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Reference:

1. MFN 06-237, Letter from U.S. Nuclear Regulatory Commission to David Hinds,
Request for Additional Information Letter No. 43 Related to ESB WR Design
Certification Application, July 18, 2006.

2. MFN 06-268, Response to Portion ofNRC Request for Additional Information
Letter No. 43 Related to ESBWR Design Certification Application - ESB WR
Containment Design and Probabilistic Risk Assessment Re: Containment
Fragility Analysis - (Release A) RAI Numbers 6.2-95,6.2-97, 19.2-41, 19.2-44 to
19.2-46, 19.2-49, 19.2-50 and 19.2-57. August 12,, 2006.

Enclosures:

1. MFN 06-268 Supplement 1, Partial Response to NRC RAI Letter 43 Related to
ESBWR Design Certification Application Probabilistic Risk Assessment (Previously
Submitted Under MFN 06-268) RAI Numbers 6.2-95 S1, 6.2-97 S1. 19.2-41 S1,
19.2-44 S1, 19.2-45 S1, 19.2-46 S1, 19.2-49 S1, 19.2-50 S1 and 19.2-57 S1

cc: AE Cubbage USNRC (with enclosures)
George Stramback GE/San Jose (with enclosures)
RE Brown GE/Wilmington (with enclosures)
EDRF Section 0000-0066-1378



Enclosure 1

MFN 06-268 SUPPLEMENT 1

Partial Response to NRC RAI Letter 43
Related to ESBWR Design Certification Application

Probabilistic Risk Assessment
(Previously Submitted' Under MFN 06-268)

RAI Numbers 6.2-95 S1, 6.2-97 S1. 19.2-41 S1, 19.2-44 S1, 19.2-45 S1,
19.2-46 S1, 19.2-49 S1, 19.2-50 S1 and 19.2-57 S1

1 Original Response previously submitted under MFN 06-268 without DCD updates

Responses are included to provide historical continuity during review.
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NRC RAI 6.2-95

In DCD Tier 2, 6.2.5.4, for the concrete containment, the statement is made: "The analysis
results show that when the internal pressure reaches as high as 1.468 MPa, the maximum
liner strain is only 0.165% tension, which is well within the 0.3% limit for Factored Load
Category specified in ASME Table CC-3720-1." Provide the following additional
information in the DCD:

a) Comparison of the concrete and rebar stresses to their factored load allowables.

b) Of the liner, concrete, and rebar, which limits the Level C pressure capability of the
concrete containment (ignoring the steel penetrations) ?

c) Compare the rebar strains to the liner strains at the 1.468 MPa load level. Explain

any significant differences between the two.

d) The spacing between the anchors for the liner plate, including drawings to show
how the liner is anchored into the concrete.

e) Locations (typical) of the heat affected zone at the liner weld seams and the
proximity to liner anchors.

GE Response

a) The pressure value of 1.468 MPa is a pressure at which a concrete section loses its
capability to resist shear. It is conservatively assumed that shear reinforcement does
not participate to resist shear when the concrete element cracks. This pressure value
is taken as the ultimate pressure capacity of the concrete containment. This occurs at
the connection of SP slab to the RCCV wall. At this pressure, the concrete
compression is 31.1 MPa which is less than f c (34.5 MPa) but is higher than the
allowable of 0.75f c for the Factored Loads, the rebar stress is 418.63 MPa which is
less than the allowable rebar stress under Factored Loads, and the liner strain is
0.165% which is well within the 0.3% limit for Factored Load Category.

The pressure value of 1.41 MPa is a pressure at which the concrete compression
reaches 23.83 MPa which is very close to 0.75f c = 25.9 MPa, the allowable
compressive stress for Factored Loads. At this pressure, the rebar stress is 417.63
MPa for radial bars at connection of Diaphragm Floor to the RCCV wall.

The concrete stresses under 1.468 MPa, ultimate pressure and 1.41 MPa, the
pressure that concrete compression is slightly lower that the allowable concrete
compression for Factored Loads, are summarized and compared with the allowable
concrete compression for Factored Loads as shown in Table 6.2-95(1). Similarly,
the rebar stresses in the RCCV under these two pressure loads are summarized and
compared in Table 6.2-95(2).
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Concrete

under 1.410 MPaallowable compressive under 1.468 MPa (Ultimate pressure) pressure 6)
stress for Factored Loads (stress at joint of SP slab/WW) (same location)

0.75 fc = 25.9 MPa 31.1 MPa 23.83 MPa

Note: (i) Pressure for which concrete compression is slightly lower than the allowable concrete
compression for Factored Loads.

Table 6.2-95(1). Comparison of concrete stresses and the allowable for Factored
Load

Rebars

under 1.468 MPa under 1.410 MPaallowable stress for (..

Factored Loads (iin) (Ultimate pressure) pressure (i0
Stress at joint of DF and RCCV wall (same location)

f2,:y = 420.29 MPa 418.63 MPa 417.63 MPa

Note: (ii) Yield strength taken at 2&y according to ASME CC-3422(e).

Table 6.2-95(2). Comparison of rebar stresses and the allowable for Factored
Load

b) For Factored Loads Category, (Equivalent to Level C), the allowable for concrete
compression stress is 0.75f c = 25.9 MPa. For a pressure of 1.410 MPa, the
compression stress in concrete is 23.83 MPa. This pressure (1.410 MPa) is
conservatively limiting the level C of concrete, rebar and liner. It should be noted
that demonstration of Level C structural integrity for concrete containments as
required by RG 1.7 Revision 3 is to meet CC-3720 requirements which are for
liners only. Meeting factored load allowables for concrete and rebar is not a
requirement for Level C pressure capability of concrete containments.

c) Figures 6.2-95(2), (3) and (4) show a comparison of the liner strains and rebar
strains for concrete elements in contact with the liner in the radial, meridian and
hoop directions, respectively, along the nodes shown in Figure 6.2-95(1). There are
no significant differences between them if the rebars belong to a plane parallel to
that of the liner. The comparison of the vertical shear rebar strains to the vertical
liner strains (mat, SP slab or Top Slab), as well as of the radial shear rebar strains to
the radial liner strains (Pedestal, Wetwell or Drywell) shows some differences. The
explanation lies in how the load is being resisted, mainly, by bending and shear of
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those structural elements. The shear stress distribution in shear rebars is therefore
slightly different from that of the liner

Accordingly, the liner is mostly compressed in those areas, whereas the rebars can
be under tensile or compression stress.

Other effects such as the proximity to the joint between structural members, as well
as the presence of slabs, cause additional local differences. Note that, in spite of the
differences, all rebar and liner strains are of the same order.

As for the hoop strain comparison, since none of the previous factors are present,
liner and rebar deform in a consistent manner, such that there are not significant
differences between them.

d) Figure 3G.1-48 and 49 of DCD Appendix G show the liner anchor configuration
and how the liner is anchored to the concrete.

e) Scallops are prepared in the liner anchors to avoid interference with liner weld
seams. More than 25mm (about 1 inch) clearance for both sides of weld seams is
considered for this purpose. Figure 6.2-95(5) shows the typical scallop
configuration of liner anchor

DCD Section 6.2.5.4.2 will be revised in the next update as noted in the attached markups.
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Figure 6.2-95(1). Nodal Locations
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Figure 6.2-95(2). Radial liner strain and Radial rebar strain
Position of points in horizontal axis are shown in Figure 6.2-95(1)
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Figure 6.2-95(3). Meridian liner strain and meridian rebar strain
Position of points in horizontal axis are shown in Figure 6.2-95(1)
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Figure 6.2-95(4). Hoop liner strain and hoop rebar strain
Position of points in horizontal axis are shown in Figure 6.2-95(1)
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Figure 6.2-95(5). Typical Scallop Configuration of Liner Anchor
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NRC RAI 6.2-95, Supplement 1

NRC Assessment FollowinE the February 5, 2007 Audit

Staff Assessment

a) GE first stated that the RCCVpressure capability is governed by the shear failure
of a concrete section at the connection of SP slab and to the RCCV wall.
However, the capacity discussion was focused on the concrete compression limit.
The connection between the two is not clear. Also, the calculation was performed
for ambient temperature only.

According to GE's calculation for concrete stresses, as presented in Table 6.2-
95(1), the concrete compressive stress at the same location drops from 31.1 Mpa
to 23.83 Mpa as the pressure of the RCCVreduces from 1.468 Mpa to 1.41 Mpa.
Such a large reduction in concrete stress for the small reduction in the pressure
is not explained in the response. GE's calculation did not include the
temperature effect on material properties (Concrete f'c could reduce by 40-60%
at 500°F).

Typos in the described rebars stresses (418. 63MPa should be changed to 318.63
Mpa, and 417. 63MPa should be changed to 317. 63MPa) should be corrected.

b) See discussion in a).

c) GE provided comparisons of liner strains with the strains of rebars that are in
close proximity to the respective liners. These comparisons show closely related
strain levels between liners and rebars for in plane directions. Some differences
of strains between liners and rebars were found in out of plane direction and at
locations of discontinuity, which are mostly induced by local bending and shear.
Therefore, GE's model with respect to the liner's connection to concrete walls is
deemed to be adequate. However, the temperature effect on liner material
property was not considered, as discussed in (a) above.

d) Acceptable.

e) Acceptable.

Audit Interest

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

Status Update/Resolution of RAI

RAI raised concerns with the analysis results from a axisymmetric ANSYS model, which
GE has identified several areas of methodological improvements for capturing properly
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the containment pressurization. GE will submit a new ESBWR containment performance
analysis using the ABAQUSANACAP-U model, as in 19.2-41, c).

GE Response

Detailed, 3D finite element modeling using the ABAQUS/ANACAP-U software is
provided for more refined and consistent evaluations of the ESBWR containment
performance for pressure capacity. The evaluations and results will be included in DCD
Tier 2 Appendix 19B for the deterministic evaluation for Level C/Factored Load pressure
capacity, and Appendix 19C for the probabilistic based pressure fragility. See 'also
RAI 19.2-39 S1 and 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 6.2-97

In DCD Tier 2, 6.2.5.4, for other steel penetrations, the statement is made: "The Level C
pressure capabilities of the steel components of major penetrations are summarized in
Table 6.2-46. The governing pressure is 1.182 MPa, which is controlled by the buckling
strength of the drywell head. " Include in the DCD a description of the calculations
performed to predict the Level C pressure capability for the other steel penetrations.

GE Response

The most critical of the other RCCV steel penetrations are the main steam pipe
penetrations. They have the biggest flued head and anchor sleeves.

Considering the loads transmitted by the main steam pipes, the maximum Level C
pressure capability can be up to 3.377 MPa.

Concerning the other steel penetrations, they have higher Level C pressure capability.

DCD Section 6.2.5.4.2 and Table 6.2-46 will be revised in the next update as noted in the
attached markup.
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NRC RAI 6.2-97, Supplement 1

NRC Assessment Following the February 5. 2007 Audit

Staff Assessment

Acceptable.

Audit Interest

None.

Status Update/Resolution of RAI

Level C capacity will be recalculatedper 19.2-39, a).

GE Response

See response to Item a in RAI 19.2-39 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 markup. 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 19.2-41

In DCD Tier 2, 19.2.4, GE only provides a reference to the GE Probabilistic Risk
Assessment (PRA) report. The detailed fragility analysis for containment ultimate
strength is contained in the GE PRA report, Revision 1, Appendix B. 8. It is unclear how
the 10 CFR Part 50.44(c)(5) requirement is addressed It is also unclear how the SECY
93-087 requirement, which 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 most likely severe
accident challenges, and, following this period the containment should continue to
provide a barrier against the uncontrolled release offission products, is satisfied by the
fragility analysis. Provide the following information in ESBWR DCD Tier 2, Section
19.2.4."

a) A summary of the GE PRA report, Revision 1, Appendix B. 8, including all
pertinent results,

b) A discussion of how the 10 CFR Part 50.44(c) (5) requirement and the SECY 93-
087 requirement are satisfied;

c) Available test data of over-pressurization of containment structures similar to the
ESWR design (with more geometric discontinuities than typical containments in
the current fleet of reactors) at both ambient and severe temperature
environments.

GE Response

a) The GE PRA report, Revision 1, Appendix B.8 will be moved to the DCD
Chapter 19 the next DCD revision.

b) The 10 CFR Part 50.44(c)(5) requirement and the SECY 93-087 requirement are
satisfied by meeting the ASME Section III acceptance criteria of Service Level C
or Factored Load Category stipulated in RG 1.7 Revision 3. Details are
documented in DCD Section 6.2.5.4.2.

c) Available test data of over-pressurization of containment structures relevant to
ESBWR reinforced concrete containment vessel (RCCV) are two tests conducted
by Sandia National Laboratories: a reinforced containment 1/6th scale test
conducted in the late eighties and the more recent ¼ scale test of a pre-stressed
containment. However, in order to appropriately interpret the results of these two
tests relative to ESBWR, we must know the limitations on our abilities to simulate
experimentally the failure behavior of concrete containments.

Concrete containment failure mode under internal pressure is critically dependent
on the pressurization medium, gas or water. The most likely failure mode for
concrete containments, whether reinforced or pre-stressed, tested under water
pressurization is burst, while gas pressurization would produce only leakage.
This has to do with the balance between the rate of pressurization and the rate of
depressurization at the instant of failure initiation by liner cracking or other



MFN 06-268 S1
Enclosure 1
Page 14 of 54

venting mechanisms. Under water pressurization, a tiny change in the volume of
the nearly incompressible fluid requires a huge pressure increment, whereas for
gas pressurization the opposite is true. This implies that the pumping rate of the
pressurization medium at the instant of failure initiation governs the failure mode.
Behavioral differences between the reinforced and pre-stressed structures,
namely, ductile behavior for the former and brittle behavior for the latter, can alter
the failure mode if the pressurization medium is changed. For example, a pre-
stressed containment could fail in a ductile manner, i.e. in a leak-before-break
mode, under gas pressure. Therefore, one should be careful in using the test
results directly to predict containment behavior under over-pressurization.

The experimental evidence shows that the failure mode for reinforced concrete
containments internally pressurized by gas (air or nitrogen) is by leakage through
liner cracks at points of discontinuity such as at stud locations, insert plates or
thickened flanges around penetration covers. The Sandia 6th Scale reinforced
concrete model confirmed this behavior. The leakage pressure for that test was
145 psig, which is 3.22 times design pressure. At 145 psig, the model could not
be pressurized further, and for reasons mentioned above the pressurization rate
could not keep up with the leakage rate. On the other hand, Sandia's 1/4th scale
model of a pre-stressed concrete containment failed catastrophically at 3.6 times
the design pressure. In this case, the rupture of the hoop tendons caused very
sudden loss of structural stiffness, which overwhelmed the ability of the liner to
form fuse-like pressure relief mechanism. The question is: if the pressurization
medium were air instead of water, would the failure have been a catastrophic
burst? Most likely it would be a leakage type failure, despite the brittle nature of
the structure, but of a different, perhaps somewhat larger, configuration than in
reinforced concrete. It should be noted parenthetically that the 3.6-factor was
predicted using simple hand calculations. The leak-before-break failure mode
could not be demonstrated in large-scale models because of the very large air
volume required.

The robust design of the concrete pressure boundary of ESBWR is expected to
perform significantly better than the Sandia 1/6th scale model, even considering
its geometric discontinuities. However, treating the 1/6th scale model as a guide
for judging the ultimate pressure capacity of ESBWR's concrete pressure
boundary, we can use the global strain as an indicator. An axi-symmetric global
analysis of the Sandia model, and the measured far field liner strains, gave a value
of about 1.1% at ultimate pressure for a mid-height location, about the same
elevation as the failure location in the insert plate (see Figure 5.3.6 in
NUREG/CR 5341, SAND89-0349, dated October 1989). Clearly, the failure
strain in the insert plate must have been several times this value due to strain
concentration at the discontinuity. If we were to assume that a similar far field
strain value would cause failure in the ESBWR liner at a point of discontinuity,
we would conclude that for the ESBWR to develop failure in its concrete pressure
boundary, the global analysis must show a far field strain value of at least 1%. As
shown in Table B.8-1 of the PRA report, the maximum liner strain calculated by
ANSYS nonlinear analysis is only 0.165% which is well within the code
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allowable when the internal pressure is as high as 1.468 MPa (4.7 times design
pressure). Such a large margin should easily compensate for the lack of data at
high temperature.

The above discussion indicates that the ESBWR containment ultimate pressure
capacity would not be controlled by the concrete strength. The steel drywell head
is the weak link as concluded in Appendix B.8 of the PRA report.

No DCD changes will be made in response to this RAI.
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NRC RAI 19.2-41. Supplement 1

NRC Assessment Following the February 5. 2007 Audit

Staff Assessment

a) Acceptable.

b) To address SECY 93-087, the pressure and temperature transients which are
associated with the more likely severe accident challenges should be defined. See
StaffAssessment in c) and d) of RAI Number 19.2-39 above.

In addition, DCD Section 6.2.5.4.2 should be cross referenced in the appropriate
section of DCD Chapter 19, for deterministic containment performance
assessment.

c) While acknowledging that no data exist for over-pressurization of containment
structures similar to the ESBWR design (with more geometric discontinuities than
typical containments in the current fleet of reactors) at both ambient and severe
temperature environments, GE provided a summary of the state of available
containment tests and insights inferred from the test results regarding the ultimate
internal pressure capacity ofpre-stressed and reinforced containment, which are
consistent with the findings provided in NUREG/CR-6906, "Containment
Integrity Research at Sandia National Laboratories. " Given the lack of
applicable experimental data, the staff will have rely on the ANSYS analyses GE
conducted to estimate the pressure capacity of the containment. The staff is
concerned with that the effects of elevated concrete temperature has not been
appropriately addressed.

Audit Interest

Discuss and resolve how GE will address SECY 93-087 with respect to deterministic
containment performance analysis. Review GE's calculations of the containment
internal pressure capability (Containment components include: Wetwell, Upper Drywell,
Pedestal, Basemat Drywell Head and PCCS heat exchangers) in accordance with ASME
Service Level C or Factored Load limits at the severe accident temperature (500°F?).

Status Update/Resolution of RAI

b) Same as 19.2-39, d) above.

c) GE will redo both containment pressure performance analysis solely based on the
new analysis performed using the 3-D ABAQUS ANACAP-U model with the
pressure and temperature profiles which the stafffound to be appropriate, except
for the temperature of 43.3°C specified for the drywell head GE will provide a
justification for using 43.3 °Cfor drywell head
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The new analysis will be used to determine the containment pressure fragility and
associated failure locations for all the structural components comprising the
containment pressure boundary.

The new 3-D ABAQUS model will also be relied upon for determining the Level C
pressure capacity of all the structural components comprising the containment
pressure boundary, except for the drywell head and its anchorage, as well PCCS
head exchanger, the Level C capacity of which will be determined using ASME
Code Section III However, the ABAQUS will be used to verify that the drywell
head pressure capacity for the ESBWR design will not be governed by asymmetric
buckling, but controlled by axisymmetric plastic yielding of the crown.

GE's PRA Section 8 and DCD Chapter 19 will be revised to reflect the changes in
both deterministic (Level C) and fragility analyses as a result of the application of
the new ABA QUS model.

GE will provide NRC with revised material describing the ABA QUS analysis.

GE Response

b) See Item c below and response to Item d in RAI 19.2-39 51.

c) On Section 1.4.4, p. 1.41 of SAT report it was stated that the internal temperature
of the UDW head under a DCH scenario would be bounded by 450 K. This
bounding value can be supported by performing a simple heat transfer calculation.

Table 5.3-1 of the DCD indicates that the upper head insulation is designed for a
maximum heat loss under normal operating conditions of 682 kJ/m2 h (189 W/m2

). If this is taken to occur at a temperature difference of 237 K (i.e., 560-323,
where 560 K is the RPV steam temperature at normal operating conditions, and
323 K is the gas temperature in the upper head region also at normal operating
conditions). Using a maximum temperature difference just prior to DCH of 777 K
(i.e., 1,100-323), the above value of the heat flux can be rescaled by the ratio of
the driving forces (3.28), or -600 W/m2. [Note that the 1,100K value is a
maximum since a still higher temperature would lead to spontaneous
depressurization and no DCH].

The question translates to what temperature difference is needed across the 40
mm of the carbon steel UDW head to accommodate this magnitude of heat flux.
The thermal conductivity of carbon steel is -40 W/m K, Therefore:

AT= 600 W/m 2 40 10 3 m / 40 W/m K = 0.6 K

This means that the thermal environment of the UDW head will remain
unchanged.

A pressure fragility analysis is performed using the ABAQUS/ANACAP-U software and
detailed 3D finite element modeling. This is documented in Appendix 19C, Rev 3 of the
DCD Tier 2. All failure modes of all components in the primary containment system are
considered for a range of thermal conditions representing different accident scenarios.
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The modeling methods and analysis procedures employed are summarized in the
Attached material entitled "Overview of ESBWR Containment Structural Capability for
Severe Accidents", which is an updated version of the GE presentation in the NRC audit
meeting. As discussed in RAI 19.2-39 a), this modeling is also used to provided a
deterministic analysis for demonstration of RCCV integrity for SECY-93-087 and
10 CFR 50.44. As part of the fragility evaluation, variations on the temperature for the
inside surface of the drywell head were considered. An inside temperature of 57°C
(135°F) had no effect on the pressure capacity relative to the 43.3°C (1 10°F) assumed.
An inside temperature of 260'C (500 'F) was found to increase the pressure capacity.
The pressure capacity of the drywell head is limited by leakage at the bolted flange,
which develops because of prying action of the flange and yielding in the bolts. A hotter
inner surface temperature helps resist the separation of the flanges on the inner surface
because the hot inner surface must expand relative to the colder outer surface. Because
the A516 material does not have any significant degradation in ultimate strength or
ductility up to this temperature of 260'C (500'F), there is no change in the failure mode.
This means it requires a somewhat higher pressure to overcome this thermal induced
stress to reach the same flange distortion level to yield the bolts.

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 19.2-44

In PRA Revision 1, Appendix B. 8.1, GE provides the reinforced concrete containment
vessel (RCCV) nonlinear analysis using an ANSYS axisymmetric reinforced concrete
model. The analysis result from the ANSYS model was used to determine the containment
ultimate pressure strength at ambient temperature. Since ANSYS uses the smeared
material model for reinforced concrete, certain subjective inputs are required such as
tension stiffening and shear retention when concrete cracks, material properties and
failure criteria. Discuss the ANSYS model, including:

a) the GE selection of the parameters for tension stiffening and shear retention in
the model and the bases for the selection;

b) the adequacy of the mesh refinement to capture local stress/strain concentrations
in regions where geometry changes sharply, such as the corners between top
slab/upper dry well (UDW) wall, wet well (WW) wall/suppression pool (SP) floor,
SPfloor/pedestal, pedestal/basemat;

c) the validation of the ANSYS reinforced concrete material model against other
known commercial codes, such as ANACAP or ABAQUS, etc., on similar
structures and loading, and their analysis comparisons,

d) a clarification of the last statement in Appendix B. 8.1.3 "The strength of the non-
axisymmetric top slab region is evaluated by extrapolation of the elastic analysis
results using a 3D finite element model," since the RCCV analysis GE used is
based on a nonlinear ANSYS model;

e) input material properties (including stress-strain relations up to failures) applied
in the ANSYS model for concrete, rebars and liners. Explain how the strain
hardening behavior of mild steel used for rebars is modeled in ANSYS;

fi a description of how the liner is connected to concrete elements in the ANSYS
model,

g) how the non-axisymmetric Gravity-Driven Cooling System (GDCS) pool
structures are considered in the ANSYS axisymmetric model/analysis. Was the
weight (structure and water) and an approximation of its stiffness used in the
ANSYS model? If yes, explain in detail. If not, provide a detailed technical basis
for exclusion.

h) a detailed explanation regarding the importance of modeling the soil below the
foundation mat. The extent of the foundation in the ANSYS model is only apiece
of the much larger foundation mat supporting the containment, reactor building,
and fuel building. If coupling to the soil is important for this analysis, justify why
it is not necessary to include the entire foundation with representation of the
other stiffness characteristics of the building.

i) a detailed explanation regarding the statement in Appendix B.8.1.2 "The
fANSYS] program utilizes a stepwise linear iteration technique. " Are both
material and geometric non-linearity effects considered in the ANSYS analysis?
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What numerical technique is used to establish convergence (e.g., modified
Newton-Raphson) at each load step? What is the convergence criterion applied
to ensure satisfaction of the nonlinear equilibrium equations at each load step?
What is the convergence criterion applied to ensure satisfaction of the nonlinear
equilibrium equations at each load step? Describe the load step/iteration
strategy.

GE Response

a) Stress stiffening properties are not taken into account. This feature is not
recommended by the ANSYS computer program for concrete non-linear
calculations. Regarding the shear retention properties of the model, when cracking
occurs in the concrete elements (with cracking and crushing properties), the loss
of shear resistance is not transferred to the rebars, which have no shear stiffness.
To prevent possible fictitious crushing of the concrete before proper load transfer
through a closed crack, the load was applied in small increments.

b) The controlling criterion in the mesh refinement was to represent the hoop and
vertical reinforcement layers in the internal and external faces of the containment,
as well as the radial shear reinforcement between both layers. According to that
strategy, the elements in regions where the geometry changes sharply are between
0.2x0.2m to 0.3x0.3m for walls between 20m high and 2.4m deep. As an
example, the junctions at the SP Slab and the RCCV wall or RCCV wall and Top
Slab are made up of 25 to 30 brick elements and 72 to 84 nodes. With this level of
mesh refinement, stress and deformation in the element nodes are considered
sufficiently accurate.

c) A comparison between the ANSYS and ABAQUS computer programs for
nonlinear calculations involving reinforced concrete is addressed in the
attachment to this RAI.

d) The structure above the top slab is non-axisymmetric. To account for its stiffness
in the axisymmetric model, a separate ANSYS 3D shell model was built using the
actual geometry of the top slab integrated with the upper pool structure . A unit
pressure load was applied upwards from the containment side and the vertical
displacement calculated. Young's modulus of the axisymmetric portion
representing the pool girders in the axisymmetric model was selected to yield the
same vertical displacement under unit pressure as that of the 3D shell model. The
density of this portion of the axisymmetric model is established to give the same
total mass as the actual geometry.

e) Material properties are shown in Tables 19.2-44(1) and (2). The steel strain
hardening behaviours are taken into account using a bilinear strain-stress scheme,
with kinematic hardening properties. The hardening rule describes the changing
of the yield surface (in stress space) with progressive yielding, so that the
conditions (i.e. stress states) for subsequent yielding can be established.
Kinematic hardening assumes that the yield surface remains constant in size and
the surface translates in stress space with progressive yielding.
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f) In the ANSYS model, the shell element's nodes representing the liner, and the
brick element's nodes representing the concrete, go together. Concrete and liner
elements share the same nodes.

g) Since the ANSYS model is axisymmetric and the geometry and position of the
GDCS Pools is non-axisymmetric, the mass of the pool structure and water was
spread on the axisymmetric model on the SP Slab level, and their stiffnesses
neglected.

h) The soil underneath the foundation mat was modeled using linear spring constants
for soft soil with the objective to maximize bending deformation in the mat. Since
containment internal pressure is the only loading of interest in this analysis and
the fuel building, located far away from the containment, is not directly loaded,
the stiffness of the portion of the mat belonging to the FB is neglected, and only
its mass is considered and spread on the axisymmetric model.

i) Material non-linearities are taken into account. Steel properties are included by
means of the Young modulus, yield strain, tangent modulus and ultimate strain
shaping a bilinear stress-strain scheme. Concrete properties are intended to
account for cracking and crushing by means of Drucker-Prager parameters.
Geometric non-linearities are also taken into account. Pressure normal to surfaces
is following the deformed geometry in each load step. In each load step, the
previous deformed geometry is used, but the stiffness matrix is not a function of
the displacement as in the case of large deformation calculation. This assumption
is considered correct in view of the small ratio of radial deflection to radius that is
on the order of 1 OE-3. ANSYS performs a Newton-Raphson scheme to figure out
the convergence of the non-linear equilibrium equations at each load step. The
convergence criterion is rearranged for some load steps along the calculation to
reach convergence. This strategy is followed until divergence is reached for the
controlling failure mode by shear as described in a).
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Elements Steel type Poisson Strain Strength
(kN/m')

sy 0.005 4.14E+05
Rebars ASTM A615 Gr-60 0.3

F.u 0.07 6.21E+05

Sy 0.0013 2.62E+05
Carbon steel (liner) ASME SA-516 Gr-70 0.3

Eu 0.17 ...i 4.83E+05

sy 0.001 1.72E+05
Stainless steel (liner) ASME SA-240 Type 304L 0.3

S, 0.40 4.83E+05

Note (iii): 17% ultimate strain in 8". Conservatively lower that 21% elongation in 2". (data from ASME

SA-516 Gr-70, Table 2).

Table 19.2-44(1). Material properties. Liner and rebar

f'c Elastic Uniaxial Uniaxial Cohesion FoV)
Material modulus Poisson Tension Comp. Flow Fric.

(MPa) (kN/m 2) (kN/m') (kN/m 2 ) (kN/mi) angle(iv) angle(iv)

Basemat
27.6 2.79E+07 0.17 1.74E+03 2.76E+04 3.47E+03 30 61.77

concrete

Other
34.5 2.79E+07 0.17 1.95E+03 3.45E+04 4.1OE+03 30 63.24

concrete

Note (iv): Drucker-Prager parameters as a function of Uniaxial tension and Uniaxial compression strengths.

Flow angle assumed to be 30*.

Table 19.2-44(2). Material properties. Concrete

No DCD changes will be made in response to this RAI.
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NRC RAI 19.2-44 (cont)

Attachment to RAI 19.2-44 c0

VERIFICATION OF ANSYS SOLID65 ELEMENT

Al. Solid65 Element Description

SOLID65 is used for the 3-D modeling of solids with or without reinforcing bars . The
solid is capable of cracking in tension and crushing in compression. In concrete
applications, the solid capability of the element may be used to model the concrete while
the rebar capability is available for modeling reinforcement behaviour.

K
z

X)_Y
Figure Att. 19.2-44(1) ANSYS Solid65 element geometry

A2. References

For the verification of the ANSYS Solid65 element, two reference has been used.

1. ANACAP-U Validation test. Problem 5.3 Test Report-Two way R/C Slab.

2. ABAQUS Example Problems Manual 1.15 Collapse of a concrete slab. In this
example, two ABAQUS products results are compared; ABAQUS/Standard
Results and ABAQUS/Explicit Results.

Both of the references compare results on the same problem (same material properties,
same geometry and same load case); the two-way supported slab experimentally tested by
McNeice (McNeice, A. M., "Elastic-Plastic Bending of Plates and Slabs by the Finite
Element Method," Ph. D. Thesis, London University, 1967).
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A3. McNeice's Test

The two-way corner-supported slab was experimentally tested by McNeice (1967) and
numerically analyzed by many researchers. The 36"x36"xl.75" slab is istropically
reinforced at 1.31" from the top surface. Smeared two-way reinforcement is located 1/4
of its depth from the bottom face with a volume ratio steel to concrete of 8.5E-3 in each
direction. The slab is loaded at the center and supported at the corners in the transverse
(out-of-plane) direction. Some of the concrete material properties required for the
analysis were not provided by McNeice, so assumed values are adopted.

A4. Compared data

A double ANSYS results comparison has been carried out:

* Using information provided in ANACAP-U Validation test. 5.3, whose control
point is 3" from center of the slab.

* Using information provided in ABAQUS Example Problems Manual 1.15, whose
control point is in the middle of the slab.

Since the check-reference for all the calculations (ABAQUS/Standard,
ABAQUS/Explicit and ABAQUS/ANACAP-U) is the McNeice's test, the graphs
resulting from ANSYS calculations (load vs displacement) are compared also with those
from McNeice Test (See Att Figures 19.2-44(4) and (5)). Therefore, the reference data
are the experimental McNeice results.

A5. FEM Model

One-quarter model is used with symmetry boundary conditions applied at center lines.

Two mesh sizes, 8x8x3 and 16xl6x3, are considered. Figures 19.2-44(2) and 19.2-44(3)
show the 8x8x3 mesh.

A6. Material properties

Gilbert and Warner (1978) provide the following properties for the McNeice Slab also
adopted in the references.
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Concrete
Elastic modulus 28.6GPa (4150ksi)
Poisson's ratio 0.15
Uniaxial crushing stress 37.92MPa (5.5ksi)
Uniaxial tensile cracking stress 3.17MPa (0.46ksi)
Ratio of biaxial to uniaxial compression 1.2
failure stress (assumed) 1.2
Density (assumed) 2400kg/m3 (2.246E-04 lb.s2/in 4)

Steel reinforcement bars
Elastic modulus 200GPa (29000ksi)
Yield stress 345MPa (50000ksi)
Density 7800kg/m3 (7.3E-04 lb.s2/in4)

Table Att. 19.2-44(1)

In R/C elements amount of steel reinforcement is input by means of volume ratio of steel
in the element to the total volume of the element. Reinforcement is located in a 7.30mm
depth layer, so nominal volume ratio must be scaled to depth of the layer.

A7. Results

Figure Att. 19.2-44(4) shows the load-deflection curve at the centre of the McNeice slab
and the ANSYS results for both 8x8x3 and 16x16x3 mesh models. A very good
agreement is reached with the 16x 16x3 mesh. The 8x8x3 mesh over-predicts the stiffness
of the test model.

Figure Att. 19.2-44(5) shows the load-deflection curve at a 3" offset along symmetry axe
from origin of the McNeice slab and the ANSYS results for 16x16x3 mesh model. Also a
very good agreement is observed.
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ELEMEINT S
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JUL 26 2006

08: 17:54Transverse support

L/2

Point load

I

Symmetry B.C. A A
H ~L/2=457. 2mm

(18. Oin)

Figure Att. 19.2-44(2) McNeice slab
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ELEMENTS AN
REAL MUH JUL 27 2006
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11"15 .. .. r .

T REBA Layer/

Figure Att. 19.2-44(3) Reinforcement steel layout
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ABAQUS Examp.Prob.Manual-1.1.5 Collapse of a
concrete slab

- - MCNEICE @CENTER - 16X16X3 @CENTER

- - -8X8X3 @CENTER

4000

3000

.2000

1000

0 -F-

0.00 0.10 0.20 0.30 0.40 0.50

DISP(in)

Figure Att. 19.2-44(4) Comparison ANSYS results vs McNeice results (dahsed and
blue) at center point
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ANACAP-U.VALIDATION PROBLEM 5.3

-- - EXPERIMENTAL @3" - 16X16X3 @3"

4000

3000

2000

1000

0
0 0.1 0.2 0.3

DISP(in)

0.4

Figure Att. 19.2-44(5). Comparison ANSYS results (solid and red) vs McNeice
results (dashed and blue) at 3" offset
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NRC RAI 19.2-44, Supplement 1

NRC Assessment Followin2 the February 5, 2007 Audit

Staff Assessment

a) GE misunderstood the question. This question deals with modeling of post
cracking behavior of concrete. Tension stiffening represents residual tensile
strength of concrete after a crack is formed and this residual tensile strength of
concrete decreases a function of relative displacement across the crack faces.
Shear retention pertains to the degradation of the shear modulus G as a function
of relative displacement across the crack faces. These two modeling
characteristics of concrete material are important for adequately predicting the
actual strength of RC structures

b) and c) Even though GE's strategy for mesh generation is appropriate, the load
bearing capacity appears to be very sensitive to the mesh refinement. As
illustrated in Figure Att. 19.2-44 (4) of GE response to c), GE presented an
ANSYS analysis of load bearing capacity of a slab. Two mesh sizes were used&
8x8x3 and ]6x16x3. As shown in this figure, the 16x]6x3 mesh compares well
with the benchmark using ABAQUS, but the 8x8x3 mesh significantly over
predicted capacity. Therefore, the effect of mech refinement for the GE ANSYS
concrete model should be further investigated

d) through i) are mostly satisfactory. An apparent typo was found in Table 19.2-44
(1), in that the yield strain for rebar should be 0. 002 instead of 0. 005 listed in the
table.

Audit Interest

Discuss adequacy of GE's ANSYS containment model for calculating internal pressure
capability. Special attention will be focused on the modeling ofpost cracking behavior of
concrete to ensure post cracked concrete shear strength was properly reduced.

Demonstration that the ANSYS model is not sensitive to further mesh refinement, given
the large. difference illustrated in the GE benchmark analysis between 8x8x3 and
]6x]6x3 mesh sizes.

Status Update/Resolution of RAI

Issues raised are related to ANSYS analysis and resolution was provided in 19.2-41, c)
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GE Response

See response to Item c in RAI 19.2-41 S1. The pressure capacity evaluation is updated
and replaced with a more detailed, 3D analysis using the ABAQUS/ANACAP-U
software.

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 19.2-45

In PRA Revision 1, Appendix B.8.1, GE provides the result of a nonlinear ANSYS
analysis for RCCV under internal pressurization and dead load. Four load cases were
presented, including the design pressure, integrity test pressure, and two severe accident
pressures. Provide the following information:

a) In Appendix B.8, GE stated "The analysis results show that the liner strains are
much smaller than the ASME code allowable for factory load category when the
internal pressure is as high as 1.468 MPa. " (213 psi). Provide the numerical
ASME allowable liner strain referred to here.

b) It appears that for load cases SA-1 and SA-2, GE defines the allowable using the
ultimate failure strength (Fu for steels and f'c for concrete). Explain the source
for the "code allowable limits", including applicable ASME Service Level, the
Code section, and the Code acceptance criteria for rebar, liner plate and concrete
(factor times yield stress for steel? Factor times f',for concrete?).

c) Explain why in Table B.8-1 of the PRA report, Revision 1, the max. rebar stresses
under the 2 nd column heading do not match the max. rebar stresses under the
component rebar stresses heading, and identify the components and locations
where the max. rebar stresses under the 2 nd column heading are taken from.

d) Provide the max. rebar strains (including locations) at each pressure level for all
components in Table B. 8-1, and provide a discussion of comparisons of max.
rebar strains with the max. liner strains listed in Table 8.1-1.

e) Explain the response changes from design pressure (PD) to Structural Integrity
Test 1 pressure (IT), considering IT = 1. 15xPD; ratios of IT/PD responses vary
from 0. 63 to 1.67.

j) What is the radius at the location of the reported "Max. Radial Defi. Wetwell",
and what are the calculated strains at this location (i.e., radial deflection divided
by radius)? Compare to the rebar strains.

GE Response

a) The ASME allowables for liner strain, rebar strain and concrete stress under
various pressure levels considered are summarized in the following Table 19.2-45
(1). They are compared with the criteria for ultimate pressure capacity.

b) For loads case SA-1 and SA-2 in Table B.8-1, the allowable values in the first
row of Table 19.2-45(1) were used. For Level C pressure, the allowable values of
Factored Level were based on. For design pressure, the allowable values of
Service Level, the third row of Table 19.2-45(1) were used.

c) In Table B.8-1 of the PRA report, Revision 1, some of the maximum rebar
stresses under the 2nd column belong to elements of the ANSYS model outside
the containment boundary. (As shown in PRA Figure B.8-1, the axisymmetric
ANSYS model also accounts for external elements to the containment). For the
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sake of clarity, PRA Table B.8-1 should be focused on the containment. These
data and others in PRA Table B.8-1 will be revised in the next update, as noted in
the attached markups.

d) Table 19.2-45(2) and 19.2-45(3) show the maximum rebar strain at each pressure
level for all components in Table B.8-1. as well as their locations. See response to
RAI 6.2-95 for a detailed comparison of rebar strains and liner strains at 1.468
MPa.

e) Ratios of IT/PD responses varying from 0.63 to 1.67 for a pressure loading ratio
of 1.15 are considered reasonable in view of the cracked concrete behavior (not
linear). Rebars in cracked zones have higher stresses and strains than those in
non-cracked zones, causing local ratios ranging from approximately 0.63 to 1.67.
However, the median of the local ratios matches reasonably well the 1.15 ratio.

f) The reported Max. Radial Deflection, is the maximum radial displacement in any
point of the containment. In this case it is measured in the middle of the wetwell
and is 13.02 mm. For a 18,000 mm inside radius of the containment, radial strain
is 0.072%. Radial strain for the rebars in the same location is 0.017% (point 50 in
Figure 19.2-45(1)) which is the same order.

Criteria Allowable Allowable Allowable
for rebar for liner concrete stress

SA-2 Ultimate 0.01 0.02 f,

(P=1.468 MPa) (34.5 MPa)

2& 0.01 0.75fc

(P=1.410 MPa)(' Factored Load (0.004) (ASME Table CC- (25.88 MPa)
(ASME CC- 3720-1 (ASME Table CC-

3422.1) - 3421-1)

Maximum Service 0.5f, 0.002 0.6fc
Level Pressure Service Level (207 MPa) (ASME Table CC- (20.7 MPa)Level Prer (ASME CC- (M ae- (ASME Table CC-

(P=1.220 MPa) 2  3422.1) 3720-1) 3431-1)

Notes: (1) Pressure for which the concrete compression is slightly lower than the allowable concrete
compression for Factored Loads was used to compare with the Level C pressure for the
drywell head. The Level C pressure for drywell head is limiting.

(2) The design pressure is 0.31 MPa. The pressure at which one of the allowables for Service
Level is reached is 1.220 MPa.

Table 19.2-45(1). ASME allowables for Various Pressure Levels Compared with the
criteria for ultimate pressure capacity
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Component Rebar Strain
Loading Case. Mat SP/S Wetwell wall Upper drywell wall Top Slab

Load
LC (MPa) Mer. Hoop Mer. Hoop Mer. Hoop Mer. Hoop Mer. Hoop

DP 0.310 5.010E-06 2.370E-05 1.050E-04 5.090E-05 5.450E-07 3.830E-05 1.040E-04 2.870E-05 9.640E-05 3.710E-05

IT 0.357 2.420E-06 i.640E-05 1.080E-04 5.060E-05 4.920E-05 4.690E-05 1.640E-04 3.590E-05 1.080E-04 4.690E-05

DI-TUC 1.210 1.125E-03 4.020E-04 8.600E-04 3.520E-04 7.280E-04 5.600E-04 9.440E-04 4.440E-04 9.920E-04 2.050E-04

UC 1.468 1.957E-03 5.970E-04 1.1 10E-03 4.660E-04 9.260E-04 7.140E-04 1.227E-03 5.880E-04 1.337E-03 2.680E-04

Table 19.2-45(2) rebar strains at each pressure level for all components in PRA Table B.8-1

Liner Locations Max.
Loading Case. UprRadialTensile Comp. Conc. Mat SP/S Wetwell wall Upper Top Slab di.

_____ Drywell wall Deft.
Load Wetwell

LC (MPa) Mer Hoop Mer Hoop Mer Hoop Mer Hoop Mer Hoop Mer Hoop

DP 0.310 #66 #66 #17 #1 #3 #5 #7 #9 #10 #11 #13 #15 #16 #50

IT 0.357 #66 #66 #17 #1 #3 #5 #7 #9 #10 #12 #13 #15 #16 #50

DH 1.210 #66 #66 #18 #2 #4 #6 #8 #9 #10 #12 #13 #14 #16 #50

UC 1.468 #66 #66 #18 #2 #4 #6 #8 #9 #10 #12 #13 #14 #16 #50

Table 19.2-45(3) Locations for all components in PRA Table B.8-1. All numbers are related to Figure 19.2-45(1) and (2)
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Figure 19.2-45(1) Locations of the data in PRA Table B.8-1 as indicated in Table 19.2-45(3). Upper Drywell and Wetwell.
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Figure 19.2-45(2) Locations of the data in PRA Table B.8-1 as indicated in Table 19.2-45(3). Lower Drywell and Mat.
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NRC RAI 19.2-45. Supplement 1

NRC Assessment Following the February 5. 2007 Audit

Staff Assessment

a) GE provided Table 19.2-45 (1) for ASME allowable for various pressure levels
compared with the criteria for ultimate pressure capacity. It is unclear what
rules of ASME Section III govern the ultimate criteria in the 1st row. The 2nd
and 3rd rows of the table provide appropriate ASME factored load and service
level allowable (allowable for rebar at service level was incorrectly referenced;
the correct reference is CC-3432-1). GE indicated that max. service level
pressure is 1.22 Mpa, which contradicts GE's analysis results provided in Table
B.8-1 of the PRA report Section 8. Table B.8-1 indicates that for SA-1, the
containment pressure is 1.21 Mpa and at this pressure level, maximum rebar
stress has reached 217.1 higher than 207 Mpa allowable for the ASME service
level. It needs to be further clarified.

b) Acceptable.

c) GE indicated the mismatch of rebar stresses between Col. 2 and components
cols of Table B.8-1 was due to the use of data for elements of the ANSYS model
that are outside the containment boundary. GE stated that Table B. 8-1 will be
revised in the next update, in which the col. 2 will be corrected according to a
markup attached to the response. Review of the markup indicated that the col. 2
data are consistent with the component data. This is acceptable.

d) The issues raised had been addressed by the GE response to RAI 19.2-95.

e) GE indicated that the containment is expected to incur local cracking in
concrete at IT pressure, therefore, rebars in cracked zones have higher stresses
than those in no-cracked zone. GE also indicated that the average ratio of
IT/PD rebar stresses matches reasonably well the 1.15 ratio, consistent with
IT/PD loading ratio. No further action is required.

fi GE indicated that the max. radial displacement divided by radius of the
containment yields the radial strain of the containment wall and it was then
compared to the radial strain of rebars. By definition, radial displacement
divided by radius of the containment should results in circumferential or hoop
strain, not the radial strain. It should be compared to the hoop strain of the
rebars which is indicated in Figure 6.2-95(4). This needs to be clarified.

Audit Interest

Clarification of issues raised in staff assessment, with respect to responses to a) andi).

Status Update/Resolution of RAI

GE stated that the analysis questioned will be replaced by a new ABAQUS ANA CAP-U
analysis.
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GE Response

The evaluation for pressure capacity is now based on a more detailed, 3D finite element
analysis using the ABAQUS/ANACAP-U software. 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.

DCD Impact

DCD Tier 2 Section 6.2.5.4.2 will be revised and moved to DCD Tier 2Appendix 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 19.2-46

In PRA, Appendix B.8.2.1, GE describes the estimate of the ultimate containment
pressure capacity at ambient temperature by extrapolating the ANSYS analysis result to
meet a set of failure criteria: rebar at both faces of a cross section reaches yield or
concrete fails by shear. Provide the following information:

a) A detailed description of the extrapolation method or analysis and associated
data used to arrive at the ultimate component pressure capacities in Table B.8-2
of the PRA report.

b) Detailed data of max rebar stresses (and strains, if available), and strengths of
concrete, and liner strains for all components comprising the containment
pressure boundary when one component in Table B.8-2 reaches its pressure
limit (a table form similar to Table B.8-1 is desirable).

c) Since the concrete failure is characterized as shear failure, describe the shear
failure criteria applied.

d) For wetwell and upper drywell, the failure modes are rebar yielding at the DF
joint, describe the max strain level in the liner near the DFjoint for these failure
modes.

GE Response

a) Given the calculated results at ultimate pressure of 1.468 MPa for rebar strain,
liner strain for various components of containment as shown in and concrete
stress in PRA report Table B.8-2, and given their respective allowable
strain/stress limits in Table 19.2-45(1), the extrapolation is done by the
following relation:

Da.owable ."P Eq. 19.2-46(1)
"trnP Dactual UC E.1.

Where:

Puc: Ultimate Pressure at room temperature (=1.468 MPa).

Dallowable: Allowable value of the structural component (allowable strain in
rebars, allowable strain in liner or allowable compression stress
in concrete).

Dactual: Actual calculated data in the structural component (maximum
strain in radial, meridian or hoop rebars, maximum strain in liner
or maximum compression stress in concrete) at 1.468 MPa
pressure and at room temperature.

Pextrap: Extrapolated failure pressure at room temperature for rebar, liner
or concrete.

Accordingly, the extrapolated failure pressures for rebar, liner and concrete are
obtained in each structural element. The minimum failure pressures for each
structural element (wetwell, upper drywell, pedestal, suppression pool slab and
basemat) are the values shown in PRA report Table B.8-2, 3rd column.
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The values at 500F (PRA report Table B.8-2, 4th column) are 90% of the ones
at room temperature.

b) Detailed data of maximum rebar and concrete stresses for all the components
under the pressure that exceeds the pressure limit of 1.468MPa as shown in
Table B.8-2 can not be calculated. For illustration purpose the maximum rebar
and concrete stresses for various components under the pressure that exceeds the
pressure limit were extrapolated as shown below in Table 19.2-46(1). In this
table, the only pressure for which the values of liner strains, rebar and concrete
stresses are calculated is 1.468 MPa.

Table 19.2-46(1) shows that under the pressures shown in PRA Table B.8-2
greater than the ultimate pressure, most of the rebar stresses go beyond the yield
strength and concrete stresses go beyond fc. However, it is noted that the liner
is still well within the Factored Load allowable of 1%.



MFN 06-268 Si
Enclosure 1
Page 41 of 54

Component rebar tensile stress

Maximum Rebar Stress Liner strain Concrete
Load Mat SP/S Wetwell Upper drywell Top Slab

Pressure Merid. Hoop Tensile Compress.
Mpa Mpa Mpa mm/mm mm/mm Mpa Mer. Hoop Mer. Hoop Mer. Hoop Mer. Hoop Mer. Hoop

Calculated values 1.468 284.9 142.9 1.65E-03 -8.59E-04 31.0 284.9 119.5 221.9 93.3 185.3 142.9 245.4 117.5 267.5 53.7
Extrapolated values 2.85 (1) 277.4 3.20E-03 -1.67E-03 (2) (1) 232.0 (1) 181.1 359.7 277.4 (1) 228.1 (1) 104.3
Extrapolated values 3.63 (1) 353.4 4.08E-03 -2.12E-03 (2) (1) 295.5 (1) 230.7 (1) 353.4 (1) 290.5 (1) 132.8
Extrapolated values 4.33 (1) 421.5 4.87E-03 -2.53E-03 (2) (1) 352.5 (1) 275.2 (1) 421.5 (1) 346.6 (1) 158.4
Extrapolated values 4. 8 (1) (1) 5.40E-03 -2.81E-03 (2) (1) 390.7 (1) 305.1 (1) (1) (1) 384.2 (1) 175.6

Note: (1) Rebar Stresses > 420 MPa (Strain-hardening behavior of steel),

(2) Concrete Stress - 35 MPa (f'c=5000psi)

Table 19.2-46(1). Extrapolated values of liner strain, rebar and concrete stress under the theoretical pressures

shown in PRA Table B.8-2
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c) When concrete element in a section cracks, it is conservatively assumed that the
shear reinforcement does not participate to resist shear. As the internal pressure
of the containment reaches a certain value such that a concrete section loses its
capability to resist shear, the pressure has reached the ultimate capacity of the
containment. This pressure is called the ultimate pressure capacity of the
containment. In reality, when the concrete element of a section cracks, the shear
can still be transferred to the shear reinforcement.

d) Since the results in PRA Table B.8-2 are based on extrapolation, the requested
data were not calculated and thus not available. However, according to RAI 6.2-
95 Figures 6.2-95(2) thru (4), Table 19.2-46(2) below summarizes the liner and
rebar strains near the DF joint at 1.468 MPa at room temperature.

Radial Mer. Hoop
Point Shear tie Liner Bar Liner Bar Liner

strain strain strain strain strain strain
Joint Wetwell/DF (point 58 in 6.89E-04 3.47E-04 8.07E-04 7.92E-04 3.70E-04 3.66E-04

Figure 6.2-95(1))
Joint Upper Drywell/DF -4 97E-04 -6.72E-04 6.74E-04 9.79E-04 5.88E-04 5.91E-04

(point 59 in Figure 6.2-95(1)) , I I I

Table 19.2-46(2) Summary of strains in liner and rebar at 1.468 MPa (room
temperature) in DF joint

No DCD changes will be made in response to this RAI.
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NRC RAI 19.2-46, Supplement 1

NRC Assessment Following the February 5. 2007 Audit

Staff Assessment

a) GE indicated that the extrapolation method for computing ultimate component
pressure capacities makes use of linear extrapolation, defined by a line that
connects the origin and the strain calculated at the ultimate pressure of 1.468
Mpa, based on ANSYS analysis. The allowables used in the extrapolations are
listed in the 1st row of Table 19.2-45 (1) of GE RAI response 19.2-45. Beyond
the SA-2 pressure level, the containment will be strained well into nonlinear
region and the pressure bearing capacity of the containment will level off
Therefore, the linear extrapolation will lead to substantial overestimates of the
containment components pressure capacities.

Further, the extrapolation to pressure capacity at 500YF, based on the pressure
capacity at ambient temperature, reduced by 10%, requires further justification,
since concrete strength degrades significantly at elevated temperatures. Some
studies have suggested that residual compressive strength of concrete could be
degraded more than 50% at 500YF, and the elastic modulus could be degraded
more than 60%.

b) GE indicated that using the extrapolation process for computing component
pressure capacities, based on maximum allowable strains, will result in most of
the rebar stresses exceeding the yield strength and concrete stresses exceeding
f's. This appears to indicate that the concrete has failed and also possible failure
of rebars. GE stated that the liner strain will still be within the factored load
allowable of 1%. The approach of using extrapolation to determine the
component pressure capacities based solely on strains is not conservative,
without consideration of the interactions between concrete, rebars and liner
strains. Further clarification is needed.

c) The issue in question is the shear retention model used to describe the post
cracking behavior of concrete. GE response did not address this fundamental
issue.

d) Acceptable.

Audit Interest

Discuss GE's calculations using the extrapolation scheme for structural elements,
including the wetwell, upper drywell, pedestal, suppression pool slab and basemat, to
determine whether the respective pressure capacities fall within the linear portion of
pressure-strain relationship. If the extrapolated pressure capacity is beyond linear



MFN 06-268 SI
Enclosure 1
Page 44 of 54
response range, then the linear extrapolation scheme would provide over-estimates of the
pressure capacity.

Discuss GE 's justification for determining containment pressure capacity at 500°F based
on the pressure capacity at ambient temperature, reduced by 10%, in light of other
studies which suggest that residual compressive strength of concrete could be degraded
more than 50% at 500°F and the elastic modulus could be degraded more than 60%.

Status Update/Resolution of RAI

GE will replace the ANSYS analysis with the new ABAQUS ANACAP-U analysis.
Therefore, the results questioned will no longer be used in the DCD and PRA
containment performance assessment.

GE Response

The evaluation for pressure capacity is now based on a more detailed, 3D finite element
analysis using the ABAQUS/ANACAP-U software. 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.

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 19.2-49

In PRA Appendix B.8.2.1.3, GE stated that analytical calculations are carried out to
obtain maximum pressure capacity for Passive Containment Cooling System (PCCS) heat
exchangers in accordance with Level D limit of ASME Section III, Division 1, Subsection
NC, Class 2 Components. Provide a detailed description of these calculations (and
associated data) for estimating the ultimate pressure capacity for PCCS heat exchangers
at both ambient and 500 'F temperatures.

GE Response

The PCCS heat exchanger configuration analyzed is based on the prototype developed for
the SBWR project.

Analytical calculations have been performed to establish the maximum pressure that each
component of the PCCS heat exchangers can withstand for level D.

The analyses include all the sections up to where the head fitting of the steam line and the
head fitting of the drain lines join the RCCV top slab, as well as those sections that have
to withstand containment pressure.

The temperature of 500 'F (533 K) is taken into consideration to reduce the allowable
stress for materials.

All the sections that have to withstand containment pressure have been considered and
verified in accordance with ASME, Section III, Division 1, Subsection NC, Class 2
Components, 2001 Edition.

Stresses for each component are obtained by using the formula applicable for each case
and considering the RCCV ultimate pressure value of 1.204 MPa.

The ultimate capacity for each component is determined by comparing the maximum
allowable stress for service level D with the stress produced by the RCCV ultimate
pressure.

Formulas in NC-3324.3 are used for the calculation of stress in cylindrical shells, that is,
for the steam line sleeve, steam line, steam distributor, feed lines, vertical tubes, drain
lines, drain line sleeves and headers.

Formulas in NC-3324.9 are used for the calculation of stress in conical shells, that is, for
the conical portion of the steam line head fitting and the drain line head fitting.

Formulas in NC-3325 are used for the calculation of stress in flat heads, that is, for the
header covers.

Formulas in XI-3223 are used for the calculation of stress in bolts of header covers.

According to Table NC-3321-1, the applicable stress limit is 2-S for service level D,
where S is the allowable stress value given in ASME, Section II, Part D, Tables IA and
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The Level D pressure capacity of the most critical component in the PCCS heat
exchangers at accident temperature (533 K) is 1.77 MPa, i.e. approximately 1.5 times the
containment ultimate pressure (1.204 MPa). The Level D pressure capacity of the most
critical component in the PCCS heat exchangers at ambient temperature is higher than
1.77 MPa.

It is concluded that the PCCS heat exchangers have an ultimate capacity higher than that
of the RCCV.

No DCD changes will be made in response to this RAI.
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NRC RAI 19.2-49. Supplement 1

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

GE provided a list of PCCS heat exchanger components and applicable ASME formula
for the capacity calculations. Sketches of the various PCCS HX components should also
be provided, to facilitate the review. GE should also identify the critical component
which governs the pressure capacity of the PCCS heat exchanger.

Provide justification for using Level D limits, which applies to faulted conditions, rather
than Level C limits.

Audit Interest

Obtain information as discussed in StaffAssessment.

Status Update/Resolution of RAI

GE performed both Level C and Level D calculations. GE will clarify that in both cases,
only the corresponding allowable limits were applied for pressure capacity calculation;
no other loads were considered

GE Response

Only the corresponding allowable limits, taking into account reduced material strength at
2600C (500TF), were applied for the pressure capability calculation without consideration
of other loads.

DCD Impact

No DCD change was required in response to this RAI Supplement.
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NRC RAI 19.2-50

In PRA Appendix B. 8.2.2.1, GE described an analysis which scaled the maximum strains
in liners from the ANSYS model by a concentration factor of 33, resulting in 3.96% strain
at the penetrations, which is much higher than Service Level C limits of ASME Section
III, Division 2. GE further stated that this strain level is still far lower than the ultimate
fracture strain of 21 percent or the liner material. Provide:

a) a description of the characteristics of the liner material used for the primary
containment boundary, including stress-strain relations,

b) justification for using the 21% ultimate fracture strain for the liner material. It
should be noted that effective overall liner strain has been limited to 3 percent
based on tests performed at Sandia National Labs.

GE Response

a) See response to part e of RAI 19.2-44.

b) The 21% was taken from the SA-516 Gr 70 liner material spec, from ASME II,
Part A. As stated in PRA B.8.2.2.1 the "free-field" strain is 0.117% at the capacity
pressure of 1.204 MPa. It is much smaller than the limit of 3% effective overall
liner strain based on Sandia's tests.

No DCD changes will be made in response to this RAI.
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NRC RAI 19.2-50. Supplement 1

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

a) Refer to RAI.19.2-44.

b) ASME II, Part A specifies that for tensile requirements of SA-516 Gr 70, minimum
elongation in an 2 in coupon is 21% and 17% in an 8 in coupon. Therefore, the
minimum elongation for SA-516 Gr 70 liner material should not exceed 17%.
Further, the liner will be subjected to biaxial stress state, and the biaxial effect
(Poisson effect) will further reduce the liner strain by about 40% (a function of
Poisson ratio). Thus, the liner strain should not exceed 10%.

In GE's supplemental response to 19.2-48, item (e), SA-516 Gr 70 material was
limited to 8% strain at failure, which is acceptable.

Audit Interest

Clarification as stated in StaffAssessment.

Status Update/Resolution of RAI

GE will state that ABAQUS analysis used 8% strain limit for liner plate.

GE Response

In the ABAQUS analysis for the drywell head buckling evaluation described in
RAI 19.2-48 S1, item (e), the failure criteria for A516 Grade 70 carbon steel plate was
taken as 8% calculated strain for failure in the dome region where the shell is clean and
free of discontinuities such as stiffeners or thickness changes. In the ABAQUS analysis
for pressure fragility, the strain limit for A516 liner plate is reduced further to account for
strain concentration at welding and connection with anchorages. For example a
calculated strain in the liner at 260'C (5007F) is limited to a median value of 1.75% in
the global analysis and to 2.62% in the more detailed local models (See DCD markups
for Table 19C-5 in Appendix 19C summarizing the failure criteria used in the pressure
fragility analyses).

DCD Impact

DCD Tier 2 Appendix 19C will be revised in the next update as noted in the attached
markup for probabilistic fragility analysis.
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NRC RAI 19.2-57

In PRA, Section 21.3, GE described that the DCH generated superheated gas could
induce temperatures in excess of 1000 'K in the upper drywell space. It is not clear how
the concrete performs under such high temperatures. Provide.

a) a discussion of the duration of concrete exposure to high temperatures, and the
depth of thickness of the concrete which will degrade due to exposure to high
temperatures.

b) information and a discussion of available test data that supports the GE analysis
regarding the concrete performance at high temperatures.

GE Response

a) Calculations were carried out with the MAAP code to determine the long-term
temperature history of the upper drywell atmosphere under the assumption that
the PCCS and BiMAC systems were functional. We considered a bounding case
as found in Section 21 ofNEDO-33201 Rev 1 analysis of the DCH event, and we
made sure that the starting point of this long-term, systems analysis matched the
post-DCH temperature levels found in the DCH event assessment of Section 21 of
NEDO-33201 Rev 1. The result is shown in Figure 19.2-57(1). Note as a result of
the cooling systems the DCH-induced high temperature spike is just that; in other
words it is seen to dissipate in a matter of a few seconds, reaching down to less
than 3000 C in -1 minute. From then on the temperatures decay slowly down to
2000 C in less than 1 hour where it seems to stabilize for the long term (72 hours
and beyond).

We then proceeded to find an upper bound heat up of the concrete by imposing
this temperature history on the inner surface of the liner (that is assuming an
infinite heat transfer coefficient) along with a gap conductance that was kept
conservatively low for the duration of the transient. The results are summarized in
Figure 19.2-57(2) and Figure 19.2-57(3). First it is interesting to note that the
atmospheric spike attenuates already by the liner, with a peak of only 8000 C.
Then we note that the combined effect of slow conduction into the concrete along
with the rapid cooling of the atmosphere yields a very slow penetration of a
thermal wave whose peak value on the surface is just under 2000 C.

b) We can easily see that the effect of this kind of concrete heating is negligible,
both in terms of the amount of material involved as well as in terms of the level of
temperatures reached (see Ref 1).

References:

1. "State of the Art Report on High Temperature Concrete Design,"

DOE/CH/94000-1, Bums and Roe, Oradell, N. J., November 1985.

No DCD changes will be made in response to this RAI.
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Drywell Temperature DCH_80
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Figure 19.2-57(1). Drywell Temperature History for 80 cm Diameter Breach of
RPV
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Figure 19.2-57(2). Thermal Contours RCCV Wall under DCH with Large Breach
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Figure 19.2-57(3). Temperature Profiles in RCCV Wall under DCH with Large
Breach
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NRC RAI 19.2-57. Supplement 1

NRC Assessment Following the February 5, 2007 Audit

Staff Assessment

First, in GE's response, an extra zero was added to all temperature values. Second, the
MAAP analysis was performed assuming both PCCS and BiMAC are functional. As the
results indicate, since the temperature transient period is very short, the effect of a DCH
on concrete is negligible. PCCS is a passive system which uses natural circulation mode
for heat removal and therefore is deemed reliable. However, as GE indicated in the
DCD, BiA'C function has yet to be confirmed by testing, Therefore, the failure of
BiMAC function in a DCH is a possibility. GE should further clarify the impact of a
DCH on concrete, assuming BiMAC function is unavailable.

In addition, the case presented in the response does not match any of the cases (A - H) in
the reactor calculations presented in NEDx-33201, Revision 1, Section 21.3.4.3. It is
unclear what parameters and variables were used in the calculation, as compared to
values shown in Table 21.3.4.3-5 of NEDx-33201, Revision 1. Further clarification is
needed. It would facilitate the staff's assessment if the response is in the context of the
cases A - H, as described in NEDx-33201, Revision 1, Section 21.3.4.3.

Audit Interest

Discuss the bounding steady state temperature due to a DCH in the context of Cases A-H
as presented in NEDx-33201, Revision, Section 21.3.4.3. Discuss the impact of a DCH
on concrete (CCI) assuming BiMAC function is unavailable.

Status Update/Resolution of RAI

See 19.2-51.

GE Response

See response to RAI 19.2-51 S1.

DCD Impact

No DCD change was required in response to this RAI Supplement.
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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 SO4) 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.

19.2.3.5 Evaluation of External 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 ]
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.
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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)
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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.
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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 CFR50.55a(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 19B-3,
coupled to the ABAQUS/Standard finite element program, Reference 199B-2. The modeling and
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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'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 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
(500'F) 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
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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 CFR50.44(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 3 = -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-yad) / Tup (19B-1)

where:

Pc = Level C pressure

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

ad = Stress due to dead load

Gup 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-322 1. 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 199B-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-l) 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 19B-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, P, 2, 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 1-1/4 % 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 19B-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 19B.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-3221.

Sidewalls of airlocks and anchor structures are evaluated based on stress intensity applying
ASME Section III NE-3221.

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 (500°) 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 19B-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 (Ty 1.0% membrane +

bending

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

+ bending bending

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

<65.60C 121.1 0C 2600C

(1500F) (2500F) (500 0F)

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 0F) (250 0F) (500oF)

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

<65.60 C 121.1 0 C 2600 C
(150-F) (250°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/m3)

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 CompressionLocation112

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]

1allowable is 90% of yield; for inner bars, yield 327.5 MPa; for outer bars, yield 413.8 MPa
2allowable 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 Stress (MPa) 2Ratio to
(MPa) Allowable (MPa) Allowable 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
2allowable is 75% of fc'; for inner surface, 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 260'C (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
AnchorSrctur Inside Gusset Plate 1.194

Structure
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 P abilire
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
AnchorSrctur Inside Gusset Plate 1.047Structure

Concrete 3.383

Sleeve 2.817

Sidewall 1.078
Personnel Inside Flange Plate 1.768
Airlock Aco

StruAcore [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
AnchorSrctur Inside Gusset Plate 1.499

Structure
Concrete 3.924
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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
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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
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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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Figure 19B-10. Displacement at Crown in Buckling Test Analysis
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Figure 19B-12. Performance of ESBWR Drywell Head Under Internal Pressure
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Figure 1913-13. Plastic Strains, Nominal Geometry, Ambient Temperature
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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, comer 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-l .645"f3v, where Vm is the median value of
the property and Pv 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

Pj(P) 1- exp Il(ln(p)-p )2 (19C-1)
p/,8 2n 2 )6
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where p is the failure pressure, ýt 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

)611-_ Ln(.(j< /0 )9C-2)
-1.645

where Pj 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°C (1000°F) 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 V2 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+l) 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 P3 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°C (1000'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 (5007F) 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 (500'F) 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°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°F)
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 0C
(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-1 1 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 (10007F) 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-0 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 2600 C 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) 200.0 198.6 180.0 178.8 158.0 156.9
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 5380 C
Conditions Conditions Conditions

Median 95 % Median 95 % Median 95 %

SA516 Grade 70
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 2600C 5380 C

Material/Property Conditions Conditions Conditions
MediMeia 95% Median 95% Median 95%

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 0C
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 1000°F

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 f3

(LF on Pd) (LF on Pd)

Median Failure Pressure Median 1.913 1.708
Values (6.17) (5.51)

Concrete Strength (MPa) Material 1.624 0.0993 1.590 0.0434Property (5.24) (5.13)
Material 1.907 1.640Rebar Yield Stress (MPa) Property (6.15) 0.002 (5.29) 0.0248

Section Shear Strain Limit (%) Failure 1.615 0.1028 N/A --
Criterion (5.21) 0.128 N
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 0.1512
Standard Deviation Composite -- 0190-_011
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Table 19C-8
Summary of Pressure Fragility for RCCV and Liner

Failure Pressure,
PDF Lognormal MPaG

Failure Mode and Distribution L d ac

Thermal Condition (Load Factor on Pd)
Median 95% Value
Value

RCCV Capacity due to Shear
Failure in Pool Main Girder

1.913 1.357
260 'C Steady State 1.800 0.1970 (.17 4.3 8

(6.17) (4.38)
2.133 1.536

Ambient Steady State 1.911 0.1887 (.88) 4.5
(6.88) (4.95)
1.928 1.346

538 'C Transient 1.807 0.2056 (.22 4.34 )
(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)
1 (5.25) (4.13)

1.810 1.368
538 'C Transient 1.752 0.1623 (.84) (.41)

1-(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 [3 MPaG

(LF on Pd) (LF on Pd)

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

Steel Yield Stress (MPa) Material 1.652 00244 2.114 -0.0292SteelYieldStress_(M _a) Property (5.33) (6.82)
Failure 1.705Steel Rupture Strain (%) Criterion N/A -- (5.50) 0.1016

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

Bolt Prestress (MPa) Loading 1.587 0.00 1.975
Condition (5.12) (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 0.1824
Standard Deviation Cmst -055.8

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 (512 3.9(5.12) (3.93)
1.983 1.552

Ambient Steady State 1.846 0.1428 6.40) 550
(6.40) (5.01)
1.826 1.374

538 'C Transient 1.760 0.1645 (.89) (.4
1(5.89) (4.43)j
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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 f3 MPaG

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

Median Failure Pressure Vedial (.650 .07)
Values (8.50) (6.07)

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

Bolt Prestress (MPa) Loading 2.635 0.000 1.776 .0350
Condition (8.50) 5.73)

Bolt Yield Stress (MPa) Failure 2.542 0.0218 1.882 0.00
Criterion (8.20) (6.07)

Flange Separation (mm) Failure 1.810 0.0235
Criterion N/A -- (5.84)

Modeling Uncertainty Modeling 0.1482 0.1482
(Section 4.6) Methods
Composite Lognormal
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) (465

(6.07) (4.65)
2.012 1.573

Ambient Steady State 1.860 0.1435 (.49) 5.(6.49) (5.07)
1.181 0.888

538 'C Transient 1.324 0.1651 (.8 (.86
(3.81)1 (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 1.374

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 2601C (500'F) 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-12. Local Model of Drywell Equipment Hatch
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Figure 19C-13. Plastic Strains in EQ Hatch Steel Components, 260°C (500OF) Conditions
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Figure 19C-14. Plastic Strains in Liner for Local Effects Slice Model
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Figure 19C-15. Pressure Fragility with Temperature for Leakage at Equipment Hatch
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Figure 19C-16. Pressure Fragility at 260*C (500*F) Steady State Thermal Conditions
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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 ESBWv1R 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 = Amgsys (15.3-1)

Where:

Am = median peak ground acceleration corresponding to 50% failure probability.
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=Y a lognormally distributed random variable accounting for inherent randomness about
the median. It is characterized by unit median and logarithmic standard deviation 13y.

•r = a lognormally distributed random variable accounting for uncertainty in the median
value. It is characterized by unit median and logarithmic standard deviation P3

With known values of Am, P3,, and P , the failure probability P fat 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.

Pf (A < al Q) =0 1- In-- a + -, 0-1 (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.

t6c = f12 +f1 (15.3-3)

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

standard deviation can be computed by the following equation:

Pf(A =a) = 1- In( 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 = FI (15.3-6)

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

C= - (15.3-7)

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

HCLPF = A exp (-2.326P3.) (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 = F, 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

F = 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)

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

=8.3j - 3.4J -,'- - + - + P fy (15.3-11)(w 2 4wt

Where:

v, = shear strength provided by concrete

Vs -= shear strength provided by reinforcing steel

fo = 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, gsys 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):

Sys= ZWi .6 Ti (15.3-12)ZW' - ei

Where:

Wi = weight of each story

6 Ti = median maximum deflection of each story at ultimate capacity
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8ei = 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,

F ssi 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,

Fmc = 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 84th 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 (Fda

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 (AF d) to the amplification factor at median

damping (AFmd) 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 (Fss•)

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 (Fssi)
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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 (Fm3

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 (Fmc___)

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= 0.8Ucým + pay--•2 1 .1cm (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 t (15.3-20)

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

c=2.0 if M <0.5V-Do

M_ M
0.667- +1.67 if0.5 < -- < 1.25 (15.3-21)

(V.Do V-Do

=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.lg 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 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

FR. 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 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
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
Am = Median Peak Ground Acceleration = F*Ad = 5.41g

f3c = Combined Logarithmic Standard Deviation = 0.48
HCLPF = 1.75g
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Table 15-4
Seismic Fragility for RPV Pedestal

Component: Reactor Pressure Vessel Pedestal
Failure Mode: Shear

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
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

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 10.19 0.30 0.40

Ad = Peak Ground Acceleration of Single Envelope Design Spectra = 0.5g
Am = Median Peak Ground Acceleration = F*Ad = 5.1g

P= Combined Logarithmic Standard Deviation = 0.5
HCLPF = 1.59g
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Table 15-5

Seismic Fragility for RPV Support Brackets

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

Factor of Safety Median Value PR PU

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

P3c = 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 P3R 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

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) PC HCLPF(g)

PLANT ESS STRUCTURES (SI)

- Reactor Building (FRBLDG)

- Containment (FCONT)

- RPV Pedestal (FPEDST)

- Control Building (FCTRBLDG)

- Reactor Pressure Vessel Support (FRPV)

DC POWER (DC)

- Batteries (FBTR)

- Cable trays (FCTRAY)

- Motor control centers (FMCC)

REACTIVITY CONTROL SYSTEM

3.57

5.41

5.1

3.72

4.24

0.47

0.48

0.5

0.5

0.33

1.2

1.75

1.59

1.17

2.0

(SCRAM)

- Fuel assembly (FFASSY)

- CRD Guide tubes (FCRDGTB)

- Shroud support (FSHRSPT)

- CRD Housing (FCRDHS)

- Hydraulic control unit (FHYLTUT)

SRV (SRV)

- SRV (FSRV)

0.84

0.84

0.84

0.84

0.84

0.84

0.84

0.84

0.84

15.8-8



NEDO-33201 Rev 2

Table 15-7

ESBWR Systems and Components/Structures Fragilities

System/Component
as a function of Event Tree Node Am(g) P3C 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
i
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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)

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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Figure 15-2. Horizontal Single Envelope Design and Performance-Based Seismic Design
Spectra of ESBWR

15.8-1



Overview of ESBWR Containment Structural

Capability for Severe Accidents

NRC Containment Frti~lit
Audit
February 5-71 2007
Updated March 2007 for Post
Audit Revised Analyses

imW"inlWift at work



3D Nonlinear Analyses Using ABAQUS/ANACAP-U

Level C

" DCD Tier 2 Appendix 19B

" Design Properties (Lower
Bound) as Function of
Temperature

* ASME limits for Concrete,
Rebar, and Liner Material at .62
MPa (SECY-93-087)

* Liner Integrity for Leak
Tightness at .987 MPa
(10CFR50.44)

*Buckling Analysis for Drywell
Head

Ultimate Capacity

" DCD Tier 2 Appendix 19C

" Best Estimate Properties with
95% Confidence Variations

* Fragility Analyses for Failure
Modes and Pressure Capacity as
Function of Temperature

e RCCV Capacity, Wall Failure
and Liner Tearing

eDrywell Head Capacity, Tearing
or Bolt Yielding

*Equipment Hatch Capacity,
Tearing or Flange Separation

0 imagination at work
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Objectives

Confirm Level C Pressure Capacity
> SECY-93-087 for Most Likely Accident Pressures

> 10CFR50.44 for 100% Fuel Clad-Coolant Reaction

> Establish Buckling vs Plastic Failure of Drywell Head

Determine Ultimate Capacity and Fragility
> RCCV Boundary - Reinforced Concrete Wall Failure or Liner

Tearing

> Drywell Head - Flange Distortion or Material Rupture of Steel
Components or Anchorage Failure

> Equipment Hatch - Flange Distortion or Steel Component
Tearing or Failure of Anchorage System

Page 3
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Scope of Work

Consider Range of Thermal (Accident) Conditions
> Normal Operating Condition (Ambient)
> Steady State Thermal @260 °C (Representative SA)
> Transient Thermal (DCH High Temperature Spike)

Use Probabilistic or Fragility Based Methods
> Median Values for Material Properties and Criteria
> Assess Uncertainties Using 95% Confidence Values
> Provide Probability of Failure with Pressure for Ranking

Demonstrate Level C Integrity Using Deterministic
Analysis

Page 4
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Normal Operating Thermal Condition
IC/PCCS and Expansion Pools at 110 °C

Water @ 43 TC
I

-40 °C

H Grade

15.5 °C
Calculate Temperature on Inside of Drywell

Head Using Steady State Balance of Heat Flux

The wet well air space is set to 43 *C with a filhn coefficient of 6 kcal/hr-m2 -C
The suppression pool is set to 43 *C with an infinite film coefficient

0 imagination at work
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500 OF Steady State Thermal Condition
IC/PCCS and Expansion Pools at 110 TC

Water @ 43 *C

-40 °C

J- Grade

15.5 °C

Calculate Temperature on Inside of Drywell
Head Using Steady State Balance of Heat Flux

Also Consider Head Temp
for Case without Insulation

Wetwell Temperature is
Function of Pressure

The wet well is set to a temperature corresponding to saturated stemn at pressure Pww

0 imagination at work
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1000 OF Transient Thermal Condition
IC/PCCS and Expansion Pools at 110 *C

DCH Pressure and
Temperature Histories

1600
1400

-1200

C
11000

400

200
0

C

-*-DWGasTeip,
-a- LD Gas Temp

-40

-I-

15!.

_A-__

- I - I - I - P - I -

.0 12 24 36
,lne (Hours)

48

a.I

Upper and lower dry well temperatures follow DCH specified temperature histories to 537.8 °C
, Wet well and suppression pool temperaftues follow shape of DCH temperature but scaled for

48 so 72 ratio of wet well to dry well pressures0.0 12 24 36
rnme (Hours)

imagination at work
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Analysis Procedure

> Initialize Stress Model as Stress Free at Ambient Temp, Apply
Gravity and Hydrostatic Pressure for Water Pools

> Thermal Analysis to Establish Temperature Distributions for
Accident Conditions

> Incrementally Ramp Temperature Distribution and Design
Pressure of 310 KPa (45 psig)

> Incrementally Increase Pressure Until Structural Failure is
Indicated

> Consider Both Global and Local Modeling
> Perform Series of Analyses to Evaluate Uncertainties
> Develop Pressure Fragility Curves Based on Lognormal PDF for

Failure Pressures
Page 8

imagination at work



Probabilistic Methods

> Assume Lognormal PDF Pf(P)-

Failure Pressure, p
> Determine Pm Based on Deterministic

Analysis with Median Values

1 ln(p/P.)
2]

/#

> For Each Significant Parameter, i, Evaluate Pi
Using 95% Confidence Value for i and
Median Values for all Others

> Calculate P1i for that Parameter
> Define Pm for Modeling Uncertainty
> Define Composite P
> Integrate PDF for Cumulative Probability of

Failure versus Pressure

0 imagination at work

18i _ Ln,(P / P.)-1.645

2 + t2
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Uncertainties Considered

Material Properties
> Concrete Strength, Rebar Yield, Steel Yield, and Associated

Degradation with Temperature

Failure Criteria (or Limit States)
> Rebar Rupture Strain, Steel Rupture Strain Including Welding

Effects, Bolt Strength, Concrete Shear Capacity, Flange
Separation for Leakage

Operational Conditions
> Thermal Conditions, Drywell Head Temp, Bolt Prestress

Modeling
> Mesh Size, Element Formulations, Constitutive Models,

Convergence Criteria, Construction Tolerances
Page 10

imagination at work



Global FE Modeling

> 3D, Half Symmetric,
Continuum Model

> RCCV, R/B, Internal
Steel, and Upper Pool
Structures

> Analyses Provide
- Pressure Capacity of

RCCV Boundary
- Boundary Conditions

for Local Models
260 °C Steady State Thermal Condition

Page 11
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Local FE Modeling

> Detailed Modeling of
Drywell Head

> Boundary Conditions
from Global Model

> Drywell Capacity
- Flange Distortion

- Bolt Yielding

- Steel Tearing

- Drywell Head
Anchorage

Qimagination at work

Thermal Contours for 260 VC
Steady State Thermal Condition
Deformations xlO at 7 P,

Temperature VC

38 mmn Ribs
Top and Bottom (Orange)

6.4 nun SS lner
(Yellow)
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Local Effects Modeling

> Verify Adequacy of Model
and Analysis Method

> Benchmark with Test Dat
Using Reduced Shell
Thickness

> Confirm Level C Capacity
of ESBWR Torispherical
Head Configuration

- Effects of Temperature and
Imperfections

Plastic Strain for
Post-Buckled
Deformation x 10

Verification of
Analysis Model
Using Reduced
Shell Thickness

Test Analysis
Model Model

D/t 770 770
r/D 0.17 174
R/D 0.9 .903

D (m) 4.92 10.4
Yield StressME a)344 344(MPa) _____ __

Buckling 731 ,738
Pressure QMPa) .

- Failure is Due to Plastic
Rupture in Dome

*imagination at work
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Local FE Modeling

> Detailed Modeling of
Equipment Hatch

> Boundary Conditions
from Global Model

> EQ Hatch Capacity
- Flange Distortion

- Bolt Yielding
- Steel Tearing

- Penetration Anchorage

Page 14
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Local Effects Modeling
T Anchors

..... Concrete

> Slice Model to Further
Evaluate Liner Tearing at
Penetrations

> Include More Detailed
Modeling of Liner, Shear Tcel

Plates, and Anchorage .57%PlasticStrain

- Verify Liner Tearing at RCCV
Wall to Top Slab is Weak Link

- Confirm Liner Does Not Tear
Due to Buckling Under DCH
High Temperature Spike Faor7

Deformation x5O

Page 15
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FE Modeling Uncertainty

Use Previous Work on Analytical Predictions Compared with Test Data
Increase 10% for 500 OF Conditions and 20% for 1000 OF Conditions

Increase for Local Models - Additional Analyses Using BC from Global
(Include 1P of .06 as Typical for Analyses on Steel Structures)

1.0 1 1 1 1

•0.8

II

0.6

90.4

j0.2

0.0
0.4

Least Squares Fit 0

of CDF to Data " *

0/

/1 f ~{jex {1nx- j2 ]
Pxý/27t

0 = --0.0036

P3 =0.1232

Log Std Dev
Global Local

Ambient .1232 .1370
500 OF .1355 .1482
1000 OF .1478 .1595

0.6 0.8 1.0 1.2 1.4 1.6
Ratio of Test Results to Analysis Predictions

1.8

0 imagination at work
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Material Modeling

Thermal Properties
> Consider 3 Different Thermal Conditions
> No Variation Considered in Thermal Properties

Mechanical Properties
> Define Median and 95% Confidence Values

> Nonlinear Behavior, Function of Temperature

> Rely on Literature Survey for Published Test Data

> Some Info on Variability at Room Temp and for
Nominal Value as Function of Temperature

~imagination at work
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RCCV Concrete Example

Material/Property Ambient 260 °C 538 °C
Median 95% Median 95% Median 95%

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

5
I-

4?

4?

a-

0

7

6

5

4

3
4)P-

6

5

4

3

I1

0 0

0 0.002 0.004 0.006

Compressive Strain

0.008 0.01 0 0.002 0.004 0.006

Compressive Strain

0.008 0.01

S imagination at work
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A615 Grade 60 Rebar Example

MaterlfProperty Ambient 260 OC 538 OC
I Median 95% Median 95% Median 95%

Modulus (GPa) 203.4 200.0 189.2 186.0 160.7 158.0
Poisson's Ratio 0.289 0.289 0.295 0.295 0.304 0.304
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

I-I

1000

800

600

400

200

0

900

800

700

600

~500

• 400

r 300

200

100

0

Grade 60 Rebar 95% Confidence Properties

< 65.6 C
121 C

V777777 260 C

---427 C
=--538 C

0.00 0.05 0.10

Strain

0.15 0.20 0.00 0.05 0.10

Strain

0.15 0.20

0 imagination at work
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A516 Grade 70 Carbon Steel Example

Material/Property Ambient 260 °C 538 °C
Ma____alPropr__ Median 95% Median 95% Median 95%

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
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

I
I-

01M ) A-516 Grade 70 Median Values
700-

600-

500-

400

300 <56

200 0C

100 -2

0-

71U1

A516 Grade 70, 95% Confidence Values
600

1500-

~400

300

200 -- 121 C
"--260 C

100 427 C
-538 C

0.0 0.05 0.10 0.15 0.20 0.25 0.0 0.05 0.10 0.15 0.20 0.25
True Strain True Strain

0 imagination at work
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Structural Failure Criteria

> Reinforced Concrete Concrete Cracking and Compressive

- Rebar Rupture in Tension Yielding are Included in Concrete
Material Model as Material Limit States

- Section Shear Capacity

> Steel Components Tearing Strain is Function of Ductility and
- Liner Tearing Strain Strain Concentration Factors. Ductility is

Function of Loading,

- Other Steel Tearing Strain SCF is Function of Modeling Fidelity

> Flange Distortion Flange Separation Distance for Leakage

- Bolt Section Yielding Past Gasket Based on Test Data for
Pressure Unseating Penetrations.- Flange Separation

Page 21
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Summary of Failure Criteria
> Section Shear Failure Uses Shear Strain Limit Through Complete Section

Based on Previous Benchmarks for Modeling Methodology
> Rebar Fracture Strain is Based on 1½2 of Uniaxial Elongation
> Liner Tearing Strain Assumes .6 Factor on Elongation Data for Biaxial

loading, Additional 15% Reduction for Welding Effects, and SCF of 6 for
Global Modeling and 4 for Local Modeling

> Steel Component Tearing Assumes .5 Factor on Elongation for Biaxial
loading and SCF of 4 (Local Models only)

Ambient 260 °C 538 °C
Criteria Conditions Conditions Conditions

Median 95 % Median 95 % Median 95 %
Global Modeling

Section Shear Strain (%) .55 44 .55 .44 .55 .44
Rebar F-actue Strain (%) 5.0 2.0 5.5 2.2 6.0 2.4
Liner Teactur Strain (%) 1.72 1.40 1.75 1.17 2.87 1.96

Local Detailed Modeling

Liner Tealing Strain (%) 2.59 2.26 2.62 2.04 4.30 3.40
Steel Teaiin Strain () 2.54 2.21 2.57 1.99 4.22 3.31
FlaTge Separation 2.2n)
[or First Yield in Bolts] .60 .55 .60 .55 .60 .55

Simagination at work
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RCCV Analysis Results

Critical Area is RCCV Wall Connection to Top Slab

Cracking Strains in Concrete Plastic Strains in Liners

0 imagination at work
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Liner Summary

> Tearing in Liner Before RCCV Wall Failure

> Capacity Increases with Temperature
- Additional Compressive Stress in Liner

- Ductility Increases with Higher Temperature
Failure Pressure (MPa)

0.0 0.31 0.62 0.93 124 1.55 1.86 2.17 2.48 2.79 3.10

Failure Pressure, MPaLiner Tear at RCCV La atro

Wall Connection with (Load Factor on Pd)
Top Slab Median 95% HCValue Value

260 0C 1.708 1.317
(5.51) (4.25)

Ambient 1.628 1.280
___ ___ ___ ___ ___ ___ (5.25) (4.13)

538 0C 1.810 1.368
(5.84) (4.41)

:2

U

a..

U
=
2

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0 1 2 3 4 5 6 7 8 9 10
Factor on Design Pressure
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RCCV Summary

> RCCV Wall Limited by Shear Capacity of Upper Pool
Girders

> Wall Capacity Less at Elevated Temperatures
> Capacity of S/P Slab Higher and Increases Some with

Temperature Failure Pressure (MPa)
0.0 0.31 0.62 0.93 1.24 1.55 1.86 2.17 2.48 2.79 3.10

Failure Pressure, MPaRCCV Capacity due to (Load Factor on P)

Shear Failure In Pool (o F a L
Median 95% HC

Main Girder Val Value
Value Value

260C 1.913 1.357
(6.17) (4.38)

Ambient 2.133 1.536
(6.88) (4.95)

538 0C 1.928 1.346
(6.22) (4.34)

a
1~

U

2

1.0
0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0 1 2 3 4 5 6 7 8 9 10
Factor on Design Pressure
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Drywell Head Results

Capacity Limited by Leakage at
Flange Due to Bolt Yielding

X0911.2

1.0

0.8

,P

1) 0.6

0.4

0.2

0.0

Plastic Strain

0. 2. 4. 6.
Load Factor

8.

A
D11111
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Drywell Head Summary

> Failure Capacity Reduced at Temperature, Due to Global
Deformation Effects

> Drywell Head Protected from Extreme Temperatures

> Locally Higher Temperatures on Inside of Drywell Head
Increase Pressure Capacity

Failure Pressure (MPa)
0.0 0.31 0.62 0.93 1.24 1.55 1.86 2.17 2.48 2.79 3.10

Failure Pressure, MPaLeakage at Bolted (Load Factor on P4)
Flange Connection Mean 9%H

Due to Bolt Yield Median 95% HC
Value Value

260 0 C 1.587 1.219
(5.12) (3.93)
1.983 1.552Ambiet (6.40) (5.01)

538 °C 1.826 1.374
5 (5.89) (4.43)

U

I
U

E

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1
0.0

0 1 2 3 4 5 6 7 8 9 10
Factor on Design Pressure
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EQ Hatch Results

Capacity Limited by Flange Liftoff and Leakage

Concrete~ Cracking Strain
Lo~ad Factior 7
Defonnation x 10

Shear Strain

@imagination at work
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EQ Hatch Summary

> Pressure Capacity Decreases Markedly at High
Temperatures

> High Temperatures Act Directly on Inner Surface and
Bolted Flange Connections

Failure Pressure (MPa)

0.0 0.31 0.62 0.93 1.24 1.55 1.86 2.17 2.48 2.79
1.0 i I I

3.10

Failure Pressure, MPaLeakage at Bolted Load Factor on PO

Flanges due to (Load -atro -d

Flange Separation Median 95% HCValue Value

260 °C 1.882 1.443
(6.07) (4.65)

2012 1.573Ambient (6.49) (5.07)

538 OC 1.181 0.888
(3.81) (2.86)

=
3
U
0

U

2
C.)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0 1 2 3 4 5 6 7 8 9 10
Factor on Design Pressure
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Fragility Analyses Summary

> Pressure Capacity
- Limited by Leakage at Drywell Head Bolted Flanges
- Next is Liner Tearing at Connection with Top Slab
- RCCV Wall Failure Has High Median Capacity But More

Uncertainty Failure Pressure (MPa)
1.24 1.55 1.86 2.170.0 0.31 0.62 0.93 2.48 2.79 3.10

0

I,)

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

-DW Head LeakOKo-

-Liner at Top Slab ___

- EQ Hatch Leak

-- RCCV Wall

Fragility for 260 *C
Thermal Conditions 0 1 2 3 4 5 6 7

Factor on Design Pressure
8 9 10
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