 19.2-4 of DCD Tier 2 Chapter 19 Rev. 2 will be revised in
the next update. Such information is not included as ITAAC items in Tier 1.
because the existing ITAAC items for various SSCs ensure that the plant has
adequate seismic margin beyond the design basis SSE because of the various
conservatism introduced in the normal design process.

b) Inclusion of ultimate containment pressure capability results in ITAAC Tables is
not warranted. DCD Tier 1 ITAAC Table 2.15.1-1 already contains sufficient
requirements to ensure that the containment is built according to design
configuration.

DCD Impact

Table 19.2-4 of DCD Tier 2 Chapter 19 will be revised.

NEDO-33201 Section 15.3 will be revised in the next update.
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NRC RAI 19.2-43, Supplement 2

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

a) GE's DCD Tier 2, rev. 1, Chapter 19, Table 19.2-4 provides a list of ESBWR SSC
with HCLPF greater than 2 (times SSE which is 0.3g PGA). However, the
information included was not as complete as the GE PRA report rev. 1, Section 15,
Tables 15-1. Table 15-1 including all footnotes should be included as part of GE's
DCD Tier 2* information to ensure that the ESBWR SSCs will be designed or
procured with these HCLPF capacities. GE should also evaluate the impact of the
redefined SSE spectrum on the HCLPF capacity calculations, especially with
respect to the change of the spectral shape, which appears no longer to be similar
to the shape of the NUREG/CR-0098 medium spectrum, which was used for the
HCLPF calculations.

b) The ultimate containment pressure capability results should be included in as the
Tier 2 * information.

Audit Interest

Confirm the validity of the HCLPF values in light of the newly redefined SSE spectrum, and
confirm documentation of the HCLPF values as DCD Tier 2 * information.

Status Update/Resolution of RAI

GE uses separate response spectrum shapes and associated PGA for rock and soil sites,
that are used for HCLPF calculations. For rock site, the North Anna site ESP spectrum
shape is used which has 0.5g PGA. For soil sites, a spectrum shape having 0.3g PGA
based on the recent EPRI analysis of envelope of all soil sites out of 28 representative
CEUS sites is used. However, this approach is not consistent with the concept of seismic
margin on the generic basis for the certified design. The staff will review acceptability of
this approach.

GE has agreed that Tier 2 * will include a list of the ESBWR SSC used in the plant HCLPF
calculation and will state that the HCLPF values for Category I SSCfor plant level HCLPF
assessment will be at least 1.67 times SSE.

GE Response

The two separate soil and rock curves are combined to form a single performance-based
response spectrum anchored to 0.5g PGA for seismic margin consideration. See
RAI 19.5-13 S2 for details.
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Tier 2 * designation is not necessary since verification of the as-built HCLPFs will be
performed in accordance with DCD Tier 2 Section 19.5.6

DCD Impact

Sections 19.2.3.5, 19.2.4.1.5 and Table 19.2-4 of DCD Tier 2 Chapter 19 will be revised in
the next update as noted in the attached markup.

NEDO-33201 Section 15.3 will be revised in the next update as noted in the attached
markup.
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NRC RAI 19.2-47

In PRA Appendix B. 8.2.1, GE provides an estimate of containment pressure capacity at 500
OF temperature. This estimate was based on an ANL study, which concluded that the
failure pressure for RCCV at temperatures up to 700YF was reduced by about 11% from
that predicted at ambient temperature, for pressure load alone. Provide:

a) a discussion of the applicability of the ANL study to the ESBWR containment.

b) a discussion of an estimate of the containment pressure capacity at 500Y, if the
ANSYS model had been used (Repeat the ANSYS analysis with degraded material
properties at 500YF), and a comparison of the ANSYS analysis result for 500YF with
the pressure capacity reduction estimate of 10% based on the ANL study.

c) a justification for using 500°F, based on the NUREG-1540 analysis of Oyster Creek
drywell. This analysis considered an accident scenario where the uniform
temperature was 800YF. Is 500°F just "typical", or is it the true maximum accident
temperature that needs to be considered? Does 500°F represent a creditable upper
bound to the temperature challenge?

d) a discussion of any available test data of containment pressure capacity at high
temperatures for containments similar to ESBWR.

GE Response

a) The cited ANL study considered an axisymmetric analytical model of the 1:6 scale
model of a reinforced concrete containment structure tested for over-pressurization
capacity at Sandia National Labs. The axisymmetric model used in the study was
based on a "clean" slice through the structure away from penetrations and thus
considered a global failure mode of the RCCV, namely failure of the hoop rebar at
mid-height of the barrel. Comparative analyses were considered for increasing
internal pressure at ambient temperature (70'F everywhere) and for 3 thermal
conditions; steady state temperature distributions (linear through the wall thickness)
with the liner at 400'F and at 700'F, and a simulated transient condition (bilinear
temperature distribution through the wall) with the liner at 700'F. The analyses
showed that the internal pressure that would cause failure of the hoop rebar splices
dropped from 185 psig for ambient temperatures to 165 psig for the700°F steady
state condition. Note that the tested specimen did not fail in this global failure
mode, but rather reached a limit of 145 psig when liner tears prevented further
pressurization in a "leak before burst" mode. The lowest failure pressure in the
ANL study corresponded to the steady state thermal condition with 700'F liner
temperature because the rebar had about 23% degradation in ultimate strength due
to the higher penetration of temperatures into the RCCV wall. The ANL study
concluded that the global failure mode for over-pressurization would not change
due to the associated thermal conditions, and that the reduction in capacity is
mainly associated with material property degradation at temperature. For the mode
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of failure considered in the ANL study, the capacity was governed by the ultimate
strength of the hoop rebar and splices.

The results are applicable to the ESBWR analyses provided in Appendix B.8.2.1
because they are applied in a consistent manner. This static capacity analysis is
based on an axisymmetric model for the global failure of the RCCV. The capacity
of the RCCV is not expected to be the limiting capacity of the ESBWR primary
containment system, and the mode of this global failure under internal pressure is
not expected to change with temperature. While the failure mode in the
axisymmetric model for the ESBWR is found to be section shear capacity at a
horizontal floor connection (rather than hoop rebar capacity), a similar reduction in
capacity due to concrete and rebar property degradation at temperature was deemed
appropriate. Some conservatism is included in adapting the 10% reduction in
pressure capacity at elevated temperature from the ANL study to the ESBWR
axisymmetric global analysis. The ANL study found an 11% reduction at 700 'F,
whereas the ESBWR analysis considers a 10% reduction for a 500'F condition. In
addition, for the section shear capacity failure mode, the thermal loading also has a
counteracting effect to the material property degradation. Any additional
compressive stress acting on the section due to restraint against thermal expansion
will increase the shear capacity of the section.

b) To better assess the true pressure capacity of the RCCV and the effects of
temperature on this capacity for the ESBWR containment system, an independent
and a more detailed analysis using 3D modeling is performed. This analysis
employs the ANACAP-U concrete and steel model coupled to the ABAQUS
general purpose finite element program, and is based on the modeling performed
for the thermal stress analysis of the LOCA conditions as part of the design basis.
Thermal-stress analyses are performed for a half-symmetric, 3D model for the
RCCV and reactor building using temperature dependent material properties. As a
best estimate calculation, this analysis is based on median or expected values of
material properties. This 3D model is better equipped to capture the non-
axisymmetric configuration of the top slab and upper pools. The pressure capacity
is determined for normal operating thermal conditions and then for the 500'F
accident condition case using a steady state temperature distribution with the
drywell liner temperature increased to 500'F. The wet well is considered to have a
3 psi differential (lower) pressure than the drywell and with a temperature
corresponding to that of saturated water vapor at that pressure in the suppression
pool.

Figures 19.2-47(1) and 19.2-47(2) plot the temperature contours for the normal
operating condition and for the 500 'F condition, respectively, to illustrate the
modeling. Figures 19.2-47(3) and 19.2-47(4) plot contours for the maximum
principal strains in the concrete (with steel liners removed) with deformations
magnified by 10 at an internal pressure of 4 times the design pressure for the normal
operating and 500'F cases, respectively. These figures illustrate the deformation
patterns and that the critical location for pressure capacity of the RCCV is at the
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connection of the top slab to the upper drywell wall. Cracking damage and trauma
in the upper pool girders are also evident in the figures. It is found that the pressure
capacity of the RCCV component of the primary containment system is limited by
shear failure in the pool girders that span the top slab. This loss of structural
integrity in these girders will then lead to rapid failure of the containment boundary
at the connection of the RCCV wall to the top slab. For normal operating
conditions, shear failure in the pool girders occurs at an internal pressure of 2.135
MPa or 6.88 times design pressure. For the 500'F accident condition, the pool
girders fail in shear at an internal pressure of 1.915 MPa or 6.17 times design
pressure. Note that the mode of failure does not change because of the elevated
temperatures, and that the reduction in the pressure capacity due to temperature is
about 10%. This confirms that the 10% reduction factor used in the ANSYS
analysis is appropriate.

c) The design envelope for temperature, which is a bound on possible maximum
anticipated temperatures, during a LOCA includes an initial spike to 171'C (340'F)
and a long term temperature of 150'C (302'F). The best estimate temperature
history for a large break leading to DCH conditions, see response to RAI 19.2-
57(1), considers a temperature spike of - 1 600'C lasting only a few seconds, with a
long term equilibrium temperature of about 200'C (392°F). Based on these severe
accident temperature histories, the steady state temperature distribution with the
liner at 500'F is considered a representative maximum accident temperature
distribution with regards to the containment pressure capacity. The pressure
capacity for the RCCV is most affected when temperatures penetrate well into the
wall depth because the strength reduction is most affected by material degradation
at elevated temperature. Even a much higher temperature spike that lasts only a
few seconds will have little effect on the pressure capacity because the temperatures
within the RCCV wall are not affected. Note that in the ANL study, the pressure
capacity for the 700'F transient thermal distribution case was higher than the 400'F
steady state distribution case.

d) We are unaware of any available test data for containment pressure capacity at high
temperatures for containments similar to ESBWR. However, refer to response to
RAI 19.2-41 c) for some discussion of available test data for containment pressure
capacity at ambient temperature relative to the ESBWR containment design.

No DCD changes will be made in response to this RAI.
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Figure 19.2-47(2) Temperature Distributions for 500 OF Thermal Conditions
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NRC RAI 19.2-47. Supplement 1

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

a) A distinct difference between the ANL scale test model and the ESBWR RCCV is
that the test model is a steel lined cylindrical reinforced concrete structure without
significant geometric discontinuities, while significant geometric discontinuities
exist in the ESBWR RCCV. It is reasonable that the ANL test model had a global
failure mode governed by the hoop rebar failure at mid-height of the barrel, while
the ESBWR failure is characterized as concrete shear failure at a location of
geometric discontinuity near the connection between SP slab and RCCV wall.
Therefore, the ANL test may not be applicable to the ESBWR RCCV While the
temperature load is a secondary load, the temperature effect on material properties
may have noticeable impact on the pressure capacity. In this regard, scaling based
the ANL test model results may NOT be appropriate, since the ESBWR experiences
a shear failure of concrete, which exhibits has much larger degradation with
temperature than steel.

b) The ANACAP-U model is a more detailed representation of the ESBWR RCCV
structure, which uses temperature dependent material properties. However, it is
troubling that the failure mode reached from this analysis (pool girder shear
failure) is different from the ANSYS analysis (shear failure of SP slab connection
with RCCV wall). The causes attributed to the differences between the FE models
should be further investigated

c) Based on the scenarios presented by the GE's response, assigning 500°F as the
typical steady state accident temperature appears reasonable. However, the eight
cases used in the DCH study in Section 21.3.4.3 of NEDx-33201, Rev. ] seem to
indicate much higher gas temperature in the drywell, especially for Cases E, F, G
and H in which the temperatures appear to level off around I000°K as given in
Figure 21.3.4.3-11. Since the temperatures in these plots are only up to 90s, more
information for up to 24 hrs is needed to make an adequate evaluation.

d) GE indicated no test data were available for containment pressure capacity at high
temperatures for containments similar to ESBWR. No further inquiry is needed

Audit Interest

Discuss the GE analysis using both ANA CAP-U and ANSYS models to identify the causes
attributed to the difference in the resulting failure modes. Discuss possible action to be
taken to ensure both models will reach a comparable conclusion for the ESBWR internal
pressure capability.
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Discuss the temperature issues raised in c) above and try to reach a consensus on a
reasonable steady state accident temperature to be used for the ESBWR internal pressure
capability calculations.

Status Update/Resolution of RAI

Resolution for all but c) is the same as 19.2-47.

c) is related to DCH and the reactor analysis cases a-h, which was discussed by GE, and it
was determined that the pressure and temperature time histories used in the input to the
structural analysis is appropriate.

GE Response

a) and b) The evaluation for pressure capacity is now based on a more detailed, 3D
finite element analysis using the ABAQUS/ANACAP-U software. The 3D
modeling and more advanced concrete modeling are better able to capture the
failure modes and capacities of the ESBVW`R containment system. The pressure
fragility will be documented in DCD Tier 2 Appendix 19C and the Level C capacity
will be provided in Appendix 19B. See also RAI 19.2-39 S1 and RAI 19.2-41 S1.

c) Resolved.

d) No test data are available for containment pressure capacity at high temperatures for
containments similar to the ESBWR. (RAI is resolved).

DCD Impact

DCD Tier 2 Section 6.2.5.4.2 will be revised and moved to DCD Tier 2 Appendix 19B for
deterministic Level C analysis in the next update as noted in the attached markup. DCD
Tier 2 Appendix 19C will also be revised in the next update as noted in the attached
markup for probabilistic fragility analysis.
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NRC RAI 19.2-48. Supplement 1

In PRA Appendix B.8.2.1.2, GE presents the results of its analysis for estimating the
ultimate pressure capacity for the drywell head at 500YF. Failure of the drywell head is
either by buckling (elastic or inelastic) in the knuckle (toroidal) region or rupture due to
tensile strains approaching the material ultimate strain limit. GE's analysis relies on the
use of two (2) approximate equations. GE claims that the Shield and Drucker equation
(B. 8-1) addresses plastic yielding, and the Galletly equation (B. 8-3) addresses buckling.
Please address the following:

a) The staff noted that the Shield and Drucker equation (B.8-1) and the Galletly
equation (B. 8-3) give essentially identical results. Using the geometric parameters
from DCD Figure 3G.1-51, equation (B.8-1) predicts 0.005156 Sy and equation
(B. 8-3) predicts 0. 00503 Sy. The staff also noted that both equations include the
yield strength, but not the elastic or tangent modulus. It is unclear to the staff that
these equations consider 2 different and distinct modes offailure. GE is requested
to submit the 2 referenced papers for staff review, and to provide additional
documentation in the DCD that supports its claims.

b) GE has compared the Galletly equation (B. 8-3), taken from Reference B. 8-3, to "all
known test results (43 in total)" taken from Reference B. 8-2. Reference B. 8-2 is
dated June 1961. This reference also contains the Shield and Drucker equation
(B.8-1). GE is requested to submit the test data used, including geometry and
materials of the test specimens, and to confirm that there is no new test data
available on failure of torispherical heads since this compilation in 1961.

c) The first step in accessing the applicability of the test results to the ESBWR drywell
head is to compare the key geometric ratios tested and the materials tested to the
ESBWR drywell head parameters, to ensure inclusion in the test database. If
included, then the factor of conservatism should be developed using only the subset
of test data that applies to the ESBWR drywell head. If excluded, then there is no
basis to develop a factor of conservatism based on this test data. The staff noted
that in PRA Figure B. 8-2, it appears that the highest ratio of predicted pressure to
yield strength for any of the test specimens is about 0.0026. For the ESBWR
drywell head, this ratio is 0. 00503. GE is requested to provide its technical
justification why this test data is applicable to the ESBWR drywell head

d) Explain how the Reference B.8-2 test data was used to develop and/or correlate
with the Shield and Drucker equation (B.8-1), which is presented in the same
reference.

e) In the absence of buckling in the elastic stress range, the actual failure mode will
likely be either gross yielding at the apex of the head or inelastic buckling in the
knuckle region, depending on the specific material plastic behavior and the
geometric parameters of the torispherical head As the material yields at loads
above the elastic limit, the stiffness is reduced due to a decrease in the tangent
modulus. For mild steels, exhibiting a pronounced yield point and plateau up to
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about 3% strain, a buckling instability in the knuckle region, in the presence of a
compressive stress field, would be expected However, there may be residual post
buckling strength because the stress field in the head is predominantly tensile. GE
has relied on simple semi-empirical formulas to predict the ultimate pressure
capacity of the limiting structural element of the containment. There is a long
history of study of failure of torispherical heads under internal pressure. Many
options exist for conducting computer-based numerical analysis, including
consideration of inelastic behavior, buckling failure, and even post-buckling
behavior. GE is requested to discuss the correlation between the semi-empirical
equations used and available numerical analysis methods (e.g., BOSOR5) in
estimating the ultimate pressure capacity of the ESBWR drywell head

J) At the end of PRA Section B. 8.2.1.2, in the comparison offailure pressures between
the plastic yielding failure and buckling, the pressure for the buckling failure mode
was estimated based on a best estimate value (factor of 2.2 7 applied to Equation
B.8-3), while the plastic yielding failure pressure was computed directly from
Equation (B.8-1). Discuss whether Equation (B.8-1) was intended for design
purposes, and represents a lower-bound prediction, or if it is considered to be a
best-estimate prediction. If it is intended to be a lower-bound prediction, explain
the technical basis for the comparison of the lower bound yield pressure with the
best estimate (median) buckling pressure.

GE Response

a) The requested papers are attached in response to this RAI.

b) Reference B.8-2 is attached to this RAI. As stated in NEDO-33201 Rev. 1, the
Galletly equation (B.8-3) and the 43 cited results are based on References B.8-3,
B.8-4 and B.8-5 dated November 1986, August 1979 and August 1985,
respectively. All these papers were published well after June 1961.

c) The Galletly equation B.8-3 was developed to prevent internal pressure buckling
(unsymmetric buckling mode) in fabricated carbon steel or stainless steel
torispheres. That effect occurs typically for D/t ratios greater than 400 or 500
(D is the diameter of the attached cylinder, and t the thickness of torispherical
shell). The ESBWR design has a D/t ratio equal to 260, well below 400 (the
material is SA-516 Gr. 70 with clad).

The Galletly equation is checked in Reference B.8-3 against 44 experimental
buckling tests. The key geometric ratios tested were; D from 1.35 m to 20.3 m,
D/t from 373 to 2,325, r/D from 0.04 to 0.173, and Rs/D from 0.72 to 1.10. In
addition, yield points ranged from 197 N/mm2 to 293 N/mm 2 (r is the radius of
the cylindrical shell, and Rs the radius of the spherical cap).

The actual values for the ESBWR drywell head are: D = 10.4 m, D/t = 260, r/D
- 0.173, and Rs/D = 0.90 and yield point equal to 260 N/mm2. All the ratios are
within the range of applicability, with the exception of D/t ratio, which is
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slightly out of the range of the tested geometry ratios, but conservatively so
(more thickness).

Accordingly, PRA Figure B.8-2 is not the range of applicability of the equation.
This means only that the predicted yield pressure and the tested yield pressure
are in relation 1 to 1.5 as a lower bound.

As for the applicability of the Shield-Drucker equation B.8-1, it was derived in
accordance to Reference B.8-2, for values of r/D between 0.06 and 0.16, Rs/D
between 0.6 and 1.0, t/D between 0.002 and 0.014 and H/D between 0.16 and
0.28 (H is the height of the non-cylinder-shaped part of the head). Again, all the
ESBWR ratios are within the range, with the exception of r/D (=0.173), which
is slightly out of the range, but conservatively, as shown in References B.8-2
figures. The ESBWR H/D ratio is 0.249.

d) See attached Reference B.8-2 for details on the developing of Equation B.8-1
(Shield and Drucker).

e) To provide further confirmation for the use of the simple semi-empirical
formulas that predict the pressure capability of the drywell, an elastic plastic
analysis is performed using the ABAQUS finite element program. This analysis
includes the effects of gross and local buckling, geometric imperfections,
material nonlinearities, and large deformations as referenced in NE-3222
(Reference 19.2-48(1)) for use in establishing buckling stress values in the
design of torispherical heads. This analysis is used to determine the true
pressure capacity and the failure mode, whether due to buckling under
compressive hoop stress in the knuckle or due to tensile plastic failure in the
dome region above the knuckle. The model for the torispherical head, which
includes the bottom flange, is illustrated in Figure 19.2-48(1). The bottom
surface of the flange is clamped using fixed displacement boundary conditions,
and a pressure load is applied to the inner surface. This provides a model that is
compatible with previous analytical studies and with tested configurations of
torispherical heads and that can be used to establish the ultimate capacity and
failure mode of the torispherical portion of the drywell head.

The first step is to confirm and demonstrate that the torishperical head is
modeled with sufficient resolution and that the analytical procedure employed is
capable of capturing the buckling failure mode from compressive hoop stress in
the knuckle region. To this end, a benchmark analysis was performed using the
drywell head model, but modifying the thickness of the shell to simulate a
torispherical shell configuration that exhibited this buckling failure mode when
tested. The thickness of the shell elements in the analysis model was reduced so
that the D/t ratio matches that of a tested configuration reported in Reference
19.2-48(2). The model is then clamped along the bottom of the flange, and an
internal pressure load is incrementally applied until failure occurs in the
analysis. The analysis model clearly predicts buckling at the same internal
pressure where buckling occurred in an experimental test of a similar
configuration. The analysis model considers a 10.4 m diameter torispherical
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head, based on the ESBWR design, but with the shell thickness reduced so that
the diameter to thickness ratios match that of a tested configuration having a
4.92 m diameter. The parameters for the analysis model and the tested shell
configuration are summarized in Table 19.2-48(1), along with the comparison of
the calculated and measured pressure causing buckling in the knuckle region.

Table 19.2-48(1)
Summary of Torispherical Shell Parameters for Benchmark Analysis

Tested Analysis
Shell Model

D/t 770 770

r/D 0.17 0.174

R/D 0.90 0.903

D (m) 4.92 10.4

Yield Stress (MPa) 344 344

Buckling Pressure (MPa) 0.731 0.738

Figure 19.2-48(2) plots the crown deflection to shell thickness ratio versus the
load and shows the sudden snap back indicative of bifurcation type buckling
failure. It is noted that torispherical heads can sustain significantly more
internal pressure than that causing the first buckle in the knuckle region as
reported in Reference 19.2-48(3). However, when the buckles develop, there is
a temporary instability due to sudden volume change and sudden relatively large
changes in the material response, and these effects generally cause the numerical
instability in the analysis. Figure 19.2-48(3) plots the plastic strain contours for
the buckled shape predicted by the analysis model. This benchmark analysis is
in good agreement with experimental test data in predicting the pressure causing
buckling in the knuckle. Thus, it is concluded that the modeling has sufficient
resolution and the analytical procedure employed has the required capability to
capture buckling failure modes (should this develop) in the analyses for the
ultimate pressure capacity of the torispherical drywell head.

An analysis for the pressure capacity of the ESBWR drywell head configuration
is then performed using the design thickness of 40 mm for the torispherical
shell. This gives a value of 262 for the D/t parameter of the actual drywell head.
The analysis uses the lower bound or design values for the steel properties,
namely yield strength = 262 MPa (38 ksi), tensile strength = 483 MPa (70 ksi),
and minimum required elongation of 17%. The model is clamped along the
bottom of the flange, and the internal pressure is incrementally increased to find
the true pressure capacity (based on lower bound material properties). This
analysis is performed at an ambient temperature of 15.5°C (60'F) and includes
the external hydrostatic pressure of the water on the top of the head. Figure
19.2-48(4) provides a plot of the crown deflection as a ratio of the shell
thickness for the increasingly applied internal pressure load. The load factor is



MFN 06-428 S2
Enclosure 1
Page 32 of 78

the multiplier on the design pressure of 310 KPa. Also indicated on this figure
is the procedure described in Reference 19.2-48(4) for identifying the
axisymmetric yielding pressure, P, 2, developed from studies using the BOSOR5
computer program on a wide range of test configurations. Basically, the
procedure is to find the value for d/t at first yield (point a), then take double this
value for the same load (point b), draw a line through this point from the origin
to intersect the displacement curve (point c), and read the corresponding
pressure load (point d). This axisymmtric yield pressure is an estimate of the
internal pressure at which plastic yielding in the crown of the shell initiates
leading to plastic failure of the shell. However, as noted in Reference 19.2-
48(4), Pc2 is typically well below the actual failure pressure. As shown in the
figure, the ABAQUS elastic plastic analysis calculates a similar but slightly
higher value for this initiation of tensile yielding and also indicates that the shell
still has significant reserve strength after the initiation of yielding in the crown.
This analysis confirms that buckling in the knuckle region due to hoop
compressive stress does not develop for the as-designed thickness of the drywell
head.

Figures 19.2-48(5) and (6) show contour plots for the minimum principal stress
and the maximum principal stress, respectively, at a load factor of 7 (2.17 MPa)
to further illustrate the structural response of the drywell head under internal
pressure. From the minimum principal stress plot, the ring of yielding on the
outer surface at the knuckle is due mainly to compressive hoop stress. For a
thinner shell thickness, this hoop compression could lead to buckling in the
knuckle at this load as witnessed in the benchmark test analysis. Here, buckling
does not occur with the actual thickness of the drywell head. From the
maximum principal stress plot, the initial yielding on the inner surface is due
mainly to meridional tension stress. As the internal pressure increases, failure
due to tensile capacity of the material will develop under this biaxial tension in
the dome.

To determine the pressure capacity of the drywell head due to tensile rupture in
the dome, the pressure is incrementally increased until the strains reach the
ductility limit of the material. In the dome, the material is under 1:1 biaxial
tensile loading, and the ductility is limited to 50% of the elongation data
determined from uniaxial specimens. The specified minimum elongation for A
516 Grade 70 material is 17% at ambient temperatures. This elongation reduces
slightly (16.4%) up to temperatures of 500'F, then increases to about 24% at
1000'F. For this evaluation, the ductility or failure limit for the material is
taken to be a plastic strain of 8%. Because the mesh is adequate (able to capture
buckling) and there are no discontinuities in the region where failure will occur,
no strain concentration factor for mesh fidelity is required. Figure 19.2-48(7)
plots contours of the equivalent plastic strain at mid-thickness for increasing
internal pressure to illustrate the plastic deformations leading to tensile rupture
in the dome. Initial yielding develops in the knuckle due to hoop compression
and meridional tension. Once buckling in the knuckle is avoided, yielding and
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plastic deformations then concentrate in the dome due to "ballooning" under
biaxial tension. At a load factor near 14, the ductility limit of 8% strain is
reached and rupture of the dome will occur.

The pressure capacity analysis is also performed considering initial
imperfections in the geometry of the shell. The magnitudes of the geometric
imperfections considered are based on the maximum allowed imperfections
provided in NE-4222.2 of Reference 19.2-48(1), namely that the shell surface
shall not deviate outside the specified shape by more than 1-1¼% of the head
diameter or inside the specified shape by more than 5/8 % of the diameter.
While it is most likely that these minimum and maximum deviation will only
occur in 1 or 2 locations around the shell surface, as found in Reference 19.2-
48(3), a cosine type shape with 6 peaks in the half model was constructed. This
half model is intended to evaluate if such imperfections could trigger buckling
in the knuckle region and change the mode of failure. The assumption is that
the closer the imperfections are to the buckling shape, the more likely the
chance that the imperfections could trigger the buckling. Figure 19.2-48(8)
plots the initial, undeformed mesh used in this analysis to illustrate the shape
and magnitude of the imperfections considered. In addition, an analysis was
also performed using a perfect geometry but considering a temperature of 171 'C
(340 'F) to evaluate the effect of elevated temperature on the pressure capacity.
This analysis considers that the drywell head is free to expand with temperature
and that the elevated temperature is uniform across the thickness, i.e. that the
rate of pressurization is slow compared to the rate of heat conduction across the
shell thickness. Thus, no thermal induced stress is present, and any effect on the
pressure capacity is from reduction in the material properties.

Figure 19.2-48(9) plots the mid-thickness plastic strain in the crown with
increasing pressure for these three analysis cases, namely, perfect geometry at
ambient temperature, imperfect geometry at ambient temperature, and perfect
geometry at elevated temperature. The ductility limit for strain that will cause
tearing of the head is also shown on the figure. The failure pressure for perfect
geometry at ambient temperature is seen to be a load factor of 13.9 on the design
pressure with a reduction to 13.2 Pd for the imposed imperfections. Note that
the imposed imperfections did not trigger buckling response in the knuckle. For
the perfect geometry at elevated temperature, it is indicated that a pressure of
12.4 Pd would cause tensile failure in the dome. Allowing for some
conservatism, the pressure capacity for the drywell head is established at 12 Pd
or an internal gauge pressure of 3.72 MPa. This pressure capability is much
higher than thel.204 MPa at 533'K (500'F) predicted from semi-empirical
equations in Section B.8.2.1.2 of the PRA report. Note that this evaluation is
performed using the lower bound or design minimum material properties for
strength and ductility, and the median value for this pressure capacity would be
higher for the median or expected properties of the actual steel.

The Level C pressure capacity of the ESBWR drywell head can now be
established based on this rigorous, nonlinear analysis for the true pressure
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capacity of the drywell head. Per NE-3222, a reduction factor of 2.5 on the
calculated buckling pressure must be used to define the Level C pressure
capacity. The analysis shows that buckling in the knuckle has not yet occurred
at an internal pressure of 3.72 MPa where the cap is experiencing large plastic
deformations. If the buckling pressure is conservatively taken as 3.72 MPa,
then applying the reduction factor of 2.5 per NE-3222 establishes the Level C
pressure capacity for the drywell head at 3.72/2.5 = 1.488 MPa (gauge). Thus,
the Level C pressure capacity of 1.182 MPa for the drywell head documented in
DCD Tier 2 Subsection 6.2.5.4.2 using the semi-empirical equations is
conservative.
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Plastic Strata
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Figure 19.2-48(4). Performance of ESBWR Drywell Head Under Internal Pressure
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Plastic Strain
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f) Shield and Drucker formula B.8-1 is considered a best-estimate prediction for
plastic yielding. Some comparisons between the Shield-Drucker formula and
average of upper and lower bounds on limit pressures can be found in Reference
B.8-2. They show a good agreement with data. Accordingly, Shield-Drucker
formula B.8-1 is considered a best-estimate prediction and its result can be
compared to that from 2.27 times the Galletly equation value (best-estimate for
buckling pressure).

DCD Impact

No DCD changes will be made in response to this RAI.
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NRC RAI 19.2-48. Supplement 2

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

a) The reference papers were reviewed and an evaluation is provided below.

b) The test data relied on for the Galletly equation (B. 8-3) were reviewed against the
parameters for the ESBWR drywell head, which has a D/t ratio of 260, r/D ratio of
0. 173, L/D ratio of 0.9, and Sy= 288 MPa (D is diameter of the cylinder, r is the
radius of the knuckle, L is the radius of the sphere, and t is the shell thickness).
Among these, D/t and r/D ratios have the most influence on the shell pressure
capability. The test data that GE used, from the Galletly paper (November 1986),
have a minimum D/t ratio of 357. For the range of both D/t and r/D ratios close to
ESBWR, only a small subset (SC] and SC2) of the GE's test data appear
applicable. The test data that has r/D ratio equal to 0. 173 has an D/t ratio equal to
2325. Based on the assessment of the test data, it can be inferred that given the
parameters for the ESBWR drywell head, it is not reasonable that an asymmetrical
buckling can precede axisymmetric plastic yielding for the ESBWR drywell head
geometry. Using the Galletly equation (B. 8-3) and the test data to establish a
buckling capacity increase is NOT appropriate.

Furthermore, if the test data are plotted using the Galletly equation (B.8-3) and
Shield-Drucker formula B.8-1, it is readily seen that both equations are comparable
and represent a lower bound to the test data.

Given high r/D ratio for ESBWR drywell head, the torus section of the shell will be
very stiffor resisting hoop compression, and the head will fail by inelastic tensile
strain in the spherical cap area. All literature appears to show the conservatism of
the Shield-Drucker equation, and implies the actual pressure capability of the
drywell head is much higher than GE initially calculated This leads to issues
raised in RAI 19.2-40, b), which notes that the anchorage may fail before the failure
of the shell. Further investigation into the actual failure mode of the ESBWR
drywell head should be performed

c) and d) See assessment for b).

e) GE's ABA QUS analysis for predicting the pressure capability of the drywell head
and appears to be acceptable. The analysis is based on the failure strain of 8% for
SA 516 Gr. 70 carbon steel and the consideration of the effect of temperature on the
material property. The analysis confirmed that the knuckle buckling is unlikely for
the geometry of the ESBWR drywell head, whose pressure capability will be limited
by axisymmetric plastic yielding occurring in the crown area of the head GE's
analysis established the drywell internal pressure capacity equal to 3. 72 MPa at
500F, which is 12 times the design pressure of 0.31 MPa. The Level C pressure
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capability of 1.182 Mpa initially identified by GE is deemed to be conservative in
light of the GE's ABA QUS analysis.

The documentation in DCD Tier 2, Subsection 6. 2.5.4.2 should be revised to reflect
the results from the GE's new analysis presented in this RAI response. Also, it
should be clearly stated that the failure capacity will be governed by plastic
yielding (not buckling).

Further, the deterministic containment performance analysis should also be
described in an appropriate section of DCD Chapter 19.

J) Buckling failure was not predicted by the ABAQUS analysis of the drywell head
Regarding Shield-Drucker and Galletly equations, see the staff's assessments in b)
above.

Audit Interest

Discuss how GE will revise DCD chapter 19 to reflect the findings regarding the drywell
head pressure capacity and the corresponding failure, as presented in the GE's
supplemental response to e).

Anchorage failure prior to the shell yielding (See RAI 19.2-40), is not a desired design
outcome for the drywell head The recent redesign of the bolted flange closure may have
already addressed this issue. Discuss other potential actions to increase the anchorage
capacity.

Further, when the revised yield capacity of the drywell head and its anchorage is
determined (i.e., Level-C limit, based on NE-3324.8(b) of ASME B&PV, Section III), the
containment performance may no longer be governed by the drywell head, but by the
RCCV components. The failure mode of the ESBWR containment may be controlled by the
failure of RCCV.

Status Update/Resolution of RAI

See resolution for 19.2-41, c).

GE Response

See response to Item c in RAI 19.2-41 S1. The ABAQUS analysis for the buckling
performance of the drywell head will be incorporated into DCD Tier 2 Appendix 19B.

DCD Impact

DCD Tier 2 Section 6.2.5.4.2 will be revised and moved to DCD Tier 2 Appendix 19B for
deterministic Level C analysis in the next update as noted in the attached markup. DCD
Tier 2 Appendix 19C will also be revised in the next update as noted in the attached
markup for probabilistic fragility analysis.
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NRC RAI 19.2-51

In PRA Appendix B. 8.2.2.1, GE stated that the thermal induced loading would not pose a
challenge to liner buckling since the increase in internal pressure could be much faster
than the heat conduction through the containment wall for the typical temperature load
(GE stated that the representative severe accident temperature for the ESBWR containment
is 500YF). However, a postulated direct containment heating (DCH) event could induce
much higher temperature than 500YF within a short period of time due to particle
entrainment. In PRA, Section 21.3.4.5, GE stated that strains in liners due to DCH induced
thermal stresses are about 8% (which could be considered high for carbon steels).
Provide:

a) a description of the characteristics of a DCH induced temperature load in liners
above 500;F;

b) a discussion of the possible DCH induced thermal load build-up before the build-up
of internal pressure sufficient to prevent the thermal induced buckling in liners;

c) a discussion of liner materials to sustain high strains, especially near penetrations,

d) discussion of thermal induced local liner tearing, including any test data if
available.

GE Response

a)& b) Detailed analysis of DCH is described in Section 21.3 ofNEDO-33201 Rev 1.
A discussion on DCH induced temperature loads is also presented in the
response to RAI 19.2-57 and a resulting drywell temperature history is shown
Figure 19.2-57(1). The associated drywell pressure history is shown in Figure
19.2-51(1). Detailed model calculation presented in NEDO-33201 Rev 1
Section 21.3 and related physical understanding show that in a hypothetical
DCH event the pressure and temperature transients in the upper drywell and
the wet-well atmospheres would develop in tandem, with the pressure
transient "leading the way". Note that in the lower drywell we assume
localized liner failure due to direct contact with the melt.

c) The liner material used in the ESBWR containment is SA-516 Gr. 70 carbon steel,
which has a long history of application as a liner material in reinforced concrete
containment designs where the design requirement is to provide a strong, ductile
material as the leak tight boundary for the concrete. This material has a specified
minimum elongation of 17% at room temperature, and the expected median value
will be 20%. While no specific elongation data on A516 Grade 70 at high
temperature has been found, the available data indicates that for temperatures over
800 'F, the ductility of carbon steel increases significantly. Figure 19.2-51(2)
illustrates median data for A36 structural steel, developed from testing on steel
taken from the World Trade Center [Ref 1], and median data for SA533 pressure
vessel steel from testing following the Three Mile Island accident [Ref 2]. Based
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on this data, the expected median elongation of A516 steel would be about 39% at
temperatures around 1100 'F.

To evaluate calculated strains from finite element analyses against material
elongation data for tearing, two additional factors must be considered. First, the
actual ductility of the material depends on the biaxial or triaxial state of stress, so
that the elongation data from uniaxial tension tests must be reduced to account for
the biaxial loading in the liner. For liner connections with thickened plates at
penetrations, where tearing is likely to occur, the ductility is generally taken as
60% of the uniaxial elongation data. This assumes that the material is in biaxial
tension where the hoop direction is 2 times the axial direction, i.e. pressure
loading for the barrel portion of the containment. Secondly, the calculated strains
must be factored to account for strain concentrations that are not captured by the
mesh at these types of connections. This factor depends on the fidelity of the
mesh and the refinement detail of the model. For global, axisymmetric type
models, a factor of 10-15 on the far field liner strain is needed to estimate the local
strain in the liner at a penetration. For 3D global models that include some
representation of the penetration, a factor of 4 to 5 on the calculated liner strain
near the penetration of interest is sufficient to establish the peak local strain. For
detailed local models that include the connection of interest, a factor of 1.5 to 2 is
generally appropriate.

For the liner buckling model described in Section 21.3.4.5 of NEDO-33201 Rev
1, the peak strain occurs midway between the anchor studs remote from any
connection or discontinuity, and the modeling has good mesh refinement. Thus,
the calculated strain of about 8% could be compared to the expected ductility of
about 23% under biaxial loading at elevated temperature. This shows a large
margin against tearing. However, the reported calculation is not representative of
the liner anchorage configuration specified for the ESBWR. The referenced
calculation assumes the liner is anchored with studs, whereas the ESBWR
anchorage design is for continuous vertical T stiffeners spaced 50 cm apart.

Thus, a detailed local model for the liner, T anchors, and thickened plate near a
representative equipment hatch for the ESBWR design was developed to evaluate
strain and possible tearing near the penetration under hypothetical DCH
conditions. This model is a sub-model from a local model of the penetration and
portion of the RCCV wall that is currently being used to further assess the
capacity of the containment system to internal pressure. Figure 19.2-51(3)
illustrates the local model of the penetration and RCCV wall, and Figure 19.2-
51(4) illustrates the more detailed local model of the liner and anchorage system.
This model takes boundary conditions along the cut surfaces from the local
penetration model (Figure 19.2-51(3)), and the local penetration model takes its
boundary conditions from a global model of the ESBWR primary containment
system. The temperature and pressure histories, representative of a large break
DCH condition, are used to evaluate liner strains near the equipment hatch
penetration under DCH conditions. The temperature history used is provided as
Figure 19.2-57(1). The associated drywell pressure history is shown in Figure
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19.2-51(1). The models are initialized to steady state operating conditions, and a
nonlinear, dynamic thermal stress analysis is performed using the temperature and
pressure transients. Figure 19.2-51(5) plots contours for the effective plastic
strains in the liner at the time of peak temperature when the temperature on the
inside surface of the liner is 1629 'C. This figure shows that general yielding is
widespread in the liner due to the high compressive stresses with somewhat larger
plastic strains along the connections of the liner with the T-anchors. Also, clearly,
the highest plastic deformations occur around the connection of the liner with the
thickened plate at the penetration with peak plastic strains of 4%. Considering a
strain concentration factor of 2 for the mesh refinement used, the calculated
strains are well within the ductility of 23% for the liner at the elevated
temperature. Furthermore, a check of the principal membrane stresses shows that
the material is yielding in compression. Membrane tension is needed before liner
plates will tear. Therefore, liner tearing at the penetration will not develop under
this DCH condition.

d) The expected performance of the ESBWR liner and anchorage system can also be
illustrated based on full-scale test data as described below.

Full scale testing of a steel lined RCCV wall was performed in Japan [Ref 3] to
evaluate the liner and anchorage performance under LOCA conditions in
association with the ABWR design. The liner and anchorage design for the
ABWR is the same as that for the ESBWR, namely 6.4 mm thick A516 Grade 70
steel liner plate attached to vertical T-bar embedded anchors 50 cm apart. A
section of a 2 m thick concrete wall and a liner anchored with vertical T sections
were tested by heating the liner to 171'C for 6 hours as representative of LOCA
conditions. The test was performed with the liner unconstrained for out-of-plane
deformation and also for cases where the liner is pressed against the concrete wall.
These tests showed bulging of the liner between the anchors under the elevated
temperatures. A maximum bulge at the midspan of the liner between anchors of 6
to 13 mm was found for the unconstrained cases, and a maximum bulging of only
2-3 mm was found for the constrained cases. Moreover, for the unconstrained
case having 13 mm bulging at temperature, the maximum bulge between
stiffeners was only 3.4 mm after the liner cooled back down. This implies that the
bulging causes some plastic deformation under the thermal induced compressive
load, sufficient to prevent the liner from fully returning to the original
configuration (no pressure on liner). However, the recovery was significant,
indicating a good margin against tearing, and, indeed, no tearing of the liner was
found in these tests.

For the DCH conditions, a much higher temperature spike would be anticipated,
but this spike occurs and dissipates within a few seconds, as illustrated in 19.2-
57(1). The longer-term temperature for the DCH condition is about 200'C, which
is very similar to the LOCA conditions that were tested. In addition, at the high
temperatures, the material softens considerably, which means that it develops less
thermal stress and is more easily flattened against the concrete by the internal
pressure. The pressure and temperature transients would develop in tandem, and
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the liner experiences two counteracting effects under the DCH conditions,
namely, in-plane compression due to restrained thermal expansion, and in plane
tension (limited by the RCCV wall) due to internal pressure, which acts to push
the liner against the concrete wall. Consequently, thermal induced compressive
yielding and bulging of the liner away from the wall is anticipated, but local liner
tearing is unlikely to occur under the hypothetical DCH conditions.
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NRC RAI 19.2-51. Supplement 1

NRC Assessment Following the February 5. 2007 Audit

Staff Assessment

a) and b) If in a hypothetical DCH event, the pressure and temperature transients in
the upper drywell and the wet-well atmospheres would develop in tandem, with the
pressure transient "leading the way", then the thermal buckling of liner could be
prevented. GE showed a bounding analysis DCH 80 for 80 cm break size. The
drywell temperature and pressure histories as shown in Figure 19.2-57(1) and
Figure 19.2-51(1) appear to indicate the pressure built-up is ahead of the
temperature in the drywell. Since the pressure and temperature were presented in
different time scales, they should be re-plotted together on the same time scale for
clarity. Further, the stabilized temperature from Figure 19.2-57(1) appears near
2000 C, which is lower than the stabilized temperatures (227°C - 9270C) calculated
for the Cases A-H shown in Table 21.3.4.3-6 of NEDx-33201 Rev 1. This apparent
discrepancy should be clarified Also, GE stated that in the lower drywell we
assume localized liner failure due to direct contact with the melt. Since localized
liner failure constitutes a breach of the boundary in lower drywell cavity, GE
should explain how this scenario is treated.

c) Since no specific elongation data are available for SA516 Gr 70 at high
temperatures, GE made an estimate based on elongation data for A36 and SA533
carbon steels obtained from two references. The test data shows a coherent trend
up to 1200°F(649°C). Based on this plot, the mean elongation of A516 Gr 70 was
estimated to 39% at 1100°F(593°C). GE should provide the two references, so that
these test data can be evaluated. GE also needs to consider that the material has
greatly reduced strength at this elevated temperature, and needs to address this
effect in drawing conclusions about the liner behavior for these extreme conditions.

GE estimated the biaxial tearing strain equal to 60% of the uniaxial elongation of
39%, which amounts to 23% at 1100°F(593°C) for SA516 Gr 70. It is not clear
how the tearing strain was determined for temperatures higher than
1100°F(593°C). GE's detailed local model for liners identified that the
temperature on the inside of surface of the liner under DCH could peak at 1629 0C.
More information about GE's liner models, including the temperature dependent
material properties above 1100 F, and the DCH (eight cases A-H in Table 21.3.4.3-
6) temperature and pressure time history loads used for the analysis, needs to
obtained for further evaluation.

d) GE used test data developed in Japan for the same material as the ESBWR liner, to
demonstrate the liner performance at a LOCA temperature of171 °C. The Japanese
test found no tearing of the liner at 171 'C. However, as discussed in a) & b) above,
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the long term temperature may be a range of 227°C -927°C, which is much higher
than the test.

Audit Interest

Obtain a clear understanding of DCH-induced temperature transients in the liner and
discuss the possibility that this could occur before the build-up of internal pressure. For
the DCH load cases A-H described in Table 21.3.4.3-5 of NEDx-33201 Rev 1, review the
temperature and pressure histories plotted on the same time scales, for both the short-term
and long-term periods of interest.

Resolve issues raised in the assessment.

Status Update/Resolution of RAI

DCH issues related to items a), b), and d) were discussed and that the pressure and
temperature time history loads used as input to the structural analysis were appropriate,
because the estimates of the pressure and temperature during and shortly after the vessel
failure, and over the next one to three days, are consistent with the current understanding
of severe accident phenomenology and plant systems behavior.

The staff will review the two references GE used to justify the liner material property
(SA516 Gr 70) at ll00YF (593°C), and GE will provide the SMiRT]] paper for liner
performance.

GE Response

A copy of the referenced SMiRT paper for full scale testing of the liner and anchorage
system similar to the ESBWR is attached.

DCD Impact

No DCD change was required in response to this RAI Supplement.
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NRC RAI 19.2-52

In PRA, Revision 1, Appendix B.8.2.2.2, GE used a Sandia-proposed springback for
leakage prevention at seals. According to PRA, Revision 0, Section 8.2.1.3, the allowable
technical specification leakage is 0.5% of containment air volume per day at rated
pressure. GE further stated in the same section that based.on MAAP test runs, the effective
flow area required to allow 0.5% of the containment air volume to leak per day at design
pressure is approximately 3.4E-6 m2 (3.4 mm2). However, in PRA, Revision 1, Appendix
B.8.2.2.2, GE estimated that the seal gaps for the drywell head and both drywell and
wetwell hatches exceed the springback limit and possibly have aflow area greater than the
allowable technical specification leakage area. Provide justification for the statement that
the resulting maximum gap of 0. 077 mm is deemed small.

GE Response

Bolted flanges of the drywell head, drywell and wetwell hatches have been strengthened to
achieve no leakage potential under severe accidents for pressures up to the containment
ultimate capability pressure. This is an example of design improvement resulting from
PRA insights. PRA report Sections B8, B8.2.2.2 and B.8.2.3 will be revised in the next
update as shown in the attached markups.

In addition, Figures 3G.1-51 through 3G.1-53 of DCD Tier 2 Appendix 3G will be revised
in the next update as noted in the attached markup.
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NRC RAI 19.2-52, Supplement 1

NRC Assessment Followine the February 5, 2007 Audit

Staff Assessment

GE indicated that the PRA report Sections B8, B8.2.2.2 and B.8.2.3 will be revised to
address the issue. When submitted to NRC, the staff will review these sections to determine
the adequacy of the revised analysis.

Audit Interest

Discuss how GE proposes to address the issue raised in the next revision of the PRA report.
Obtain an understanding of GE's assessment of the leakage potential for the liner and
penetrations.

Status Update/Resolution of RAI

ABA QUS analysis used to provide the assessment of leakage potential will be submitted by
GE.

GE Response

The latest revision for the drywell head flange configuration has been incorporated into the
fragility assessment using the ABAQUS/ANACAP-U modeling. The model includes
thicker flanges and a thickness taper in the collars for the connection with the flanges as
shown in DCD Tier 2 Figure 3G.1-51 The pressure capacity of the drywell head is limited
by leakage due to the prying action as the flanges separate, and this eventually leads to bolt
yielding. This analysis will be discussed in the next update of DCD Tier 2 Appendix 19C.

DCD Impact

DCD Tier 2 Appendix 19C will be revised in the next update as noted in the attached
markup.
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NRC RAI 19.2-54

In PRA, Appendix B.8.3, GE treated the failure pressure due to plastic failure mode
calculated using Equation (B.8-10) as a median value. Provide justification for this
judgement, including a description of the development of this equation, assumptions used,
stress-strain relation assumed, and magnitude of failure strain, as well as test data
available to support the median failure pressure capacity estimate.

GE Response

The paper [19.2-54(1)] from which PRA Equation (B.8-10) was taken, came up with a
formulation to account for internal buckling pressure and axisymmetric yielding pressure
for perfect torispherical shells in the range; Rs/D =1.0 and 0.8, r/D =0.05-0.20, D/t=300-
1500, yield point =207 N/mm2, 310 N/mm2, 414 N/mm2 and E =207,000 N/mm2,
(conservatively bounding the ESBWR drywell head characteristics).

The authors made a series of calculations using BOSOR 5 computer program, to determine
the values of both failure modes, which were then transformed, using curve-fitting
techniques, into simple approximate equations. The approximate equation on axisymmetric
yielding failure is PRA Equation (B.8-10).

Among others, a comparison was carried out there, between the suggested formula PRA
(B.8-10) and the Drucker-Shield equation (PRA Equation (B.8-1), both dealing with
axisymmetric yielding failure mode). It was found that Drucker-Shield equation leads to
higher values (between 1.2 and 1.8 times). This is the reason to consider Drucker-Shield
PRA Equation (B.8-1) as a best estimate, and PRA Equation (B.8-10) as median.

There are no stress-strain information or failure strain data available in the available paper.

Reference 19.2-54 (1):

Galletly, G.D., and Blachnut, J., Torispherical Shells Under Internal Pressure - Failure Due
to Asymmetric Plastic Buckling or Axisymmetric Yielding, Proc. of Institution of Mech.
Engineers, Vol. 199, No C3, 1985.

No DCD changes will be made in response to this RAI.
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NRC RAI 19.2-54, Supplement 1

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

Given the lognormal distribution assumed in NEDO-33201 Rev 1, B. 8.2.3 and associated
logarithmic standard deviation of 0. 16 shown in Figure B. 8-5, the best estimate value is
practically the same as the median. GE's explanation is inconsistent with the assumed
distribution.

Audit Interest

Discuss GE's justification for treating the failure pressure of the drywell head due to
plastic failure mode calculated using Equation (B. 8-10) as a median value.

Status Update/Resolution of RAI

See 19.2-41, c).

GE Response

See the response to Item c in RAI 19.2-41 Si. A more detailed, nonlinear finite element
analysis and rigorous probabilistic assessment procedure is used for the fragility assessment
of the ESBWR containment system.

DCD Impact

DCD Tier 2 Appendix 19C will be revised in the next update as noted in the attached
markup.
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NRC RAI 19.2-55

In PRA, Appendix B. 8.3, GE described the development of a containment pressure capacity
fragility curve using a lognormal distribution. Confirm that this fragility is developed for
500°F and it also bounds the ambient temperature.

Also provide a detailed description of the ultimate pressure capacity estimates for I 000°F
as shown in Table B.8-2, including material models at I 000F for both concrete and steels.

GE Response

The containment pressure capacity fragility curve is developed for 500'F and
conservatively covers the ambient temperature. Temperature effects are taken into account
by means of the yield strength variation with temperature.

Refer to response of RAI 19.2-46 for details on calculation of RCCV ultimate pressure
capacity at 1 000°F. Refer also to RAI 19.2-47 about the confirmatory analysis for the effect
of temperature.

No DCD changes will be made in response to this RAI
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NRC RAI 19.2-55. Supplement 1

NRC Assessment Following the February 5. 2007 Audit

Staff Assessment

Acceptable. However, in light of the new information obtained from RAI responses to 19.2-
40 and 19.2-48, the failure mode of the containment subjected to internal pressurization
may not be controlled by failure of the drywell head. In this case, discuss how the
containment fragility will be developed and identify the corresponding failure mode.

Audit Interest

Confirm the fragility for the containment subjected to internal pressurization and the
corresponding failure mode if the containment pressure capability will not be controlled by
failure of the drywell head

Status Update/Resolution of RAI

See 19.2-41, c).

GE Response

See the response to Item c in RAI 19.2-41 S1. A more detailed, nonlinear finite element
analysis and rigorous probabilistic assessment procedure is used for the fragility assessment
of the ESBWR containment system.

DCD Impact

DCD Tier 2 Appendix 19C will be revised in the next update as noted in the attached
markup.
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NRC RAI 19.2-66. Supplement 1

In PRA, Revision 0, Section 15.1.3.1.1, GE described a method for calculating the ultimate
shear strength of reinforced shear walls. This method utilizes the Barda Equation, which
applies to low rise flat reinforced concrete shear walls with the height/length (h/l) ratio less
than two. According to studies (Figure C4.2-1 of ASCE 43-05), which compared the Barda
Equation with test data for shear walls with different aspect ratios (h/l), the Barda equation
gives results that are consistent with the median of the test data, when code-specified
minimum material strengths are used in the equation.

However, GE stated that in computing ultimate shear strength with this equation, the
median material strengths of the concrete and reinforcing steel are used. This appears to
double count for the material strengths, since the Barda Equation has already taken the
median effect into consideration.

Provide justification for applying median values of material strengths in the Barda
Equation for the ultimate shear strength of reinforced concreted shear walls.

GE Response

The strength calculation followed Equation 3-10 in Reference 19.2-66(1), which
recommends using the median concrete compressive strength and median yield strength of
reinforcing steel in Barda's equation to calculate the median strength of low-rise shear
walls. Please also note that Barda uses the actual properties of materials and not code-
specified minimum values in deriving the equation from the test data (Reference 19.2-
66(2)). Furthermore, Figure C4-1 of ASCE 43-05 shows that the median strength predicted
using Barda's equation may be an underestimate based on recent shear wall test data.
Therefore, the use of median material strength values and Barda's equation is appropriate
for strength calculation of shear walls.

The associated strength factors of the RBFB complex and the Control Building have been
updated as shown in the attached Tables 19.2-66(1) and 19.2-66(2) and Tables 19.2-66(3)
and 19.2-66(4) due to revision of the design spectra definition as mentioned in response to
RAI 19.2-67. It is to be noted that two seismic fragility summary tables are provided for
each building, one for soil sites and one for rock sites.

References:

19.2-66(1): Electric Power Research Institute, "Methodology for Developing Seismic
Fragilities", prepared by R.P. Kennedy and J. W Reed, EPRI TR-103959, June 1994.

19.2-66(2): Barda, Felix, John M. Hanson, and W.Gene Corley, "Shear Strength of Low-
Rise Walls with Boundary Elements", Portland Cement Association, 1976.
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DCD/LTR Impact

No DCD changes will be made in response to this RAI.

NEDO-33201 Section 15.3 will be revised in the next update.
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Table 19.2-66(1) RBFB Seismic Fragility Summary - Rock Sites

Component: Reactor Building/Fuel Building Complex (Rock Sites)
Failure Mode: Shear Failure of Wall Along Column Line R1

Median
Factor of Safety Value PR 3u

F, Fs Strength 1.59 0.00 0.20
F Inelastic Energy Absorption 2.38 0.06 0.11

FSA Spectral Shape

Response Spectrum Shape 2.60 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00
FRS FM Modeling 1.00 0.00 0.22

FMC Modal Response Combination 1.00 0.00 0.00

FECC Earthquake Component Combination 1.00 0.05 0.00

Fss, Soil Structure Interaction

Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.10 0.05 0.03
SSI Analysis 1.00 0.00 0.00

Overall Factor of Safety 10.85 0.27 0.32

Ad = Peak Ground Acceleration of the Rock Site = 0.5g

Am = Median Peak Ground Acceleration = F*Ad = 5.42g
HCLPF = 2.04g
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Table 19.2-66(2) RBFB Seismic Fragility Summary - Soil Sites

Component: Reactor Building/Fuel Building Complex (Soil Sites)
Failure Mode: Shear Failure of Wall Along Column Line R1

Median
Factor of Safety Value PR -Pu

Fc Fs Strength 1.59 0.00 0.20

F Inelastic Energy Absorption 1.91 0.05 0.07

FSA Spectral Shape

Response Spectrum Shape 1.47 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00

FRS FM Modeling 1.00 0.00 0.15

FMC Modal Response Combination 1.00 0.00 0.00

FECC Earthquake Component Combination 1.00 0.05 0.00

Fss, Soil Structure Interaction

Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.00 0.00 0.00
SSI Analysis 1.40 0.00 0.34

Overall Factor of Safety 6.27 0.27 0.43

Ad = Peak Ground Acceleration of the Soil Site = 0.3g

A, = Median Peak Ground Acceleration = F*Ad = 1.88g

HCLPF = 0.6g
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Table 19.2-66(3) Control Building Seismic Fragility Summary - Rock Sites

Component: Control Building (Rock Sites)
Failure Mode: Shear Failure of Wall Along Column Line CA

Median
Factor of Safety Value P3R 3u

Fc Fs Strength 2.33 0.00 0.20
F Inelastic Energy Absorption 2.67 0.11 0.21

FSA Spectral Shape

Response Spectrum Shape 1.00 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD  Damping 1.20 0.00 0.18

FRS FM Modeling 1.00 0.00 0.19

FMC Modal Response Combination 1.00 0.00 0.00

FECC Earthquake Component Combination 1.00 0.05 0.00

Fss1  Soil Structure Interaction

Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.10 0.05 0.03

_ _ SSI Analysis 1.00 0.00 0.00
Overall Factor of Safety 8.18 0.29 0.39

Ad = Peak Ground Acceleration of the Rock Site = 0.5g

Am = Median Peak Ground Acceleration = F*Ad = 4.09g
HCLPF = 1.33g
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Table 19.2-66(4) Control Building Seismic Fragility Summary - Soil Sites

Component: Control Building (Soil Sites)
Failure Mode: Shear Failure of Wall Along Column Line CA

Median
Factor of Safety Value R u

Fs Strength 2.33 0.00 0.20

F Inelastic Energy Absorption 1.56 0.05 0.08

FSA Spectral Shape

Response Spectrum Shape 1.37 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00

FRS FM Modeling 1.00 0.00 0.15

FMc Modal Response Combination 1.00 0.00 0.00

FECC Earthquake Component Combination 1.00 0.05 0.00

Fss, Soil Structure Interaction

Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.00 0.00 0.00
SSI Analysis 1.30 0.00 0.26

Overall Factor of Safety 6.47 0.27 0.37

Ad = Peak Ground Acceleration of the Soil Site = 0.3g

A, = Median Peak Ground Acceleration = F*Ad = 1.94g
HCLPF = 0.67g
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NRC RAI 19.2-66, Supplement 2

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

Given the revised SSE spectrum, justify the use of NUREG/CR-0098 medium spectrum
shape for HCLPF calculations, especially for high frequencies. Explain how the PGA was
determined for the revised SSE spectrum (e.g., based on a hazard curve for North Anna
site?). With respect to Tables 19.2-66(1) - 19.2-66(4), explain: 1) P

3 R = Ofor F, - strength
factor, 2) fiR = Ofor FD - Damping, and 3) the values for FSSI identified in Tables.

Audit Interest

Discuss how the Barda equation, which was developed for shear walls, was applied to the
cylindrical geometry of RCCV, and resolve issues raised in the staff assessment.

Status Update/Resolution of RAI

GE has described that the HCLPF calculations follow the methodology as described in
EPRI TR-103959 and for RCCV which is of cylindrical geometry, GE follows EPRI NP-
6041, Appendix N to determine the shear capacity of RCCV. Both random and uncertainty
paramters were determined based on the guidance provided by EPRI NP-6041.

However, the staff has not accepted the GE approach to using two separate shapes for soil
and rock site conditions for the generic design.

GE Response

As stated in RAI 19.2-43 S2, a single performance-base seismic design spectrum is
considered for all sites. The seismic fragility tables of the RBFB complex and the Control
Building have been updated as shown in Tables 19.2-66(5) and 19.2-66(6) below.

DCD Impact

Sections 19.2.3.5, 19.2.4.1.5 and Table 19.2-4 of DCD Tier 2 Chapter 19 will be revised in
the next update as noted in the attached markup.

NEDO-33201 Section 15.3 will be revised in the next update as noted in the attached
markup.
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Table 19.2-66(5) RBFB Seismic Fragility Summary

Component: Reactor Building/Feul Building Complex
Failure Mode: Shear Failure of Wall Along Column Line R1

Median
Factor of Safety Value OR U

Fc Fs Strength 1.82 0.00 0.20

F Inelastic Energy Absorption 1.66 0.04 0.04

FSA Spectral Shape
Response Spectrum Shape 1.47 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00

FRS FM Modeling 1.00 0.00 0.15

FMC Modal Response Combination 1.00 0.05 0.00

FECC Earthquake Component Combination 1.00 0.05 0.00

Fss, Soil Structure Interaction
Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.22 0.08 0.07
SSI Analysis 1.37 0.00 0.27

Overall Factor of Safety 7.13 0.28 0.38

Ad = Peak Ground Acceleration of the Single Evelope Design Spectra = 0.5g

Am = Median Peak Ground Acceleration = F*Ad = 3.57g

Pc = Combined Logarithmic Standard Deviation = 0.47
HCLPF = 1.2g
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Table 19.2-66(6) Control Building Seismic Fragility Summary

Component: Control Building
Failure Mode: Shear Failure of Wall Along Column Line CA

Median
Factor of Safety Value OR _U

Fc Fs Strength 2.36 0.00 0.20

F Inelastic Energy Absorption 1.63 0.06 0.10

FSA Spectral Shape

Response Spectrum Shape 1.42 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00

FRS FM Modeling 1.00 0.00 0.15

FMC Modal Response Combination 1.00 0.05 0.00

FECC Earthquake Component Combination 1.00 0.05 0.00

Fss, Soil Structure Interaction

Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.00 0.00 0.00
SSI Analysis 1.36 0.00 0.31

Overall Factor of Safety 7.44 0.29 0.42

Ad = Peak Ground Acceleration of Single Design Spectra = 0.5g

Am = Median Peak Ground Acceleration = F*Ad = 3.72g

Pc = Combined Logarithmic Standard Deviation = 0.5
HCLPF = 1.17g
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NRC RAI 19.2-67, Supplement 1

In PRA, Revision 0, Section 15.1.3.1.1, GE described a method for calculating the ultimate
shear strength of reinforced shear walls. GE also described the shear strength calculation
for the reactor building as an example. In Table 15-3, GE presented the seismic fragility
for containment walls, and the governing failure is described as the lower wall with shear
failure mode. GE did not describe the detailed analysis for containment walls, which have
cylindrical geometry (Note that the Barda et al. equation does not apply to this geometry).
Provide the following information:

a) Provide a detailed description of the calculation for the strength factor for the
reinforced concrete containment, including assumptions and data applied.

b) Provide a description of criteria used for the ultimate strength determination for
both shear and flexural modes offailure of the reinforced concrete containment.

c) Provide the containment HCLPF value in terms of spectral acceleration, and the
fundamentalfrequency of the reinforced concrete containment structure.

GE Response

a) The enveloping SSE seismic forces (i.e., story shears and overturning moment in
the RCCV stick model) of generic sites plus North Anna from the single envelope
spectra input motion are used to calculate the strength factor of the reinforced
concrete containment vessel (RCCV) and the extension of the cylindrical wall
below the RCCV. Conservatism of the ESBWR single envelope design spectra is
accounted for separately by the spectral shape factor by comparing the ESBWR
design spectra with the soil site or the rock site margin spectra. Both shear and
flexural failures of the RCCV and the wall below are evaluated at various sections
and the median strength factor is reported for the governing section of the wall. The
RCCV wall at the suppression pool slab level and the cylindrical wall below the
RCCV are found to have essentially the same strength factor of 2.9. The governing
failure mode is shear failure of the containment wall and the cylindrical wall below.

b) The shear capacity of the cylindrical wall is calculated following the approach
presented in Appendix N of Reference 19.2-67(1). For median shear capacity,
median material strengths of concrete and reinforcing steel and a capacity reduction,
ý of unity are used. The equation in Appendix N for predicting median shear
strength of the containment wall is obtained from testing of scale models of
reinforced and prestressed concrete containments subjected to cyclic loadings.

The flexural strength of the cylindrical wall below the RCCV is calculated from
basic principles of mechanics considering strain compatibility and force
equilibrium. A neutral axis is first assumed to calculate flexural capacity of the wall
contributed by vertical wall reinforcing steel. The location of the neutral axis is
iterated on until force equilibrium is achieved in the axial direction of the
cylindrical wall. The failure strain of reinforced concrete is set at 0.003.
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c) The fundamental frequency of the RCCV is estimated from the floor response
spectra generated at the top slab of the RCCV. The frequency varies from 1.4 Hz
for soft sites (VS = 300 m/s) to 4 Hz for hard sites (VS = 1700 m/s) and fixed base
case.

The HCLPF seismic capacity of the RCCV at rock sites is determined to be 3.27g
PGA. The large HCLPF capacity results from a large margin between the single
envelope design spectra and the North Anna ESP ground spectra at the structure
fundamental frequency of 4 Hz. This large margin does not apply to soil sites and
the resulting HCLPF capacity is determined to be 1.17g peak ground acceleration.

The updated fragility summaries are provided in Tables 19.2-67(1) (rock sites) and
19.2-67(2) (soil sites).

The corresponding tables in NEDO-33201 Section 15.3 will be revised in the next
update.

References:

19.2-67(1): Electric Power Research Institute, "A Methodology for Assessment of Nuclear
Plant Seismic Margin", prepared by Jack R. Benjamin and Associated, Inc., et al, EPRI NP
-6041, June 1991

DCD/LTR Impact

No DCD changes will be made in response to this RAI.

NEDO-33201 Section 15.3 will be revised in the next update.
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Table 19.2-67(1) RCCV Seismic Fragility Summary - Rock Sites

Component: Reinforced Concrete Containment Vessel (RCCV) Wall - Rock Sites
Failure Mode: Shear

Median
Factor of Safety Value A3R -u

F, Fs Strength 2.86 0.00 0.22
F Inelastic Energy Absorption 2.24 0.08 0.15

FSA Spectral Shape

Response Spectrum Shape 2.60 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

F D  Damping 1.00 0.00 0.00

FRI FM Modeling 1.00 0.00 0.22

FMC Modal Response Combination 1.00 0.00 0.00

FECC Earthquake Component Combination 1.00 0.05 0.00

Fss, Soil Structure Interaction

Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.10 0.05 0.03
SSI Analysis 1.00 0.00 0.00

Overall Factor of Safety 18.33 0.28 0.35

Ad = Peak Ground Acceleration of the Rock Site = 0.5g

Ar, = Median Peak Ground Acceleration = F*Ad = 9.17g
HCLPF = 3.27g
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Table 19.2-67(2) RCCV Seismic Fragility Summary - Soil Sites

Component: Reinforced Concrete Containment Vessel (RCCV) Wall - Soil Sites
Failure Mode: Shear

Median
Factor of Safety Value P3R 13u

Fc Fs Strength 2.86 0.00 0.22

F Inelastic Energy Absorption 2.17 0.06 0.12

FSA Spectral Shape

Response Spectrum Shape 1.47 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00

FRS FM Modeling 1.00 0.00 0.15

FMc Modal Response Combination 1.00 0.00 0.00

FECC _Earthquake Component Combination 1.00 0.05 0.00

Fss1  Soil Structure Interaction

Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.00 0.00 0.00
SSI Analysis 1.40 0.00 0.34

Overall Factor of Safety 12.75 0.27 0.45

Ad = Peak Ground Acceleration of the Soil Site = 0.3g

Am = Median Peak Ground Acceleration = F*Ad = 3.83g
HCLPF = 1.17g
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NRC RAI 19.2-67. Supplement 2

NRC Assessment Followin2 the February 5. 2007 Audit

Staff Assessment

a) The outlined approach for demand calculation is reasonable.

b) Acceptable.

c) The concerns identified in the staff's assessment of the RAI 19.2-66 response also
apply to the fragilities in Table 19.2-67(1) - (2).

Audit Interest

Discuss GE'sfragility calculations for determining RCCV HCLPF.

Status Update/Resolution of RAI

See 19.2-66.

GE Response

As stated in RAI 19.2-66 S2, a single performance-base seismic design spectrum is
considered for all sites. The updated fragility summary for RCCV is provided in
Tables 19.2-67(3) below.

DCD Impact

Sections 19.2.3.5, 19.2.4.1.5 and Table 19.2-4 of DCD Tier 2 Chapter 19 will be revised in
the next update as noted in the attached markup.

NEDO-33201 Section 15.3 will be revised in the next update as noted in the attached
markup.



MFN 06-428 S2
Enclosure 1
Page 75 of 78

Table 19.2-67(3) RCCV Seismic Fragility Summary

Component: Cylindrical Wall Below Reinforced Concrete Containment Vessel (RCCV)
Failure Mode: Shear

Median
Factor of Safety Value PR Pu

Fc Fs Strength 3.16 0.00 0.21

F Inelastic Energy Absorption 1.49 0.06 0.11

FSA Spectral Shape
Response Spectrum Shape 1.47 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00

FRS FM Modeling 1.00 0.00 0.15

FMC Modal Response Combination 1.00 0.05 0.00

FECC Earthquake Component Combination 1.00 0.12 0.00

Fssi Soil Structure Interaction
Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.22 0.08 0.07
SSI Analysis 1.28 0.00 0.24

Overall Factor of Safety 10.82 0.30 0.38

Ad = Peak Ground Acceleration of Single Envelope Design Spectra = 0.5g

Ar = Median Peak Ground Acceleration = F*Ad = 5.41g

P= Combined Logarithmic Standard Deviation = 0.484
HCLPF = 1.75g
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NRC RAI 19.2-68. Supplement 1

In PRA, Revision 0, Section 15.1.3, GE used a fragility method for calculating structural
HCLPFs, based on scaling the design seismic response with safety factors and associated
aleatory and epistemic uncertainty values. The determination of these uncertainty values
typically requires substantial subjective inputs as compared to the deterministic
engineering approach such as CDFM (Conservative Deterministic Failure Margin).

Provide a discussion of the selection and basis for the aleatory and epistemic uncertainty
values in Table 15-3 used for the RCCV HCLPF calculation.

GE Response

The choice of aleatory and epistemic uncertainty values of the factors of safety in capacity
and response is based on EPRI report TR-103959 (Reference 19.2-66(1)). This document
is detailed enough such that assignment of uncertainty values for different variables in the
fragility calculation could be consistently made by the analyst. For example, range of
uncertainty values of modeling, modal combinations, and earthquake component
combination are suggested and guidance on selecting the values are provided in the EPRI
document.

Determinations of uncertainty values of other variables are illustrated here for a rock site.

Strength Factor. The median shear strength of the RCCV is determined using the equation
derived from test data as discussed in the response to RAI 19.2-67. The uncertainty
associated with this equation is because 84 percent of the test data occurs above a curve
defined by applying a capacity reduction factor 4) of 0.85 to this equation. Thus, the
logarithmic standard deviation of uncertainty on the median shear strength equation is
determined to be 0.17. Additional uncertainty in the median strength due to material
strength uncertainties are included that results in a total uncertainty of 0.22 for the strength
factor of safety.

Inelastic Energy Absorption Factor: The median inelastic energy absorption factor
(F,=2.24) of the RCCV is determined using the drift criteria in Table 3-5 in EPRI report
TR-103959 (Reference 19.2-66(1)). The logarithmic standard deviations of randomness
and uncertainty associated with this criterion are 0.3 and 0.15, respectively. Using these
values a lower bound drift at failure is estimated from which a lower bound inelastic energy
absorption factor (FgLB=l.98) is calculated. The resulting combined variability (P3c) is
determined to be 0.15. By including additional randomness variability suggested in
(Reference 19.2-66(1)), the randomness and uncertainty variability are found to be 0.08 and
0.15, respectively.

Spectral Shape Factor: Typically at each of the selected frequencies, a family of seismic
hazard curves are developed from probabilistic seismic hazard analyses. Uniform hazard
spectra (UHS) of different confidence levels (e.g., mean, median, or 8 4th) are then derived
from these seismic hazard curves. Thus, no uncertainty is assigned to the spectral shape
factor to avoid double-counting it in the fragility analysis and risk quantification. However,



MFN 06-428 S2
Enclosure 1
Page 77 of 78

a randomness variability of 0.2 is assigned to the spectral shape factor to account for peak
to valley variability as suggested in (Reference 19.2-66(1)).

Soil-Structure Interaction: A total of 28 seismic response analyses were performed in the
design for the RBFB complex including the RCCV as shown below:

" R.G. 1.60 (0.3g) - soft, medium, hard uniform half space and fixed base case (4
cases)

* NA ESP site spectra - best-estimate, lower bound and upper bound foundation
media (3 cases)

* Single envelope spectra - soft, medium, hard uniform half space and fixed base for
four different models (16 cases)

* Single envelope spectra - 4 layered soil conditions (4 cases)
* Site envelope spectra with cracked concrete properties - worst case layered site (1

case)
The soil-structure interaction effects are insignificant for rock sites. For generic soil sites,
uncertainty in the seismic response, due to uncertainty in vertical spatial variation of the
input motion, embedment effects, soil properties, and analysis methods, is calculated using
results from the different analyses listed above.

DCD/LTR Impact

No DCD changes will be made in response to this RAI.

NEDO-33201 Section 15.3 will be revised in the next update.
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NRC RAI 19.2-68, Supplement 2

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

GE followed the typicalfragility method Even though guidelines were followed, substantial
subjectivity is still required for the choice of uncertainty values, such as issues raised in
RAI19.2-66. An alternative method such as CDFM could serve as an useful check

Audit Interest

Discuss technical bases for determination of uncertainty values, assessment of applicability
of the reference material to the ESBWR RCCV; examples of the process used to arrive at
quantitative values for uncertainty.

Status Update/Resolution of RAI

See 19.2-66.

GE Response

As stated in RAI 19.2-66 S2, a single performance-base seismic design spectrum is
considered for all sites. Uncertainty values using the same procedures outlined in
Supplement 1 response to this RAI were updated accordingly.

DCD Impact

Sections 19.2.3.5, 19.2.4.1.5 and Table 19.2-4 of DCD Tier 2 Chapter 19 will be revised in
the next update as noted in the attached markup.

NEDO-33201 Section 15.3 will be revised in the next update as noted in the attached
markup.
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3.8.1.4.2 Ultimate Capacity of the Containment

A deterministic analysis is performed to determine the ultimate capacity of the containment and
the details are described in Appendix 19B. A probabilistic analysis for containment pressure
fragility is also performed and the details are described in Appendix 19C.

3.8.1.5 Structural Acceptance Criteria

For evaluation of the adequacy of the concrete containment structural design, the major
allowable stresses of concrete and reinforcing steel for service load combinations and factored
load combinations according to ASME Code Section III, Division 2 (except for tangential shear
stress carried by orthogonal reinforcement for which a lower allowable is adopted for ESBWR)
are shown in Table 3.8-3.

The allowable tangential shear strength provided by orthogonal reinforcement without inclined
reinforcement is limited to 4.41 MPa (639 psi) for factored load combinations. Inclined
reinforcement is not used to resist tangential shear in the ESBWR containment.

3.8.1.6 Material, Quality Control and Special Construction Techniques

Materials used in construction of the containment are in accordance with Regulatory Guide 1.136
and ASME Code Section III, Division 2, Article CC-2000. Specifications covering all materials
are in sufficient detail to assure that the structural design requirements of the work are met.

3.8.1.6.1 Concrete

All concrete materials are approved prior to start of construction on the basis of their
characteristics in test comparisons using ASTM standard methods. Concrete aggregates and
cement, conforming to the acceptance criteria of the specifications, are obtained from approved
sources. Concrete properties are determined by laboratory tests. Concrete admixtures are used
to minimize the mixing water requirements and increase workability. The specified compressive
strength of concrete at 28 days, or earlier, is:

Structure Specified Strength f,
MPa (psi)

Containment 34.5 (5000)

Foundation Mat 27.6 (4000)

All structural concrete is batched and placed in accordance with Subarticle CC-2200 and Article
CC-4000 of ASME Code Section III, Division 2.

(1) Cement

Cement is Type II conforming to the Specification for Portland Cement (ASTM C 150). The
cement contains no more than 0.60% by weight of alkalis calculated as sodium oxide plus 0.658
percent by weight potassium oxide. Certified copies of material test reports showing the
chemical composition and physical properties are obtained for each load of cement delivered.
For sites where concrete may come into contact with soils having more than 0.20% water soluble
sulfate (as SO 4) of ground- water with a sulfate concentration exceeding 1500 ppm, only Type V

3.8-10
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The pressure capability of the containment's limiting component is higher than the pressure that
results from assuming 100% fuel clad-coolant reaction. There is sufficient margin to the
containment pressure capability such that there is no need for an automatic containment
overpressure protection system. In the hypothetical situation where containment
depressurization is required, this depressurization can be performed by manual operator action.

The containment can be manually vented through the Containment Inerting System. The
Containment Inerting System is equipped with containment penetrations, valves and pipes that
may be used for containment depressurization. This system is provided with two normal de-
inerting flow paths, each with tandem-paired containment isolation valves . One de-inerting
flow path receives flow from the suppression pool airspace. For containment overpressure
protection during severe accident conditions, only this line will be used. Having the release
point in the suppression pool airspace forces evacuated atmpsphere through the suppression pool
to scrub out fission products.

6.2.5.4.2 Containment Structural Integrity

See Appendix 19B

6.2.5.5 Post Accident Radiolytic Oxygen Generation

For a design basis loss of coolant accident (LOCA) in the ESBWR, the Automatic
Depressurization System (ADS) would depressurize the reactor vessel and the Gravity Driven
Cooling System (GDCS) would provide gravity driven flow into the vessel for emergency core
cooling. The safety analyses show that the core does not uncover during this event and as a
result, there is no fuel damage or fuel clad-coolant interaction that would result in the release of
fission products or hydrogen. Thus, for design basis LOCA, the generation of post accident
oxygen would not result in a combustible gas condition and a design basis LOCA does not have
to be considered in this regard.

For the purposes of post accident radiolytic oxygen generation for the ESBWR, a severe accident
with a significant release of iodine and hydrogen is more appropriate to consider.

Because the ESBWR containment is inerted, the prevention of a combustible gas deflagration is
assured in the short term following a severe accident. In the longer term there would be an
increase in the oxygen concentration resulting from the continued radiolytic decomposition of
the water in the containment. Because the possibility of a combustible gas condition is oxygen
limited for an inerted containment, it is important to evaluate the containment oxygen
concentration versus time following a severe accident to assure that there will be sufficient time
to implement severe accident management (SAM) actions. It is desirable to have at least a 24-
hour period following an accident to allow for SAM implementation. This section discusses the
rate at which post accident oxygen will be generated by radiolysis in the ESBWR containment
following a severe accident, and establishes the period of time that would be required for the
oxygen concentration in containment to increase to a value that would constitute a combustible
gas condition (5% oxygen by volume) in the presence of a large hydrogen release, thus de-
inerting the containment in the absence of mitigating SAM actions.

6.2-45
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19.2.3.4.4 Significant Offsite Consequences of External Event Flood

Due to the bounding method that is used to calculate the high wind CDF and its very low value
compared to that of internal events CDF, it is considered to be unnecessary to extrapolate offsite
consequences.

19.2.3.4.5 Summary of Important Results and Insights of External Event High Wind

Table 19.2-3 summarizes the important initiating events, operator actions, common cause
failures (CCF), SSCs, assumptions, and insights from importance, sensitivity, and uncertainty
analyses.

19.23.5 Evaluation of Externa Event Seismic

19.2.3.5.1 Introduction to Evaluation of External Event Seismic

The seismic risk analysis is performed to assess the impacts of seismic events on the safe
operation of the ESBWR plant. A PRA-based seismic margins analysis is performed for the
ESBWR to calculate high confidence low probability of failure (HCLPF) accelerations for
important accident sequences and accident classes. The ESBWR seismic margins HCLPF
accident sequence analysis concludes that the ESBWR is inherently capable of safe shutdown in
response to beyond design basis earthquakes and has a plant level HCLPF of 1.67 times the safe
shutdown earthquake (SSE). Chapter 15 of NEDO-33201 provides details of the PRA-based
seismic margin assessment.

Table 19.2-4 contains the systems evaluated in the ESBWR and contains minimum HCLPF ratio
for these systems.

19.2.3.5.2 Significant Core Damage Sequences of External Event Seismic

A PRA-based Seismic Margins Analysis is used to derive seismic vulnerability insights.
Therefore, there are no CDF calculations performed. The PRA-based Seismic Margins Analysis
concludes that the most significant HCLPF sequences are seismic-induced loss of preferred
power and seismic-induced ATWS due to seismic-induced failure of the fuel channels and
seismic-induced failure of the SLC tank.

Based on previous industry seismic analyses, seismic risk is dominated by seismic-induced SSC
failures, and not by random SSC failures or human actions. Human actions are typically not
necessary until the long-term.

19.2.3.5.3 Significant Large Release Sequences of External Event Seismic

A PRA-based Seismic Margins Approach is used to derive seismic vulnerability insights.
Therefore, there are no LRF calculations performed.

19.2.3.5.4 Significant Offsite Consequences of External Event Seismic

A PRA-based Seismic Margins Approach is used to derive seismic vulnerability insights.
Therefore, there are no off-site consequences calculations performed. Due to the bounding
method that is used to calculate the seismic margin, it is considered to be unnecessary to
extrapolate offsite consequences.

19.2-12
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19.2.4.1.2 Fire During Shutdown

Important fire initiating events in the shutdown internal fires PRA are fires in the Reactor
Building Division I and Division II Zones during Mode 5. The analysis conservatively assumes
that a fire in these zones could cause the inadvertent opening of an SRV. Failure of the
corresponding safety system division is assumed, along with failure of one train of RWCU/SDC
and CRD, depending on the particular zone that contains the fire.

The important operator actions in the shutdown internal fires PRA are failure to recognize the
need for RPV depressurization, and failure to start a condensate pump.

The important individual SSC failure for fire scenarios is Reactor Building fire barrier failure.

19.2.4.1.3 Flooding During Shutdown

The important flood initiating event in the shutdown internal flooding PRA is a CRD break in the
Reactor Building during Mode 6. However, the total contribution flood during shutdown
sequences is negligible.

19.2.4.1.4 High Winds During Shutdown

Similar to the full power risk profile, the shutdown risk for high winds are limited to Loss of
Preferred Power events with a potential loss of the Condensate Storage Tank.

Operator actions are non-significant contributors to the shutdown high wind risk profile. The
important common cause failure (CCF) in the shutdown tornado PRA is CCF of all batteries.
Random failures of systems, structures or components are not significant contributors to the
internal events shutdown CDF.

19.2.4.1.5 Seismic Events During Shutdown

The PRA-based Seismic Margins Analysis for shutdown concludes that the most significant I
HCLPF sequences are seismic-induced loss of preferred power.

Based on previous industry seismic analyses, seismic risk is dominated by seismic-induced SSC
failures, and not by random SSC failures or human actions. Human actions are typically not
necessary until the long-term.

19.2.4.1.6 Shutdown PRA Assumptions

Important design assumptions in the shutdown analysis are as follows:

Compared to Residual Heat Removal System in BWRs, the RWCU/SDCS in the ESBWR does
not have the potential for diverting RPV inventory to the suppression pool through the SP
suction, return, or spray lines.

The arrangement for preventing vessel draining through back-seating of the control rod drive
mechanism (CRDM) is the same as the one used in the BWRs and in the ABWR. Therefore, the
ESBWR design does not introduce a new challenge to vessel inventory relative to CRDMs.

It is assumed that both RWCU/SDCS trains are running, because the time periods in which only
one is running occurs when the reactor well is flooded. Consequently, failure of one of the trains
is not considered an initiating event.

19.2-14
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Table 19.2-4
ESBWR Systems and Structures in Seismic Margins Analysis With Plan Level

HCLPF Margin > 1.67(l)

PLANT STRUCTURES

- Reactor Building

- Containment

- RPV Pedestal

- Control Building

- Reactor Pressure Vessel Support

DC POWER

- Batteries

- Cable trays

- Motor control centers

REACTIVITY CONTROL SYSTEM

- Fuel assembly

- CRD Guide tubes

- Shroud support

- CRD Housing

- Hydraulic control unit

SRV

- SRV

STANDBY LIQUID CONTROL

- Accumulator Tank

- Check valve

- Squib valve

- Piping

- Valve (motor operated)

19.2-30
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Table 19.2-4
ESBWR Systems and Structures in Seismic Margins Analysis With Plan Level

HCLPF Margin > 1.67(l)

ISOLATION CONDENSER

- Piping

- Heat exchanger

- Valve (motor operated)

- Valve (nitrogen operated)

DPV

- DPV

GRAVITY-DRIVEN COOLING

- Check valve

- Squib valve

- Piping

VACUUM BREAKERS

- Vacuum breaker valve

PASSIVE CONTAINMENT COOLING

- Heat Exchanger

- Piping

IC/PCC POOL INTERCONNECTION

- Valve (motor operated)

FIRE PROTECTION WATER SYSTEM

- Pump (diesel driven)

Note:

1. A minimum HCLPF value of 1.67*SSE will be met for the equipment shown.

19.2-31
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Appendix 19B. DETERMINISTIC ANALYSIS FOR CONTAINMENT
PRESSURE CAPABILITY

19B.1 INTRODUCTION

This Appendix presents the deterministic analysis performed and results obtained for the
containment ultimate capability under internal pressure in accordance with requirements in
10 CFR 50.44(c)(5) and SECY-93-087.

10 CFR 50.44(c)(5) states "An applicant must perform an analysis that demonstrates containment
structural integrity. This demonstration must use an analytical technique that is accepted by the
NRC and include sufficient supporting justification to show that the technique describes the
containment response to the structural loads involved. The analysis must address an accident
that releases hydrogen generated from 100 percent fuel clad-coolant reaction accompanied by
hydrogen burning. Systems necessary to ensure containment integrity must also be demonstrated
to perform their function under these conditions". RG 1.7 Revision 3 provides an acceptable
method for demonstration of containment structural integrity in meeting the ASME Section III
acceptance criteria as follows:

* That steel containments meet the requirements of the ASME Boiler and Pressure Vessel
Code (Edition and Addenda as incorporated by reference in 10 CFR 50.55a(b)(1)),
Section III, Division 1, Subarticle NE-3220, Service Level C Limits, considering pressure
and dead load alone (evaluation of instability is not required); and

" That concrete containments meet the requirements of the ASME Boiler and Pressure
Vessel Code, Section III, Division 2, Subarticle CC-3720, Factored Load Category,
considering pressure and dead load alone.

SECY-93-087, item J states "The containment should maintain its role as a reliable, leak-tight
barrier by ensuring that containment stresses do not exceed ASME service level C limits for a
minimum period of 24 hours following the onset of core damage, and that following this 24-hour
period the containment should continue to provide a barrier against the uncontrolled release of
fission products."

Both sets of requirements are satisfied by performing a deterministic analysis, termed "Level C
Evaluation", to ensure that the Level C or Factored Load pressure capability of the containment
structure is no less than 0.987 MPaG (143 psig) generated from 100 percent fuel clad-coolant
reaction nor 0.62 MPaG (90 psig) resulting from more likely severe accident challenges, taking
into account temperature effect on the material strength. The representative severe accident
temperature considered is 260'C (500'F). The pressure units MPaG used in this appendix are
gauge pressures unless noted otherwise.

19B.2 RCCV AND LINERS

19B.2.1 Analysis Methods

A deterministic analysis is performed to demonstrate Level C pressure capability of the RCCV
(Reinforced Concrete Containment Vessel) walls and liner. This analysis is based on detailed,
3D finite element modeling using the ANACAP-U concrete material model, Reference 199B-3,
coupled to the ABAQUS/Standard finite element program, Reference 199B-2. The modeling and

19B-1



26A6642BY Rev. 03
ESBWR Design Control Document/Tier 2

analysis methods are the same as employed for the probabilistic evaluation of pressure fragility,
described in more detail in Appendix 19C. For Level C capacity, the material properties are
based on specified design values, which represent lower bound values, and include degradation
with temperature. The analysis considers nonlinear material response. The analysis includes
dead load (weight and water pool pressures), but ignores the thermal strains leading to thermal
induced stresses, in accordance with Regulatory Guide 1.7. The temperature distribution within
the structure for evaluation of temperature dependent material properties is taken to be the steady
state thermal condition where the drywell boundary is at 260'C (500'F). This represents an
upper bound for drywell temperature for the most likely severe accidents. The wetwell
temperature is defined based on a 0.0207 MPa (3 psi) pressure differential between the drywell
and wetwell and assuming saturated conditions in the wetwell. The outside environment and
interior rooms outside the containment correspond to winter conditions. The temperature
distributions within the structure are established through a steady state thermal analysis. The
stress analysis model is first initialized to be stress free at a uniform ambient temperature of
15.5'C (60 0F), and the hydrostatic pressures for the various water pools and superstructure loads
are applied on the model. Next, the design pressure of 0.31 MPaG (45 psig) along with the
accident temperature distributions are incrementally applied to the model using static equilibrium
iterations for nonlinear effects. Note that the coefficient of thermal expansion for all materials is
set to zero to ignore thermal stresses. Finally, the internal pressure is incrementally increased,
again using static equilibrium iterations, until the desired pressure is reached. The calculated
stresses and strains are then evaluated to demonstrate structural integrity.

To meet the requirements of SECY-93-087 leakage requirements the containment stresses
(concrete, rebar, and liner) must meet the ASME allowable limits for factored loads for an
internal pressure resulting from the most likely severe accident challenges. For the ESBWR, this
pressure is 0.62 MPaG (90 psig) or 2.0 times the design pressure. To meet the requirements of
10 CFR 50.44, the containment must maintain its structural integrity for an internal pressure
corresponding to an accident resulting in 100% fuel clad-coolant reaction. For the ESBWR, this
is an internal pressure of 0.987 MPaG (143 psig) or 3.18 times design pressure. Table 19B-1
summarizes the ASME Level C or Factored Load limits that are used to demonstrate structural
integrity under these severe accident conditions.

19B.2.2 Model Description

The modeling for the stress analysis consists of a half-symmetric representation of the RCCV
and the surrounding reactor building, including the basemat, the pedestal wall, the suppression
pool floor slab, the upper drywell walls, the top slab, the upper pools structure and refueling
floor, and the floors and walls of the reactor building, as illustrated in Figure 19B-1. This figure
also shows the thermal contours for the temperature distribution associated with the 260'C
(500F) steady state thermal condition. The model is supported on an elastic layer of continuum
elements representing the soil foundation. Solid (20-node continuum) elements with reduced
Gaussian quadrature integration are used to model the reinforced concrete sections. The
reinforcement bars are modeled as embedded, truss-like steel elements at the appropriate
locations within the concrete elements. Membrane elements (plate elements without bending
stiffness) are generally used to model the steel liners. These elements are attached to the nodes
of the concrete elements for compatibility with the concrete deformations. This assumes that the
liner anchorage system keeps the liners in contact with the concrete for this global modeling of

19B-2
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the RCCV performance. Some plate bending elements are used for the thickened sections at
connections. Representations for the large equipment hatches, personnel airlock penetrations,
and the drywell head components are included using plate bending elements. Plate bending
elements are also used to model the steel components of the internal structures, including the
vent wall, diaphragm floor, reactor vessel shield wall, and the reactor pressure vessel support
brackets.

The material properties used for the Level C analysis correspond to minimum design values.
The structural properties are dependent on temperature and are summarized in the following
tables. Table 19B-2 provides a summary of the elastic properties for steels, and Table 19B-3
provides a summary of the plastic properties of the steel materials. Table 19B-4 provides a
summary of the concrete properties. All thermal properties are assumed to be constant with
temperature and are summarized in Table 19B-5.

19B.2.3 Analysis Results

The analysis is completed to a load factor of 3.5 times design pressure or an equivalent internal
pressure of 1.085 MPaG (157.5 psig). Figure 19B-2 plots contours of the minimum principal
stress in the concrete at 0.992 MPaG (144 psig) or a load factor of 3.2 times design pressure to
illustrate the concrete compressive stress distribution. This plot identifies the locations of
elevated concrete stresses in 4 areas; a) on the RCCV wall below the suppression pool floor
connection, b) on the bottom of the top slab around the drywell head opening, c) on the top
surface of the top slab at the RCCV walls, and d) at the outside connection of the pedestal wall
with the basemat. The peak compressive stresses identified in the plot are on the top surface of
the top slab under the PCCS pool walls where the temperature is at ambient levels. Figure 19B-3
plots contours of the maximum principal strain in the concrete at 0.992 MPaG (144 psig) or a
load factor of 3.2 times design pressure to illustrate the areas of concrete cracking and potential
elevated rebar stresses. This plot indicates that the critical area for this loading is at the
connection of the RCCV wall to the top slab and to a lesser extent at the connection of the
RCCV wall to the suppression pool slab.

Table 19B-6 provides a summary of the maximum rebar and concrete stresses and the associated
ratio to the ASME Level C (factored load) allowable limits at an internal pressure of 0.62 MPaG
(90 psig) corresponding to the most likely severe accident conditions. All concrete and rebar
stresses are found to be well below the ASME allowable limits for this pressure in accordance
with the requirements of SECY-93-087.

Figure 19B-4 plots contours of maximum principal strains in the liner at 0.992 MPaG (144 psig)
or 3.2 Pd. This plot has the maximum strain contour value set to 0.3% corresponding to the
ASME factored load allowable for membrane tension to identify the critical areas. The critical
areas are at the RCCV wall connection with the suppression pool floor slab and at the connection
with the top slab. Figure 19B-5 plots the maximum principal strain versus pressure at
representative elements for these critical locations, identified as points A, B and C in the figure.
All liner strains easily meet the ASME strain limits for 0.62 MPaG (90 psig) pressure or a load
factor of 2.0 Pd. This plot shows that the liner at the connection with the suppression pool slab
(Point B) meets the ASME factored load limit of 0.3% membrane strain at 0.987 MPaG
(143 psig) pressure corresponding to 100% fuel clad-coolant reaction. Point C is a representative
typical location for the liner at the connection with the top slab, and Point A is at a local
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concentration that develops at the locations where the upper pool girders connect to the top slab.
Figure 19B-6 plots the maximum principal (EP2) and plastic (PEEQ) strains at this local
concentration in the RCCV wall liner at the top slab connection. Yielding of the liner at this
local concentration just starts at the 0.62 MpaG (90 psig) pressure level. At an internal pressure
of 0.987 MpaG (143 psig) or 3.18 Pd, the plastic strain in the liner for this location reaches
0.72%. While this exceeds the ASME factored load limit, this value is still on the shoulder of
the stress-strain curve, as illustrated in Figure 19B-7. This level of plastic strain is well below
the ductility limit, even considering substantial strain concentration factors, and, in addition, this
strain is due to a localized effect.

Furthermore, because the liner will undergo compression when exposed to the temperatures that
accompany this accident pressure, the level of membrane tension strain will be reduced. When
thermal-induced stresses are also included, the maximum liner strain at this location reduces to
0.25% at 0.987 MPaG (143 psig), as illustrated in Figure 19B-8. Thus, if the thermal stress is
included, then the liner strain is within the factored load limit even at the local concentration for
the 100% fuel clad-coolant reaction pressure. Thus, it is demonstrated through the nonlinear
analysis that the liner remains a leak tight barrier for 0.987 MPaG (143 psig) pressure
corresponding to 100% fuel clad-coolant reaction and meets the requirements of 10 CFR 50.44.
While not a requirement of 10 CFR 50.44, the peak rebar and concrete stresses along with the
ratios to ASME factored load allowable limits are summarized in Table 19B-7 for a pressure of
0.992 MPaG (144 psig) or a load factor of 3.2 Pd. All concrete compressive stresses remain
below the ASME allowable limit at this pressure level. The same local area identified in the
liner strains shows some slight yielding in the rebar at this pressure level. These are the inner
vertical bars in the RCCV wall and the bottom horizontal bars in the top slab at this connection,
but only for a local area under the connection of the upper pool girders with the top slab. The
table also identifies the maximum plastic strain levels found in the rebars for these locations.
The largest plastic strain is 0.39%, which is almost within the ASME limit for liner membrane
strain. Again, the peak response of these local rebars is just past the 0.2% yield and still well on
the shoulder of the stress-strain curve. This level of plastic strain is well below the failure level
for reinforcement steel, and the nonlinear analysis confirms the integrity of the RCCV walls and
liner at this pressure level.

19B.2.4 Summary

The deterministic finite element analysis demonstrates that the RCCV and liner maintain
structural integrity and provide a leak tight barrier per the requirements of SECY-93-087 for
internal pressure corresponding to the most likely severe accident challenges and per the
requirements of 10 CFR 50.44(c)(5) for pressures corresponding to 100% fuel clad-coolant
reaction. The analysis uses lower bound material properties, including degradation with
temperature. The modeling is consistent with the pressure fragility analyses in Appendix 19C,
accounting for nonlinear material response, such as concrete cracking in tension with reduced
shear stiffness, concrete yielding and strain softening in compression, and steel yielding and
strain hardening in compression or tension. The concrete and rebar stresses and the liner strains
remain within the ASME factored load allowable limits for 0.62 MPaG (90 psig) per the
requirements of SECY-93-087. The concrete stresses also remain within the ASME allowable
limit for factored load level even at 0.987 MPaG (143 psig) pressure. The liner strains including
thermal effects are within the factored load allowable at 0.987 MPaG (143 psig). Some slight
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yielding of rebar develops at the 0.987 MPaG (143 psig) pressure level in local areas. It is thus
demonstrated that the structural integrity of the RCCV and liner system is maintained for the
more likely severe accident challenges and for the scenario for pressures generated from 100%
fuel clad-coolant reaction.

An estimate of the actual Level C pressure capacity can be determined from the fragility analysis
described in Appendix 19C, which includes the thermal stress for the 260'C (500'F) steady state
thermal condition. Using P = -2.33, a 99% confidence level for the pressure capacity for the
RCCV and liner system is determined to be 1.185 MPaG (172 psig). It is also noted that the
fragility analysis determined that the 99% confidence level for leakage at the bolted flange
connection of the drywell head is a pressure level of 1.097 MPaG (159 psig).

19B.3 DRYERWELL HEAD

Level C pressure capability of the drywell head is evaluated for pressure retaining parts
(sleeve/torispherical head), bolted flange and anchor structures (flange plates/gusset plates).

The basic equation for Level C pressure capability is:

Pc= (Sc-Gd) / Oup (19B-1)
where:

PC = Level C pressure

SC = Level C allowable stress at temperature 260'C (500'F)

=d Stress due to dead load
up= Stress due to unit pressure, 1 MPaG (145 psig)

Pressure retaining parts (sleeve and torispherical head) are evaluated based on the primary
membrane stress Pm applying ASME Section III NE-3324, in which the maximum allowable
stress S is taken to be Sy (material yield strength at temperature) as Level C stress limit in
accordance with NE-3220. The local membrane stress PL and local membrane plus primary
bending stress PL + Pb are non-controlling. Dead load (self-weight and hydrostatic pressure of
the reactor well) is conservatively neglected.

The bolted flange is evaluated in accordance with ASME Section III, Division 1, Appendix XI.
The average of longitudinal hub stress and radial flange stress, which is the severest stress among
the ones stipulated in article XI-3250, and the flange bolt stress stipulated in article XI-3220 of
Appendix XI and Subsection NE-3230 are evaluated. Dead load is conservatively neglected.

Anchor structures (flange plates and gusset plates) are evaluated based on stress intensity
applying ASME Section III NE-3221. Concrete compressive stress is evaluated in accordance
with ASME Section III Division 2 CC-3421.1 for factored load limit. Dead load including
reactor well hydrostatic pressure is considered for the evaluation of Level C capability of anchor
structures.

The Level C pressure capabilities of each part of the drywell head are summarized in
Table 19B-9. The governing pressure is 1.033 MPaG (150 psig), which is controlled by the
lower flange plate of the anchorage.
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19B.3.1 Buckling Analysis

An evaluation for the buckling capacity of the drywell head was analyzed using the ABAQUS
finite element program (Reference 199B-2). An elastic-plastic analysis was analyzed including
the effects of gross and local buckling, geometric imperfections, material nonlinearities, and
large deformations as allowed in NE-3222 (Reference 19B-1) for establishing buckling stress
values of torispherical heads. This analysis is used to determine the pressure capacity and the
failure mode, whether due to buckling under compressive hoop stress in the knuckle or due to
tensile plastic failure in the dome region above the knuckle. The finite element model for the
torispherical head including the top flange is shown in Figure 19B-9. This analysis was
conducted before the latest revision to strengthen the bolted flange connection using thicker
flanges and the tapered shell sections connecting to the flanges. However, this change will have
very little affect on the buckling analysis because the buckling analysis assumes that the top
flange is fixed. The critical areas are in the knuckle region above the tapered shell section and in
the apex of the dome region where the shell thickness is unchanged at 40 mm.

The first step in the analysis is to confirm and demonstrate that the torishperical head is modeled
with sufficient resolution and that the analytical procedure is capable of capturing the buckling
failure mode from compressive hoop stress in the knuckle region. To this end, a benchmark
analysis was performed using the drywell head model, but modifying the thickness of the shell to
simulate a torispherical shell configuration that exhibited this buckling failure mode when tested.
The thickness of the shell elements in the analysis model was reduced so that the D/t ratio
matches that of a tested configuration reported in Reference 199B-4. The model is then clamped
along the flanges, and an internal pressure load is incrementally applied until failure occurs in the
analysis. The analysis model clearly predicts buckling failure at the same internal pressure
where buckling occurred in an experimental test of a similar configuration. The analysis model
considers a 10.4 m (34.12 ft) diameter torispherical head, based on the ESBWR design, but with
the shell thickness reduced so that the diameter to thickness ratios match that of a tested
configuration having a 4.92 m (16.14 ft) diameter. The parameters for the analysis model and
the tested shell configuration are summarized in Table 199B-8, along with the comparison of the
calculated and measured pressure causing buckling.

Figure 19B-10 plots the crown deflection to shell thickness ratio versus the load and shows the
sudden snap back indicative of bifurcation type buckling failure. It is noted that torispherical
heads can sustain significantly more internal pressure than that causing the first buckle in the
knuckle region as reported in Reference 199B-6. However, when the buckles develop, there is a
temporary instability due to sudden volume change and sudden large changes in the material
response, and these effects generally cause the numerical instability in the analysis.
Figure 19B- 11 plots the plastic strain contours for the buckled shape predicted by the analysis
model. This benchmark analysis is in good agreement with experimental test data in predicting
pressure causing buckling in the knuckle. Thus, it is concluded that the modeling has sufficient
resolution and the analytical procedure employed has the required capability to capture buckling
failure modes in the analyses for pressure capacity of the torispherical drywell head.

An analysis for the pressure capacity of the ESBWR drywell head configuration is thus
performed using the design thickness of 40 mm (1.57 in) for the torispherical shell. This gives a
value of 262 for the D/t parameter of the actual drywell head. The analysis uses the lower bound
or design values for the steel properties, namely yield strength = 262 MPa (38 ksi), tensile
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strength = 483 MPa (70 ksi), and minimum required elongation of 17%. The model is clamped
along the bottom of the flange, and the internal pressure is incrementally increased to find the
true pressure capacity. This analysis is performed at an ambient temperature of 15.5°C (60'F)
and includes the external hydrostatic pressure of the water on the top of the head. Figure 19B- 12
provides a plot of the crown deflection as a ratio of the shell thickness for the increasingly
applied internal pressure load. The load factor is the multiplier on the design pressure of
0.31 MPaG (45 psig). Also indicated on this figure is the procedure described in Reference 19B-
5 for identifying the axisymmetric yielding pressure, Pc2, developed from studies using the
BOSOR 5 computer program on a wide range of test configurations. Basically, the procedure is
to find the value for d/t at first yield (point a), then take double this value for the same load
(point b), draw a line through this point from the origin to intersect the displacement curve (point
c), and read the corresponding pressure load (point d). This axisymmtric yield pressure is the
internal pressure at which plastic yielding in the crown of the shell initiates leading to plastic
failure of the shell. However, as noted in Reference 199B-5, Pc2 is typically well below the actual
failure pressure. As shown in the figure, the ABAQUS elastic plastic analysis calculates a
similar but slightly higher value for this initiation of tensile yielding and also indicates that the
shell still has significant reserve strength after the initiation of yielding in the crown. This
analysis confirms that buckling in the knuckle region due to hoop compressive stress does not
develop for the as-designed thickness of the drywell head.
To determine the pressure capacity of the drywell head due to tensile rupture in the dome, the
pressure is incrementally increased until the strains reach the ductility limit of the material. In
the dome, the material is under 1:1 biaxial tensile loading, and the ductility is limited to 50% of
the elongation data determined from uniaxial specimens. The specified minimum elongation for
A 516 Grade 70 material is 17% at ambient temperatures. This elongation reduces slightly
(16.4%) up to temperatures of 260'C (500'F), then increases to about 24% at 538°C (1000°F).
For this evaluation, the ductility or failure limit for the material is taken to be a plastic strain of
8%. Because the mesh is adequate (able to capture buckling) and there are no discontinuities in
the region where failure will occur, no strain concentration factor for mesh fidelity is required.
Figure 19B-13 plots contours of the equivalent plastic strain at mid-thickness for increasing
internal pressure to illustrate the plastic deformations leading to tensile rupture in the dome.
Initial yielding develops in the knuckle due to hoop compression and meridional tension. Once
buckling in the knuckle is avoided, yielding and plastic deformations then concentrate in the
dome due to biaxial tension "ballooning" in the dome and apex. At a load factor near 14, the
ductility limit of 8% strain is reached and rupture of the dome will occur.
The pressure capacity analysis was repeated considering initial imperfections in the geometry of
the shell. The magnitudes of the geometric imperfections considered are based on the maximum
allowed imperfections provided in NE-4222.2 of Reference 19B- 1, namely that the shell surface
shall not deviate outside the specified shape by more than 1- ¼ % of the head diameter or inside
the specified shape by more than 5/8 % of the diameter. While it is most likely that these
minimum and maximum deviations will only occur in 1 or 2 locations around the shell surface,
as found in Reference 199B-6, a cosine type shape with 6 peaks in the half model was
constructed. This evaluates whether such imperfections could trigger buckling in the knuckle
region and change the mode of failure. The assumption is that the closer the imperfections are to
the buckling shape, the more likely the chance that the imperfections could trigger the buckling.
In addition, an analysis was also performed using the perfect geometry but considering a
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temperature of 171'C (340'F) to evaluate the effect of elevated temperature on the pressure
capacity. This analysis assumed that the drywell head is free to expand with temperature and
that the elevated temperature is uniform across the thickness. Thus, no thermal induced stress is
present, and any effect on the pressure capacity is caused by reduction in the material properties.
Figure 19B-14 plots the mid-thickness plastic strain in the crown with increasing pressure for
these three analysis cases, namely, perfect geometry at ambient temperature, imperfect geometry
at ambient temperature, and perfect geometry at elevated temperature. The ductility limit for
strain that will cause tearing of the head is also shown on the figure. The failure pressure for
perfect geometry at ambient temperature is seen to be a load factor of 13.9 on the design pressure
with a reduction to 13.2 Pd for the imposed imperfections. Note that the imposed imperfections
did not trigger buckling response in the knuckle. For the perfect geometry at elevated
temperature, a pressure of 12.4 Pd would cause tensile failure in the dome. Allowing for some
conservatism, the pressure capacity for the drywell head is established at 12 Pd or an internal
pressure of 3.72 MPaG (540 psig).
In summary, this analysis confirms that the drywell head will not buckle prior to tensile failure in
the dome.

19B.4 HATCHES AND AIRLOCKS

Level C pressure capabilities of hatches and personnel airlocks were evaluated for pressure
retaining parts (sleeve/head for hatches, sleeve only for airlock), bolted flanges of hatches,
sidewalls of airlocks and anchor structures (flange plates/gusset plates).
The basic equation for determining Level C pressure capability is same as the drywell head
described in Section 199B.3; however, stresses of hatches and air locks caused by dead load are
negligibly small.

Pressure retaining parts are evaluated in a manner similar to the drywell head.
Bolted flanges of hatches are evaluated based on the stress analysis result applying ASME
Section III, Division 1, Appendix XI and Subsection NE-322 1.
Sidewalls of airlocks and anchor structures are evaluated based on stress intensity applying
ASME Section III NE-322 1.

The Level C pressure capabilities of each part of the hatches and airlocks are summarized in
Table 19B- 10. The governing pressure is 1.047 MPaG (152 psig), which is controlled by the
inside gusset plate of the equipment hatch anchorage.

19B.5 PENETRATIONS

The most critical of the RCCV penetrations are the main steam pipe penetrations. They have the
largest flued head and anchor sleeves. Considering the loads transmitted by the main steam
pipes, the maximum Level C pressure capability at temperature of 260'C (500F) is 3.38 MPaG
(490 psig).
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19B.6 PCCS HEAT EXCHANGERS
The PCCS heat exchangers are part of containment boundary. The Level C pressure capacity at
temperature of 260 C (500 F) of the most critical component in the PCCS heat exchangers is
1.33 MPaG (193 psig).

19B.7 SUMMARY

The Level C or Factored Load Category pressure capacities of various components of the
containment structure are summarized in Table 199B-11. The limiting pressure is 1.033 MPaG
(150 psig) associated with the lower flange plate of the drywell head anchorage. It is higher than
0.987 MPaG (143 psig) generated from 100 percent fuel clad-coolant reaction and 0.62 MPaG
(90 psig) resulting from more likely severe accident challenges.
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Table 19B-1
Summary of ASME Factored Load Limits Used for Containment Integrity

Load Concrete Stress Rebar Liner Strain
Stress

0.3% membrane
Tension N/A 0.9 cy 1.0% membrane +

bending

0.60 f.' membrane 0.5% membrane
Compression 0.75 f,' membrane 0.9 cry 1.4% membrane +

+ bending bending

Table 19B-2
Summary of Steel Elastic Properties for Level C Analysis

<65.60C 121.1 0C 2600 C
(150°F) (250°F) (500°F)

Carbon Steel

Modulus (GPa) 203.4 196.9 188.3

Poisson's Ratio 0.289 0.291 0.295

Stainless Steel

Modulus (GPa) 200.0 192.0 180.0

Poisson's Ratio 0.295 0.301 0.311
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Table 19B-3
Summary of Steel Plastic Properties for Level C Analysis

<65.6 0 C 121.1 0 C 2600 C
(150-F) (2500 F) (500°F)

SA516 Grade 70

Yield Stress (MPa) 262.1 235.9 212.4
Tensile Strength (MPa) 482.8 482.8 482.8

Elongation (%) 17.0 17.0 17.0

A572 Grade 50

Yield Stress (MPa) 344.8 327.6 284.5
Tensile Strength (MPa) 448.3 425.9 369.8
Elongation (%) 18.0 18.0 18.0

A36

Yield Stress (MPa) 248.3 235.9 204.8

Tensile Strength (MPa) 413.8 393.1 341.4
Elongation (%) 20.0 25.0 30.0

A709 HPS 70W

Yield Stress (MPa) 482.8 458.6 398.3
Tensile Strength (MPa) 586.2 556.9 483.6

Elongation (%) 19.0 20.0 21.0

A615 Grade 60 Rebar

Yield Stress (MPa) 413.8 377.7 327.5

Tensile Strength (MPa) 551.7 503.6 436.7
Elongation (%) 10.0 11.0 12.0

SA240 SS 304L

.2% Yield Stress (MPa) 172.4 139.3 112.4

Tensile Strength (MPa) 482.8 438.3 398.6
Elongation (%) 40.0 44.0 38.0

SA540-B24 Class 3
Bolting

Yield Stress (MPa) 896.6 868.8 813.4
Tensile Strength (MPa) 1000.0 963.8 901.5

Elongation (%) 12.0 15.0 15.5
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Table 19B-4
Summary of Concrete Properties for Level C Analysis

_<65.6 0C 121.1 0 C 2600C
(150°F) (2500 F) (5000F)

RCCV Concrete (5 ksi)

Comp Strength (MPa) 34.48 28.58 25.91

Strain at Peak Comp (%) 0.19 0.22 0.27

Modulus (GPa) 27.80 18.58 14.83

Tensile Strength (MPa) 3.66 3.03 2.75

Fracture Strain (xE-6) 131.6 163.2 185.3

Poisson's Ratio 0.2 0.2 0.2

Basemat Concrete (4 ksi)

Comp Strength (MPa) 27.59 22.86 20.73

Strain at Peak Comp (%) 0.19 0.22 0.27

Modulus (GPa) 24.86 16.62 13.26

Tensile Strength (MPa) 3.27 2.71 2.46

Fracture Strain (xE-6) 131.6 163.2 185.3

Poisson's Ratio 0.2 0.2 0.2

Table 19B-5
Summary of Thermal Material Properties

Weight Specific Heat Conductivity
Material Density (kcal/kg-OC) (kcal/hr-m-OC)

(MN/mi)

Concrete 0.0235 0.21 1.4

Carbon Steel Liner 0.0770 0.11 46.0

Stainless Steel Liner 0.0770 0.118 14.0

Structural Steel 0.0770 0.11 46.0
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Table 19B-6
Summary of Maximum Stresses in Rebar and Concrete at 0.620 MPaG (90 psig) Pressure

Maximum Rebar Maximum Rebar Maximum Concrete
Tension Compression CompressionLocation Stress 'Ratio to Stress 'Ratio to Stress 2Ratio to

(MPa) Allowable (MPa) Allowable (MPa) Allowable
Top Slab -8.71 0.34

X-Bar Top 57.89 0.16 -20.84 0.06 On top surface under
X-Bar Bot 139.38 0.47 -53.08 0.18 pool girder at RCCV
Y-Bar Top 75.05 0.20 -30.03 0.08 wall
Y-Bar Bot 157.25 0.53 -52.34 0.18

RCCV Wall -9.82 0.38
Vert In 186.54 0.63 -21.74 0.07 At bottom connection
Vert Out 40.35 0.11 -16.38 0.04 with SP slab
Hoop In 23.98 0.08 -14.25 0.05
Hoop Out 22.84 0.06 -6.44 0.02

SP Slab -7.00 0.27
Hoop Top 7.09 0.02 -3.84 0.01 On bottom surface at
Hoop Bot 13.15 0.04 - RCCV wall
Rad Top 29.12 0.10 -20.41 0.07
Rad Bot 87.45 0.23 -33.6 0.09

Pedestal Wall -12.51 0.48
Vert In 6.66 0.02 -47.16 0.16 Outside surface at
Vert Out 0.12 0.00 -64.61 0.17 connection with basemat
Hoop In 27.39 0.09 -10.88 0.04
Hoop Out 22.52 0.06 -9.17 0.02

Basemat -5.88 0.28
Top Layers 13.07 0.04 -17.71 0.06 Top surface at pedestal
X-Bar Bot 120.56 0.32 -20.77 0.06 wall, [27.6 MPa, (4 ksi)
Y-Bar Bot 117.15 0.31 -21.99 0.06 concrete]

1 _ 1 . . .1 1 n . . .

aIIowaDIe is 0U-'o or yield; tor inner bars, yield = 327.5 MPa; for outer bars, yield = 413.8 MPa2allowable is 75% of fc'; for inner surface, fc' = 25.91 MPa; for outer surface, fc' = 34.48 MPa
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Table 19B-7
Summary of Maximum Stresses in Rebar and Concrete at 0.992 MPaG (144 psig) Pressure

Maximum Rebar Maximum Rebar Maximum Concrete
Tension Compression CompressionLocation

Stress 'Ratio to Stress 'Ratio to 2Ratio to
(MPa) Allowable (MPa) Allowable Stress (MPa) Allowable

Top Slab -22.65 0.88
X-Bar Top 179.99 0.48 -42.15 0.11 .015% peak plastic strain in
X-Bar Bot 344.54 1.17 -155.4 0.53 horizontal bars at connection
Y-Bar Top 251.35 0.67 -37.12 0.10 with top slab at pool girders
Y-Bar Bot 339.89 1.15 -160.91 0.55

RCCV Wall -24.39 0.94
Vert In 351.41 1.19 -33.02 0.11 .39% peak plastic strain in
Vert Out 223.34 0.60 -33.72 0.09 vertical bars at top slab under
Hoop In 140.71 0.48 -29.74 0.10 pool girder locations
Hoop Out 168.86 0.45 -7.25 0.02

SP Slab -13.02 0.50
Hoop Top 4.85 0.02 -14.51 0.05
Hoop Bot 79.69 0.21 -2.46 0.01
Rad Top 142.82 0.48 -41.35 0.14
Rad Bot 159.42 0.43 -53.74 0.14

Pedestal Wall -23.59 0.91
Vert In 72.63 0.25 -72.96 0.25
Vert Out 5.97 0.02 -121.88 0.33
Hoop In 77.34 0.26 -20.51 0.07
Hoop Out 68.26 0.18 -21.27 0.06

Basemat -11.91 0.58
Top Layers 133.46 0.45 -41.46 0.14
X-Bar Bot 283.92 0.76 -34.52 0.09
Y-Bar Bot 297.3 0.80 -39.2 0.11

1allowable is 90% of yield; for inner bars, yield = 327.5 MPa; for outer bars, yield = 413.8 MPa

-alowaoie is/7% o0 tc'; for inner surtace, fc' = 25.91 MPa; for outer surface, fc' = 34.48 MPa
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Table 19B-8
Summary of Torispherical Shell Parameters for Benchmark Analysis

Tested Analysis
Shell Model

D/t 770 770

r/D 0.17 0.174

R/D 0.90 0.903

D (m) 4.92 10.4

Yield Stress (MPa) 344 344

Buckling Pressure 0.731 0.738
(MPa)

Table 19B.9
Level C Pressure Capability of Drywell Head at 2601C (500*F)

Calculated Pressure
Part Capability

(MPaG)

Sleeve 2.036

Torispherical head 1.369

Bolted Hub/Flange 1.204
Flange Flange Bolt 2.550

Inside Flange Plate 1.033
Anchor

Structure Inside Gusset Plate 1.194

Concrete 1.224
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Table 19B-10
Level C Pressure Capability of Hatches and Airlocks at 2601C (5000F)

Calculated
Pressure

Component Part Pabslire
Capability

(MPaG)

Sleeve 2.817

Head 3.544

Flange 1.190
Bolted

Equipment Flange Bracket 1.722
Hatch Flange Bolt 2.556

Inside Flange Plate 1.768
Anchor Inside Gusset Plate 1.047

Structure
Concrete 3.383

Sleeve 2.817

Sidewall 1.078
Personnel Inside Flange Plate 1.768
Airlock Aco

Strucore Inside Gusset Plate 1.570Structure

Concrete 3.383

Sleeve 3.375

Head 4.251

Flange 1.333
Bolted

Wetwell Flange Bracket 1.411
Hatch Flange Bolt 2.821

Inside Flange Plate 2.140
AnchorSnchor Inside Gusset Plate 1.499

Structure
Concrete 3.924

19B- 16



26A6642BY Rev. 03
ESBWR Design Control Document/Tier 2

Table 19B-11
Summary of Level C/Factored Load Category Pressure Capacity at 2601C (5000 F)

Component Pressure (MPaG)

RCCV and Liners 1.185

Drywell Head 1.033

Hatches and Airlocks 1.047

Penetrations 3.38

PCCS Heat Exchangers 1.33
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Figure 19B-1. Finite Element Model Showing Steady State Thermal Condition
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Figure 19B-2. Concrete Compressive Stress, Level C Analysis, 0.992 MPaG (144 psig)
Pressure
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Figure 19B-3. Concrete Cracking Strain, Level C Analysis, 0.992 MPaG (144 psig)
Pressure
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Figure 19B-4. Liner Maximum Principal Strain, Level C Analysis, 0.992 MPaG (144 psig)
Pressure

19B-21



26A6642BY Rev. 03
ESBWR Design Control Document/Tier 2

10.
XI03

8.

6.

cc

1.5 2.0
Load Factor

3.5

Figure 19B-5. Maximum Principal Strains in Liner at Critical Locations, Level C Analysis
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Figure 19B-6. Liner Membrane Strain at Top Slab Connection, Level C Analysis

19B-22



26A6642BY Rev. 03
ESBWR Design Control Document/Tier 2

700

600

500

aw 400

300

200

100

0

0% 5% 10% 15%
Strain

20%

Figure 19B-7. State of Liner at Top Slab Connection at 100% MWR Pressure
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Figure 19B-8. Liner Membrane Strain at Top Slab Connection, Level C Analysis with
Thermal Stress
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Figure 19B-9. Finite Element Model for Drywell Head Capacity Study
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Appendix 19C. PROBABILISTIC ANALYSIS FOR CONTAINMENT
PRESSURE FRAGILITY

19C.1 INTRODUCTION

This Appendix presents the probabilistic analyses and results for the fragility of the ESBWR
primary containment system for over-pressurization. Fragility is defined as the cumulative
probability of failure for increasing internal pressure. Here, failure of the containment is taken to
mean a breach in the containment boundary, which can occur as a result of structural failure in
the RCCV walls, liner tearing at discontinuities (such as anchorages, corner connections, or
thickened plates at penetrations), rupture in the steel components of the penetrations or drywell
head, or separation of the bolted flanges for the penetrations or drywell head. Analyses for the
pressure capacity of these components requires different levels of modeling. A global, 3D finite
element model is used to determine the pressure capacity of the RCCV structure assuming no
leakage or failure in the steel penetration components. However, local detailed 3D models are
used to determine the pressure limits associated with the steel components (drywell head and
equipment hatch) using results from the global model as boundary conditions for the local
models. The pressure units of MPaG used in this appendix are gauge pressures unless noted
otherwise. Absolute pressure is designated as MPa.

19C.1.1 Analysis Methods

These analyses use the ANACAP-U concrete constitutive model (Reference 19C-1) coupled with
the ABAQUS/Standard finite element computer program (Reference 19C-2). These analyses are
based on detailed 3D finite element modeling, advanced material constitutive relations, and an
assessment of uncertainties within a probabilistic framework. The uncertainties in the analysis
results are associated with the finite element modeling, the material properties of the in-situ
structure at the time of the accident, failure criteria or limit states used in establishing the
pressure capacity, and the loading conditions that lead to pressurization of the containment. The
uncertainties in the finite element modeling, such as mesh fidelity and constitutive relations, are
discussed in Section 19C.1.5. The uncertainties in material properties and failure criteria are
evaluated by first identifying those parameters that are likely to have a significant effect on the
analysis results and then evaluating the effect of variations in these parameters using the 95%
confidence value of the specific parameter while keeping all other parameters at the median
values. The 95% confidence value is defined as Vm-1.6451X, where Vm is the median value of
the property and 03, is the standard deviation for the distribution of the variation in that property.
This represents a value such that there is 95% confidence that the actual value of that property
will be larger than this value. In some cases, such as material property variations, additional
analytical calculations are needed to evaluate the uncertainty. In other cases, such as variation in
failure criteria, re-evaluation of an existing analysis result can be performed.

The failure pressure is characterized using a lognormal probability density function defined as

Pf(P)= p1 exp [-2 ln(fl-/2 (19C-1)

p/8 -529TC2l)
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where p is the failure pressure, ji is the mean value of the natural log of the failure pressure, and
P3 is the standard deviation of the natural log of the failure pressure. Thus, the lognormal
standard deviations for the various key parameters having uncertainty are determined using the
equation

/3,i = Ln(P< / P,) (19C-2)
-1.645

where P,. is the pressure capacity when evaluated using the 95% confidence value for the ith
parameter or material property, and Pm is the median pressure capacity determined by using the
median values of all the key parameters. The composite lognormal standard deviation is then
defined as the square root of the sum of the squares of the individual standard deviations,
including the standard deviation for modeling uncertainty. The fragility, defined as the
cumulative probability of failure for increasing internal pressure, is then calculated from the
integral of the probability density function.

19C.1.2 Thermal Conditions

Accident conditions leading to over-pressurization will also include elevated temperatures.
Because of thermal induced stresses and material property degradation at elevated temperatures,
the fragility for over-pressurization is also a function of temperature. Thus, the fragility analyses
are conducted for three different thermal conditions, 1) steady state normal operating
temperatures (referred to as ambient conditions), 2) steady state conditions with the drywell liner
at 260'C (500'F) representing long-term accident conditions, and 3) transient thermal conditions
for a temperature spike representative of direct containment heating (DCH) conditions using a
snapshot of the temperature distributions when the liner is at 538'C (1000°F). The temperature
distributions for the above conditions are established through steady state or transient thermal
analysis. The stress analysis model is first initialized to be stress free at a uniform ambient
temperature of 15.5°C (60'F), and the hydrostatic pressures for the various water pools and
superstructure loads are applied on the model. Next, the design pressure of 0.31 MPaG (45 psig)
along with the accident temperature distributions under investigation are incrementally applied to
the model using static equilibrium iterations for nonlinear effects. Finally, the internal pressure
is incrementally increased, again using static equilibrium iterations, to determine the pressure at
which failure or leakage occurs according to the failure criteria of limit states defined. Note that
the 538 0C (1000 0F) transient thermal condition starts from the steady state normal operating
condition.

19C.1.3 Material Properties

The analyses for establishing the pressure fragility of the primary containment system are best
estimate calculations and are based on median or expected material properties and failure
criteria. The thermal properties for the thermal analyses are assumed to be constant with
temperature, and variations in these properties are not considered in the uncertainty evaluation.
This is handled by considering the 3 different thermal conditions in evaluating the overall
pressure fragility. The thermal properties are summarized in Table 19C-1. For structural
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properties, analyses using the 95% confidence value of these important parameters are used to
assess the effect of uncertainty in the analyses. The median and 95% confidence values must be
developed for the elastic and plastic material properties and failure criteria, all as a function of
temperature. While a set of 3 discrete thermal conditions are identified for the range of
temperatures of interest, the temperatures within the structural components have a continually
varying distribution. Thus, the property and criteria values must cover the entire range of
temperatures from ambient to 538°C (1000°F). These data have been collected and synthesized
from a variety of sources, (References 19C-3 through 19C-12). Typically, data for the median
value and for estimating the distribution of a property at room temperature is available, and some
data for the variation of the median value with temperature have been found. The 95%
confidence values at elevated temperatures are then determined using the distribution at room
temperature but with increasing uncertainty for increasing temperature. Table 19C-2 provides a
summary of the elastic properties for steel, and Table 19C-3 provides a summary of the plastic
properties of steel. Table 19C-4 provides a summary of the concrete properties.

19C.1.4 Failure Criteria

In evaluating the pressure capacity for the containment system, failure criteria must be defined to
establish limit states on the structural response where the internal pressure is no longer contained
by the structure. There is uncertainty in defining these failure criteria, so median and 95%
confidence values are defined to evaluate the effect of the uncertainty on the analysis results.
For the reinforced concrete containment vessel (RCCV) components, failure either occurs when
tensile loads cause rebars to yield and then rupture, or when the shear forces across a section
exceed the shear capacity. The rupture strain for Grade 60 reinforcing bars is based on the
elongation limits from test data, factored to account for strain concentration factors that are not
captured by the finite element modeling, which is based on smeared cracking. From previous
experience with similar modeling (References 19C-13 and 19C-14), the calculated strain at
which rebar rupture can occur is generally taken to be about /2 of the uniaxial elongation data.
As the limit state for section shear failure, a criterion for concrete shear strain across a section is
defined. This failure criterion has been established for the modeling methodology employed
based on previous work and benchmarking with experimental tests on structural specimens
(References 19C-14, 19C-15, and 19C-16). Once a shear band forms and the concrete shear
strains reach a critical level across the complete section, a brittle type shear failure of the section
can occur.

Failure criteria are also defined to consider leakage due to tearing of the liner. Tests of over-
pressurization of RCCV scale models show that liner tearing will develop at discontinuities
where strain concentration factors exist. From previous work, for example Reference 19C-17,
these failure criteria for a tearing strain are based on the ductility of the material and the
magnitude of strain concentration factors not captured by the fidelity of the modeling. First, the
ductility of the liner material is defined using elongation data performed on uniaxial test
specimens. The ductility depends on the state of stress, which is generally biaxial loading. For
the liner, the loading due to internal pressure is biaxial with the hoop tension which is generally
twice that of the tension in the axial direction. This biaxial loading produces a ductility limit of
60% of the uniaxial elongation data. In addition, to account for reduced ductility in the heat
affected zones of welds in the liner, a further reduction of 15% on the uniaxial test data are used.
This ductility limit must then be further reduced for comparison to calculated liner strains to
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account for the strain concentration factors not captured in the analyses. This factor depends on
the fidelity of the modeling, and thus different tearing strain limits are defined for the global
model and for the local model. In the global model, the liner strains are taken at the local areas
showing distress, that is, local strains rather than far field strains, and a median strain
concentration factor of 6 is used on the ductility limit to establish liner tearing. In the local
modeling with more mesh refinement, a median factor of 4 can be used for this strain
concentration factor in establishing the failure criteria for liner tearing. For the thicker steel
components of the penetration, the loading can be triaxial, and the elongation data are factored
by 50% to determine the material ductility. A strain concentration factor of 4 is again used to
account for the mesh fidelity of these steel components in the local modeling.

Finally, criteria for leakage through a bolted flange connection are defined based on a flange
separation distance. This criterion is based on experimental test data reported in
Reference 19C-18 for pressure-unseating equipment hatches. The pressure differential between
first unseating and measured leakage along with the bolt stiffness and cover area is used to
calculate a flange separation distance that leads to leakage past the gasket seal. Several tests
were performed in the referenced study with variations in parameters, such as bolt prestress,
number of bolts, and temperature. The median and 95% confidence values for flange separation
leading to leakage are developed based on these variations in test results. These failure criteria
were also considered constant with temperature because the test data did not show any
significant sensitivity with temperature. Note that the initiation of section yielding in the bolts is
also monitored as a criterion for leakage at the bolted connection. In the drywell head, the flange
separation distance criterion does not apply to the bolted flange configuration. In the drywell
head configuration, the flanges do not uniformly separate as in the equipment hatch
configuration. The drywell head flanges separate in a bending or prying fashion, separating first
along the inside edge and developing bearing pressure along the outside or toe of the flange.
Thus, only the initiation of bolt yield is used as the criterion for leakage at the drywell head. A
summary of these failure criteria used in this pressure fragility evaluation is provided in
Table 19C-5.

19C.1.5 Modeling Uncertainty

There is also uncertainty associated with the modeling used in the analyses for determining the
failure pressures for any given set of material properties, geometry, or other problem parameters.
This uncertainty concerns the mesh fidelity, the type of element formulations used, the
robustness of the constitutive models, the equilibrium iteration -algorithms and convergence
tolerances, geometric imperfections, fabrication and construction exactness, rebar placement
locations, and the like. This modeling uncertainty must be quantified as part of the fragility
calculation. Historically, this uncertainty is based on the experience and judgment of the analyst
because the analytical effort needed to consider variations in these modeling parameters is
prohibitive. For this effort, the modeling uncertainty is based on previous work where similar
modeling has been used to predict structural performance that can be compared to test data.
Several pretest analytical predictions have been performed for structural specimen tests using the
same software and modeling philosophy, namely mesh fidelity, element formulations,
convergence algorithms, and so forth. Many of these predictions and tests concern the pressure
capacity of reinforced concrete containments, for example, the 1:6 scale RCCV model tested to
over-pressurization failure at Sandia National Laboratories, Reference 19C-20. Thus, the
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modeling uncertainty can be determined by comparing the predicted analysis results with the test
results. A list is constructed of about 20 such comparisons, and the ratio of the test result to the
predicted result is determined for each. These data points are sorted into ascending order and
plotted for cumulative probability versus the ratio of test result to analysis prediction. The
cumulative probability is calculated for each point as n/(N+1) where n is the nth point in the
series and N is the total number of data points. A cumulative probability function, based on a
lognormal probability distribution function, can then be fitted to these data through a least
squares fit for the 2 parameters defining the lognormal PDF. The resulting curve fit is illustrated
in Figure 19C- 1.

Because the test data and analyses are all at ambient temperatures, the calculated 03 for modeling
uncertainty is increased by 10% for the analyses associated with the 260'C (500'F) thermal
conditions and by 20% for the analyses of the 538 0C (1000 0 F) thermal conditions. Also, because
the local modeling for the drywell head and equipment hatch take boundary conditions from the
global model and perform additional analyses, the respective modeling uncertainties are
increased by an additional variance of 03 = 0.06 which is typical for analyses of steel components.
The values of lognormal standard deviations for modeling uncertainties are summarized in
Table 19C-6.

19C.2 RCCV AND LINERS

19C.2.1 Model Description

A global 3D model is used to assess the ultimate capacity of the reinforced concrete components
of the primary containment system due to over-pressurization under severe accident conditions.
The modeling consists of a half-symmetric representation of the RCCV and the surrounding
reactor building, including the basemat, the pedestal wall, the suppression pool floor slab, the
upper drywell walls, the top slab, the upper pools structure and refueling floor, and the floors and
walls of the reactor building, as illustrated in Figure 19C-2. This figure also illustrates the
temperature distribution for the 260'C (500'F) steady state condition with deformations
magnified by 10. The model is supported on an elastic layer of continuum elements representing
the soil foundation. Solid (20-node continuum) elements with reduced Gaussian quadrature
integration are used to model the reinforced concrete sections. The reinforcement bars are
modeled as embedded, truss-like steel elements at the appropriate locations within the concrete
elements. Membrane elements (plate elements without bending stiffness) are generally used to
model the steel liners. These elements are attached to the nodes of the concrete elements for
compatibility with the concrete deformations. This assumes that the liner anchorage system
keeps the liners in contact with the concrete for this global modeling of the RCCV performance.
Some plate bending elements are used for the thickened sections at connections. Representations
for the large equipment hatches, personnel airlock penetrations, and the drywell head
components are included using plate bending elements. Plate bending elements are also used to
model the steel components of the internal structures, including the vent wall, diaphragm floor,
reactor vessel shield wall, and the reactor pressure vessel support brackets, so that the stiffness
and thermal induced stresses on the RCCV from these components are included in the modeling.
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19C.2.2 Median Capacity Analysis

Figure 19C-3 plots the maximum principal strains, representative of cracking strains, in the
RCCV at a drywell pressure of 4 times design pressure. This figure also shows the deformed
shapes magnified by 10 and illustrates the structural response of the RCCV containment system.
The contour limits in these plots are set to indicate distressed areas where cracking is
concentrated. The critical locations for the RCCV pressure capacity is at the connection of the
RCCV upper drywell wall to the flat top slab, which is supported by the upper pool girders
extending across the top slab. Cracking and distress is also evident in these upper pool main
girders. Examination of the structural response relative to the failure criteria indicates that the
pool girders will fail due to section shear capacity at a containment pressure of 1.913 MPaG
(277 psig) or a load factor of 6.17 times the design pressure. The critical location for liner
tearing is at the connection of the RCCV wall to the top slab and, in particular, directly under the
location of the upper pool girder on the top of the slab, as illustrated in Figure 19C-4. The
calculated strain at this location is plotted versus internal pressure and evaluated against the
failure criteria. Liner tearing is predicted to initiate at this top slab connection at a median
pressure of 1.708 MPaG (248 psig) or a load factor of 5.51 times the design pressure.

19C.2.3 Evaluation for Uncertainty

For the RCCV wall capacity, the important material property parameters are the concrete
strength, which also affects the concrete modulus and tensile strength, and the yield strength of
the reinforcement. The ultimate strength of the reinforcement also has uncertainty, but this is
handled through the failure strain for the reinforcement. There is also uncertainty in the yield
stress and ultimate strength of the liner material. However, for the global modeling, the
evaluation for liner tearing is also handled through the failure strain limit for the liner. The liner
yield stress is not considered an important parameter because the liner is "glued" to the concrete
and thus deforms along with the concrete in a strain-controlled manner. Variations on the
analysis for the 260'C (500F) thermal condition are performed to establish the failure pressures
under the 95% confidence values for these key parameters. Table 19C-7 summarizes the results
of these studies for evaluation of the uncertainty. The table provides the failure pressures found
and the calculated lognormal standard deviations for variation of the key parameters identified.
The composite lognormal standard deviation including the modeling uncertainty is also shown in
the table.

19C.2.4 Variation with Temperature

To determine the variation of failure pressure with temperature for RCCV components, the
global analyses using the median values of all parameters are performed for the other thermal
conditions, namely normal operating (ambient) and the 538'C (1000'F) liner temperature under
transient conditions. It is found that the RCCV response and mode of failure is the same as
found in the 260'C (500'F) steady state thermal condition. The pressure capacity for the RCCV
walls is again limited by shear failure of the upper pool girders spanning across the top slab. The
calculated median pressure capacities for failure of the RCCV wall and liner tearing in the
RCCV wall at the connection with the top slab for these thermal conditions are summarized in
Table 19C-8.
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19C.2.5 Summary

Table 19C-8 provides a summary of the pressure fragility for the capacity of the RCCV wall and
for liner tearing at the connection of the RCCV wall to the top slab. This table provides the
mean and standard deviations for the lognormal PDF function, along with the median value of
pressure capacity and the 95% confidence value for the pressure capacity all for the variations in
thermal conditions for an accident. The 95% confidence value is the pressure value such that
there is a 95% confidence that the actual failure pressure will be higher. Figure 19C-5 illustrates
the pressure fragility for the RCCV wall with temperature, and Figure 19C-6 plots the fragility
with temperature for the RCCV liner tearing failure mode.

The pressure capacity of the RCCV structure is limited by tearing of the drywell liner on the
RCCV wall at the connection to the top slab. The capacity of the actual RCCV wall is limited by
shear failure of the main upper pool girders supporting the top slab. This failure in the
supporting upper pool girder will lead to a subsequent rapid failure of the RCCV wall at the top
slab connection. While the RCCV wall capacity has a higher median pressure capacity than liner
tearing, it also has more uncertainty. This failure mode for the pressure capacity of the RCCV
boundary does not change with temperature. The RCCV wall capacity shows a decrease of
about 11% from ambient conditions to elevated temperature conditions. In addition, there is very
little difference between the capacity at 260'C steady state conditions and the 538 0 C transient
conditions mainly because the upper pool girder controls this failure mode. The resistance to
liner tearing at the RCCV wall to top slab connections increases somewhat with temperature
because of the effects of compressive stresses induced into the liner at elevated temperatures,
which counteracts the tensile stress leading to tearing due to pressure. The liner material also has
higher ductility at the upper range of the temperatures.

19C.3 DRYWELL HEAD

19C.3.1 Model Description

A detailed local model for the drywell head was constructed to evaluate the pressure fragilities
for leakage from tearing in the steel components or from flange distortion and loss of seal. The
drywell head model includes a section of the reinforced concrete top slab around the drywell
head. Displacement boundary conditions, extracted from the global model, are imposed on the
cut sections of the top slab in the local model. The boundary displacements enforce the
deformation patterns from the global response of the containment system on the local model
while capturing more refinement in the structural response of the drywell head components. A
contact surface between the flanges is used to allow flange separation to develop. The closure
bolts are modeled with beam elements with the appropriate length, cross-sectional area, and
initial prestress. Figure 19C-7 illustrates the local modeling for the drywell head. This model
for the drywell head was tested to insure that it can capture the buckling failure mode due to
hoop compression in the knuckle region. The testing and analysis showing that the drywell head
does not fail in this mode is discussed in Appendix 19B.

19C.3.2 Median Capacity Analysis

As in the global modeling, the evaluations for the median pressure capacity and the uncertainties
in the analysis are performed for the 260'C (500'F) steady state thermal conditions.
Figure 19C-8 illustrates the temperature distributions in the drywell head region along with the
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deformation patterns plotted at a load factor of 7 Pd with a magnification of 10. The top slab
bulges upward due to the pressure in the drywell below. This forces the collar for the bottom
flange to undergo bending deformations. Figure 19C-9 plots the accumulated plastic strain at a
pressure of 2.17 MPaG (315 psig) or a load factor of 7 Pd for the steel components of the drywell
head. The areas showing plastic deformation at this load are in the liners at the connections with
the thickened shear plate and in the collar section at the connection with the top slab where the
thickness taper ends. Evaluation of these locations against the steel tearing strain shows that
tearing does not develop before bolt yielding and leakage past the seals in the flanges.

Figure 19C-10 illustrates the bending or prying deformation response in the bolted flanges and
provides the bolt stresses versus pressure for the more critical bolt locations. For increasing
internal pressure, the inside surface of the flanges begin to separate with increasing bearing stress
around the toe of the flanges. Because of this prying action that produces substantial bearing
stress and contact around the toe of the flanges, the pressure capacity is based on initiation of
midsection yielding in the bolts. While the bolts can incur some additional plastic deformation
before rupture, the median failure pressure is conservatively taken as that pressure causing first
midsection yielding in the bolts. For the 260'C (500'F) steady state thermal condition, the
median failure pressure for leakage at the bolted flange of the drywell head is 1.587 MPaG
(230 psig) or 5.12 Pd.

19C.3.3 Evaluation for Uncertainty

A variation in the analyses using 95% confidence values for the yield stress of the steel material
was performed to evaluate the variance due to uncertainty in this material property.
Reevaluation of the median based analysis using the 95% confidence values of the strain limit
for steel tearing and for bolt yield stress were performed to assess variance due to uncertainty in
these parameters. Separate analyses were also performed using a 95% confidence value for the
bolt prestress and another for the temperature distribution in the top head to assess the variance
from uncertainty in these problem parameters. Table 19C-9 summarizes the results of these
studies for evaluation of the uncertainty. The table provides the failure pressures found and the
calculated lognormal standard deviations for variation of the parameters identified. The
composite lognormal standard deviation including the modeling uncertainty is also shown in the
table. For the drywell head penetration, the pressure capacity is controlled by leakage at the
bolted flange from bolt yielding. In this case, the bolt prestress has little affect on the pressure
capacity because of the stiffness of the flange and the prying action in the connection. Variation
in the bolt yield has a direct affect on the pressure capacity. A reduced yield stress for the steel
components has the effect of increasing the capacity from bolt yield because earlier yielding in
the collar reduces the prying action on the bolts. However, bolt yielding still develops before
tearing in the steel components so that the mode of failure does not change.

19C.3.4 Variation with Temperature

The variation with temperature for the failure pressure causing leakage in the drywell head was
evaluated using median based analyses for the ambient (normal operating) and 538°C (1000 0F)
transient thermal conditions. Thermal analyses, consistent with the global model analyses, are
performed for the local drywell head model to establish the temperature distributions within the
refined modeling. The loads due to increasing drywell pressure are then applied along with the
boundary conditions from the global model at the corresponding load increments for the global
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analysis. Bolt yielding leading to leakage at the flange connection also limits the pressure
capacity of the drywell'head for these other temperature conditions. Both ambient and 538°C
(1000°F) transient conditions provide somewhat higher capacities for pressure because the
prying action at the flange is reduced for these cases due to global thermal deformation demands.
An extreme case with the inside of the drywell head held at 260'C (500'F) was also considered.
This case also improved the pressure capacity due to bolt yielding. Here the elevated
temperature on the inside of the head acts to keep the inner surface of the flanges together
because the hot inner surface must expand. This thermal demand also resists the flange
separation. Because there is very little effect on ultimate strength or ductility for this material up
to 260'C (500'F), the mode of failure also does not change.

19C.3.5 Summary

Table 19C-10 provides a summary of the pressure fragility for the drywell head for the various
thermal conditions. This table provides the mean and standard deviations for the lognormal PDF
function, along with the median value of pressure capacity and the 95% confidence value for the
pressure capacity. The 95% confidence value is the pressure value such that there is a 95%
confidence that the actual failure pressure will be higher. Figure 19C- 11 illustrates the pressure
fragility for the drywell head with temperature.

19C.4 EQUIPMENT HATCHES

19C.4.1 Model Description

A detailed local model of a representative equipment hatch in the drywell was constructed to
evaluate the pressure fragility for leakage from either tearing in the steel components or flange
distortion and loss of seal. A hatch configuration in the upper drywell was chosen as the basis of
the modeling. All equipment hatches have the same diameter, fabrication, section sizes, and
closure configurations. The equipment hatch in the lower drywell differs only in that it
penetrates the thicker pedestal wall. The thinner RCCV wall in the upper drywell will be more
flexible and thus more critical for deformations leading to possible flange distortions or tearing
in the steel components of the equipment hatch. The shear resistance along the barrel of the
penetration is more critical for the thinner wall. The bolted flange connections perform similarly
for the upper or lower drywell equipment hatches. The personnel airlock penetrations have a
closure lid on the inside of the containment so that increasing pressure acts to keep this inner seal
closed and the closure lid in compression. In addition, this configuration inhibits high
temperatures during an accident from acting directly on the interior of the penetration. Thus, the
equipment hatch in the upper drywell is used as the basis for this fragility analysis.

The local modeling for the equipment hatch is illustrated in Figure 19C-12. This figure also
illustrates the temperature distribution for the 260'C (500'F) steady state thermal condition. The
equipment hatch model includes a section of the RCCV wall around the penetration.
Displacement boundary conditions, extracted from the global RCCV model, are imposed on the
cut sections of the RCCV wall in the local model. This enforces the deformation patterns from
the global response of the containment system on the local model while capturing more
refinement in the structural response of the equipment hatch components. A contact surface
between the flanges is modeled to allow flange separation to develop. The closure bolts are
modeled with beam elements with the appropriate length, cross-sectional area, and initial
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prestress. A thermal analysis, consistent with that performed for the global model, was
performed for the local model to establish the temperature distributions in the refined mesh of
the local model. The thermal and pressure loads were incrementally applied in coordination with
the displacement boundary conditions for the same loading states in the global model to evaluate
the failure modes and failure pressure levels in the equipment hatch.

19C.4.2 Median Capacity Analysis

Under the temperature and increasing internal pressure, the RCCV wall experienced significant
cracking in the outer half of the wall around the equipment hatch penetration but maintained
good shear resistance. Figure 19C-13 plots contours for the accumulated equivalent plastic
strains in the steel components of the equipment hatch at a pressure of 2.17 MPaG (315 psig) or
a load factor of 7 times the Pd for the 260'C (500'F) thermal conditions. This figure indicates
some distress around the thickened support plate connection, but with more extensive yielding in
the barrel section near the connection with the outer ring stiffener. The peak plastic strain shown
for this load factor is below the failure strain criterion needed for tearing. Evaluation of these
results against the median failure criterion indicates that flange separation and leakage develops
before tearing of the steel components. It is found that the median failure pressure sufficient to
cause leakage for this representative equipment hatch configuration is 1.882 MPaG (273 psig) or
6.07 Pd. An examination of the bolt responses shows that section yield in the bolts does not
develop until after this pressure so that leakage is controlled by the flange separation. Similarly,
tearing of the liner at the connection with the thickened support plate on the equipment hatch did
not occur before leakage at the bolted flange. To further evaluate and confirm this finding, a
more detailed analysis of the liner and anchorage system and the rectangular stiffener plate
around the equipment hatch penetration was performed. This local effects slice model includes
the embedded T-anchors and the thickened stiffener plate along with a slice of concrete where
boundary conditions were supplied by the local model. Figure 19C-14 plots the plastic strains in
the liner and thickened plate at a load factor of 7 times the design pressure for the 260'C (500'F)
steady state thermal conditions. This local slice model shows peak plastic strains of 0.56% along
the top of the thickened plate, and plastic strains of about 0.2% along the connections of the T-
anchors. Again, these levels of strain are well within the failure criteria for tearing, and these
results confirm that liner tearing would not occur before leakage at the bolted connection.

19C.4.3 Evaluation for Uncertainty

Variations in the analyses using 95% confidence values for the yield stress of the steel material
and for the yield stress of the bolt material were performed to evaluate the uncertainties in
material properties. These were two separate analyses using the 95% confidence value of each
and the median values of all other parameters. A separate analysis was also performed using a
95% confidence value for the bolt prestress to assess the uncertainty in this parameter.
Reevaluation of the median based analysis now using the 95% confidence value of the flange
separation distance was performed to assess the uncertainty in this parameter. Table 19C- 11
summarizes the results of these studies for evaluation of the uncertainty. The table provides the
failure pressures identified and the calculated lognormal standard deviations for variation of the
parameters identified. The composite lognormal standard deviation including the modeling
uncertainty is also shown in the table. For the equipment hatch, the pressure capacity is limited
by leakage at the bolted flange, which is controlled by flange separation. The pressure capacity
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is most affected by variations in the bolt prestress and distance of flange separation causing
leakage. The bolt prestress affects the pressure required for initial flange unseating, after which
the stiffness of the bolts govern the flange separation leading to leakage past the seal. Variation
in the bolt yield has little affect on the pressure capacity because it does not change the mode of
failure, and sufficient flange separation develops for leakage before bolt yielding.

19C.4.4 Variation with Temperature

The variation with temperature for the failure pressure causing leakage in the equipment hatch
penetration was evaluated using median based analyses for the ambient (normal operating) and
538°C (1000°F) transient thermal conditions. Again, thermal analyses, consistent with the global
model analyses, were performed for the local equipment hatch model to establish the temperature
distributions within the refined modeling. The loads from increasing drywell pressure were then
applied along with the boundary conditions from the global model at the corresponding load
increments for the global analysis. The evaluation for ambient thermal conditions shows that the
pressure capacity was still limited by leakage due to flange separation which has a higher
capacity than at elevated temperatures. For the 538°C (1000°F) transient thermal conditions,
leakage due to flange separation occurs at a much reduced pressure capacity. This reduced
capacity is due to the configuration where the high temperatures act directly on the interior of the
penetration and closure lid. This causes a thermal induced bending load that acts to separate the
toe of the flanges coupled with softening of the material at elevated temperatures that reduces the
stiffness of the bolted flange connection.

19C.4.5 Summary

Table 19C-12 provides a summary of the pressure fragility for a representative equipment hatch
for the variations in thermal conditions for an accident. This table provides the mean and
standard deviations for the lognormal PDF function, along with the median value of pressure
capacity and the 95% confidence value for the pressure capacity. The 95% confidence value is
the pressure value such that there is a 95% confidence that the actual failure pressure will be
higher. Figure 19C- 15 illustrates the pressure fragility for the equipment hatch with temperature.
A significant drop off in the pressure capacity of the equipment hatch penetrations is found for
extreme accident temperatures because the temperature can act directly inside the penetration
and on the inside surface of the closure connections.

These analyses indicate that tearing of the liner at the connections of thickened support plates
around the equipment hatch penetrations is not the failure mechanism that limits the pressure
capacity of the equipment hatch. This analysis result apparently conflicts with experimental data
for over-pressurization tests on the 1:6 scale model reported in Reference 19C-20. There are
several differences between the test conditions for this Sandia 1:6 scale model and the
configuration for the ESBWR equipment hatch penetrations. First, the Sandia 1:6 scale model
did not have any internal support structures connected to the RCCV. Under internal pressure, the
barrel section on this type of containment undergoes "ballooning" deformation, which develops
large hoop strain at the locations of the penetrations. In the ESBWR, the drywell equipment
hatch is located just above the diaphragm floor connection with the RCCV wall, and the RCCV
is integral with the reactor building floors connecting to the exterior of the RCCV. This internal
and external support for the ESBWR configuration restricts the radial deformation and hoop
strains near the equipment hatch. Secondly, the Sandia 1:6 scale model employed stud type
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anchorages for the liner, while the ESBWR design uses continuous vertical T-beams for
anchoring the liner to the RCCV wall. The continuous vertical anchorages along the edges of the
thickened plates at the penetrations provide more support for this connection than the stud type
anchorages. Finally, these analyses also consider thermal loads due to elevated temperatures,
whereas the Sandia 1:6 scale tests were conducted at uniform ambient temperatures. The
thermal loads cause compressive membrane stress in the liner that counteracts the tension stress
under the pressure loads. Thus, while the level of tension strain needed in the analysis to cause
failure may be similar to that determined from the Sandia 1:6 scale model testing, the pressure
levels required to develop that strain in the ESBWR analyses is larger as a relative factor on the
design pressure.

19C.5 PRESSURE FRAGILITY SUMMARY

The fragility of the ESBWR primary containment system to over-pressurization under accident
conditions is summarized in Table 19C-13. This table provides the median value and a 95%
confidence value for the failure pressures causing the various failure modes leading to a breach
in the containment boundary. The failure pressures are provided in terms of a factor on the
design pressure of 0.31 MPaG (45 psig) and as the actual gauge pressure (MPaG). Additional
failure mechanisms for tearing of the liner, either at the equipment hatch penetration or drywell
head connections, and tearing of the steel components for the equipment hatch and drywell head
were also considered but were not controlling. Figure 19C-16 plots the fragility for the various
failure modes for the 260'C (500'F) steady state thermal condition. The median pressure
capacity for this condition is limited by leakage at the drywell head flange which is caused by
bolt yielding. The subsequent failure modes, in order of increasing median failure pressure
limits, are: 1) tearing of the liner at the connection of the RCCV wall to the top slab, 2) leakage
at the bolted flange connection of the equipment hatch type penetrations due to flange separation,
and 3) failure of the RCCV wall at the connection with the top slab due to shear failure of the
upper pool girders supporting the top slab. Under normal operating (ambient) thermal
conditions, the pressure capacity is limited by tearing of the liner at the RCCV wall connection
with the top slab. For the 538'C (1000°F) transient thermal condition, the pressure capacity is
limited by leakage at the bolted flange connection in the equipment hatch. In this scenario, the
inside of the equipment hatch penetration is exposed to the extreme temperatures considered, and
capacity is significantly reduced by thermal induced stress at this bolted connection. Note that
the drywell head is protected from these extreme temperatures because of insulation around the
RPV and restricted flow paths from the drywell space into the area beneath the drywell head.
The pool of water on top of the drywell head also keeps the flanges and closure bolts at moderate
temperatures.
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Table 19C-1
Summary of Thermal Material Properties

Material Weight Density Specific Heat Conductivity(MN/m 3) (kcal/kg-°C) (kcal/hr-m-.C)

Concrete 0.0235 0.21 1.4
Carbon Steel Liner 0.0770 0.11 46.0
Stainless Steel Liner 0.0770 0.118 14.0
Structural Steel 0.0770 0.11 46.0

Table 19C-2
Summary of Elastic Mechanical Properties for Steels

Ambient 2600C 538 0C
Conditions Conditions Conditions

Median 95 % Median 95 % Median 95 %

Carbon Steel
Modulus (GPa) 203.4 200.0 185.1 182.0 122.1 120.0
Poisson's Ratio 0.289 0.289 0.295 0.295 0.304 0.304

Stainless Steel
Modulus (GPa) 200.0 198.6 180.0 178.8 158.0 F 156.9
Poisson's Ratio 0.295 0.295 0.311 0.311 0.331 0.331
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Table 19C-3
Summary of Plastic Mechanical Properties for Steels

Ambient 2600C 538 0C
Conditions Conditions Conditions

Median 95 % Median 95% Median 95 %
SA516 Grade 70 i

Yield Stress (MPa) 335.3 295.3 301.8 265.3 261.5 211.2
Tensile Strength (MPa) 531.3 491.9 488.8 460.2 438.3 350.2
Elongation (%) 20.3 17.0 20.5 16.4 33.7 24.0

A572 Grade 50
Yield Stress (MPa) 397.2 344.8 317.8 254.1 226.4 157.0
Tensile Strength (MPa) 521.4 451.0 516.2 438.8 318.0 233.6
Elongation (%) 22.5 18.0 25.0 20.0 30.0 24.0

A36
Yield Stress (MPa) 339.3 287.1 271.4 214.0 193.4 130.8
Tensile Strength (MPa) 472.4 416.8 467.7 406.5 288.2 221.5
Elongation (%) 35.4 26.0 40.3 30.0 45.3 34.0

A709 HPS 70W
Yield Stress (MPa) 554.8 495.9 443.9 357.0 316.3 226.1
Tensile Strength (MPa) 652.1 629.0 645.6 560.4 397.8 306.9
Elongation (%) 23.8 19.0 26.3 21.0 28.8 23.0

A615 Grade 60 Rebar
Yield Stress (MPa) 473.1 437.9 378.5 315.3 269.7 199.7
Tensile Strength (MPa) 724.1 669.0 716.9 596.0 441.7 326.5
Elongation (%) 12.5 8.6 13.0 9.0 14.0 10.0

SA240 SS 304L
.2% Yield Stress (MPa) 200.0 179.4 137.5 106.6 108.3 78.2
Tensile Strength (MPa) 487.5 453.2 376.7 344.4 337.5 303.2
Elongation (%) 57.5 48.6 39.2 29.6 35.8 26.2

SA540-B24 Class 3 Bolting

Yield Stress (MPa) 941.9 896.6 813.4 763.4 626.9 572.4
Tensile Strength (MPa) 1045.4 1000.0 901.5 851.5 692.9 638.5
Elongation (%) 14.5 12.0 15.5 13.0 16.5 14.0
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Table 19C-4
Summary of Concrete Material Properties

Ambient 2600 C 538 0 C

Material/Property Conditions Conditions Conditions
Media 95% Median 95% Median 95%1 n

RCCV Concrete (5 ksi)

Comp Strength (MPa) 43.80 34.48 32.91 25.41 23.46 16.02
Strain at Peak Comp (%) 0.19 0.20 0.27 0.36 0.46 0.68
Modulus (GPa) 31.33 27.80 16.71 10.85 7.11 3.50
Tensile Strength (MPa) 4.12 3.66 3.10 2.39 2.21 1.51
Fracture Strain (xE-6) 131.6 99.1 185.3 139.6 310.6 234.0
Poisson's Ratio 0.22 0.18 0.22 0.18 0.22 0.18

Basemat Concrete (4 ksi)

Comp Strength (MPa) 35.04 27.59 26.33 20.33 18.77 12.81
Strain at Peak Comp(%) 0.19 0.20 0.27 0.36 0.46 0.68
Modulus (GPa) 28.02 24.86 14.95 9.70 6.36 3.13
Tensile Strength (MPa) 3.69 3.27 2.77 2.14 1.98 1.35
Fracture Strain (xE-6) 131.6 99.1 185.3 139.6 310.6 234.0
Poisson's Ratio 0.22 0.18 0.22 0.18 0.22 0.18

Table 19C-5.
Summary of Material Limits and Failure Criteria

Ambient 2600 C 538 0 C
Criteria Conditions Conditions Conditions

Median 95 % Median 95 % Median 95 %

Global Modeling

Section Shear Strain (%) 0.55 0.44 0.55 0.44 0.55 0.44
Rebar Fracture Strain (%) 5.0 2.0 5.5 2.2 6.0 2.4
Liner Tearing Strain (%) 1.72 1.40 1.75 1.17 2.87 1.96

Local Detailed Modeling

Liner Tearing Strain (%) 2.59 2.26 2.62 2.04 4.30 3.40
Steel Tearing Strain (%) 2.54 2.21 2.57 1.99 4.22 3.31
Flange Separation (mm) [or
First Yield in Bolts] 0.60 0.55 0.60 0.55 0.60 0.55

Table 19C-6
Summary of Variance for Modeling Uncertainty

Lognormal Standard Deviations
Analysis Type Ambient 500OF 1000OF

Conditions Conditions Conditions
Global Modeling 0.1232 0.1355 0.1478
Local Modeling 0.1370 0.1482 0.1595
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Table 19C-7
Summary of Uncertainty Evaluations for RCCV Pressure Capacity

RCCV Failure due Liner Tear at
to Section Shear Connection of
Failure in Upper RCCV Wall to Top

Parameter Type Pool Girders Slab
Pressure Pressure
MPaG MPaG

(LF on Pd) (LF on Pd)
Median 1.913 1.708

Median Failure Pressure Vediae 6.917 (.51)
Values (6.17) (5.51)

Concrete Strength (MPa) Material 1.624 0.0993 1.590 0.0434

Property 5.924 (5.13)

Rebar Yield Stress (MPa) Material 1.907 0.002 1.640 0.0248
Property (6.15) (5.29)

Section Shear Strain Limit (%) Failure 1.615 0.1028 N/A --
Criterion (5.21)
Failure

Rebar Rupture Strain (%) Criterion N/A -- N/A --

Failure 1.587Liner Tearing Strain (%) Criterion N/A (5.12) 0.0446

Modeling Uncertainty Modeling 0.1355 0.1355
(Section 4.6) Methods
Composite Lognormal Composite 0.1970 0.151
Standard Deviation Composite 0.19700.151
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Table 19C-8
Summary of Pressure Fragility for RCCV and Liner

Failure Pressure,
PDF Lognormal MPaG

Failure Mode and Distribution

Thermal Condition (Load Factor on Pd)
Median

__"____ Value 95% Value
RCCV Capacity due to Shear
Failure in Pool Main Girder

1.913 1.357
260 °C Steady State 1.800 0.1970 (.17 (.3 8)

(6.17) (4.38)
2.133 1.536

Ambient Steady State 1.911 0.1887 (.88) (.5 )
(6.88) (4.95)
1.928 1.346

538 'C Transient 1.807 0.2056 (.22 (.34)
(6.22) (4.34)

Liner Tear at RCCV Wall
Connection with Top Slab

1.708 1.317
260 'C Steady State 1.695 0.1512 (. 51) (. 25)

(5.51) (4.25)
1.628 1.280

Ambient Steady State 1.648 0.1403 (.25 (.13)
(5.25) (4.13)
1.810 1.368

538 'C Transient 1.752 0.1623 (.84) (.41)
(5.84) (4.41)
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Table 19C-9
Summary of Uncertainty Evaluations for Drywell Head Pressure Capacity

Leakage Due to Bolt Leakage Due to Steel
Yielding Tearing

Parameter Type Pressure Pressure
MPaG MPaG

(LF on Pd) (LF on Pd)

Median Failure Pressure Median 1.587 2.015
Values (5.12) (6.50)

Material 1.652 2.114
Steel Yield Stress (MPa) -0.0244 -0.0292Property (5.33) (6.82)

Failure 1.705Steel Rupture Strain (%) Criterion N/A (5.50) 0.1016

Drywell Head Temperature Loading 1.587 000 -- --
Condition (5.12)

Bolt Prestress (MPa) Loading 1.587 1.975
Condition (5.12) 0.00 (6.37) 0.0123

Failure 1.507Bolt Yield Stress (MPa) Criterion (4.86) 0.0317 --

Modeling Uncertainty Modeling 0.1482 0.1482
(Section 4.6) Methods
Composite Lognormal Composite 0.1535
Standard Deviation Composite 0.53 0.1824

Table 19C-10
Summary of Pressure Fragility for Drywell Head

PDF Lognormal Failure Pressure, MPaG
Failure Mode and Distribution (Load Factor on Pd)

Thermal Condition Median
9 Value 95% Value

Leakage Due to Bolt Yielding
1.587 1.219

260 'C Steady State 1.621 0.1535 (5.2 3.9
(5.12) (3.93)
1.983 1.552

Ambient Steady State 1.846 0.1428 (.40) (5 01
(6.40) (5.01)
1.826 1.374

538 'C Transient 1.760 0.1645 5.896 (.4
(5.89) (4.43)
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Table 19C-11
Summary of Uncertainty Evaluations for Equipment Hatch Pressure Capacity

Leakage Due to Leakage Due to
Bolt Yielding Flange Distortion

Parameter Type Pressure Pressure
MPaG MPaG f3

(LF on Pd) (LF on Pd)
Median 2.635 1.882

Median Failure Pressure Vedial (.650 .088
Values (8.50) (6.07)

Steel Yield Stress (MPa) Material N/A -- 1.866 0.0050
Property (6.02) ___

Bolt Prestress (MPa) Loading 2.635 1.776
Condition (8.50) 0.000 (5.73) 0.0350

Bolt Yield Stress (MPa) Failure 2.542 0.0218 1.882Criterion (8.20) (6.07) 0.00
Failure 1.810Flange Separation (mm) Criterion N/A -- (5.84) 0.0235

Modeling Uncertainty Modeling __ 0.1482 -- 0.1482
(Section 4.6) Methods
Composite Lognormal Composite 0.1498
Standard Deviation Composite --_0.1498_--_0.1542

Table 19C-12
Summary of Pressure Fragility for Equipment Hatch

PDF Lognormal Failure Pressure, MPaG
Failure Mode and Distribution (Load Factor on Pd)

Thermal Condition Median
Value 95% Value

Leakage at Bolted Flanges due
to Flange Separation

1.882 1.443
260 'C Steady State 1.791 0.1542 (. 07) (4 65

(6.07) (4.65)
2.012 1.573

Ambient Steady State 1.860 0.1435 (.49) (57 )
1649 (5.07)

1.181 0.888
538 'C Transient 1.324 0.1651 (.81 (.86)

I11 (3.81) (2.86)
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Table 19C-13
Summary of ESBWR Fragility for Over-Pressurization

Failure Pressure
Factor on Pd Followed by Gauge Pressure (MPaG)

Failure Mode Ambient Conditions 260-C (500-F) 538-C (1000-F)
Steady State Transient

Median 95%HC Median 95%HC Median 95%HC
DW Head Leakage 6.40 5.01 5.12 3.93 5.89 4.43
due to Bolt Yielding 1.983 1.552 1.587 1.219 1.826 .. -374

Liner Tearing RCCV 5.25 4.13 5.51 4.25 5.84 4.41
Wall at Top Slab 1.628 1.280 1.708 1.317 1.810 1.368

EQ Hatch Leakage - 6.49 5.07 6.07 4.65 3.81 2.86
Flange Separation 2.012 1.573. 1.882 1.443 1.181 0.888

RCCV Wall at Top 6.88 4.95 6.17 4.38 6.22 4.34
Slab Connection 2.133 1.536 1.913 1.357 1.928 1.346
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Figure 19C-1. Calculation of Variance due to Modeling Uncertainty
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Figure 19C-2. Finite Element Model Showing the 2600 C (500 0F) Steady State Thermal
Condition
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Figure 19C-3. Structural Response of RCCV at 1.24 MPaG (180 psig) Pressure
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Figure 19C-4. Critical Location for Liner Tearing in RCCV
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Figure 19C-5. Pressure Fragility for RCCV Wall Capacity with Temperature
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Figure 19C-6. Pressure Fragility for RCCV Liner Tearing with Temperature
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Figure 19C-7. Local Finite Element Model for Drywell Head
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Figure 19C-8. Thermal Contours and Deformation for 260*C (500'F) Thermal Condition
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Figure 19C-9. Equivalent Plastic Strains in Steel Components at 2.17 MPaG (315 psig)
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Figure 19C-10. Bolt Stresses in Drywell Head for 260'C (500*F) Thermal Condition
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Figure 19C-11. Pressure Fragility with Temperature for Leakage at Drywell Head
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Figure 19C-15. Pressure Fragility with Temperature for Leakage at Equipment Hatch
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15 SEISMIC MARGINS ANALYSIS

This section documents the PRA-based seismic margin analysis of the ESBWR.

15.1 INTRODUCTION

The seismic risk analysis is performed to assess the impacts of seismic events on the safe
operation of the ESBWR plant.

A PRA-based seismic margins analysis (SMA) is performed for the ESBWR using the systems
models and the fragility analysis method of Reference 15-1 to calculate high confidence low
probability of failure (HCLPF) accelerations for important accident sequences and accident
classes.

The analysis shows that the ESBWR plant is capable of withstanding an earthquake of at least
1.67 times the safe shutdown earthquake (SSE) with a high confidence of low probability of
failure.

The scope of the analysis includes both at-power and shutdown seismic-induced accident
scenarios.
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15.2 METHODOLOGY

The seismic risk assessment uses a seismic margins analysis (SMA) method based on that of
References 15-1 and 15-2 to calculate high confidence low probability of failure (HCLPF)
seismic capacities for important accident sequences and accident classes.

The PRA-based seismic margins approach used in this analysis evaluates the capability of the

plant to withstand an earthquake of 1.67 times the safe shutdown earthquake (1.67*SSE).

The analysis involves the following two major steps:

(1) Seismic fragilities

(2) Accident sequence HCLPF analysis

The seismic fragilities of the ESBWR systems, structures, and components are based on generic
industry information and ESBWR specific seismic capacity calculations for certain structures.

The MIN-MAX method is used in the determination of functional and accident sequence
fragilities. Per the MIN-MAX method, the overall fragility of a group of inputs combined using
OR logic (i.e., seismic event tree nodal fault tree) is determined by the lowest (minimum)
HCLPF input. Conversely, per the MIN-MAX method, the overall fragility of a group of inputs
combined using AND logic (i.e., seismic event tree sequence) is determined by the highest
(maximum) HCLPF input.

Both at-power and shutdown seismic-induced accident scenarios are analyzed.
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15.3 SEISMIC FRAGILITIES

15.3.1 Overview

This subsection presents seismic capacities for selected structures and components that have
been identified as potentially important to the seismic risk analysis of the ESBWR standard
plant. The seismic capabilities in terms of seismic fragilities are first estimated, from which the
high confidence of low probability of failure (HCLPF) capacities are then derived. The HCLPF
capacities serve as input to the system analysis following the seismic margins approach.

The peak ground acceleration of the design earthquakes is 0.5g for the Safe Shutdown
Earthquake (SSE). Extensive seismic soil-structure interaction analyses of the reactor/fuel
building complex and control building were performed for a wide range of generic site
conditions under a 0.5g single envelope design spectra. This single envelope design spectra is a
composite of Reg. Guide 1.60 spectra anchored to 0.3g and the North Anna ESP design spectra
anchored to 0.5g. The analysis results in terms of site-envelope SSE loads are presented in
Appendix 3A of the ESBWR DCD Tier 2 Rev. 3 (Reference 15-3). The standard plant designed
to these site-envelope seismic loads may result in significant design margins when it is situated
at a specific site, particularly a soft soil site. Thus, the seismic capacities estimated from the site-
envelope design requirements may be very conservative for certain sites and confirmation of
margins could be done for as-built conditions.

For the seismic category I structures for which seismic design information is available, the
seismic fragilities are evaluated using the Separation-of-Variable method in Reference 15-1.
This approach identifies various conservatisms and associated uncertainties introduced in the
seismic design process (both capacity and demand sides) and provides a probabilistic estimate of
the earthquake level required to fail a structure or component in a postulated failure mode by
extrapolating from the design information supplemented by limited nonlinear analysis to account
for building response beyond yielding.

For safety-related components such as pumps, valves, and electrical equipment whose design
details are not currently available, a generic HCLPF capacity of 1.67*SSE is assigned. This
generic HCLPF is considered to be "reasonably achievable" for the ESBWRs designed to the
single envelope design spectra for a wide range of sites.

15.3.2 Fragility Formulation

Seismic fragility of a structure or component is defined herein to be the cumulative conditional
probability of its failure as a function of the mean peak ground acceleration (i.e., the average of
the peak of the two horizontal components).

The probability model adopted for fragility description is the lognormal distribution. Using the
lognormal distribution assumption, an entire family of fragility curves can be fully described in
terms of the median ground acceleration and two random variables as:

A = AmnYEi (15.3-1)

Where:

Am = median peak ground acceleration corresponding to 50% failure probability.
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=v a lognormally distributed random variable accounting for inherent randomness about
the median. It is characterized by unit median and logarithmic standard deviation P3•.

=, a lognormally distributed random variable accounting for uncertainty in the median
value. It is characterized by unit median and logarithmic standard deviation 13

With known values of Am, P3y, and 13P, the failure probability Pf at acceleration less than or equal
to a given acceleration a can be computed using the following equation for any non-exceedance
probability (NEP) level Q.

P,~ (A •ý a1Q) = 1i[ In(± a + & 0- (Q)] (15.3-2)

Where (D is the standard Gaussian cumulative distribution function. Figure 15-1 shows a typical
family of fragility curves for various NEP levels. The center solid curve represents the median
fragility curve at 50% NEP level. The logarithmic standard deviation of the randomness
component P3y determines the curve slope. The logarithmic standard deviation of the uncertainty
component f3 is a measure of the spread from the median curve. The 95th percentile and 5th
percentile curves in Figure 15-1 are the upper and lower bounds of the failure probability for a
given acceleration, corresponding to 95% and 5% NEP levels, respectively.

When only the point estimate is of interest, which is the case for this analysis, the total variability
about the median value is taken to be the square root of the sum of the squares (SRSS) of the
randomness and uncertainty components.

tiC = f,82+/+ (15.3-3)

The fragility curve corresponding to the median value A with associated composite logarithmicm

standard deviation can be computed by the following equation:

Pj(A a) =0 1In($a)] (15.3-4)

This composite fragility curve is also called the mean fragility curve and is shown as the dashed
curve in Figure 15-1 for illustration. It represents the best estimate fragility description.

In estimating the median ground acceleration capacity and the associated variability, an
intermediate variable defined as safety factor F is utilized. The safety factor is related to the
median ground acceleration capacity by the following relationship.

Am = FAd (15.3-5)

Where Ad is the ground acceleration of the reference design earthquake to which the structure or
component is designed. A key step in the seismic fragility estimate thus involves the evaluation
of the factor of safety associated with the design for each important potential failure mode. The
design margins inherent in the component capacity and the dynamic response to the specific
acceleration are the two basic considerations. Each of the capacity and response margins
involves several variables, and each variable has a median factor of safety and variability
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associated with it. The overall factor of safety F is the product of the factor of safety for each
variable F.

F = fH F, (15.3-6)
i

The overall composite logarithmic standard deviation is SRSS of the composite logarithmic
standard deviations in the individual factors of safety.

13o = Z 2c• .(15.3-7)

Knowing the median peak ground acceleration (Am) and associated logarithmic standard
deviation (P3.); the HCLPF capacity is obtained using the equation below.

HCLPF = A exp (-2.32603c) (15.3-7a)

15.3.3 Structural Fragility

The plant structures are divided into two categories according to their function and the degree of
integrity required to protect the public during a seismic event. These categories are seismic
category I and non-category I. Seismic category I includes those structures whose failure might
cause or increase the severity of an accident, which would endanger the public health and safety.
The reactor building and control building structures are in this category. The non-category I
structures are those structures which are important to reactor operation, but are not essential for
preventing an accident which would endanger the public health and safety, and are not essential
for the mitigation of the consequences of these accidents. One example is the turbine building
structure.

For the purpose of this study, structures are considered to fail functionally when inelastic
deformations of the structure under seismic load increase to the extent that the operability of the
safety-related components attached to the structure cannot be assured. The drift limits chosen for
structures are estimated as corresponding to the onset of significant structural damage. For many
potential modes of failure, this is believed to represent a conservative bound on the level of
inelastic structural deformation that might interfere with the function of the system housed
within the structure.

The potential of seismic-induced soil failure such as liquefaction, differential settlement, or slope
instability is highly site dependent and cannot be assessed for generic site conditions. It is
assumed in this analysis that there is no soil failure potential in the range of ground motions
considered.

Building-to-building impact due to differential building displacements under strong earthquakes
is deemed not credible since a sufficient distance to avoid impact separates adjacent buildings.
Differential building displacements of sufficient magnitude could, however, potentially result in
damage to interconnecting piping, depending on system configuration and sliding resistance of
building foundation. Detailed evaluation of seismic capacities of interconnecting systems against
differential building displacement cannot be made due to lack of design details and specific site
conditions. It is assumed that the mode of failure due to differential building displacement has a
capacity no less than the required margin of 1.67*SSE.
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15.3.3.1 Reactor Building Complex Structures

Detailed fragility evaluations were made for the following structures in the reactor building (RB)
and fuel building (FB) complex. The RB and FB share the same basement and are fully
integrated. The term "reactor building" when mentioned hereafter also includes the structures of
the fuel building. As for the containment structure, it is enclosed by and integrated into the RB.

* Building shear walls

" Containment wall (upper drywell and wetwell)

* RPV pedestal (same as lower drywell wall)

" RPV support brackets

Those structures were evaluated according to the approach outlined previously and using various
safety factors as presented below.

The factor of safety for a structure against a specific failure mode is the product of the capacity
factor F and structural response factor Frs;

C

F = Fc Frs (15.3-8)

The individual factors, the capacity factor and the response factor, are discussed in the following
subsections.

15.3.3.1.1 Capacity Factor (F,)

The capacity factor represents the capability of a structure to withstand seismic excitation in
excess of the design earthquake. This factor is composed of two parts:

Fc =Fs Fu (15.3-9)

Where:

Fs = the ultimate structural strength margin above the design SSE

load, and

Fu = the inelastic energy absorption factor accounting for additional capacity of the
structure to undergo inelastic deformations beyond yield.

The capacity estimated by this approach is the elastic capacity equivalent to the actual nonlinear
behavior under strong motion earthquakes.

Strength Factor (Fs)

The strength factor associated with seismic load can be calculated using the following equation.

F, = P.- P, (15.3-10)

Ps

Where:

Pu = the actual ultimate strength,

Pn = the normal operating loads, and
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P, = the design SSE load.

The earthquake-resistant structural elements of the reactor building are reinforced concrete shear
walls that are integrated with the reinforced concrete cylindrical containment through concrete
floor slabs. The specified compressive strength of concrete is 34.5 MPa for the building and 27.5
MPa for the mat. The specified yield strength of reinforcing steel of ASTM A615, Grade 60 is
414 MPa. These are design values; the actual material strengths are higher.

Concrete compressive strength used for design is normally specified as a value at a specific time
after mixing (28 or 90 days). This value is verified by laboratory testing of mix samples. The
strength must meet specified values, allowing a finite number of failures per number of trials.
There are two major factors that affect the actual strength:

a. To meet the design specifications, the contractor attempts to create a mix that has an
"average" strength somewhat above the design strength, and

b. As concrete ages, it increases in strength.

Taking those two elements into consideration, the actual compressive strength of aged concrete
is commonly 1.3 times the design strength (Reference 15-8). The total logarithmic standard
deviation about the median strength is about 0.13.

According to the same reference, the ratio of the median yield strength to the specified strength
of reinforcing steel is taken to be 1.2 with logarithmic standard deviation of 0.12.

The median yield strength of steel plates is typically 1.25 times the code specified strength with
logarithmic standard deviation of 0.14 (References 15-8 and 15-9).

The reactor building shear wall is chosen as an example for the discussion of the strength factor
evaluation. For reinforced concrete shear walls the ultimate shear strength can be computed
using the following equation (Reference 15-1).

Vu = Vc + Vs

,w 2+ 4wt +Psefy (15.3-11)

Where:

v, = shear strength provided by concrete

v, = shear strength provided by reinforcing steel

fc = concrete compressive strength

h = wall height

w = wall length

N = bearing load

fy = yield strength of reinforcing steel

t = wall thickness

Pse = Apv+ BPh
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Ph = horizontal steel reinforcement ratio

Pv = vertical steel reinforcement ratio

A & B = constants depending on h/w:

A B

h/w< 0.5 1 0

0.5 < h/w< 1.5 1.5-h/w h/w-0.5

1.5 < h/w 0 1

In computing ultimate shear strength with this equation, the median material strengths of the
concrete and reinforcing steel defined above are used and the wall bearing load is conservatively
neglected.
The strength factor F is then calculated using Equation 15.3-10 for each of the levels of the

S

reactor building shear walls. The normal operating loads do not result in lateral force and
horizontal loads induced by SRV actuations are found to be negligible compared to the SSE-
induced horizontal loads. Therefore, the strength factor is the ratio of the median shear strength
to the design SSE shear. The lowest strength factor is found to be 1.82. This is calculated for the
generic medium soil stiffness site condition that has the highest calculated seismic response. The
associated logarithmic standard deviation is calculated to be 0.01 using the second moment
approximation (Reference 15-10) accounting for both concrete and reinforcing steel material
strength variability. There is also an uncertainty associated with Equation 15.3-11 since it is an
approximate model fit to data. The modeling uncertainty is 0.20 expressed in terms of
logarithmic standard deviation (Reference 15-1). The total composite logarithmic standard
deviation in the median strength factor is 0.20, which is the SRSS value of 0.01 for the material
strength uncertainty and 0.20 for the equation uncertainty. Flexural failure of the wall is found to
have higher strength factor as such shear failure is the governing mode of failure.

Inelastic Energy Absorption Factor (F)

The inelastic energy absorption factor (F.) accounts for the fact that an earthquake represents a
limited energy source and many structures are capable of absorbing substantial amounts of
energy beyond yield without loss of function. The parameter commonly used to measure the
energy absorption capacity in the inelastic range is the system ductility, Rsys. It is defined as the
ratio of the summation of product of each story weight and median displacement at ultimate
capacity to the summation of product of each story weight and story displacement at yielding of
the critical story as shown below (Reference 15-1):

-- ZWi "6 Ti (15.3-12)
sy Wi .ei

Where:

Wi = weight of each story

6 Ti = median maximum deflection of each story at ultimate capacity
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6e, = median elastic deflection of each story scaled to reach yield in the critical story

A story drift of 0.5% is used to estimate the deflection profile at failure of the governing shear
wall. Once the median system ductility is calculated, the median inelastic energy absorption
factor is calculated using two different procedures, i.e., the Effective Frequency/Effective
Damping Method and the Effective Riddell-Newmark Method (Reference 15-1) and the average
value is the median inelastic energy absorption factor of the structure.

A median damping value of 7% of critical is conservatively assumed in the inelastic energy
absorption factor calculation. This is to avoid double-counting of energy dissipation due to
hysteresis damping and inelastic response of the building.

The inelastic energy absorption factor of the Reactor Building shear wall is calculated to be 1.8..
The associated randomness and uncertainty logarithmic standard deviations are 0.05 and 0.09,
respectively determined from using the lower bound story drift of 0.36% (Table 3-5 of
Reference 15-1).

15.3.3.1.2 Structural Response Factor (Fr,)

The structural response factor (Frs) consists of a number of factors or parameters introduced in

the calculation of structural response in the seismic dynamic analysis. Response calculations
performed in the design analysis utilized conservative deterministic parameters. The actual
response may differ significantly from the calculated response for a given peak ground
acceleration level since many of these parameters are random. The structural response factor is
evaluated as the product of the following factors that are considered to have the most influence
on the structural response.

Frs = FgmFdFssiFmFmcFecc (15.3-13)

Where:

Fgm ground motion factor accounting for the margin of the single envelope design
ground response spectra with respect to the performance based seismic design
spectra (Reference 15-11) and conservative or unconservative bias in the
treatment of horizontal direction peak response and vertical component response.

F d damping factor accounting for the variability in response due to difference in

expected damping at failure and damping used in the analysis,

Fssi soil-structure interaction factor accounting for the variability associated with SSI

effects on structural response,

Fm structural modeling factor accounting for the variability in response due to
modeling assumptions,

Fine modal response combination factor accounting for the variability in response due
to the method used in combining modal responses,

FeCC earthquake component combination factor accounting for the variability in
response due to the method used in combining the earthquake components.
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Ground Motion Factor (Fgm)

Three factors are considered under the ground motion factor, i.e., spectral shape factor (Fsa),
horizontal direction peak response (FHD), and vertical component response (Fv) as presented in
this section.

The ground response spectrum considered in the seismic design is the envelope of the 0.3g
Regulatory Guide (RG) 1.60 site-independent ground spectra and the 0.5g North Anna ESP site-
specific performance-based design ground spectra. The resulting single envelope design spectra
are anchored to 0.5g peak ground acceleration as shown in Figure 15-2. The ground response
spectrum used for the seismic margin assessment is also shown in Figure 15-2. In the frequency
range lower than 9 Hz, a performance-based seismic design horizontal spectrum that bounds all
the soil sites except Vogtle in the recent EPRI study (Reference 15-15) is developed. This is due
to the fact that the Reg. Guide 1.60 spectra which dominate in the frequency range below 9 Hz
are more like 8 4 th percentile spectra or higher. The envelope of this spectrum and the North
Anna ESP performance-based design spectrum, hereafter called as performance-based seismic
design spectrum, is used for the seismic fragility calculation.

In accordance with the soil-structure interaction analysis performed and described in DCD Tier 2
Appendix 3A, generic medium soil stiffness site yields the highest seismic responses.. Therefore,
the spectral shape factor is derived by comparing the single envelope design spectra with the
performance-based seismic design spectra (see Figure 15-2) at the dominant frequency of the
soil-structure system of medium site. The differences between these two spectra are the margins
in the ground motion input. At the dominant frequency of 2.6 Hz of the reactor building in
medium soil stiffness site, the 5% damped spectral accelerations of the two spectra are 0.93g and
0.59g, respectively. Thus the spectral shape factor is:

Fsa = 0.93g/0.59g = 1.58 (15.3-14)

Similarly a spectral shape factor of 1.37 is calculated for soft soil stiffness site. In consideration
that soil stiffness is likely to degrade at the acceleration level which building failure is expected,
an average value of 1.47 is used for the spectral shape factor.

The logarithmic standard deviation of randomness in the spectral shape factor is the peak to
valley variability of the performance-based seismic design spectra, which is 0.2 according to
Reference 15-1. Since the Uniform Hazard Spectra (UHS) is derived from the probabilistic
seismic hazard assessment, no uncertainty is assigned to the spectral shape factor to avoid double
counting the uncertainty in the seismic hazard analysis.

Horizontal Direction Peak Response (FHD)

The ground motion parameter (e.g., peak ground acceleration) is the average of the two
horizontal directions. Thus, the ground motion in one direction may be higher than that in the
perpendicular direction. For a box-type structure such as the Reactor Building, seismic demand
of a major shear wall is affected primarily by one directional horizontal response. The effect of
earthquake in the perpendicular direction is insignificant. Since an average parameter is used,
the real response could be either higher or lower, hence no bias either way. Thus,

FHD= 1.0 (15.3-15)

The associated randomness and uncertainty are 0.13 and 0, respectively per Reference 15-1.
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Vertical Component Response (Fv)

The vertical component of the ESBWR single envelope design spectra follows the Reg. Guide
1.60 vertical spectrum from 0.1 Hz up to 10 Hz and follows the North Anna performance-based
design spectra above 10 Hz. This is conservative in comparison to the case where vertical
component ground motion is assumed to be 2/3 of the horizontal component. Though relatively
large randomness and uncertainty variability are associated with the vertical component (Table
3-2 of Reference 15-1), because of the small effect the vertical component has on the governing
failure mode of the building (i.e., shear wall failure), they are significantly diminished in the
final fragility parameters. Therefore,

Fv = 1 (15.3-16)

The associated randomness logarithmic standard deviation is 0.10. Therefore, the overall ground
motion factor of safety is 1.47 (= 1.47* 1.0* 1.0) and the overall randomness is 0.26 by combining
the randomness of spectral shape, horizontal direction peak response, and vertical component
response per Equation 15.3-7.

Damping Factor (Fd)

For reinforced concrete structures the damping ratio considered in the SSE analysis is 7%. The
realistic values when the stress is at or near yield range from 7 to 10% (Reference 15-14). The
upper bound value is considered to be the median and the lower bound corresponds to the 84th
percentile level.

Soil springs and dashpots are used in the soil-structure interaction modeling of the reactor
building on generic sites. In such a soil-structure interaction system, the damping value of the
building structure has less significant effect on the overall response of the building since soil
modes are dominant. Thus, a factor of safety of unity is assigned to the damping factor.

Fd = 1 15.3-17)

The associated logarithmic standard deviation can be estimated using the ratio of the
amplification factor at 84th percentile damping (AFbd) to the amplification factor at median

damping (AF md) at the same

Bc = In ( AFbd / AFmd) (15.3-18)

Since conservatism in the structure hysteretic damping of the design seismic response analysis is
neglected above, no value is assigned to the uncertainty logarithmic standard deviation.

Soil-Structure Interaction Factor (Ffs_)

The factor of safety of soil-structure interaction between the reactor building and the supporting
media includes the following considerations

" Ground motion incoherence (FGMI)

* Vertical spatial variation of ground motion (Fvsv)

* SSI analysis (Fss.)
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The dominant frequency of the SSI system of reactor building founded on uniform half space of
medium soil stiffness site is 2.6 Hz. At this frequency the ground motion incoherence effects is
insignificant, therefore, FGMI = 1.0 and there is no variability associated with it.

The vertical spatial variation factor is to account for conservative bias in the SSI analysis that
arises from choice of location of the control motion. The ground motion at the surface level in
the free field decreases with depth of embedment. The ESBWR single envelope design ground
spectra are defined as the outcrop motion at the foundation level of the reactor building for all
site conditions. This conservative bias may be quantified if the surface ground motion is
deconvoluted from the finished grade to the foundation level. Due to lack of this information,
the embedment effect is estimated by using the design floor response spectra at the reactor
building basemat for the medium site condition and the layered site condition. For the layered
site cases, the surface motion calculated from SHAKE is used as input for the SASSI calculation.
The factor of safety due to embedment effect is determined to be 1.22. No reduction due to
embedment is estimated at three standard deviations from the median case. Based on this the
associated uncertainty variability is calculated to be 0.07. The randomness variability is
estimated to be 0.08 per Reference 15-1.

Furthermore, the median strength factor calculated in Section 15.3.3.1.1 is based on seismic
demand of the medium site conditions. It is expected that soil degradation will occur at the
ground acceleration level where the reactor building failure is calculated. It is observed from
Appendix 3A of DCD that seismic responses of the soft soil site are lower than that of medium
soil site. Therefore, the third factor of safety under the soil-structure interaction factor is to
account for this effect and a factor of safety of 1.31 is calculated using the average responses of
medium soil and soft soil site conditions.

The final SSI factor of safety is 1.6 (= 1.22*1.0*1.31) and the associated randomness and
uncertainty variability are 0.08 and 0.28, respectively.

Modeling Factor (Fm)

The reactor building structural model considered in the seismic design analysis is a multi-degree-
of-freedom system constructed according to common modeling techniques and the Standard
Review Plan (SRP) requirements in terms of number of degrees of freedom and subsystem
decoupling. The model is thus considered to be best estimate and the resulting dynamic
characteristics to be median-centered. The modeling factor is thus unity. Uncertainty in the
modeling has effects on the mode shapes and modal frequencies of the structure. For soil sites,
frequency uncertainty of the soil-structure system is primarily due to uncertainty in soil
properties and soil degradation at higher strain levels. Such uncertainty is estimated in the soil-
structure interaction factor of safety. Thus, no uncertainty in response due to frequency
uncertainty is included. A logarithmic standard deviation of 0.15 is estimated to account for
uncertainty in the mode shape per Reference 15-1.

Modal Response Combination Factor (Fmcm

The method used in the seismic response analysis is the time history method solved by direct
integrations. The phasing between individual modal responses is known and the total response is
the algebraic sum of all modes of interest. The maximum response is thus precise and the modal
response combination factor (Fmc) is unity. The associated uncertainties are less than the
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uncertainties associated with the response spectrum method, in which the maximum modal
responses are combined by the SRSS method. Therefore, a nominal value of 0.05 is assigned to
the logarithmic standard deviation of randomness.

Earthquake Component Combination Factor (Fecc_)

The effects of multi-directional earthquake excitation on structural response depend on the
geometry, dynamic response characteristics, and relative magnitudes of the two horizontal and
the vertical earthquake components. The design method to combine the contributions from
different earthquake components is SRSS or 100-40-40. Either method is considered to result in
a median-centered response. The earthquake component combination factor is 1.0.

The reactor building walls are designed to resist in-plane loads. The walls mainly respond to the
horizontal motion parallel to the walls. The vertical loads on the walls due to the vertical
excitation are typically less significant in contributing to the total stresses and there is an equal
probability of acting upward or downward. The earthquake component combination effect on the
wall design is thus not significant and a small logarithmic standard deviation of 0.05 is
estimated.

15.3.3.1.3 Fragility Results for Reactor Building Complex

The result of the fragility analysis for the identified reactor building failure mode is summarized
in Table 15-2. The overall safety factor is the product of the individual factors. The total
logarithmic standard deviation is the SRSS value of the individual logarithmic standard
deviations. The seismic fragility, in terms of median ground acceleration, is the product of the
overall factor and the SSE design ground acceleration of 0.5 g. The HCLPF calculated in
accordance with Equation 15.3-7a is presented at the bottom of the table.

15.3.3.2 RCCV and RPV Pedestal

Other major structures inside the reactor building are the reinforced concrete containment vessel
(RCCV) and the Reactor Pressure Vessel (RPV) pedestal. The pedestal is part of the RCCV
pressure boundary. Both the RCCV and the pedestal are reinforced concrete cylindrical
structures interconnected to the reactor building via walls and slabs as such they respond to the
seismic input motion as an integral unit.

The governing failure mode of the RCCV is shear failure of the cylindrical wall below the
RCCV. The critical location is determined by calculating the ratio of capacity to demand at
different locations of the containment wall. This cylindrical wall is not part of the RCCV
pressure boundary, but it is on the seismic load path of the RCCV. The median shear capacity of
the cylindrical wall is based on the equations in Appendix N of Reference 15-2 that are
developed from a considerable amount of testing conducted in Japan on scale models of
reinforced and prestressed concrete containment structures. The equation is as shown below:

Vu= 0.8fc7m +pay--<l.l 2 _m (15.3-19)

Where f.,m is the median compressive strength of concrete of the containment wall (psi)
oY is the median yield strength of containment wall reinforcing steel (psi)
p is the effective reinforcing steel ratio of the containment wall
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The median shear capacity of the cylindrical wall is

Vu = Vu "rt'D'tw (15.3-20)
(X

Where D is mean diameter of the cylindrical wall
t., is thickness of the containment wall
a is a factor to convert the cross section area into effective shear area

x=2.0 if M <0.5V-Do

=0.667-VD0 + 1.67 if0.5 _ -VDM < 1.25 (15.3-21)
yV.DO) V-D 0

=2.5 otherwise

Where M and V are overturning moment and story shear at the section where median capacity is
calculated.

The flexural strength of the cylindrical wall is found to have higher factor of safety than that of
shear. The other factors of safety are calculated similar to that of reactor building. The median
seismic capacity of the RCCV is 5.41g peak ground acceleration (pga) with an associated
combined logarithmic standard deviation of 0.48. The HCLPF capacity is 1.75g pga. The
summary table of the RCCV fragility is presented in Table 15-3.

The RPV pedestal is a thick-walled cylinder based on its geometry. The governing failure mode
is tangential shear near the base. Flexural failure does not govern. The formula used for
calculating the median shear strength of the pedestal is developed based on test data as discussed
in Reference 15-16. The median seismic capacity of the RPV pedestal is 5.1g peak ground
acceleration (pga) with an associated combined logarithmic standard deviation of 0.5. The
HCLPF capacity is 1.59g pga. The summary table of RPV pedestal fragility is presented in
Table 15-4.

15.3.3.3 RPV Support Brackets

The eight RPV support brackets are located at the junction of the RPV pedestal and the vent wall
structure. The brackets are made of structural steel and they provide structural support to the
RPV as well as the Reactor Shield Wall (RSW).

The structural integrity analysis of the RPV support bracket is documented in DCD Tier 2
Appendix 3G. The calculated stresses of normal, severe, extreme, abnormal, and abnormal
extreme conditions of the RPV support brackets are presented in the appendix. The most severe
case of stresses in the RPV brackets is identified in Table 3G.1-41 of Appendix 3G to be the
vertical plate size 150 mm in compression. Anchorage of the brackets to the pedestal wall is
found to have higher strength factor than the vertical plate of the bracket. It is noted that the
vertical plates of the brackets are dimensioned such that plate buckling will not occur prior to
yielding of the plate material. Therefore, median yield strength of the vertical plate material (i.e.,
A516 Grade 70) is used to calculate a median strength factor of 7.39. The inelastic energy
absorption factor is unity since failure of the bracket is considered to be localized.
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The maximum enveloping seismic forces acting on the support brackets are from seismic
response of the fixed base model with in-fill concrete stiffness of vent wall (VW) and diaphragm
floor (DF). The fundamental frequency of the RPV of the fixed base model is estimated at 12
Hz. At this frequency, there is no margin between the single envelope design spectra and the
performance-based seismic design spectra (see Figure 15-2). Thus, the spectral shape factor of
safety is unity. A ground motion incoherence factor of safety of 1.15 is calculated using the
approach in Reference 15-1. The median seismic capacity of the RPV support brackets is 4.24g
pga with an associated combined logarithmic standard deviation of 0.33. The HCLPF capacity is
2.Og pga. The summary table of RPV support bracket fragility is presented in Table 15-5.

15.3.3.4 Control Building Structure

The control building is a rectangular shape reinforced concrete box type structure. Its seismic
fragility is evaluated using the same procedure described above for the reactor building. The
controlling mode of failure is found to be shear failure of walls. Table 15-6 presents the margin
in each of the capacity and response factors. The resulting median seismic capacity is 3.72 g pga
with a logarithmic standard deviation of 0.51. The HCLPF capacity of the control building is
1.17g.

15.3.4 Component Fragility

The overall approach for determining HCLPF capacities of equipment and components qualified
by seismic testing and analysis is described in EPRI TR-103959 (Reference 15-1). Since the
detailed design information on the equipment is not available at this time, generic HCLPF
capacities of 1.67*SSE are assigned. These generic HCLPF capacities assumed for equipment
and components are considered achievable because of the margins or safety factors introduced at
different stages of equipment design and qualification. Equipment qualified for application in
GE ESBWR plants has additional seismic margins in high frequencies due to design
consideration of high-frequency hydrodynamic loads in combination with seismic loads. The
other sources of margin are from conservatism in the ESBWR seismic response analysis, e.g.,
use of single enveloping design spectra and conservative treatment of soil-structure interaction
and the use of enveloping responses of all site conditions for design.

The equipment and components of the GE ESBWR plant will be qualified to the required floor
response spectra arising from the single envelope ground motion input rich in both low and high
frequencies and following the ASCE, ASME and IPEEE procedures, their seismic HCLPF
capacities should be able to meet the required value of 1.67 times 0.5g peak ground acceleration.

Given the single enveloping design spectra of ESBWR and the performance-based seismic
design spectra, it becomes obvious that the rock sites will be most challenging to meet the
required HCLPF capacity if the building frequency is higher than 9 Hz. At 9 Hz and above, the
single enveloping design spectra is same as the performance-based seismic design spectra such
that the structural response factor will only be slightly greater than unity when other variables
that would affect seismic response of the structures are considered. In such a case, the required
response spectra (RRS) will be appropriately factored throughout the frequency range to assure
that the HCLPF margin of 1.67 will be met.
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15.3.5 Fragility Summary

The structural seismic fragilities and corresponding HCLPF values of the Reactor Building, the
RCCV, the RPV pedestal, the RPV support brackets, and the Control Building are summarized
in Table 15-1. All have HCLPF seismic capacities greater than 1.67 times the SSE.
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Table 15-1

Seismic Capacity Summary (3)

Fragility

Capacity(') Combined(2) HCLPF
Structure/Component Failure Mode Am (g) Uncertainty (g)

Reactor Building Shear failure of wall 3.57 0.47 1.2

Containment Shear 5.41 0.48 1.75

RPV Pedestal Shear 5.1 0.5 1.59

RPV support brackets Yielding of bracket 4.24 0.33 2.0

Control building Shear 3.72 0.5 1.17

Notes to Table 15-1:

(1) Capacities are in terms of median peak ground acceleration.

(2) Combined uncertainties are composite logarithmic standard deviations of uncertainty and randomness

(3) HCLPF capacity for components that are significant contributors to overall plant level seismic margin is
assumed to be 0.84g minimum which is 1.67 times SSE.
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Table 15-2

Seismic Fragility for Reactor Building Shear Walls

Failure Mode: IShear Failure of Wall Along Column Line R1

Median
Factor of Safety Value R U

Fc Fs Strength 1.82 0.00 0.20
F Inelastic Energy Absorption 1.66 0.04 0.04

FSA Spectral Shape
Response Spectrum Shape 1.47 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00
FRS FM Modeling 1.00 0.00 0.15

FMC Modal Response Combination 1.00 0.05 0.00

FECC Earthquake Component Combination 1.00 0.05 0.00

Fss, Soil Structure Interaction
Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.22 0.08 0.07
SSI Analysis 1.37 0.00 0.27

Overall Factor of Safety 7.13 0.28 0.38

Ad = Peak Ground Acceleration of the Single Evelope Design Spectra = 0.5g

Am = Median Peak Ground Acceleration = F*Ad = 3.57g

Pc = Combined Logarithmic Standard Deviation = 0.47
HCLPF = 1.2g
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Table 15-3

Seismic Fragility for Containment Wall

Component: Cylindrical Wall Below Reinforced Concrete Containment Vessel (RCCV)
Failure Mode: IShear

Factor of Safety Median Value P3R U
Fc Fs Strength 3.16 0.00 0.21
_ _ F Inelastic Energy Absorption 1.49 0.06 0.11

FSA Spectral Shape I
Response Spectrum Shape 1.47 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00

FM Modeling 1.00 0.00 0.15
FMc Modal Response Combination 1.00 0.05 0.00

FEcc Earthquake Component Combination 1.00 0.12 0.00

Fss, Soil Structure Interaction
Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.22 0.08 0.07
SSI Analysis 1.28 0.00 0.24

Overall Factor of Safety 10.82 0.30 0.38

Ad = Peak Ground Acceleration of Single Envelope Design Spectra = 0.5g

A,= Median Peak Ground Acceleration = F*Ad = 5.41g

Pc = Combined Logarithmic Standard Deviation = 0.48
HCLPF = 1.75g

15.8-4



NEDO-33201 Rev 2

Table 15-4
Seismic Fragility for RPV Pedestal

Component: Reactor Pressure Vessel Pedestal
Failure Mode: IShear

Median
Factor of Safety Value O3R U

Fc Fs Strength 3.29 0.00 0.25
F Inelastic Energy Absorption 1.34 0.06 0.10

FSA Spectral Shape
Response Spectrum Shape 1.48 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00
ERS FM Modeling 1.00 0.00 0.15

FMc Modal Response Combination 1.00 0.05 0.00
FEcc Earthquake Component Combination 1.00 0.12 0.00
Fssi Soil Structure Interaction

Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.22 0.08 0.07
SSI Analysis 1.28 0.00 0.24

Overall Factor of Safety 10.19 0.30 0.40

Ad = Peak Ground Acceleration of Single Envelope Design Spectra = 0.5g
Am = Median Peak Ground Acceleration = F*Ad = 5.1g
13c = Combined Logarithmic Standard Deviation = 0.5
HCLPF = 1.59g
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Table 15-5

Seismic Fragility for RPV Support Brackets

Component: IRPV Support Brackets
Failure Mode: lYielding of Vertical Plate of the Bracket

Factor of Safety Median Value PR 3U

Fc Fs Strength 7.39 0.00 0.12
F Inelastic Energy Absorption 1.00 0.00 0.00

FSA Spectral Shape
Response Spectrum Shape 1.00 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00
FRS FM Modeling 1.00 0.00 0.13

FMC Modal Response Combination 1.00 0.05 0.00
FEcc Earthquake Component Combination 1.00 0.05 0.00
Fss, Soil Structure Interaction

Ground Motion Incoherence 1.15 0.00 0.07
Vertical Spatial Variation 1.00 0.00 0.00
SSI Analysis 1.00 0.00 0.00

Overall Factor of Safety 8.47 0.27 0.19

Ad Peak Ground Acceleration of Single Envelope Design Spectra = 0.5g
Am= Median Peak Ground Acceleration = F*Ad = 4.24g

Pc = Combined Logarithmic Standard Deviation = 0.33
HCLPF = 2.Og
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Table 15-6

Seismic Fragility for Control Building

Component: Control Building
Failure Mode: IShear Failure of Wall Along Column Line CA

Median
Factor of Safety Value PR Pu

Fc Fs Strength 2.36 0.00 0.20

F Inelastic Energy Absorption 1.63 0.06 0.10

FSA Spectral Shape
Response Spectrum Shape 1.42 0.20 0.00
Horizontal Direction Peak Response 1.00 0.13 0.00
Vertical Component Response 1.00 0.10 0.00

FD Damping 1.00 0.00 0.00

FRS FM Modeling 1.00 0.00 0.15

FMC Modal Response Combination 1.00 0.05 0.00

FECC Earthquake Component Combination 1.00 0.05 0.00

Fss, Soil Structure Interaction
Ground Motion Incoherence 1.00 0.00 0.00
Vertical Spatial Variation 1.00 0.00 0.00
SSI Analysis 1.36 0.00 0.31

Overall Factor of Safety 7.44 0.29 0.42

Ad = Peak Ground Acceleration of Single Design Spectra = 0.5g

Am = Median Peak Ground Acceleration = F*Ad = 3.72g

13c = Combined Logarithmic Standard Deviation = 0.5
HCLPF = 1.17g
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Table 15-7

ESBWR Systems and Components/Structures Fragilities

System/Component
as a function of Event Tree Node Am(g) I3c HCLPF(g)

PLANT ESS STRUCTURES (SI)

- Reactor Building (FRBLDG) 3.57 0.47 1.2

- Containment (FCONT) 5.41 0.48 1.75

- RPV Pedestal (FPEDST) 5.1 0.5 1.59

- Control Building (FCTRBLDG) 3.72 0.5 1.17

- Reactor Pressure Vessel Support (FRPV) 4.24 0.33 2.0

DC POWER (DC)

- Batteries (FBTR) 0.84

- Cable trays (FCTRAY) 0.84

- Motor control centers (FMCC) 0.84

REACTIVITY CONTROL SYSTEM
(SCRAM)

- Fuel assembly (FFASSY) 0.84

- CRD Guide tubes (FCRDGTB) 0.84

- Shroud support (FSHRSPT) 0.84

- CRD Housing (FCRDHS) 0.84

- Hydraulic control unit (FHYLTUT) 0.84

SRV (SRV)

- SRV (FSRV) 0.84
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Table 15-7

ESBWR Systems and Components/Structures Fragilities

System/Component
as a function of Event Tree Node Am(g) PC HCLPF(g)

STANDBY LIQUID CONTROL (SLCS)

- Accumulator Tank (FACCT) 0.84

- Check valve (FCHV) 0.84

- Squib valve (FSQUV) 0.84

- Piping (FPIP) 0.84

- Valve (motor operated) (FMOV) 0.84

ISOLATION CONDENSER (IC)

- Piping (FPIP) 0.84

- Heat exchanger (FICHEX) 0.84

- Valve (motor operated) (FMOV) 0.84

- Valve (nitrogen operated) (FNOV) 0.84

DPV (DPV)

- DPV (FDPV) 0.84

GRAVITY-DRIVEN COOLING (GDCS)

- Check valve (FCHV) 0.84

- Squib valve (FSQUV) 0.84

- Piping (FPIP) 0.84

VACUUM BREAKERS (VB)

- Vacuum breaker valve (FVB) 0.84
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Table 15-7

ESBWR Systems and Components/Structures Fragilities

System/Component
as a function of Event Tree Node Am(g) jc HCLPF(g)

PASSIVE CONTAINMENT COOLING
(PCCS)

- Heat Exchanger (FPCCSHEX) 0.84

- Piping (FPIP) 0.84

IC/PCC POOL INTERCONNECTION (PI)

- Valve (motor operated) (FIC/PCCI) 0.84

FIRE PROTECTION WATER SYSTEM
(FPW)

- Pump (diesel driven) (FPUMPDD) 0.84
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,kAseries o.f,,ea' experit A tests we.7e-ied •-ot- tocerify the conditioris-odf the
'temperature of concrete, deformation of liner-plate, pressure 6etweenwthe liner-plate and
concrt~ete ofthe RCCVcyi'ndiical wall underthhe high-temperature condition of LOCA.

I INTRODUýTION
The, bjecti•s of thisistudy. are

a.'to confir the li ner d•foration
b. to-investigate the temperaturedistributionin concrete
c,. to mteAs the pessure to liner plate caused by the evaporated waterlfrom concrete
(back-pressure)
under the highýtemperature icondition:of LOiCA.

Týereefo-re, iheating-tests were, c-edotdUt with the portional modelsof RCCV cylinderwall,,

2' METHOD-S

2.1 Specimen,

The dimension 6f, heated surface of specimen is 1.5m-width and. 1 .m-heigpht.e. depth Of specimen is 2,Om. ad it is equ'al to- the'wall thickness of RCCV.
Heated surface is sealed ,with steel liner thatis isettled by the anchor to concrete. Liner

anchor consists of eut-!Tsteel and is weldedto the liner-plate in vertical direction 50cm-
apart.
Four sides of eyery specimen aresealed with.steel plates,., and .wiater sealing

compounds are applied to prevent leakage of water Vapour through the:adjascent
surfaces of thesteel plate ad concrete.

Materials used for the specimens-are supplied from same sources for thefactu*al Objectunder tihe same specification, Materials and mix proportion of concrete used were asý
follows.

Cement: Ordinary portland cement, with fly ash as an admixture.
Fine andcoarse aggregate: supplied from Shinano River.
Maxi Imum-aggregate size: 25mm.
Water cementratio: about 50%.
Slu mp of fresh concrete: 12cm.

SMiRT 11. Transactions Vol. H (AuguSt 199.1) Tokyo, Jaban, :C 1991
-85



Air content: 3%,
Compressive strength as':design strength: 330kg/cm2 at 91 days.

2.,2Restfiifici arouIndthe liner

.Linerplate is o.rigin-aly yonhtinuous .circumferentially and longftudinally, and.anhchoed to
,concrete by the lineranchors,ad.be havesdependently withconcrete wal. To restrict

Athefree' thermal elongation. of the liner plate,, rigid steel frame was prepared around-the
.liner plate. Fig-. shows the size and,:shape of thespecimen. ..

:2.3 Parameter of speciimen

Number offthe.specimens isfive, taking threelparameters as ;follows.(See Table' I):
(a) Restrictionto bulging defo-mation of liner plate
,Restricted -ase (SpecimenNo•,1,2!,5)'of liner bulge
Un-rest'ricted, case (No.31,4),

(b) Vapoutr press ureand evaporation water (Major measurement item)
Vapr pres-sur (No.1,3,4,5)
Mass. of evaporated•water (No.2)

(c)T~emperature history,
LO~CA. history test case (No.1 ,2,3,4,)
LOCA historyý withlout 1:389C step case (No.5)ý

TemperatUre history applied to the,,specimenis s§how-n in ,Fig-.2,

Tableý 1 SpOecimens'

specimenNo. •Btiging -.gR rictiont Vapour Heating hi-sory

No. Restricted Pressure . Curve1
No 2 Restricted Volumedof water Curvel1
No3 F ree' riessure . . Curve.I
N.o4 Free Pressure .Curvet
No.5 Restricted Pressure Curve2

24 Testingsystyem
The radiational propanegasheater was used .to contr6jothe tmperature of theliner,

which simulates the temperatureat LOCA. Testin'g appaatus:are sh-own in .Fig.3.3
Restriction of bulging of liner plate was accomplished using latticed.steel beam.

:through Which radiation from heat&rapplied (Fig;4). The-laatticebeam was pressed
against the.liner plate, and the pressing force is applied' by hydraulic jacks situated
behind the specimen.,

2.5 MeasuIng items

Medsufingiitems• are' As follows:
(a) temperature' of liner plate and concrete:. using thermo-,couples
(b) pore pressure inconicrete: using embedded 'stainless steel pipes connectedto
pressure-gages'
(c) evaporationaof water from concrete: with embedded stainless steel pipes connected to.
condenser and graduated cylinder
(d) deformation of liner plate: using metal scale attatched tothe liner plate and is
observed by telescope
(e) cracking 6f concrete: after cooling downto oom tIemp tu, the liner plate were
stripped off and the concrete surfaces were.observed.
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3 RESULTS AND CONSIDERATION

Temperature-of liner was.heated 171 Tl'oC.as& intended.(Fig.5) Numbers in Ithe Fig,5
shows the hiorizontal distance on the surface, frm the center of the liner.. "
Surface temperature of heated.concretfe was about-,1200C! (Fig,6) Numbers in the Fig&6

shows depth in the.0 cncretefrom the surface.
Maximun measured, back-pressure was about 1.6kglcm2 (Fig,7) Numbers in the Fig.7

shows depth in the concrete fro mthe suface-.
Evaporated water volume was about 4.3 liter ,(Fig.8)
Liner plate was deformedto the out-of-plane direction by: the, thermal expansion.

(Figg.9) Fig04 hgowss:bulging deforation Qfliner Under high temperature condition.
The deformation decreased by cooling :down to room temperature. Fig.ý,8,shows residual
deformation after the liner temperature returned to room temperature.. In out-ýof-plane
restricfed cases., alititledeformation were observed as •shownin Fig. 11.
Crackingwas, not observed on the .heated.concrete suriface,:even-around the liner

anchori wihich was observediafter the linherplate Was taken off;

3.1 Temperature drop at air-gaptbehind liner:

Liner deforms outside due tothermtal expansion- ight after the :heating of 17119.C(the,
displcm t i@ botl4n n o3 pire) generating air-g.ap btwe .e ,n line n
concrete-surface, bohind the, iner.Because ,of heat transfer, through the aifr-gap, temperture of concrete surface'behind
.the! liner drops ihanthe liner temperaturoeq. (Se Curve Ocmr in Fig'6).

Fig.9 shows the liner displacement of, 41specimens'and Fig. 12 shows the temperature
dro'ps of them by the air-gap from liner to, thesurface of concrete.
Even ýthough, 'the liner dis lacements of4 spqecimens-differ due itoeach-con-straint

,cond, iti--i, temperatute drops atftheairf-gaps ta..keamost same, value ofabout'50 after
16 hOur heating at.aboUt 1710C.

Heattransfer oefficient of the air-gap is estimated at 18 kcal/m-hPC ,that. ,gives
approximate;and conservative surface tempratureof concrete ofeach 4 specim.nen.

3.2: Vap-or p ressure behind liner
Fig.13' showssboih measured and estimatedvapor pressure of No.3 specimen according
to the surface temperature of concrete. Thestimated pressure is the-stim bf the.
saturated vaporpress ute atjte te.mperatur it.of concrete surface and'the incrment nair
pressure catised by heating..
The estimated pressure shows good agreement with the measUred -one, indicating the.bacqk-preýssure of. liner can be.eva•lated weIl bythe sumof satUrated vapo•rpressure and

air pressure,.

4• CONCLUSIONS

Air-gap caused by the liner deformation .has a great influenceon the, heat tranisferfrom
linerto concrete,Tempeatuire distribution, in concrete can b •ianalytically simulated by taig the e ffect-

into consideration.
Back-pressuire-is nearlyteual to the sumrnmation-of the saturated vapour pressure due, to

concrete surface'temperature and the increment of air-pressure by heating.
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Fig 1 3 Measured and Estimated Vapor Pressure
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