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U.S. Nuclear Regulatory Commission
ATTN: Document Control Desk
Washington, DC 20555-0001
Salem Nuclear Generating Station, Unit No. 1 and Unit No. 2
Facility Operating License Nos. DPR-70 and DPR-75
NRC Docket Nos. 50-272 and 50-311
Subject: Response to NRC Request for Additional Information dated April 15,

2010, Related to Structures and Structures-Related Aging Management
Programs for the Salem Nuclear Generating Station, Units 1 and 2
License Renewal Application

Reference:  Letter from Mr. Donnie Ashley (USNRC) to Mr. Thomas Joyce (PSEG
Nuclear, LLC) “REQUEST FOR ADDITIONAL INFORMATION
REGARDING ASME SECTION XI, SUBSECTION IWE FOR THE SALEM
NUCLEAR GENERATING STATION UNITS 1 AND 2 LICENSE
RENEWAL APPLICATION (TAC ME1836 AND ME1834)”, dated April 15,
2010

in the referenced letter, the NRC requested additional information reiated to certain
Structures and Structures-Related Aging Management Programs associated with the
Salem Nuclear Generating Station, Units 1 and 2 (Salem) License Renewal Application
(LRA). Enclosure A contains the responses to the requests for additional information
(RAI). Enclosure B contains updates to LRA Appendix A (UFSAR Supplement) and
Appendix B Program descriptions that are affected by these RAI responses.

Enclosure C contains an update to the Salem License Renewal Commitment List, which
details several changes being made to PSEG Nuclear's commitments associated with
the Salem License Renewal Application.

)
If you have any questions regarding this submittal, please contact Mr. Ali Fakhar, PSEG 74 A
Manager - License Renewal, at 856-339-1646. 4 f q7
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| declare under penalty of perjury that the foregoing is true and correct.

Executedon _ 9 )\3\ \o

Sincerely,

Paul J. Davison
Vice President, Operations Support
PSEG Nuclear LLC

Enclosures: A. Responses to Request for Additional Information
B. Updates to LRA Appendix A and Appendix B

C. Updates to License Renewal Commitment List
D.

MPR Associates Report MPR-2613, Revision 3

cc: S. Collins, Regional Administrator — USNRC Region |
B. Brady, Project Manager, License Renewal — USNRC
R. Ennis, Project Manager - USNRC ‘
NRC Senior Resident Inspector — Salem
P. Mulligan, Manager IV, NJBNE
L. Marabella, Corporate Commitment Tracking Coordinator
Howard Berrick, Salem Commitment Tracking Coordinator
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Enclosure A

Responses to Request for Additional Information related to Structures and Structures-

related Aging Management Programs for the Salem Nuclear Generating Station, Units 1
and 2 License Renewal Application (LRA)

RAI B.2.1.28-1
RAI B.2.1.28-2
RAI B.2.1.29-1
RAI B.2.1.29-2
RAI B.2.1.33-1
RAI B.2.1.33-2
RAI B.2.1.33-3
RAI B.2.1.33-4
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RAI B.2.1.28-1
Background

GALL Report (NUREG-1801), AMP XI.81, “ASME Section XI, Subsection IWE,”
Program Element 10 states that implementation of ASME Section Xl, Subsection IWE, in
accordance with 10 CFR 50.553a, is a necessary element of aging management for steel
components of steel and concrete containments through the period of extended
operation. ‘

Issue

Program Element 10 for the Salem ASME Section XI|, Subsection IWE aging
management program discusses operating experience related to containment steel liner
plate corrosion as described in NRC Information Notices IN 97-10 and IN 2004-09.
However, Program Element 10 for the Salem ASME Section XI, Subsection IWE aging
management program does not discuss operating experience related to liner plate
corrosion recently reported at Beaver Valley. In addition, a review of the operating
experience of the Salem Unit 1 (PIRS # 950706252-78) in 1995, (Notification #
20344017) in 2007, and Unit 2 (Notification #20235636) in 2005 indicate that borated
water was running down the containment liner plate behind the insulation which resulted
in indications of corrosion of the containment liner plate and seepage of water into
moisture barrier. According to Notification # 20344017, borated water has been leaking
in one area of containment for last 30 years.

Request

1. Provide details of borated water leakage, if any, observed inside Units 1 and 2
containments during the most recent refueling outages.

2. Explain why augmented inspection of the Unit 2 liner plate and moisture barrier was
not performed in successive inspection intervals as required by IWE-1242 since
1995. According to IWE-1242, augmented inspection is required of areas exposed
to standing water, repeated wetting and drying, and persistent leakage.

3. Provide a summary of the liner plate degradation, including loss of liner plate
thickness due to corrosion, integrity of leak chase channels and condition of moisture
barrier, as observed during the most recent inspections of Unit 1 and 2
containments.

4. Provide detailed future plans for determining corrective actions, including
commitments and completion schedules, for addressing steel liner plate corrosion
and moisture barrier deterioration in Unit 1 and 2 containments.

The staff needs the above information to confirm that the effects of aging of the
containment pressure boundary metal will be adequately managed so that it's intended
function will be maintained consistent with the current licensing basis for the period of
extended operation as required by 10 CFR 54.21(a)(3).
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PSEG Response:

1.

During the most recent Salem Unit 1 outage, in the spring of 2010, no active leakage
from the reactor cavity and fuel transfer canal telltales was observed.

During the most recent Salem Unit 2 outage, in the fall of 2009, a 60 drip per minute
leak of borated water was observed at the fuel transfer canal telltale, above the door
to the Letdown Heat Exchanger Room. Borated water was observed on the
containment liner plate moisture barrier under the fuel transfer canal. These leaks
were attributed to reactor cavity leakage. The containment liner plate and moisture
barrier were examined and found to meet the IWE acceptance criteria.

There were other leaks identified during walkdowns of the Salem Unit 1 and Unit 2
Containments as part of the Boric Acid Corrosion program, but these other leaks
were small and localized, such as at a pipe cap, and were generally inactive, so that
there was no impact on the Containment.

Salem began implementation of containment inservice inspection (CISI) in
accordance with ASME Section XI, Subsection IWE, as mandated by 10 CFR Part
50.55a in April 2000. Since that time, 100% of accessible surface areas of the
Salem Unit 2 containment liner plate was examined each Inspection Period of the 1%
CISI Interval in accordance with IWE-3500. The IWE program and examinations
identified no surface areas of the containment liner plate that require augmented
examinations as specified in IWE-1242. The moisture barrier was considered
inaccessible and was not inspected prior to 2009. In 2009, Salem implemented a
change to make the moisture barrier accessible, to the extent possible, and
performed visual inspections of the moisture barrier in accordance with IWE. The
2009 containment liner plate examinations identified areas that require augmented
examination. These augmented examination areas have been identified for inclusion
in the Salem plan for the 2nd CISI Interval, which started in April of 2010.

Prior to April 2000, inspection of the containment was performed under the
Structures Monitoring Program in accordance with 10 CFR 50.65 and 10 CFR Part
50, Appendix J. Augmented Examination requirements of IWE-1242 did not apply.

A summary of the containment liner plate degradation, including loss of containment
liner plate thickness due to corrosion, integrity of containment liner leak chase
channels and condition of the moisture barrier, as observed during the most recent
inspections of the Unit 1 and Unit 2 Containments, is summarized below. This
degradation was found as a result of Enhancement #2 described in the LRA,
Appendix B.2.1.28 (ASME Section XI, Subsection IWE), as shown on page B-132.

This enhancement, which involved trimming the stainless steel lagging at the bottom
of the containment liner insulation panels, has been implemented at both Unit 1 and
Unit 2. As a result, areas that were previously inaccessible for inspection have been
made accessible, examinations have been performed, and evaluations have verified
the adequacy of existing conditions. Additionally, corrective actions to address

degraded conditions found during the most recent inspections have been developed.
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The following examination results were obtained during the refueling outage in the

spring of 2010.

Containment
Component

Location

Examination Results

Liner plate - 3/4”
knuckle plate

The knuckle plate
connects the 1/4”
liner plate below
the floor to the
1/2” wall liner
plate. The plate
extends from 2
feet below the
concrete floor to
approximately 6”
above the floor.

See UFSAR Fig.
3.8-7

Some local corrosion was observed in the
area above the floor. As a result, UT
readings were taken at 1 foot intervals
around the containment, except where
interferences near the containment liner
plate impeded UT testing, for a total of 349
readings. Minimum thickness measured
after cleaning was 0.721”. The thickness
utilized in the containment analysis is 1/2”.
All readings met acceptance criteria for
loss of material less than 10% of the
thickness in the analysis.

Liner plate - 1/2”
plate

The bottom starts
at the top of the
knuckle plate and
extends to
approximately 22
feet above the
floor.

See UFSAR Fig.
3.8-1 and 3.8-7

Four containment liner plate insulation
panels were removed where corrosion was
observed in the adjacent accessible

areas. Visual examination of the
containment liner plate covered by the
insulation panels identified local surface
corrosion at each of the four panels and
local paint blistering at one of the panels.
As aresult, 102 UT thickness readings
were taken at the four panels in the area of
the surface corrosion. An additional 18 UT
thickness readings were taken in the area
of the blistered paint. The minimum
thickness from UT measurement results
was 0.452”. All readings met acceptance
criteria for loss of material less than 10%
of the nominal thickness.

Vertical leak
chase channels

Extends down
from the lowest
horizontal leak
chase channel into
and under the
containment floor.

All of the accessible vertical leak chase
channels were examined. One channel
had corrosion that extended through the
channel wall (hole). The leak chase
channel with the hole was cleaned out and
the channel and containment liner plate
were visually examined with a boroscope
beneath the containment floor. Only
surface scale was observed and no
evidence of significant moisture or loss of
material was noted. The channel with the
hole was cut at the floor and capped to
prevent moisture intrusion.
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Containment

Location

Component

Examination Results

Moisture Barrier

At the containment
liner plate to
concrete floor
interface at
elevation 78’

100% of the moisture barrier area was
inspected and repaired or replaced where
it did not meet the IWE acceptance
criteria.

The following examination results were obtained during the refueling outage in the

fall of 2009.

Containment
Component

Location

Examination Results

Liner plate - 3/4”
knuckle plate

The knuckle plate
connects the 1/4”
liner plate below
the floor to the 1/2”
wall liner plate.
The plate extends
from 2 feet below
the concrete floor
to approximately
6" above the floor.

Some local corrosion was observed in the
area above the floor. As aresult, UT
readings were taken at 1 foot intervals
around the Containment, except where
interferences near the containment liner
plate impeded UT testing, for a total of 368
readings. Minimum thickness measured
before cleaning was 0.677”. The thickness
utilized in the containment analysis is 1/2”.
All readings met acceptance criteria for
loss of material less than 10% of the

knuckle plate and
extends to about
22 feet above the
floor.

See UFSAR Fig.
3.8-1 and 3.8-7

See UFSAR thickness in the analysis.

Fig.3.8-7
Liner plate - 1/2” | The bottom starts | Seven UT measurements were taken on
plate at the top of the the 1/2” containment liner plate, just above

the 3/4” knuckle plate due to an
interference at the knuckle plate. The
measured thickness was greater than the
nominal thickness of 1/2”. The minimum
thickness measured was 0.509".

In addition, containment liner insulation
was removed at four panel locations in
suspect areas as described in the
response to RAI B.2.1.28-2, item #1.
Some local surface corrosion was
observed at all four of the paneis. Some
local paint blistering was observed at one
of the panels. A total of 4 UT readings
were taken at the one insulation panel with
the paint blisters. After cleaning of
indications, minimum thickness from UT
results was 0.518". All readings met
acceptance criteria for loss of material less
than 10% of the nominal thickness.
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chase channels

from the lowest
horizontal leak
chase channel into
and under the
containment floor.

Enclosure A
Containment Location Examination Results
Component
Vertical leak Extends down All of the accessible vertical leak chase

channels were examined. Six channels
had corrosion that extended through the
channel wall (hole). The leak chase
channels with the holes were cleaned out
to the extent possible. The channel and
containment liner plate were visually
examined with a boroscope beneath the
containment floor. The six channels with
the holes were cut at the floor and capped
to prevent moisture intrusion.

Moisture Barrier

At the containment
liner plate to
concrete floor
interface at
elevation 78’

100% of the accessible moisture barrier
was inspected and found to have
performed its intended function but
degradation was noted. A short segment
of the moisture barrier was removed in an
area with significant corrosion of the 3/4”
knuckle plate above the moisture barrier,
where the corrosion was suspected to
occur below the moisture barrier. The
moisture barrier was removed to a depth of
approximately 1”. Some corrosion of the
3/4” knuckle plate was noted below the
surface of the moisture barrier at the floor
level but the corrosion of the 3/4” knuckle
plate did not extend below the portion of
the moisture barrier that was removed.
The 3/4” knuckle plate met the IWE
acceptance criteria.

4. Degradation was found as a result of implementation of Enhancement #2 to the
IWE program as described in the LRA, Appendix B.2.1.28 (ASME Section X,
Subsection IWE), as shown on page B-132. As a result, areas that were
previously inaccessible for inspection have been made accessible, examinations
have been performed, and evaluations have verified the adequacy of existing
conditions as described in item #3 of this RAl. Some corrective actions have
been completed and additional corrective actions have been specified, as

described below.

Unit 1 - corrective actions completed during the refueling outage in the

spring of 2010:

o Examination of 100% of the accessible 1/2” containment liner plate and
moisture barrier.
¢ UT measurements of the 3/4” containment liner (knuckle plate) around the
perimeter of the Containment.
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UT measurements of the 1/2” containment liner plate where insulation panels
were removed and loss of material was observed.

Coating repairs of the 3/4” containment liner (knuckle plate).

The one vertical leak chase channel with a hole was capped.

Coating repairs at areas where containment liner insulation panels were
removed to allow for containment liner plate inspection and corrosion was
observed.

The moisture barrier was repaired or replaced.

Evaluation to confirm the identified loss of material is acceptable.

Unit 1 - additional corrective actions to be completed prior to the period of
extended operation:

Perform augmented examinations of the 3/4” containment liner (knuckle
plate) at 78’ elevation in accordance with IWE-2420.

Perform augmented examinations of the 1/2” containment liner plate behind
insulation panels, where loss of material was previously identified, in
accordance with IWE-2420. ,

Remove 1/2" containment liner insulation panels, adjacent to accessible
areas where there are indications of corrosion, to determine the extent of
condition of the existing corroded areas of the containment liner plate.

Unit 2 - corrective actions completed during the refueling outage in the fall
of 2009:

Examination of 100% of the accessible 1/2” containment liner plate and
moisture barrier. :

UT measurements of the 3/4” containment liner (knuckle plate) around the
perimeter of the Containment.

UT measurements of the 1/2” containment liner plate where insulation panels
were removed and loss of material was observed.

The six vertical leak chase channels with a hole were capped.

Evaluation to confirm the identified loss of material is acceptable.

Unit 2 - additional corrective actions to be completed prior to the period of
extended operation:

Examine the accessible 3/4” containment liner (knuckle plate). If corrosion is
observed to extend below the surface of the moisture barrier, excavate the
moisture barrier to sound metal below the floor level and perform
examinations as required by IWE.

Perform remote visual inspections, of the six capped vertical leak chase
channels, below the containment floor to determine extent of condition.
Remove the concrete floor and expose the 1/4” containment liner plate (floor)
for a minimum of two of the vertical leak chase channels with holes. Perform
examinations of exposed 1/4” containment liner plate (floor) as required by
IWE. Additional excavations will be performed, if necessary, depending upon
conditions found at the first two channels.
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e Remove 1/2” containment liner insulation panels, adjacent to accessible
areas where there are indications of corrosion, to determine the extent of
condition of the existing corroded areas of the containment liner plate.

o Perform augmented examinations of the 1/2” containment liner plate behind
insulation panels, where loss of material was previously identified, in
accordance with IWE-2420.

e Examine 100% of the moisture barrier in accordance with IWE-2310 and
replace or repair the moisture barrier to meet the acceptance standard in
IWE-3510.

Examinations and inspections will be performed in accordance with IWE-2000
and the acceptance standards will be in accordance with IWE-3500.

Updates to formalize these Salem commitments, to complete the future
corrective actions described above, are made to LRA Appendix A, Section A.5,
the License Renewal Commitment List, under line number 28, commitment #2,
which can be found in Enclosure C.
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RAI B.2.1.28-2
Background:

GALL Report (NUREG-1801), AMP XI.81, “ASME Section Xl, Subsection IWE,”
Program Element 1, requires inspection of steel containment components including
liners, liner anchors, and integral attachments for loss of material due to general, pitting,
and crevice corrosion. Inservice inspection (I1SI) requirements of the American Society
of Mechanical Engineers (ASME) Boiler and Pressure Vessel (B&PV) Code, Section X,
Subsection IWE for steel containments (Class MC) and steel liners for concrete
containments (Class CC) are imposed by 10 CFR 50.55a.

Issue:

Program Element 10 for the Salem ASME Section XI, Subsection IWE aging
management program discusses sampling inspections of normally inaccessible areas of
steel liner plate located behind the insulation panels around the lower 30 feet of the

Unit 2 containment completed in 2009. Similar inspections are scheduled for Unit 1.
However, details of the sampling methodology used for the inspection is not described in
the LRA and program basis document.

Request:

1. Describe the sampling methodology used in 2009 inspection to select the locations
for inspecting containment liner plate and moisture barrier behind the insulating
panels.

2. The sampling methodology planned for future inspections. Would the sampling
methodology provide a statistical confidence level of at least 95% that the results of
inspections will meet the acceptance criteria of IWE 3500.

The staff needs the above information to confirm that the effects of aging of the
containment pressure boundary metal will be adequately managed so that it's intended
function will be maintained consistent with the current licensing basis for the period of
extended operation as required by 10 CFR 54.21(a)(3).
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PSEG Response:

1.

Random sampling was not used in 2009 to select the locations for inspecting the
containment liner plate and the moisture barrier behind the containment liner
insulation lagging. During the Salem Unit 2 outage in the fall of 2009, the bottom
edge of the containment liner insulation lagging was trimmed to allow for visual
inspection of 100 % of the liner at the juncture of the containment concrete floor and
the moisture barrier; except for areas where access is restricted by permanent plant
structures, equipment, or components. Salem recognized it is prudent to make this
area accessible for visual examination prior to and during the period of extended
operation to resolve concerns involving corrosion in this area.

In addition to inspecting 100% of accessible containment liner plate and 100% of the
moisture barrier, one containment liner insulation panel was removed in each
quadrant, for a total of four containment liner insulation panels, to evaluate the
acceptability of inaccessible areas covered by containment liner insulation. Selection
of the containment liner insulation panels was based on the presence of and the
extent of corrosion in accessible areas below the containment liner insulation panels,
staining on the containment liner insulation panels, or staining at the floor below
containment liner insulation panels. Visual inspection of exposed, inaccessible
containment liner plate, during the 2009 Salem Unit 2 examinations, indicated only
minor surface corrosion. Ultrasonic testing (UT) thickness measurements conducted
at the insulation panel with the most loss of material showed that the measured
containment liner plate thickness was greater than the nominal thickness of 0.5
inches.

In LRA Appendix A, Section A.2.1.28 (ASME Section Xl, Subsection IWE),
Enhancement #1, Salem committed to enhance the ASME Section XI, Subsection
IWE, aging management program to require inspections of a sample of the
inaccessible containment liner covered by containment liner insulation and lagging
prior to the period of extended operation and every 10 years thereafter. The
commitment is clarified as outlined below.

Prior to the period of extended operation (PEO)

e A sampling plan will be developed based upon guidance in EPRI TR-107514,
‘Age Related Degradation Inspection Method and Demonstration: in Behalf of
Calvert Cliffs Nuclear Power Plant License Renewal Application”.

e The population size of containment liner insulation panels in each unit is
approximately 264 panels. A sample size of 57 will meet the statistical
requirements of a 95% confidence level that 95% of the containment liner plate
behind the containment liner insulation meets the acceptance criteria of IWE-
3500.

e The samples will be randomly selected.

¢ The examination will be performed by either removing the containment liner
insulation panels and performing a visual inspection, or by using a pulsed eddy
current (PEC) remote inspection, with the containment liner insulation left in
place, to detect evidence of loss of material. If evidence of loss of material is
detected using PEC, the containment liner insulation panel will be subsequently
removed to allow for visual and UT examinations.
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o |f acceptance criteria defined in IWE-3500 is not satisfied, the sampling plan will
be modified as recommended in EPRI TR-107514.

During the period of extended operation

During the PEO, a reduced sample size will be randomly selected and examined
each Containment Inservice Inspection Period contingent upon satisfactory results of
the sample examined prior to the PEO.

¢ One containment liner insulation panel will be selected, at random, for removal
from each quadrant, during each of the three Periods in an Inspection Interval.
Therefore, a total of 12 containment liner insulation panels will be selected, in
each unit, during each ten year Inspection Interval, to allow for examination of the
containment liner behind the containment liner insulation.

¢ The randomly selected containment liner insulation panels in each quadrant will
not include containment liner insulation panels previously selected.

The sampling plan during the PEO is considered to provide reasonable assurance
that the containment liner plate, in the inaccessible areas behind the Containment
liner insulation, will meet the acceptance criteria in IWE-3500 and the containment
liner plate will perform its intended function during the PEO. This is based upon the
evidence to date from inspections performed behind the containment liner plate,
where all examinations met the acceptance criteria, and the enhanced inspections
prior to the PEO described above.

Updates to LRA Appendix A and Appendix B as a result of the clarification of the
enhancement can be found in Enclosure B. Updates to LRA Appendix A, Section
A.5, the License Renewal Commitment List, under line number 28, commitment #1,
can be found in Enclosure C.
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RAI B.2.1.29-1

Background:

GALL Report, Section XI.S2, Element 6 states that ASME Section XI, Subsection IWL,
Article IWL-3000 provides acceptance criteria for concrete containments. The GALL
Report further states that quantitative acceptance criteria based on the “Evaluation
Criteria” provided in Chapter 5 of ACI 349.3R may also be used to augment the
qualitative assessment of the responsible engineer. Salem Generating Station Units 1
and 2, document SA-PBD- AMP-XI.S2, Rev. 2, Section 3.6 also states that quantitative
acceptance criteria, developed based on Chapter 5 of ACI 349.3R, are included in the
program implementing documents to augment the qualitative assessment by the
responsible engineer.

Issue:

A review of the Salem Units 1 and 2 records indicate that IWL inspections performed in
2005, 2007, and 2009 indicate that Section 5.4 of S-C-CAN-SEE-1353, Rev. 0,
“Acceptance Criteria for Containment Concrete Defects”, has been used by the applicant
for inspection of Salem Units 1 and 2 containment concrete surface examinations.
According to this document, the acceptance criteria for concrete surfaces is significantly
different and less stringent from the acceptance criteria specified in Section 5.1 of ACI
349.3R.

In addition, Notification 000020234570 describes the actual condition of the concrete on
the north side of the Unit 2 containment involving surface spalling ranging up to 6 ft long
and 16 inch wide, and spalling at joints that is up to 3 ft long and 4 in. wide. Notification
000020234570 also describes a condition on the north side of the containment between
the equipment hatch and the fuel handling penetration area involving the protrusion of a
pipe from the penetration wall. The applicant did not describe the purpose for the pipe,
but the applicant reported that the pipe is broken at the flange. The notification also
describes a piece of wood (1 in. by 8 in. by 4 in.) protruding from the penetration wall in
the main steam area.

Request:

The applicant is requested to provide the following information:

1. The basis for the acceptance criteria in Section 5.4 of S-C-CAN-SEE-1353, Rev. 0,
including the reasons for it being significantly less stringent than the ACI 349.3R

requirements.

2. Provide information about broken pipe and flange protruding from the containment
surface, and its impact on the containment leak tightness.

3. Confirm that the piece of wood (1 in. by 8 in. by 4 in.) is not embedded in the
concrete containment wall.
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4. Details of corrective actions that the applicant plans to implement for using the

acceptance criteria described in Section 5.4 of S-C-CAN-SEE-1353, Rev. 0 which
does not conform with the current industry practice and ACI 349.3R.

The staff needs the above information to confirm that the effects of aging of the concrete
containment will be adequately managed so that it's intended function will be maintained
consistent with the current licensing basis for the period of extended operation, as
required by 10 CFR 54.21(a)(3).

PSEG Response:

1.

S-C-CAN-SEE-1353 is no longer an active document in the Salem document control
system. The acceptance criteria in Section 5.4 of S-C-CAN-SEE-1353 were never
used since the containment concrete conditions never warranted using the
acceptance criteria in Section 5.4 of S-C-CAN-SEE-1353. The Salem ASME Section
Xl, Subsection IWL program, examination procedures now use guidance provided in
ACI 349.3R.

Notification 000020234570 describes a condition on the north side of the Salem Unit
2 Containment between the equipment hatch and the fuel handling penetration area
involving the protrusion of a pipe from a wall. This pipe actually protrudes from a
wall extending outward from the Fuel Handling Building. The wall extending outward
from the Fuel Handling Building encloses the space between the Fuel Handling
Building and the Containment. The pipe does not protrude from the Containment
wall. Therefore, there is no impact on Containment leak tightness.

Notification 000020234570 describes a piece of wood (1 in. by 8 in. by 4 in.) that is
not embedded in any concrete and is not touching the Containment. The piece of
wood is wedged between miscellaneous steel and the mechanical penetration area
wall of the Auxiliary Building, near the Containment wall. This piece of wood has no
impact on containment integrity.

Corrective actions were initiated as a result of differences between the acceptance
criteria provided in Section 5.4 of S-C-CAN-SEE-1353, Rev. 0, which does not
conform with the current industry practice described in ACI 349.3R.

S-C-CAN-SEE-1353 is no longer an active document in the Salem document control
system and the acceptance criteria described in Section 5.4 of S-C-CAN-SEE-1353
is no longer being used. The ASME Section Xl, Subsection IWL, aging management
program has been enhanced to reflect the guidance provided in ACI 349.3R, which is
now being used for the examination of the Salem Unit 1 and Unit 2 containments.
This is a new enhancement to the ASME Section XI, Subsection IWL, aging
management program which improves characterization of Containment degradation
and revises the Containment inspection acceptance criteria. This will allow for more
effective trending of degradation for future inspections.

Site procedures have been revised to remove references to S-C-CAN-SEE-1353 and
revise the acceptance criteria to reflect the ACI 349.3R acceptance criteria, as well
as to add references to AC| 349.3R acceptance criteria, and consideration of long
term aging management. :
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Concrete inspections for both Salem Unit 1 and Unit 2 Containments have recently
been completed in April of 2010 using the ACI 349.3R tiered acceptance criteria.
Examination results have been reviewed by the site Responsible Professional
Engineer and satisfactorily met all ACI 349.3R acceptance criteria.

Updates to LRA Appendix A and Appendix B as a result of the enhancement can be

found in Enclosure B. Updates to LRA Appendix A, Section A.5, the License
Renewal Commitment List, under line number 29, can be found in Enclosure C.
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RAI B.2.1.29-2

Background:

GALL Report (NUREG-1801), AMP X1.82, “ASME Section Xl, Subsection IWL,” Program
Element 10 states that implementation of ASME Section Xl, Subsection IWL, in
accordance with 10 CFR 50.552a, is a necessary element of aging management for
concrete containments through the period of extended operation.

Issue:

Program Element 10 for the Salem ASME Section XI, Subsection IWL aging
management program describes results of concrete inspections conducted in April 2001
and October 2005 for Unit 1, and November 2000, May 2005, and August 2009 for Unit
2. In addition to isolated areas of physical damage to concrete surfaces on both units,
normal shrinkage cracking was also observed. Salem Units 1 and 2 containments are
constructed from reinforced (non-prestressed) concrete; therefore, cracking of the
concrete in some areas is likely and is expected over the 60-year operating life. In
Notification 000020234570, the applicant reported cracks in the concrete coating over
the entire outside of the Unit 2 containment. Long-term exposure of concrete cracks to
salt spray originating from the Delaware Bay could result in corrosion of the embedded
steel reinforcing bars located nearest to the outer surface of the containment concrete
during the extended period of operation. '

Request:
The applicant is requested to provide the following:

1. The extent and maximum width of the cracks observed in Salem Unit 1 and 2
containments.

2. Actions that are planned to mitigate the consequences of chloride ion penetration to
the level of the embedded steel reinforcing bars over the period of extended operation.
This may be necessary since the Salem Units 1 and 2 concrete containment surface
inspection reports documented scaling and spalling of up to 3 inches.

3. If no actions are anticipated to mitigate the consequences of chloride ion penetration
to the level of the embedded steel reinforcing bars, the applicant is requested to provide
an assessment of this time-dependent phenomenon and the basis for this decision.

The staff needs the above information to confirm that the effects of aging of the concrete
containment will be adequately managed so that it's intended function will be maintained
consistent with the current licensing basis for the period of extended operation, as
required by 10 CFR 54.21(a)(3).
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PSE&G Response:

1.

Concrete inspections for both Salem Unit 1 and Unit 2 Containment structures were
completed in April 2010 using the ACI 349.3R tiered acceptance criteria.
Examination results have been reviewed by the site Responsible Professional
Engineer, and found acceptable, meeting ACI 349.3R acceptance criteria. These
results, including extent and maximum width of cracks, are summarized below:

General:

The overall crack patterns are very similar for both Unit 1 and Unit 2 containments.
The concrete surfaces exhibit general pattern cracking over the entire surface as well
as cracking at random areas of mortar patches. The mortar patches were originally
applied at the construction joints. Minor degradation of the mortar patches was
noted. '

Cylindrical walls:
Pattern cracking on about a 15” by 15” grid is evident over most of the cylindrical
walls, with crack widths of about 0.015".

Dome:

There is similar pattern cracking on the tops of the Unit 1 and Unit 2 domes. The
crack widths across most of the domes are about 0.015” wide with some areas at the
top having cracks up to 0.040” wide.

Maximum width and extent of cracking:

e At the Unit 2 Containment, El. 130’ airlock, some of the cracks were 0.0625” wide
at the surface.

e At the Unit 1 Containment, inside the Penetration area, above the floor at
elevation 78’, a circumferential crack 0.032” wide was noted.

Comparison to original structural integrity tests:

The above conditions were compared to those found during the original start-up
structural integrity tests. The cracks are characterized as passive and inactive. The
extent of the cracking and maximum crack widths is expected and consistent with the
crack patterns exhibited following the original start-up structural integrity tests.
Widening of cracks at the surface was identified and evaluated as part of the original
structural integrity tests and accepted as a shallow, surface condition that was
acceptable.

Salem will continue to monitor the condition of Unit 1 and Unit 2 containment
concrete surfaces for spalling, scaling, cracking, and rust stains which are indicative
of reinforcing bars corrosion. The monitoring activities will be in accordance with the
applicable edition and addenda of ASME Section XI, Subsection IWL, as approved in
10 CFR 50.55a and recommended in the GALL Report, Rev. 1. Inspection and
acceptance criteria will be in accordance with ACI 349.3R as described in LRA
Section B.2.1.29. If acceptance criteria specified in ACI 349.3R for spalling, scaling,
and cracking cannot be met, corrective actions will be implemented as required by
the corrective action process to address corrosion of reinforcing bars. These
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actions may include mitigative measures, such as repairs to scaled and spalled
areas of concrete, and sealing of cracks to minimize penetration of chioride ions. If
corrosion staining of reinforcing steel is observed on containment concrete surfaces,
an engineering evaluation will be conducted to assess the condition of reinforcing
bars and the impact of rebar corrosion on containment structural integrity. As
described in the response to item 1 above, the Unit 1 and Unit 2 concrete
containment surfaces were not spalled up to 3 inches, but rather had minor scaling
and spalling. Therefore, there is currently no need for specific mitigative actions to
prevent the potential of chloride ion penetration to the level of embedded reinforcing
bars.

Chloride ions are common in nature and small amounts can be unintentionally
contained in the concrete mixture ingredients. Potential external sources of chlorides
include exposure to seawater or spray, deicing salts, or those from accelerating
admixtures. The penetration and diffusion of chloride ions in concrete and their
impact on reinforced concrete has been a subject of tests and studies as
documented in the American Concrete Institute (ACI) ACI 222R, “Protection of
Metals in Concrete Against Corrosion”, ACl 349.3R, “Evaluation of Existing Nuclear
Safety-Related Concrete Structures”, ACl 365.1R, “Service Life Prediction---State-of-
the-Art Report”, NUREG/CR-6927, “Primer on Durability of Nuclear Power Plant
Reinforced Concrete Structures — A Review of Pertinent Factors” and other
literature. NUREG/CR-6927 also includes the results of concrete condition surveys
in ten nuclear power plants. The review of ACI 222R, ACI 349.3R, ACI 365.1R, and
NUREG/CR-6927 indicates that chloride ion penetration and diffusion in concrete
depends on concrete durability and serviceability which have been incorporated into
codes such as ACI| 318, “Building Code Requirements for Structural Concrete”.
Durability of concrete has been included in ACI 318 through specification of
maximum water-cement ratios, cement content, type of cement, entrained air,
minimum cover over the reinforcing bars, and control of cracks. The Salem
Containments are constructed of concrete that conforms to the applicable ACI 318
requirements. The minimum concrete clear cover over the reinforcing bars shown on
the design drawings is 3% inches nominal which is greater than the 2 inch cover
required by ACI 318 for concrete exposed to weather. Recent examinations of Unit
1 and Unit 2 Containment concrete surfaces using procedures that are based on ACI
349.3R inspection and acceptance criteria identified only minor spalling and scaling,
but none that reduce the concrete cover over the reinforcing bars below the 2 inches
required by ACI 318. Cracking is minor as described in the response to the item 1 of
this RAI. In addition, the Containment concrete is observed to be free of large
penetrating cracks that could permit significant chloride ion penetration to reach the
level of reinforcing bars.

The primary concern associated with penetration and concentration of chloride ions
over time is that it can lead to corrosion of the reinforcing bars. Reinforcing bars with
adequate concrete cover should not be susceptible to corrosion because the highly
alkaline conditions present within concrete cause a passive iron-oxide film to form on
the surface of the reinforcing bars. Chloride ions, however, can destroy this passive
film and initiate corrosion. Corrosion of reinforcing bars (i.e., the transformation of
metallic iron to ferric oxide, or rust) is accompanied by an increase in volume of the
metallic iron. The volume increase can cause cracking, spalling, and delamination of
the concrete that can be visible in the form of loss of concrete material, rust spots
and stains, and cracks in the concrete cover along the reinforcing bars. Visual
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inspection required to be conducted in accordance with ASME Section X,
Subsection IWL, would detect such conditions before the loss of containment
intended function. To date, corrosion of containment concrete reinforcing bars has
not been identified as a concern by Salem or industry operating experience.

In summary, chloride ion penetration and diffusion in concrete has been a subject of
extensive research and studies. The extent of the penetration and diffusion depend
on concrete durability, permeability, and cracking, which have been considered in
concrete design codes and standards. Salem conforms to the applicable concrete
codes and standards. In the event this time dependent phenomenon penetrates to
the level of reinforcing bars and initiates corrosion, the increase in volume of the
steel due to the creation of rust will result in spalling, cracking, delamination of
concrete, and staining of concrete surfaces. Implementation of ASME Section X,
Subsection IWL, aging management program described in LRA B.2.1.29 is
considered to provide reasonable assurance that these aging effects will be detected
and corrective actions will be taken prior to the loss of the Containment intended
function.
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RAI B.2.1.33-1
Background:

NRC Information Notice 2004-05, “Spent Fuel Pool Leakage to Onsite Groundwater,”
notes that leakage of the spent fuel pools has occurred at Salem Unit 1.

Issue:

The licensee at Salem NGS in 2002 identified evidence of radioactive water leakage
through the interior wall of the Unit 1 auxiliary building mechanical penetration room. In
the years since initial startup, materials such as boric acid and minerals have
accumulated in the leak collection and detection system that restricted normal drainage
of fluid. Modification of the tell-tale drains that are used to detect, monitor, and quantify
potential leakage from the spent fuel pool liner resulted in inadvertent further restriction
of free drainage of leakage from the liner that resulted in accumulation of borated water
between the liner and concrete and migration to other locations through penetrations,
construction joints, and cracks. The seismic gap was confirmed to contain water with
radionuclides characteristic of the Unit 1 spent fuel pool water and leakage into the
seismic gap has continued. Leakage into the tell-tale drains is occurring at a rate of
about 100 gallons per day. -

Request:

a. Provide historical data on the leakage occurrence and volume, and available
information from chemical analysis performed on the leakage.

b. Provide a summary of the root cause analysis that was used to identify the
source of leakage through the liner that has resulted in accumulation of borated
water between the liner and concrete, including information on the path of the
leakage and structures that could potentially be affected by the presence of the
borated water.

c. Discuss plans for remedial actions or repairs to address leakage through the
spent fuel pool liner. In the absence of a commitment to fix the leakage prior to
the period of extended operation, explain how the structures monitoring program,
or other plant-specific program, will address the leakage to ensure that aging
effects, especially in inaccessible areas, will be effectively managed during the
period of extended operation.

d. Provide background information and data to demonstrate that the concrete and
embedded steel reinforcement have not been degraded by exposure to the
borated water and that the liner will not be impacted. If experimental results will
be used as part of the assessment, provide evidence that the test program is
representative of the materials and conditions that exist in the region between the
spent fuel pool liner and concrete. This information should also include the MPR
Associates report that documents the details of the tests performed and
evaluation of SNP spent fuel pool concrete and rebar.

e. If a concrete sampling program (e.g., obtaining concrete cores in region affected)
cannot be implemented, please explain why this is not feasible.

The staff needs the information to confirm that the potential effect of aging of the spent
fuel pool reinforced concrete, liner, and steel reinforcement due to presence of borated
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The staff needs the information to confirm that the potential effect of aging of the spent
fuel pool reinforced concrete, liner, and steel reinforcement due to presence of borated
water will be adequately managed so that the intended function of impacted structural
members will be maintained consistent with the current licensing basis for the period of
extended operation as required by 10 CFR 54.21(a)3.

PSEG Response:

a. Unit 1 History:
The Unit 1 Spent Fuel Pool (SFP) leakage consists of leakage through the leak
chase system drains (telltales) and leakage through concrete cracks and
construction joints in the Fuel Handling Building (FHB) walls.

In 1980 a small leak was discovered in the Spent Fuel Pool (SFP) telltale drains.
Underwater inspections determined that the cause was due to leaking seam welds.
The identified leaking seam welds were repaired. After the repairs were
implemented, the observed leakage was reduced to less than 0.2 gallons per day

(gpd).

In 2002, Salem identified evidence of active water leakage through an exterior wall of
the Unit 1 Auxiliary Building (AB) mechanical penetration room. Chemical analysis of
the water verified the water was consistent with borated SFP water. Further
investigations revealed that the SFP telitales were blocked. The blockage resulted in
water accumulation behind the SFP liner and ultimately to migration of leakage
through construction joints and small cracks in the Fuel Handling Building walls. The
escaped water accumulated in the seismic gap between the FHB and AB and
reached groundwater within the plant controlled area. Corrective actions were
initiated to remove blockage in the telltales and drainage system. Analysis of the
removed material showed that the deposits were largely quartz (SiO2) and calcite
(CaCO3) with minor amounts of gismondine (CaAl2Si208.4H20). These materials
are consistent with FHB concrete. In addition the pH of water collected from the
telltales after the removal of the blockage was 7.1 which is consistent with expected
values for water in contact with concrete. The expected pH of SFP water not in
contact with concrete should be equivalent to SFP chemistry which is 4.6.

In 2003, Salem began monitoring and trending leakage through the telltales. The
volume of leakage varies as indicated in Figure 1 below but on an average is
approximately 100 gallons per day. This figure shows average daily leakage up to
February, 2008. Based on sump pump run times, daily telltale leakage rates have
remained approximately the same for 2008, 2009 and early 2010. The trends of
leakage through the telltales are used as an indicator that corrective actions are
required to maintain proper drainage through the leak chase system, thus,
preventing buildup of borated water between concrete and the liner.
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Figure 1 Salem Unit 1 SFP Telltale Leakage - Daily
Average
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Unit 2 History:

During an inspection of the Salem Unit 2 SFP in April of 2010, evidence of active
leakage was identified from the telltale lines. Based on the inspection results, it was
determined that for Unit 2 while there is leakage, the actual volume is on the order of
a gallon per day and as such the use of measuring the sump pump run time is too
small to provide meaningful quantification. In most instances the Unit 2 leakage
actually evaporates before causing the sump pump to run.

The evidence obtained from the leakage identified on Unit 2 is consistent with the
historical information derived from Unit 1 with respect to chemistry, radionuclide
content, and pH information. These data suggest that the leakage from Unit 2 has
been identified at an early stage of discovery and exhibits similar conditions that
historically occurred at Salem Unit 1. Boroscopic inspection of the telltales in April
2010 showed that the telltales were open, however, based on the evidence that Unit
2 does have a relatively small but active leak, monitoring and trending will continue.
In addition, telltales cleaning will be performed as necessary to ensure that the
telltales remain open.
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b. The evaluation of the leakage source for Unit 1 is documented in a focused self-
assessment performed by Salem in 2003. Salem has since monitored and trended
the leakage. The following is a summary of the self-assessment and the leakage
monitoring. ,

Leakage Source:

Salem has concluded that leakage through the SFP liner is occurring in many small
cracks in seam welds or plug welds located throughout the SFP liner. These cracks
are too small to be readily identified and located. This leakage enters channels
behind the SFP liner either directly from cracks in seam welds or indirectly by
migrating over concrete from cracks in plug welds. The leakage drains to the
channels then to 1 inch telltales and eventually to a sump.

Below are key points that led to the above conclusion.

o Chemical and isotopic analyses of the telltale leakage indicéte the presence
of boron and gamma activity at concentrations consistent with the SFP
water.

o |sotopic analysis of the water discharged from the telltales after they were
initially cleaned in 2003 was consistent with the SFP except it had aged
several years suggesting that the leakage had been trapped between the
SFP liner and concrete for some time.

e The leakage rate from the telltales varies, but is on the order of 100 gallons
per day. Salem Engineering estimates this leakage rate could be a result of
a single or multiple cracks 0.001 inch wide and 6 inches long.

e The leakage is likely from small cracks in seam welds (2,100 linear feet) of
adjoining liners plates or the plug welds (1,400 total) that connect the liner
plates to the steel embedded in the surrounding concrete. This conclusion
is supported by the observation of leakage in all of the telltale drains.

e The conclusion that some of the leakage is through plug welds is based on
chemical analysis of the deposits that were blocking the telltales. Analyses
showed that the blockage debris was formed by materials consistent with
FHB concrete, which can only occur if plug welds are leaking.

e The backing bar for the seam welds is tied to the embedded leakage
channels and the plug welds are tied to the embedded steel. Therefore, the
cause of the cracks is postulated to be due to differential thermal expansion
between the liner and the concrete structure.
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Leakage Path:

The leak path in the Unit 1 SFP begins at liner seam welds or liner plug welds.
Leakage through seam welds is immediately directed into leak chase system
collection channels and does not contact concrete or any structural elements.
Leakage through plug welds may accumulate between the concrete and the SFP
liner and migrates to leakage collection channels. Leakage proceeds down the
leakage collection channel to a telltale and drains into the sump collection system.

Some time between 1995 and 1998 the telltales became blocked and the leakage
accumulated in the space between the SFP liner and the concrete wall. The
hydrostatic head associated with this accumulation drove migration of the leakage
through the SFP structure along cracks and construction joints. The leakage
reached the seismic gap between the Fuel Handling Building and the Auxiliary
Building and entered the Auxiliary Building through a wall sleeve. In 2003 corrective
actions were initiated to remove blockage in the telltales and drainage system. In
addition, Salem has installed a drain in the seismic gap which drains water to the
Auxiliary Building, thus, minimizing leakage to the groundwater.

Potential Impact to Salem Structures:

The accumulation of leakage in the seismic gap can impact the Fuel Handling
Building and the Auxiliary Building. A description of the impact on the FHB is
provided in the response to item “d” below. An assessment of the impact of borated
water accumulation in the seismic gap on the Auxiliary Building was performed in
2009. The assessment used the concrete degradation curve developed from testing
in support of the FHB evaluation with corrections to account for the difference in
boron concentration and lower temperatures. The assessment concluded that
potential degradation of the Auxiliary Building from exposure to the borated water in
the seismic gap is minimal.

There are currently no plans to perform repairs to the SFP liner seam welds or plug
welds. Repairs were considered previously but determined to be impractical
because the pool is nearing capacity of stored spent fuel making access challenging.
Also locating the cracks using the existing underwater NDE technology has not been
successfully demonstrated. In 1995 Salem inspected 95% of all seam welds and
found no through wall cracks. This suggests the leakage is occurring below the
sensitivity of the test.

Salem continues to participate in and monitor industry activities to develop crack
detection methodologies and repair methods. This includes EPRI, the Material Aging
Institute, and Electricité de France (EdF) activities. In addition, Salem will continue to
evaluate repair methodologies as they become available for potential
implementation.

Salem has conducted extensive laboratory testing to characterize the extent of
concrete and rebar degradation as a result of exposure to borated water through the
period of extended operation (PEQ). The results of the tests were used to evaluate
the impact of the leakage on the FHB structural integrity. The evaluation concluded
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the impact on structural integrity is not significant and that the FHB will continue to
perform its intended function through the PEO.

As indicated in the Salem License Renewal Commitment List in LRA Appendix A,
Section A.5, page A-68, line item number 33, Enhancement 5 a, b, and c, the long-
term aging management strategy for addressing borated water leakage from the SFP
includes the following actions related to the spent fuel pool liner:

5. Require the following actions related to the spent fuel pool liner:

a. Perform periodic structural examination of the Fuel Handling
Building per ACI 349.3R to ensure structural condition is in
agreement with the analysis.

b. Monitor telltale leakage and inspect the leak chase system to
ensure no blockage.

c. Test water drained from the seismic gap for boron concentration.

Note — see below response to part B.2.1.33-1e for updates to Enhancement 5.

Salem has completed an assessment of the long-term structural adequacy of the
Unit 1 FHB reinforced concrete structure under potential prolonged exposure of the
concrete and reinforcing steel to borated water which has leaked from the pool. The
results of the assessment are documented in MPR Report 2613, “Salem Generating
Station Fuel Handling Building-Evaluation of Degraded Condition,” Revision 3. This
report is provided in enclosure “D”. Below are summaries of the assessment
elements and conclusions.

FHB Concrete Degradation Testing:

The most severe degradation is most likely occurring behind the SFP liner at the
bottom and sides of the pool. It is neither practical nor safe to obtain samples of the
degraded concrete. Instead Salem has performed concrete testing to quantify the
potential degradation of the FHB structure.

Beginning in 2003 a series of borated water degradation tests were conducted on
core samples taken from the Salem Auxiliary Building and new concrete specimens
that were made to the original Salem specifications using aggregate from the original
sources. Concrete test specimens were submerged in a borated water bath for
varying periods up to 39 months. The borated water bath testing parameters
(borated water concentration and temperature) were maintained to be representative
of the SFP water. The tests were conducted in a manner which was conservative
with respect to the actual conditions expected in the FHB. Test specimens were
removed from the bath at periodic intervals and degradation of the exposed concrete
surface was measured. Results show that degradation is diffusion-controlled, which
is consistent with published studies of weak acid attack of concrete. A curve fit of
degradation versus time was generated using the measured degradation from test
specimens. The following figure 2 shows the curve fit.
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Figure 2 - Extrapolation of Degradation through End of Plant Life

Test Result Conclusions:

e The Borated water attacks the caicium hydroxide component of the cement
paste causing loss of bonding of the coarse and fine aggregate.

o The predicted depth of penetration of concrete after 70 years exposure to
spent fuel pool water at 100°F is 1.30 inches. This includes a two-sigma
statistical uncertainty of the test data and an adjustment for temperature.
Since the concrete clear cover for the walls and slab is greater than this
projected degradation depth, the borated water will not reach rebar during the
70 year period.

e The wicking effect at the rebar/concrete interface was observed to be minor.
That is, the degradation rate of the concrete at the rebar/concrete interface is
similar to the general rate of attack of concrete without rebar. Therefore,
degradation of rebar at the construction joints or cracks will not spread rapidly
along the bond with the rebar. Rebar functionality is not compromised from a
general loss of bond with the concrete.

Assessment Corroboration from the Connecticut Yankee SFP Cores:

In the fall of 2007 Salem learned that EPRI had possession of several samples taken
from the Connecticut Yankee (CY) SFP during decommissioning. Salem and EPRI
collaborated on evaluation of these concrete cores. The objective of the evaluation

was to use actual CY plant observations to corroborate the assessment of the Salem
FHB.
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Overall, the CY cores corroborate the MPR results of testing and projections for
Salem. The concrete used at CY is similar to that used at Salem in that the
aggregates (coarse and fine) were inert with respect to borated water. The degraded
concrete in the CY cores varied from less than 0.05 inch to 0.91 inch which
demonstrates that the degradation depth can vary. Over the 37 year life of the CY
Spent Fuel Pool, the concrete degradation reached a maximum depth of 0.91 inch.
These results are consistent with the above degradation curve developed from the
Salem concrete testing.

Although the surface closest to the SFP liner of the CY cores was degraded from
borated water attack, the embedded reinforcing steel exhibited no corrosion or loss
of bond with the cement. The presence of secondary deposits, including secondary
deposits in cracks found in the CY cores, provide evidence that water migration
occurred. These results confirm that cracks in concrete and other concrete defects
do not promote reinforcing steel degradation.

Published Studies:

Published studies demonstrate that attack of Portland cement concrete by weak
acids, such as borated water, usually results in low depths of penetration, and are
diffusion-controlled. Curve fits of the test data show that the depth of degradation
versus time follows a Fick’s Law of Diffusion formulation where depth increases with
the square root of time.

A published study has also investigated the effects of reinforcing steel corrosion due
to borated water entering reinforced concrete through cracks. The tests showed that
corrosion increases as crack width increases and pH decreases. In particular, the
tests showed negligible reinforcing steel attack even when specimens were
subjected to the most corrosive test environment (pH of 5.2) with the largest crack
width (0.4 mm) for a period of two years. Corrosion was limited to surface scarring in
the area of the crack.

Existing FHB Structure Design Margin:
MPR performed an assessment of the FHB given the leakage paths and borated
water attack described above. Below is a summary of the assessment results.

The concrete and embedded steel degradation rates developed from the core testing
were used to calculate the reduction in available design margin. The analysis
assumed that leakage continued through the end of plant life, which was defined as
70 years.

The slab underneath the SFP has been exposed to borated water leakage since
early in plant life. The areas in the vicinity of leaking welds have likely experienced
the most degradation, since some leakage at plug welds must migrate along the slab
surface to the leakage collection channels, the projected depth of concrete
degradation in these areas of the slab is 1.30 inches, assuming exposure to borated
water for 70 years. This has no impact on the structural capacity of the slab since
the reinforcing steel is protected by a 6 inch thick leveling layer of concrete which is
not credited in the structural evaluations and an additional 2.46 inches of concrete
clear cover.
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The walls surrounding the SFP were exposed to borated water during the time period
when the telltales were blocked and leakage accumulated in the gap between the
SFP liner and the walls. Exposure of the walls to borated water started between
1995 and 1998 when the leakage collection channels and telltales became blocked
and extended to early 2003 when drain flow was re-established. General
degradation of the walls from exposure to borated water over this 8 year period had
a minimal impact on the capacity of the FHB structure. Specifically, the depth of
degradation over this period is calculated as 0.44 inches. This depth is less than the
concrete clear cover of 4.4 inches on wall locations where there are no leakage
collection channels, and 2.9 inches where leakage collection channels exist in the
walls. Therefore, the reinforcing steel was protected from exposure to borated water.
A 0.44 inch reduction in wall thickness reduces the structural margin at the most
limiting wall by 0.4% (compared to the code allowable). Degradation of the concrete
walls in the immediate vicinity of a leaking plug weld will continue even though the
stored inventory has been drained. Such degradation will be highly localized and
has no impact on the overall capacity of the concrete wall. Localized reinforcing steel
degradation from borated water migration through cracks and construction joints had
a negligible impact on the FHB walls during this period.

The assessment also concluded that reinforcing steel located in construction joints
and cracks which are exposed to borated water will not be significantly degraded
through the PEO. Based on the corrosion rate of carbon steel in de-aerated boric
acid, this reinforcing steel may experience a radial reduction of 0.011 inches in 70
years which is insignificant.

Therefore, the structural assessment concluded that there are no structural
challenges to the design basis of the FHB through the end of plant life including the
period of extended operation.

Independent ACI Structural Assessment:

Salem had an experienced site concrete structural engineer perform an independent
structural assessment of the FHB in 2006. The assessment included review of
building drawings, a visual inspection of the accessible portions of the FHB exterior
walls, and a visual inspection in the Sump Room. The checklist in ACI 201.1R-92,
“Guide for Conducting a Visual Inspection of Concrete in Service” was used to guide
the inspections. Observations were compared to limits in ACI 349.3R, “Evaluation of
Existing Nuclear Safety-Related Concrete Structures”. Key conclusions from the
independent assessment are excerpted below.

e “Overall the concrete appears to be in good structural condition.”

e The “appearance of leaching or chemical attack and corrosion staining of
undefined source on concrete surfaces do not indicate significant structural
deterioration at this time.”

e There were “no indications of concrete surface expansion due to reinforcing
steel corrosion.”
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Assessment of SFP Liner:

Salem has also assessed the impact of potential degradation of the slab on the
integrity of the SFP liner. The primary concern is that local degradation of the slab
can create “voids” underneath the SFP liner. If the void corresponds to the location
of a rack foot, the foot may no longer be supported on a firm surface. A scoping
assessment included in MPR-2613 demonstrates that the liner is sufficiently ductile
to accommodate the load from the fuel racks even if the foot of the rack is positioned
over an area of local concrete degradation.

Salem has conducted extensive testing to understand and quantify concrete and
reinforcing rebar degradations. The results of these tests were used to evaluate the
FHB structural integrity through the PEO. The evaluation concluded the FHB will
perform its intended function through the PEO. Thus obtaining concrete cores in the
region most affected by borated water is not required. However, a shallow concrete
core will be taken to assess potential degradation of the FHB from borated water.
The shallow core sample will be taken in the SFP wall where previous inspections
have shown evidence of borated water migration through the concrete. This action is
being added as item d under Enhancement 5 of the Structures Monitoring Program.

In preparing this response it was noted that Structures Monitoring Program
Enhancement 5.c was not clear with respect to sampling the water taken from the
seismic gap for ph, chlorides, and sulfates; although it is generally described in
enhancement 11. Therefore enhancement 5.¢ is revised to clarify this enhancement.

These updates to Enhancement 5 are shown below, and are captured in updates to
the Appendix A and Appendix B Structures Monitoring Program description (See
Enclosure B) and the License Renewal Commitment List (See Enclosure C). The
revisions to item 5.c and the new action, item 5.d, are shown in bolded italic text:

5. Require the following actions related to the spent fuel pool liner:

a. Perform periodic structural examination of the Fuel Handling
Building per ACI 349.3R to ensure structural condition is in
agreement with the analysis.

b. Monitor telltale leakage and inspect the leak chase system to
ensure no blockage.

c. Test water drained from the seismic gap for boron, chloride, and
sulfate concentrations; and pH.

d. Perform a shallow core sample in the SFP wall where
previous inspections have shown ingress of borated water
through the concrete. The core sample will be examined for
degradation from borated water.
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RAI B.2.1.33-2

Background:

The LRA states that leakage of borated water has occurred in SNGS Units 1 and 2
reactor cavities during refueling outages, but the leaks have been contained within the
Containment Building.

Issue:

In April 2006 visual structural examinations of the accessible portions of the containment
reinforced concrete structures for SNGS Units 1 and 2 indicated that the concrete was
apparently in good structural condition. It is unclear to the staff that leakage of the
borated water has not resulted in degradation of either the concrete or embedded steel
reinforcement that is inaccessible for inspection.

Request:

a. Provide historical data on the leakage occurrence and volume, and available
information from chemical analysis performed on the leakage.

b. Provide the root cause analysis that was used to identify the source of
leakage, including information on the path of the leakage and structures that
could potentially be affected by the presence of the borated water.

c. Discuss plans for remedial actions or repairs to address leakage. In the
absence of a commitment to fix the leakage prior to the period of extended
operation, explain how the structures monitoring program, or other plant-
specific program, will address the leakage to ensure that aging effects,
especially in inaccessible areas, will be effectively managed during the period
of extended operation.

d. Provide background information and data to demonstrate that concrete and
embedded steel reinforcement potentially exposed to the borated water have
not been degraded. If experimental results will be used as part of the
assessment, provide evidence that the test program is representative of the
materials and conditions that exist.

The staff needs the information to confirm that the potential effect of aging of the
reinforced concrete due to presence of borated water will be adequately managed so
that the intended function of impacted structural members will be maintained consistent
with the current licensing basis for the period of extended operation as required by 10
CFR 54.21(a)3.
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PSEG Response:

a.

A summary of available Unit 1 and Unit 2 reactor cavity and fuel transfer canal
leakage history is provided below:

Unit 1:

During the Salem Unit 1 2005 refueling outage white deposits were observed in
several locations of the Unit 1 containment. Chemical analyses indicated that the
deposits originated from the reactor cavity or fuel transfer canal borated water
leakage. In addition, the deposits contained constituents consistent with concrete.
Follow-up walkdowns found evidence of a recent leak (water) in the “N16” Decay
Tunnel. Analysis of the water indicated it was consistent with the reactor cavity
water. The six fuel transfer canal telltale drain lines were found blocked. After
cleaning, four of the telltales showed evidence of leakage ranging from
approximately 1 to 60 drops per minute. The leakage rates steadily decreased to
zero during the refueling outage.

A review of the corrective action database indicates that no active leakage
associated with the reactor cavity and fuel transfer canal liner was documented
during the Unit 1 2007 nor during the 2008 refueling outages. However, during the
2008 refueling outage chemical analysis was performed on deposits collected from
the “N16” tunnel. Analysis showed that the residue originated from either the reactor
cavity or the fuel transfer canal.

During the 2010 Unit 1 refueling outage no active leaks were observed.

Unit 2:

In November 2003 liquid was observed running down the containment liner plate and
lagging under the fuel transfer canal inside containment, and pooling on the concrete
floor. No evidence of corrosion was observed at the containment liner to floor joint.

In April 2005 during the Salem Unit 2 refueling outage, water was observed dripping
down the wall on the containment liner. Also, white deposits were observed in
several locations on the Letdown Heat Exchanger Room walls under 2 of the 6
telltales, which were dripping. Analysis showed the deposits and water were from the
reactor cavity. The two dripping telitales were probed and no blockage was found.

During the 2006 Unit 2 refueling outage a small amount of leakage was observed
coming from a telltale in the Letdown Heat Exchanger Room. During the 2008 Unit 2
refueling outage no active leakage was documented. However, during the 2009 Unit
2 refueling outage a 60 dpm active leak was found from the telltale located above the
door to the Letdown Heat Exchanger Room. A sample of the water was analyzed.
Analysis of the water indicated it was consistent with reactor cavity water.

Evidence of boric acid deposits on the Unit 2 containment liner under the fuel
transfer canal have been observed during multiple outages since November 2000.

Chemical analysis of collected leakage during multiple refueling outages at both
Units 1 and 2 shows that the source of the leakage is from the reactor cavity or the
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fuel transfer canal. Assessments for Unit 1 and 2 have concluded that the potential
cause of leakage is very small cracks in the reactor cavity or fuel transfer canal liner.
The majority of the leakage enters the leak collection chases and drains through the
telltales. Some of the telltales in the Letdown Heat Exchanger Room associated with
the fuel transfer canal liner have been observed with active leaks during refueling
outages. A second leakage path occurs in the vicinity of where the fuel transfer
canal exits containment. The leakage path is postulated to be through the reactor
cavity and fuel transfer canal liner, then through concrete construction joints and
cracks, and then down the sides of the containment liner behind the lagging inside
containment. :

The leakage only occurs when the reactor cavity and fuel transfer canal are flooded
up for refueling. Active leaks have been observed sporadically only during refueling
outages and measured leakage rates are less than 100 drops per minute.

This leakage has the potential to impact the reactor cavity and fuel transfer canal
reinforced concrete structure. In addition, the leakage has the potential to impact the
containment liner. The impact of leakage on the containment liner is documented in
Salem’s response to RAI B.2.1.28-1. '

Salem has concluded that based on the short duration of the refueling activities and
the very long exposures needed to degrade reinforced concrete, that remedial
actions are not needed. Salem will continue Structural Monitoring (B.2.1.33) and
ASME Section XI, Section IWE Program (B.2.1.28) Inservice Inspections to ensure
the continued integrity of the in-scope structures.

Salem will enhance the Structure Monitoring Program to perform periodic inspection
of telltales associated with the reactor cavity and fuel transfer canal liner to ensure
the telltales are free of significant blockage and to periodically monitor for leakage
when the cavity is flooded. Keeping the telltales free of blockage will ensure that
water that has entered the inaccessible areas between the liner and concrete will
only contact the concrete for short durations. Salem will also inspect concrete
surfaces for degradation where leakage has been observed, in accordance with this
Program. In addition, the Structural Monitoring Program will be enhanced to require
pH testing of leakage from the telltales.

LRA Appendix A, Section A.2.1.33, and Appendix B, Section B.2.1.33, the Structures
Monitoring Program descriptions, are being revised to reflect these enhancements.
See Enclosure B to see these updates.

Also, refer to Enclosure C of this letter to see the corresponding change to the
License Renewal Commitment List, LRA Appendix A, Section A.5.
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d. Salem has performed an assessment of the long-term structural adequacy of the
Salem Unit 1 Fuel Handling Building (FHB) reinforced concrete structure under
potential prolonged exposure of the concrete and reinforcing steel to borated water.
The results of the assessment are documented in MPR Report 2613, “Salem
Generating Station Fuel Handling Building—Evaluation of Degraded Condition,”
Revision 3, which is attached in enclosure “D”.

Conclusions of the assessment are summarized below.

¢ The predicted depth of concrete degradation after 70 years of continuous
exposure to borated water is 1.3 inches.

e The degradation rate of the concrete at the rebar and concrete interface is similar
to the general rate of attack of concrete without rebar. Therefore, degradation of
rebar at the construction joints or cracks will not spread rapidly along the bond
with the rebar. Rebar functionality is not compromised from a general loss of
bond with the concrete.

Salem has concluded that the findings for the FHB are directly applicable to the Unit
1 and 2 the reactor cavity and fuel transfer canal reinforced concrete structure.

The reactor cavity and fuel transfer canal are only filled with borated water during
refueling outages, which occurs at each unit approximately 1 month out of every 18
months (about 5% of the operating cycle) since the Salem units perform refueling
outages every 18 months. By contrast the Unit 1 FHB assessment assumed
continuous borated water exposure for 70 years with a resulting depth of degradation
of 1.3 inches. Therefore, the exposure duration of borated water on the reactor cavity
and fuel transfer canal concrete is approximately 5% of the 70 year duration used as
input to the Unit 1 FHB assessment. Therefore, the expected depth of concrete
degradation on the reactor cavity and fuel transfer canal concrete will be
substantially less (0.29 inches) than the 1.3 inches predicted in the Unit 1 FHB
assessment. These insignificant depths of degradation will not approach the
reinforcing steel. Therefore, as demonstrated in the Unit 1 FHB analysis, there
would be insignificant degradation on the reinforcing steel in the reactor cavity and
fuel transfer canal reinforced concrete structure.

In summary, based on reinforced concrete testing, reactor cavity and fuel transfer
canal concrete degradation due to the borated water leakage will be insignificant.
Therefore, Salem has concluded that the leakage associated with the reactor cavity
and fuel transfer canal liner has no impact on the intended function of these
structures.
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RAI B.2.1.33-3

Background:

The LRA states that groundwater intrusion has been observed through seismic
expansion joints, concrete construction joints, and expansion and shrinkage cracks in
the concrete. Underground reinforced concrete structures and structures in contact with
raw water at SNGS are subject to an aggressive environment. Groundwater and raw
water chemistry results in 2008 and 2009 indicate chloride levels up to 15,000 ppm that
exceeds the GALL Report threshold limit for chlorides (< 5§00 ppm). The applicant stated
that inspection of below-grade structures will be done when exposed during plant
excavations done for construction or maintenance activities. The LRA states that the
structures monitoring program has been enhanced to require periodic sampling, testing,
and analysis of groundwater chemistry for pH, chlorides, and sulfates, and assessing its
impact on buried structures. Also the LRA states that the service water intake structure
will be monitored to provide a bounding condition and indicator of the likelihood of
concrete degradation for inaccessible portions of concrete structures.

Issue:

As noted in the LRA, there are several subgrade exterior walls at SNGS that have
evidence of past or present groundwater penetration. During the on-site audit, the
applicant was asked if they had any plans for inspections of inaccessible reinforced
concrete areas prior to the period of extended operation to confirm the absence of
concrete degradation. The applicant responded that they did not and that operating
experience indicates that there is no evidence of corrosion appearing on the interior
surfaces of the concrete structures having inaccessible exterior surfaces. ACI 349.3R-
96 recommends an inspection frequency of ten years for below-grade structures. It was
noted that the thickness of some of these walls however may be on the order of four
feet. Since the applicant does not have plans forinspections of inaccessible areas, the
groundwater is aggressive, there have been several incidences of groundwater
penetration into the structures, and the interior of the walls may not indicate the condition
of the exterior walls, it is unclear to the staff that this is an adequate approach to
managing aging of inaccessible concrete structures subjected to aggressive
groundwater.

Request:

a.  Provide locations where groundwater test samples were/are taken relative to
safety related and important-to-safety embedded concrete walls and foundations
and provide historical results (i.e., pH, chloride content, and sulfate content)
including seasonal variation of results.

b.  Inlocations adjacent to embedded reinforced concrete structures where chloride
levels exceed limits in GALL Report, provide any plans for inspections, or if no
inspections or coring of concrete is planned to evaluate condition of structures
(e.g., presence of steel corrosion or determination of chloride profiles), provide a
basis to demonstrate that the current level of chlorides in the groundwater is not
causing structural degradation of embedded walls or foundations.
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The staff needs the information to confirm that the potential effect of aging of the

reinforced concrete due to presence of high chloride levels will be adequately managed

so that the intended function of impacted structural members will be maintained
consistent with the current licensing basis for the period of extended operation as
required by 10 CFR 54.21(a)3.

PSEG Response:

a. The following table provides well locations and tabulates the groundwater test
results.

Salem Groundwater Sampling

Sample Chlorides | Sulfates
Location Well No. pH
Date ppm ppm
Unit 1 - Containment
Structure - south wall AC 1/30/09 — 8.36 32.6
Unit 1 - Fuel Handling
Building - south wall AM 1/8/09 . 6.83 6.0 26.8
Unit 1 - Fuel Handling M 1/17/08 6.70 43.3 237
Building - west wall M 1/27/09 7.00 125 33
M 11/19/09 - 83.2 21.6
N 1/17/08 5.92 7.0 93.5
Unit 1 - Fuel Handling
Building - south wall N 1/8/09 5.94 4200 1048
N 11/19/09 — 6.2 65
K 1/17/08 6.96 2634 483
Salem - Outside the
construction cofferdams K 1/19/09 7.02 2100 239
BA 4/08 6.97 1124 1.21
Unit 2 - Fuel Handling Temporary
Building - south wall Wells 3,485 | 41110 - 15-80 -
Unit 2 - Fuel Handling Temporary
Building - west wall Well 1 41110 - 35 -
Auxiliary Building - north Temporary
wall Well 2 4/11/10 - 75 —
Aggressive Environment - limits per the GALL report <56.5 >500 >1500

The location of the safety related structures at Unit 1 and 2 are surrounded by the

underground cofferdams used during construction, as shown on Salem UFSAR

Figure 3.8-56. Wells AC, AM, M, N and the Temporary Wells are located within the
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these cofferdams at a sampling depth of approximately 20 feet and these wells are
within 30 feet of the associated building walls. Well K is north of Salem Unit 2
Containment Structure, west of the Fire Pump House, outside of the cofferdams at a
sampling depth of approximately 80 feet and is monitoring the Vincentown formation.
Well BA is south of Salem Unit 1 Containment Structure, outside of the cofferdams
near the Main Fuel Oil Storage Tank and adjacent to the Shoreline Protection and
Dike.

Salem power-block structures, except for the Turbine building, were constructed in
an area excavated down to the Vincentown Formation, approximately 70-80 feet
below grade level and encircled with a system of below grade cellular cofferdams, as
discussed in Salem UFSAR Section 3.8.1.6.8.7 (Construction) and shown on Figure
3.8-56. The underground walls and foundations were encased in lean concrete up to
the top of the cofferdams, approximately 20 feet below grade level. This precludes
routine interaction with the normal groundwater which minimizes exposure to
chlorides. The seasonal variation of using deicing salts at walkways and roadways,
within the cofferdam area, has resulted in chlorides above 500 ppm on one occasion,
as shown on the table above.

The flow of the Delaware River at the Salem site is dominated by the tidal flow from
the Delaware Bay, with the tidal flow exceeding the river runoff flow resulting in
brackish water. The chlorides in the river are tide dependent as high tide would have
the higher chloride levels when the water from the bay flows farther up the river. The
Salem NJPDES Permit Renewal Application, February 1, 2006 lists'the river water
sulfates as 387 ppm and the ph range is 6.7 - 8.3. The Salem UFSAR Section 2.4.12
(Environmental Acceptance of Effluents) discusses the river salinity to be variable and
averages from 10 to 15 ppt which converts to chlorides of 5500 to 8300 ppm. The
LRA section 3.5.2.2.2.4.2 (Aging Management of Inaccessible Areas for Group 6
Structures) on page 3.5-49, inadvertently listed the river water chlorides as variable
and ranging from 10,000 to 15,000 ppm. This was the salinity or salt concentration
range. The correct chloride concentration range is 5500 to 8300 ppm.

The enhanced Structures Monitoring Program is adequate to manage the potential
effect of aging of embedded walls and foundations for the elevated levels of
chlorides in the groundwater. The Structures Monitoring Program will inspect the
Service Water Intake wall splash zones exposed to waves and river tide changes as
a leading indicator for the condition of below-grade embedded walls and foundations.
The use of Service Water Intake splash zones as a leading indicator to identify
potential degradation of below-grade embedded walls and foundations provides
reasonable assurance that the degradation of embedded walls and foundations will
be detected before a loss of an intended function.

The groundwater and river water samples as listed above show pH values are above
5.5 indicating a non-aggressive environment, and sulfates are lower than 1500 ppm
and would indicate a non-aggressive environment; but chlorides exceed 500 ppm
which indicates an aggressive environment. The river water has higher chloride
levels than the groundwater, therefore, the Service Water Intake splash zones are
exposed to higher chloride levels than embedded walls and foundations.
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ACI 222R-01 “Protection of Metals in Concrete Against Corrosion” at the end of
Section 2.2.5 states parts of a structure in the splash zone experiences particularly
aggressive conditions. The corrosion of steel in concrete is an electrochemical
process and the continuous wetting and drying at the splash zones promotes macro-
cell formation in the concrete allowing corrosion to occur. Also, high salt levels arise
by salt water being transported via capillary action upward through the concrete
cover and being concentrated due to evaporation in the splash zone. Therefore, the
intake structure splash zone is a leading indicator for the condition of all below-grade
embedded walls and foundations.

The intake structure splash zones are presently inspected by the Structures
Monitoring Program with an inspection frequency of not greater than 5 years per
Maintenance Rule requirements. The corrosion of concrete reinforcing bars due to
penetration and concentration of chloride ions is accompanied by an increase in
volume of the steel as it is converted to rust products. The volume increase can
cause cracking, spalling, and delamination of the concrete that can be visible in the
form of loss of concrete material, rust spots and stains, and cracks in the concrete
cover along the reinforcing bars. Visual inspection conducted in accordance with
Structural Monitoring Program would detect such conditions before the loss of an
intended function. In the event the inspection identifies significant concrete
degradation at the Service Water Intake Structure, the Structural Monitoring Program
and the Corrective Action Program require an evaluation of the condition to include
applicability to inaccessible portions of the other structures and determine if
excavation for inspection of concrete is warranted.

The embedded walls and foundations of the safety related structures surrounded by
the underground cofferdams are encased in lean concrete as shown on USFAR
Figure 3.8-56. This precludes routine interaction with the normally aggressive
groundwater which minimizes exposure to chlorides. The seasonal variation of using
deicing salts at walkways and roadways, within the cofferdam area, has resulted in
chlorides above 500 ppm on one occasion, as shown on the table above.

Since 2000 there have been five inspection reports for Unit 1 and Unit 2 Service
Water Intake Structures. These inspections did not identify signs of distress due to
aggressive chemical attack or corrosion of embedded steel. Also, based on review
of past excavations of below grade embedded walls, the concrete was found to be in
good condition. The most recent excavations included the Unit 1 Service Water
Intake Structure, Fuel Handling Building, and the Containment Structure during the
Salem Unit 1 refueling outage in April 2010.

The Service Water Intake Structure concrete embedded walls and foundation are
comparable to all other safety related embedded walls and foundations since the
same concrete mix design was used during site construction. Also, the Service
Water Intake Structure is designed with a 2 inch concrete cover which is equal to or
less than the concrete cover at all other safety related structures. Therefore, the
Service Water Intake Structure splash zone inspections are considered to be an
acceptable leading indicator to identify potential degradation of safety related below-
grade embedded walls and foundations before a loss of an intended function.
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RAI B.2.1.33-4

Background:

IN GALL Report AMP XI.S6, program elements 3 and 4 state that for each
structure/aging effect combination the specific parameters monitored or inspected are
selected to ensure that the aging degradation leading to loss of intended function will be
detected and quantified before there is a loss of intended function.

Issue:

As a result of the field walk-down with the applicant's technical staff on February 12,
2010, the staff noticed minor indications of degradation in several areas (e.g., cracking,
efflorescence, leaching, and water). At Salem Unit 1 Auxiliary Building Elevation 64
(below ground water level) there was evidence of water in-leakage through the wall and
the area was roped off as an exclusion zone. The applicant was asked about this and
informed the staff that the source of the contamination was from in-leakage of
groundwater and that the groundwater had picked up the contamination external to the
wall.

Request:

Provide information on how the in-leakage of contaminated groundwater will be
addressed under your corrective action program.

The staff needs the above information to confirm that the effects of aging such as noted
above will be adequately managed so that the intended function of impacted structural
members will be maintained consistent with the current licensing basis for the period of
extended operation as required by 10 CFR 54.21(a)(3).

PSEG Response:

In-leakage of contaminated groundwater into the Auxiliary Building was documented and
evaluated under the corrective action program. The groundwater in-leakage has been
identified at shrinkage cracks in the below-grade embedded concrete wall. A corrective
action report was generated to identify the water intrusion on 10/2009. As part of the
corrective action process a qualified structural engineer conducted an initial inspection to
evaluate and document the condition. The structural engineer concluded that the
current condition does not adversely impact the structure’s intended function, and the
current in-leakage will not impact the structure’s safety function. A past corrective action
was to inject a sealant into the cracks in this concrete wall. The sealant has deteriorated
and is now seeping out of the concrete cracks. Proper housekeeping was used to
eliminate standing water to ensure the condition does not create an environment that will
promote deterioration of structural members. This below-grade embedded concrete wall
shows efflorescence or other mineral deposits. The crack area is presently in the
corrective action program to be cleaned so a detailed engineering inspection can be
performed to ensure long term aging issues are identified and any other required
corrective actions can be performed.

Page 37 of 38



LR-N10-0165
Enclosure A

The Structures Monitoring Program is used to monitor for the effects of groundwater
intrusion to ensure the condition does not result in corrosion of rebar, embedded steel,
floor mounted component support members, and anchors with the potential of adverse
impact on their structural integrity. The Structures Monitoring Program includes an
enhancement to perform a chemical analysis of ground or surface water in-leakage
when there is significant in-leakage or there is reason to believe the in-leakage may be
damaging concrete elements or reinforcing steel, as shown on LRA page A-27. In
summary, implementation of the enhanced Structures Monitoring Program is considered
to provide reasonable assurance the aging effect associated with groundwater intrusion
will be adequately managed through the period of extended operation.
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Enclosure B

Salem Generating Station Unit 1 and Unit 2 License Renewal
Application (LRA) Appendix A and Appendix B Program Description
Updates

Note: To facilitate understanding, portions of the original LRA
Appendix A and Appendix B Program Descriptions have been
repeated in this Enclosure, with revisions indicated. Existing LRA text
is shown in normal font. Changes are highlighted with bolded italics
for inserted text and strikethroughs for deleted text.
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This Enclosure contains portions of LRA Appendix A and Appendix B program
descriptions affected by the RAI responses in this package. Some pre-existing text is
repeated here to provide context for the changes. The existing LRA text is formatted in
normal font; new text is bold and italicized; deleted text is indicated with strikethroughs.

The Appendix A and B changes for a given program are presented together, followed by
the next program, etc.

A.2.1.28

ASME Section XI, Subsection IWE

Starting with the third paragraph, Section A.2.1.28 of the LRA is modified as follows:

The ASME Section XI, Subsection IWE aging management program will be
enhanced to include:

1.

Inspection of a sample of the inaccessible liner covered by insulation and
lagging prior to the period of extended operation and every 10 years
thereafter. Should unacceptable degradation be found additional insulation
will be removed as necessary to determine extent of condition in
accordance with the corrective action process.

Prior to the period of extended operation

The samples shall include 57 randomly selected containment liner
insulation panels per unit.

The examination will be performed by either removing the
containment liner insulation panels and performing a visual
inspection, or by using a pulsed eddy current (PEC) remote
inspection, with the containment liner insulation left in place, to
detect evidence of loss of material. If evidence of loss of material
is detected using PEC, the containment liner insulation panel will
be subsequently removed to allow for visual and UT examinations

During the period of extended operation

One containment liner insulation panel will be selected, at random,
for removal from each quadrant, during each of the three Periods
in an Inspection Interval. Therefore, a total of 12 containment liner
insulation panels will be selected, in each unit, during each ten
year Inspection Interval, to allow for examination of the
containment liner behind the containment liner insulation.

The randomly selected containment liner insulation panels in each
quadrant will not include containment liner insulation panels
previously selected.

Visual inspection of 100 % of the moisture barrier, at the junction between
the containment concrete floor and the containment liner, will be performed
in accordance with ASME Section Xl, Subsection IWE program
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requirements, to the extent practical within the limitation of design,
geometry, and materials of construction of the components. The bottom
edge of the stainless steel insulation lagging will be trimmed, if necessary,
to perform the moisture barrier inspections. This inspection will be
performed prior to the period of extended operation, and on a frequency
consistent with IWE inspection requirements thereafter. Should
unacceptable degradation be found, corrective actions, including extent of
condition, will be addressed in accordance with the corrective action
process.

As a follow-up to inspections performed during the 2009 refueling
outage, the following specific corrective actions will be performed on
Unit 2 prior to entry into the period of extended operation:

e Examine the accessible 3/4” knuckle plate. If corrosion is
observed to extend below the surface of the moisture barrier,
excavate the moisture barrier to sound metal below the floor level
and perform examinations as required by IWE.

e Perform remote visual inspections, of the six capped vertical leak
chase channels, below the containment floor to determine extent
of condition.

e Remove the concrete floor and expose the 1/4” containment liner
plate (floor) for a minimum of two of the vertical leak chase
channels with holes. Perform examination of exposed 1/4”
containment liner plate (floor) as required by IWE. Additional
excavations will be performed, if necessary, depending upon
conditions found at the first two channels.

e Remove 1/2” containment liner insulation panels, adjacent to
accessible areas where there are indications of corrosion, to
determine the extent of condition of the existing corroded areas of
the containment liner plate.

e Perform augmented examinations of the areas of the 1/2”
containment liner plate behind insulation panels, where loss of
material was previously identified, in accordance with IWE-2420.

e Examine 100% of the moisture barrier in accordance with IWE-2310
and replace or repair the moisture barrier to meet the acceptance
standard in IWE-3510.

As a follow-up to inspections performed during the 2010 refueling
outage, the following specific corrective actions will be performed on
Unit 1 prior to entry into the period of extended operation:

* Perform augmented examinations of the 3/4” containment liner
(knuckle plate) at 78’ elevation in accordance with IWE-2420.
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e Perform augmented examinations of the areas of the 1/2”
containment liner plate behind insulation panels, where loss of
material was previously identified, in accordance with IWE-2420.

e Remove 1/2” containment liner insulation panels, adjacent to
accessible areas where there are indications of corrosion, to
determine the extent of condition of the existing corroded areas of
the containment liner plate.

These enhancements will be implemented prior to the period of extended
operation, with the inspections performed in accordance with the schedule
described above.

B.2.1.28 ASME Section XIl, Subsection IWE

Starting at the top of LRA Appendix B page B-131, the Program Description of Section
B.2.1.28 is modified as follows:

The program will be enhanced to include inspection of a random sample of
the containment liner behind the containment liner insulation prior to the
period of extended operation. The sampling plan was developed based
upon guidance in EPRI TR-107514, “Age Related Degradation Inspection
Method and Demonstration: in Behalf of Calvert Cliffs Nuclear Power Plant
License Renewal Application”. The population size of containment liner
insulation panels in each unit is about 264 panels. A sample size of 57 will
meet the statistical requirements of a 95% confidence level that 95% of the
containment liner plate behind the containment liner insulation meets the
acceptance criteria of IWE-3500. The samples will be randomly selected. If
acceptance criteria defined in IWE-3500 is not satisfied, the sampling plan
will be modified as recommended in EPRI TR-107514. Also, based on the
satisfactory completion of the above sample plan, a reduced sample size
will be randomly selected and examined each Containment Inservice
Inspection Period during the period of extended operation.

In addition, Enhancement #1 on LRA page B-132 is clarified as follows:

1. Inspection of a sample of the inaccessible liner covered by insulation and
lagging prior to the period of extended operation and every 10 years
thereafter. Should unacceptable degradation be found additional insulation
will be removed as necessary to determine extent of condition in
accordance with the corrective action process. Program Elements
Affected: Scope of Program (Element 1)

Prior to the period of extended operation (PEQ)

e The samples shall include 57 randomly selected containment liner
insulation panels per unit.

e The examination will be performed by either removing the
containment liner insulation panels and performing a visual
inspection, or by using a pulsed eddy current (PEC) remote
inspection, with the containment liner insulation left in place, to
detect evidence of loss of material. If evidence of loss of material
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is detected using PEC, the containment liner insulation panel will
be subsequently removed to allow for visual and UT examinations.

During the period of extended operation

¢ One containment liner insulation panel will be selected, at random,
for removal from each quadrant, during each of the three Periods
in an Inspection Interval. Therefore, a total of 12 containment liner
insulation panels will be selected, in each unit, during each ten
year Inspection Interval, to allow for examination of the
containment liner behind the containment liner insulation.

e The randomly selected containment liner insulation panels in each
quadrant will not include containment liner insulation panels
previously selected.

A.2.1.29 ASME Section XI, Subsection IWL
LRA Appendix A is revised as follows:

e Section A.1.1 (NUREG-1801 Chapter XI Aging Management Programs), item #
29 (ASME Section Xl, Subsection IWL (Section A.2.1.29), on page A-6, is
revised as follows:

29. ASME Section Xl, Subsection IWL (Section A.2.1.29) [Existing —
Requires Enhancement]

e Section A.2.1.29 (ASME Section XI, Subsection IWL), on page A-24, the
following is added:

The ASME Section XI, Subsection IWL, aging management program
will be enhanced to include:

1. Examination and acceptance criteria in accordance with the
guidance contained in ACI 349.3R.

B.2.1.29 ASME Section XI, Subsection IWL
LRA Appendix B, Section B.2.1.29 is revised as follows:
e Section B.2.1.29 (ASME Section XI, Subsection IWL), on page B-136, the
following change is made to the section on Enhancements:
Enhancements

Nene- Prior to the period of extended operation, the following enhancement
will be implemented in the program elements:

1. Examination and acceptance criteria in accordance with the guidance
contained in ACI 349.3R. Program Elements Affected: Acceptance
Criteria (Element 6)
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» Section B.2.1.29 (ASME Section XI, Subsection IWL), on page B-138, the
following change is made to the Conclusion:

Conclusion

The existing enhanced ASME Section XI, Subsection IWL, aging management
program will provides reasonable assurance that the identified aging effects
are adequately managed so that the intended functions of components within
the scope of license renewal will be maintained consistent with the current
licensing basis during the period of extended operation.

A.2.1.33 Structures Monitoring Program

The fifth Enhancement to the Structures Monitoring Program, as described in LRA
Section A.2.1.33, on pages A-26 and A-27 is modified as follows:

5. Require the following actions related to the spent fuel pool liner:

a. Perform periodic structural examination of the Fuel Handling
Building per ACI 349.3R to ensure structural condition is in
agreement with the analysis.

b. Monitor telltale leakage and inspect the leak chase system to
ensure no blockage.

c. Test water drained from the seismic gap for boron, chloride, and
sulfate concentrations; and pH.

d. Perform a shallow core sample in the Spent Fuel Pool wall
where previous inspections have shown ingress of borated
water through the concrete. The core sample will be examined
for degradation from borated water.

In addition, a new Enhancement (#15) is added to page A-27 of LRA Appendix A,
Section A.2.1.33, as follows:

15. When the reactor cavity is flooded up, Salem will periodically monitor
the telltales associated with the reactor cavity and refueling canal for
leakage. If telltale leakage is observed, then the pH of the leakage will
be measured to ensure that concrete reinforcement steel is not
experiencing a corrosive environment. In addition, Salem will
periodically inspect the leak chase system associated with the reactor
cavity and refueling canal to ensure the telltales are free of significant
blockage. Salem will also inspect concrete surfaces for degradation
where leakage has been observed, in accordance with this Program.
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B.2.1.33 Structures Monitoring Program

Consistent with the changes made to LRA Section A.2.1.33, the fifth Enhancement to
the Structures Monitoring Program, as described in LRA Section B.2.1.33, on page B-
153 is modified as follows:

5. Require the following actions related to the spent fuel pool liner:

a. Perform periodic structural examination of the Fuel Handling Building
per ACI 349.3R to ensure structural condition is in agreement with the
analysis.

b. Monitor telltale leakage and inspect the leak chase system to ensure
no blockage.

c. Test water drained from the seismic gap for boron, chloride, and
sulfate concentrations; and pH.

d. Perform a shallow core sample in the Spent Fuel Pool wall where
previous inspections have shown ingress of borated water
through the concrete. The core sample will be examined for
degradation from borated water.

Also consistent with the changes made to LRA Section A.2.1.33, a new Enhancement
(#15) is added to page B-154 of LRA Appendix B, Section A.2.1.33, as follows:

15. When the reactor cavity is flooded up, Salem will periodically monitor
the telltales associated with the reactor cavity and refueling canal for
leakage. If telltale leakage is observed, then the pH of the leakage will
be measured to ensure that concrete reinforcement steel is not
experiencing a corrosive environment. In addition, Salem will
periodically inspect the leak chase system associated with the reactor
cavity and refueling canal to ensure the telitales are free of significant
blockage. Salem will also inspect concrete surfaces for degradation
where leakage has been observed, in accordance with this Program.
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The following table identifies modifications made to license renewal commitments 28, 29 and 33 as a result of the responses to the RAIs contained
in this package. Pre-existing text is formatted in normal font; new text is bold and italicized; deleted text is indicated with strikethroughs. The
specific RAIs that led to the commitment modifications are listed in the “SOURCE” column adjacent to beginning of the new text. Any other
actions described in this submittal represent intended or planned actions. They are described for the NRC’s information and are not regulatory

commitments.
UFSAR
PROGRAM SUPPLEMENT | ENHANCEMENT OR
NO. OR TOPIC COMMITMENT LOCATION IMPLEMENTATION SOURCE
(LRA APP. A) SCHEDULE
28 | ASME Section XI, | ASME Section XI, Subsection IWE is an existing program A21.28 Program to be enhanced Section
Subsection IWE that will be enhanced to include: prior to the period of B.2.1.28
extended operation.
Inspection of a sample of the inaccessible liner Inspection Schedule
covered by insulation and lagging once prior to the identified in Commitment
period of extended operation and every 10 years
thereafter. Should unacceptable degradation be
found additional insulation will be removed as
necessary to determine extent of condition in
accordance with the corrective action process.
Prior to the period of extended operation Salem letter
LR-N10-0165
RAI B.2.1.28-2

o The samples shall include 57 randomly
selected containment liner insulation panels
per unit.

+ The examination will be performed by either
removing the containment liner insulation
panels and performing a visual inspection, or
by using a pulsed eddy current (PEC) remote
inspection, with the containment liner
insulation left in place, to detect evidence of
loss of material. If evidence of loss of
material is detected using PEC, the
containment liner insulation panel will be
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UFSAR
PROGRAM SUPPLEMENT | ENHANCEMENT OR
NO. OR TOPIC COMMITMENT LOCATION IMPLEMENTATION SOURCE
(LRA APP. A) SCHEDULE

subsequently removed to allow for visual and
UT examinations

During the period of extended operation

¢ One containment liner insulation panel will be
selected, at random, for removal from each
quadrant, during each of the three Periods in
an Inspection Interval. Therefore, a total of 12
containment liner insulation panels will be
selected, in each unit, during each ten year
Inspection Interval, to allow for examination of
the containment liner behind the containment
liner insulation.

¢ The randomly selected containment liner
insulation panels in each quadrant will not
include containment liner insulation panels
previously selected.

Visual inspection of 100 % of the moisture barrier,
at the junction between the containment concrete
floor and the containment liner, will be performed in
accordance with ASME Section Xl, Subsection
IWE program requirements, to the extent practical
within the limitation of design, geometry, and
materials of construction of the components. The
bottom edge of the stainless steel insulation
lagging will be trimmed, if necessary, to perform
the moisture barrier inspections. This inspection
will be performed prior to the period of extended
operation, and on a frequency consistent with IWE
inspection requirements thereafter. Should
unacceptable degradation be found, corrective
actions, including extent of condition, will be
addressed in accordance with the corrective action
process.
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UFSAR
PROGRAM SUPPLEMENT | ENHANCEMENT OR
NO. OR TOPIC COMMITMENT LOCATION IMPLEMENTATION SOURCE
(LRA APP. A) SCHEDULE

As a follow-up to inspections performed during Salem letter
the 2009 refueling outage, the following LR-N10-0165
specific corrective actions will be performed on RAIl B.2.1.28-1

Unit 2 prior to entry into the period of extended
operation:

Examine the accessible 3/4” knuckle plate.
If corrosion is observed to extend below
the surface of the moisture barrier,
excavate the moisture barrier to sound
metal below the floor level and perform
examinations as required by IWE.

Perform remote visual inspections, of the
six capped vertical leak chase channels,
below the containment floor to determine
extent of condition.

Remove the concrete floor and expose the
1/4” containment liner plate (floor) for a
minimum of two of the vertical leak chase
channels with holes. Perform examination
of exposed 1/4” containment liner plate
(floor) as required by IWE. Additional
excavations will be performed, if
necessary, depending upon conditions
found at the first two channels.

Remove 1/2” containment liner insulation
panels, adjacent to accessible areas where
there are indications of corrosion, to
determine the extent of condition of the
existing corroded areas of the containment
liner plate.

Perform augmented examinations of the
areas of the 1/2” containment liner plate
behind insulation panels, where loss of
material was previously identified, in
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NO.

PROGRAM
OR TOPIC

COMMITMENT

UFSAR
SUPPLEMENT
LOCATION
(LRA APP. A)

ENHANCEMENT OR
IMPLEMENTATION
SCHEDULE

SOURCE

accordance with IWE-2420.

e  Examine 100% of the moisture barrier in
accordance with IWE-2310 and replace or
repair the moisture barrier to meet the
acceptance standard in IWE-3510.

As a follow-up to inspections performed during
the 2010 refueling outage, the following
specific corrective actions will be performed on
Unit 1 prior to entry into the period of extended
operation:

e  Perform augmented examinations of the
3/4” containment liner (knuckle plate) at 78’
elevation in accordance with IWE-2420.

e  Perform augmented examinations of the
areas of the 1/2” containment liner plate
behind insulation panels, where loss of
material was previously identified, in
accordance with IWE-2420.

¢ Remove 1/2” containment liner insulation
panels, adjacent to accessible areas where
there are indications of corrosion, to
determine the extent of condition of the
existing corroded areas of the containment
liner plate.

29

ASME Section XI,
Subsection IWL

St - o,

ASME Section Xl, Subsection IWL, is an existing
program that will be enhanced to include:

1. Examination and acceptance criteria in
accordance with the guidance contained in
ACI 349.3R.

A2.1.29

Ongeing
Program to be
enhanced prior to the

period of extended
operation.

Section
B.2.1.29
Salem letter
LR-N10-0165
RAI B.2.1.29-1
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NO.

PROGRAM
OR TOPIC

COMMITMENT

UFSAR

SUPPLEMENT

LOCATION
(LRA APP. A)

ENHANCEMENT OR
IMPLEMENTATION
SCHEDULE

SOURCE

33

Structures
Monitoring
Program

Structures Monitoring is an existing program that wiil be
enhanced to inciude:

1.

2.

Additional structures and components as described
in A.2.1.33.

Concrete structures will be observed for a
reduction in equipment anchor capacity due to
local concrete degradation. This will be
accomplished by visual inspection of concrete
surfaces around anchors for cracking, and spalling.
Clarify that inspections are performed for loss of
material due to corrosion and pitting of additional
steel components, such as embedments, panels
and enclosures, doors, siding, metal deck, and
anchors.

Require inspection of penetration seals, structural
seals, and elastomers, for degradations that will
lead to a loss of sealing by visual inspection of the
seal for hardening, shrinkage and loss of strength.
Require the following actions related to the spent
fuel pool liner:

a. Perform periodic structural examination of
the Fuel Handling Building per ACI
349.3R to ensure structural condition is in
agreement with the analysis.

b. Monitor telltale leakage and inspect the
leak chase system to ensure no blockage.

c. Test water drained from the seismic gap
for boron, chloride and sulfate
concentrations; and pH.

d. Perform a shallow core sample in the
Spent Fuel Pool wall where previous
inspections have shown ingress of
borated water through the concrete.
The core sample will be examined for
degradation from borated water.

A.2.1.33

Program to be enhanced
prior to the period of
extended operation.

Section
B.2.1.33

Salem letter
LR-N10-0165
RAI B.2.1.33-1
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UFSAR
PROGRAM SUPPLEMENT | ENHANCEMENT OR
NO. OR TOPIC COMMITMENT LOCATION IMPLEMENTATION SOURCE
(LRA APP. A) SCHEDULE

10.

11.

12.

13.

14.

Require monitoring of vibration isolators,
associated with component supports other than
those covered by ASME XI, Subsection IWF.

Add an Examination Checklist for masonry wall
inspection requirements.

Parameters monitored for wooden components will
be enhanced to include: Change in Material
Properties, Loss of Material due to Insect Damage
and Moisture Damage.

Specify an inspection frequency of not greater than
5 years for structures including submerged
portions of the service water intake structure.
Require individuals responsible for inspections and
assessments for structures to have a B.S.
Engineering degree and/or Professional Engineer
license, and a minimum of four years experience
working on building structures.

Perform periodic sampling, testing, and analysis of
ground water chemistry for pH, chlorides, and
sulfates on a frequency of 5 years. Groundwater
samples in the areas adjacent to Unit 1
containment structure and Unit 1 auxiliary building
will also be tested for boron concentration.

Require supplemental inspections of the affected in
scope structures within 30 days following extreme
environmental or natural phenomena (large floods,
significant earthquakes, hurricanes, and
tornadoes).

Perform a chemical analysis of ground or surface
water in-leakage when there is significant in-
leakage or there is reason to believe that the in-
leakage may be damaging concrete elements or
reinforcing steel.

Implementing procedures will be enhanced to
include additional acceptance criteria details
specified in ACI 349.3R-96.
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UFSAR
PROGRAM SUPPLEMENT | ENHANCEMENT OR
NO. OR TOPIC COMMITMENT LOCATION IMPLEMENTATION SOURCE
(LRA APP. A) SCHEDULE
15. When the reactor cavity is flooded up, Salem Salem letter
will periodically monitor the telltales associated LR-N10-0165
RAI B.2.1.33-2

with the reactor cavity and refueling canal for
leakage. If telltale leakage is observed, then
the pH of the leakage will be measured to
ensure that concrete reinforcement steel is not
experiencing a corrosive environment. In
addition, Salem will periodically inspect the
leak chase system associated with the reactor
cavity and refueling canal to ensure the
telitales are free of significant blockage. Salem
will also inspect concrete surfaces for
degradation where leakage has been observed,
in accordance with this Program.
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Enclosure D

MPR Report MPR-2613, “Salem Generating Station Fuel Handling
Building—Evaluation of Degraded Condition,” Revision 3 (305 pages)
[PSEG Nuclear LLC VTD Number 326367], associated with response
to RAI B.2.1.33-1 for Salem Generating Station Unit 1 and Unit 2

License Renewal Application
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Executive Summary

This report, together with a companion report (MPR-2634, Boric Acid Attack of Concrete and
Reinforcing Steel, Revision 2), represent the culmination of a multi-year effort to assess the
structural adequacy of the Salem Unit 1 Fuel Handling Building (FHB). The FHB, a reinforced
concrete structure, has experienced and will continue to experience degradation from boric acid
leakage from the Spent Fuel Pool (SFP).

This report demonstrates the adequacy of the Unit 1 FHB through the end of plant life (70 years
total). This evaluation uses results from long-duration concrete testing as well as other efforts
completed after the initial assessment in 2003. These efforts have furthered the understanding of
the degradation processes, supported quantification of the long-term concrete degradation rate
and provided a more accurate corrosion rate for embedded rebar. This evaluation includes

~ results from concrete cores removed from the SFP of a decommissioned plant as corroboration of
the laboratory testing and degradation postulations for the Salem FHB.

CONCRETE DEGRADATION

Boric acid reacts with the alkaline constituents of concrete, causing cracking and loss of bonding
with the aggregate. The reacted concrete is soft and porous and has no strength. There is no
impact on concrete strength other than an effective reduction in thickness corresponding to the
depth of the corrosion layer. '

The rate of degradaﬁon is controlled by diffusion of boric acid into the concrete. Results from
the long-duration testing show that degradation is diffusion-controlled. Projections of concrete
degradation are made using a square root of time curve fit of the test data, including uncertainty.

o The slab underneath the SFP has been exposed to boric acid leakage since early in plant
life. This degradation is localized to the vicinity of leaking plug welds. However, as
telltales became obstructed over time, the area exposed to boric acid increased until the
entire slab was exposed. Re-establishing flow in the telltales and draining the stored
inventory between the liner and concrete does not fully stop this mode of degradation

. because|some telltales remain blocked and the leakage must migrate from the plug welds to
channel$ with open telltales. The projected depth of concrete degradation in the slab is 1.3
~ inches assuming exposure to boric acid for 70 years.

. The walls surrounding the SFP were exposed to boric acid during the time period when the
 telltales-were fully plugged and SFP leakage accumulated in the gap between the SFP liner
and the walls. Exposure of the walls to boric acid started between 1995 and 1998 when the
leakage channels and telltales became blocked and extended to early 2003 when drain flow

was re-established. The projected depth of concrete degradation in the walls is 0.44 inch.

MPR-2613 1
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REINFORCING STEEL CORROSION

Embedded reinforcing steel can potentially corrode from boric acid that migrates through the
concrete. Since the concrete cover for all walls and the slab is markedly greater than the
projected depth of concrete degradation, boric acid penetration into the concrete will not reach
the reinforcing steel. Therefore, the only mechanism for degradation of reinforcing steel is
migration of boric acid through cracks or construction joints.

Migration of boric acid through construction joints or cracks started prior to 2002, possibly as
early as the 1995 to 1998 timeframe. The leakage from the building stopped subsequent to
cleaning the telltales in early 2003. This mode of degradation is not expected to recur as PSEG
Nuclear has implemented multiple measures to ensure that the telltales do not become entirely
blocked again. ‘

All evidence indicates that any degradation of reinforcing steel, particularly the outer reinforcing
steel (i.e., the reinforcing steel of concern from a structural standpoint), is negligible. This
evidence includes the following.

. Laborétbry studies available in the literature of corrosion of: embedded rebar from boric
acid flow through cracks; and corrosion of mild steel in de-aerated boric acid solutions.

o Inspections of potential rebar degradation from flow of boric acid lcakage through a
concrete crack at another US PWR.

o No visual indications of rebar degradation in the FHB, based on an independent concrete
condition assessment of the Salem Unit | FHB by a concrete structural engmeer in
accordance with ACI-201.

It is conservatively estimated that the rebar has experienced a reduction in radius of less than

1 mil (0.001 inch). This is extent of degradation is negligible. Further, the fact that the actual
rebar strength is greater than the specified compensates for the predicted reduction in margin by
more than a factor of 10. ' '

FHB STRUCTURAL CAPACITY

The foregoing discussion shows that projected degradation through the end of plant life is minor
and would have a small impact on available structural margin However, per the current design
basis analysis of the Salem FHB, the available margin is as low as 2% depending on the load
case and the location.

Projected degradation through the end of plant life reduces the available margin in the limiting
section by less than half percentage point to 1.6%. Therefore, the design basis analysis of record
remains valid even with the postulated degradation.

MPR-2613 ' v
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CORROBORATION BY CY SFP CORES

Overall, the CY cores corroborate the results of testing for Salem and the projections for Salem.
The maximum depth of concrete degradation in the CY cores is within that predicted using the
correlation developed from the Salem testing. The rebar in the CY cores exhibited no corrosion
even though the upper surface of the concrete was degraded by boric acid, the concrete was
cracked and, based on the presence of secondary deposits within the concrete, there was water

migration in the concrete.
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Ivntrjbductioh |

1.1 PURPOSE -

This report assesses the structural adequacy of the Salem Fuel Handling Building (FHB)
reinforced concrete structure after prolonged exposure of the concrete and reinforcing steel to
boric acid, which has leaked from the Spent Fuel Pool (SFP).

1.2 ScOPE OF ASSESSMENT

This assessment evaluates the potential degradation of the FHB and its impact on the structural
capacity by examining:

*  Conservatisms in the current Salem FHB design basis,

*  Results of tests, analyses, assessments and research documented in open literature that
have reported the effects of boric acid on concrete and reinforcing steel,

e Results of evaluations of the impact of SFP leakage on the surrounding reinforced concrete
structure at another PWR,

L Results of testing designed to determme the effect of boric acid on concrete and reinforcing
steel,

. Chem_iéal analySes -of the liquid draining from the telltales and the material that blocked the
o t'elltales and

. Hlstory of SFP leakage at Salem Unit 1.

In addition, results from petrographic examinations of concrete cores from the Connecticut
Yankee Atom1c Power Plant (CY) SFP are rev1ewed to corroborate the degradatlon modes and
pro;ectnons developed herem

1._3 SPENT FUEL POOL DESCRIPTION

Salem Unit 1,and Salem Unit 2 have SFPs, which are similar in construction. Each SFP is
located in its corresponding unit’s FHB. The Unit 1 FHB construction details are shown in
References 9.4.1 through 9.4.9. The FHBs are reinforced concrete structures located on the west
side of the containment structures, and each contains a new fuel storage pit, a spent fuel storage
pool, and a fiiel transfer pool. The buildings consist of reinforced concrete walls and a
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reinforced concrete roof and foundation mat. The walls vary in thickness from between 2'-2" to
10'-0". An outline of the FHBs is shown in Figure 1-1.

North —eemg
No. 2 Unit No.1Unit
Administration
Building

Turbine Area

Service Building

¢ Reactor Containment _

N Auwdliary Building '
Fuel Handling — —— — Fuel Handling
Building Building
Service Water . Service Water
Storage Tanks : Storage Tanks
Figure 1-1. Location of Fuel Handling Buildings
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At the intersection of the concrete walls and the floor slab is a construction joint. A construction
joint is formed any time unhardened concrete is placed against concrete that has become
sufficiently rigid that the new concrete cannot be incorporated into the old concrete by vibration.

Because of this, additional steps are taken to insure a bond between the two lifts. For example,
the old concrete is usually sand blasted and a mortar or other material is used to ensure a bond.
The bond is then considered to be of sufficient stiffness that the construction joint is accepted as
monolithic for the purpose of determining the relative stiffness of the elements of the building.

- Construction joints are prone to water migration because shrinkage and other minor cracks are
likely to develop at some locations in the joint, and because the joint extends from the inside to
the outside of the wall. This was evidenced by through-wall leakage at various points along the
construction joints within the Salem FHB. The development of cracks sufficient to permit small
amounts of water migration is not considered significant and does not affect the overall relative
stiffness of the elements of the building.

The SFPs and transfer pools are lined with stainless steel plate. The liner seams are fully
welded. Behind the seam welds, channels are embedded in the concrete walls and slab to collect
and drain any leakage through the welds. Between the seams, the liner is attached to studs
embedded in the concrete of the SFP and transfer pool structures.

Leakage from the channels is collected in a series of telltales (seventeen one-inch diameter drain
pipes per unit). The channels have internal plates so that a given telltale corresponds to specific
seam weld locations. The telltales are piped to a drainage canal in each unit’s Sump Room.

The Sump Rooms run along the West walls of the SFPs. The telltales enter the Sump Rooms at
about the floor elevation to discharge into the drainage canal. The drainage canal is separated
from the remainder of the Sump Room floor by a barrier wall approximately one foot in height.

1.4 BACKGROUND

On September 18, 2002, a technician working at the 78-foot elevation of the Salem Unit 1
Auxiliary Building contaminated his shoe. Investigation into the source of the contamination
identified white deposits on the wall and active water inflow into the building. Further
investigation determined that water from the SFP was leaking through the concrete wall into the

. Auxiliary Building and into the seismic gap between the buildings. Also, there was evidence of
leakage into the Sump Room in the FHB via a construction joint at the base of the pool.

In early 2003 a videoscope of the telltales and leakage channels revealed that white deposits
were present inside the telltale drains. Most of the telltale drains were completely blocked with
the deposits. Apparently, the drains had become blocked causing leakage from the pool to
accumulate in the gap between the liner and the pool. As the water level in the gap increased,
hydrostatic pressure forced water into construction joints and cracks. Note that fluid may weep
through the seams via. minor gaps or discontinuities, however these seams should not be treated
as through-wall cracks with significant amount of flow passing through them.
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PSEG Nuclear snaked the telltales in early 2003 using a power auger to re-establish flow in the
telltales and drain the stored inventory in the gap between the SFP liner and FHB structure.
After snaking; the flow rate from the telitales increased to- approximately 140 gallons/day (gpd)
following the Eleamng, and later decreased and held steady at 100 gpd. -

The initial 1nci'ease in the drainage rate following the cleaning indicates that leakage had
collected in the blocked drains and channels and possibly between the liner plate and concrete.

Potential long-term exposure of the concrete structure to boric acid leakage from the SFP could
degrade the structure as the acid reacts with the concrete and possibly corrodes the embedded
reinforcing steel. This raises the issue of whether the potential degradation has challenged the
structural adequacy of the FHB with respect to its design basis conditions.

PSEG Nucleat’s strategy to address the boric acid leakage from the FHB is to:

. Demonsjtrate the structural adequacy of the FHB structure based on a combination of
structural analyses and concrete testing; and

. Maintain flow in the leakagevchannels and telltales through periodic cleanings.

This report dqeum_ents the assessinent-of the structural adequacy of the FHB.
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Summary

2.1 BORIC ACID ATTACK ON CONCRETE

Formation of corrosion products is typical when concrete is exposed to acids. The corrosion
layer is typically soft, cracked, and without bonding properties. In the drying process, the
corrosion layer shrinks, cracks widen, and the layer crushes easily. When a corroded layer is
formed, the miechanical propemes of a specimen depend primarily on the quality of the ‘non-
corroded core’ of the specimen.

The reaction between hardened cement paste or concrete and an acid solution is controlled by the
diffusion of the acid into the concrete. The rate at which the concrete (or paste) degrades
decreases over time as the distance acid must diffuse through degraded concrete to reach intact
concrete increases. Degradation of concrete by acids follows Fick’s Law of Diffusion
formulation in which the depth of degradation varies with the square root of time. Hence, the
rate of degradation decreases monotonically, approachmg zero asymptotlcally The degradation
rate depends onthe acid.

The acidic solution can also attack reinforcing steel embedded in the concrete. Studies of
reinforcing steel corrosion due to boric acid entering reinforced concrete through a crack have
shown negligible reinforcing steel attack. Tests documented in open literature demonstrate that,

-after-an exposure time of two years, reinforcing steel corrosion was limited to scarring in the area

of the crack. Studies by EPRI on corrosion of steel in de-aerated boric acid determined that the
corrosion ratejunder de-aerated conditions (O 004 mm/year, Reference 9.5.5). Migration of boric
acid through cracks and construction joints is expected to be de-aerated; however, corrosion of

- reinforcing steel will be even lower due to the elevated pH as the boric acid reacts with the

alkaline constltuents of the concrete.

Testing was performed as part of this overall assessment to determine how concrete and

reinforcing steel are affected by exposure to boric acid in concentrations typical of SFP

chemistry. More specifically, the testing was conducted to understand the mechanisms of
concrete and remforcmg steel degradation and degradatxon rates. The testmg used a combination
of cores fromithe Auxiliary Building at Salem and specimens prepared using the same concrete
mix and supphers as for the concrete used at Salem. Several test series, covering exposure times
up to 39 months, were conducted. The tests were conducted in a manner which is conservative
with respect to the actual conditions expected in the FHB (e.g., boric acid bath was periodically
refreshed to maintain acidic conditions). Key insights from the testing include the following.

o Boric acid reacts with the alkaline constituents of cement paste, causing cracking and loss
of bonding with the aggregate. The reacted cement paste is soft and porous and has no
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strength Fine aggregate particles are easily dislodged. This type of degradation is
con51stent with concrete degradation from attack by other acids.

. The w1ckmg effect at the reinforcing steel/concrete interface is minor. That is, the
degradation rate of the concrete at the reinforcing steel/concrete interface is similar to the
general rate of attack of concrete away from the reinforcing steel. Hence, degradation of
reinforcing steel at the construction joints or cracks with boric acid migration will not

- spread rapidly along the steel bar; i.e., rebar degradation is localized to the vicinity of the
construction joint or crack. Functionality of the reinforcing steel is therefore maintained.

o The structural impact of boric acid attack on the concrete is reduction of the effective area
carrying loads.

o The rate of concrete degradation follows a square root of time formulation, which is typical -
for diffusion-controlled processes. The degradation rate decreased substantially during the
39-month test series. Projected depth of affected paste through the end of plant llfe is
1.3 inches, including adjustment for uncertainty.

2.2 DEGRADATION OF SALEM FHB

The Salem FHB has degraded from prolonged exposure to boric acid due to SFP liner leakage.
The degradation has likely occurred in three different modes.

2.2.1 Local Degradation' from Weld Leakage

Leakage through liner plug welds onto concrete or leakage from welds (seam or plug)
overflowing blocked channels results in local degradation of the concrete structure, prlmarlly the
slab underneath the pool. The boric acid will attack the cement paste, weakening it and causing
it to de-bond from the coarse and fine aggregate. As the degradation progresses, a rubble bed of
coarse and fine aggregate may be formed after a significant time. In essence, local degradatlon
will create a pothole with sand and coarse aggregate on top of the remaining concrete.

This mode of! degradatlon most likely initiated prior to 1995 and is ongoing. Re-establishing
flow in the telltales and draining the stored inventory between the liner and concrete did not stop
this mode of degradation because the leakage must still migrate from the plug welds to channels
with open telltales. :

2.2.2 General Degradatlon from Water Trapped between the Liner and Concrete

As the leakagle channels and telltales became plugged leakage from the SFP accumulated in the
gap between the liner and the concrete on the slab and the walls. The water level in the gap
increased and may have equalized with the level in the pool, at which point leakage essentially
stopped and conditions in the gap become stagnant. Degradation of the concrete is similar to that -
described above for weld leakage, except the degradation is widespread rather than localized.
Virtually the entire structure surrounding the pool is potentially exposed to boric acid and subject

to degradation.
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The period of general degradation started between 1995 and 1998 when the leakage channels and
telltales became blocked and extended to early 2003 when drain flow was re-established and
degradation agam became localized.

2.2.3 Rebaf Degradation from Migration through Joints/Cracks

Once channels and telltales plugged and leakage accumulated in the gap between the liner and
structure, the hydrostatic head forced the leakage into construction joints and cracks and
ultimately into thé sump room, the Auxiliary Building and the seismic gap (between the FHB
and Auxiliary Building). Boric acid migration through the construction joints or cracks passed
reinforcing steel, potentially initiating corrosion of the reinforcing steel. Boric acid migration
through construction joints or cracks would react with the concrete prior to reaching the
reinforcing steel. Hence, the pH of the leakage flow would likely be neutral or basic by the time
it reaches the reinforcing steel. As noted above, studies of reinforcing steel corrosion from boric
acid seepage through cracks showed negligible corrosion—only minor scarring—after two years
of exposure (Reference 9.5.4). Further, measured corrosion rates of steel under static, de-aerated
conditions with an acidic pH are low (< 4 microns per year) (Reference 9.5.5).

The combination of evidence - studies in the literature, inspections of the FHB, testing conducted
for Salem and experience at another US PWR - suggests that corrosion of embedded reinforcing
steel from boric acid migration through cracks and construction joints is negligible. -

2.3 Structural’Ass_essment

Assessment of the structural adequacy of the degraded Salem Un1t 1 FHB is based ona
comblnauon of the followmg

e  Projections of degradatlon incurred to date:

— - Assessment of degradation drawing upon: evaluatlon of leakage from the SFP;
chemical analyses of water draining through the telltales; and chemical analyses of
the material blocking the telltales.

- D|egradatlon rates from the testing, with additional insights from other studies

, avallable in the open hterature and evaluations of similar issues at another PWR.
i .
. Revxew of the existing design margln and. quantlﬁcatlon of the 1mpact of the projected
' degrada‘tlon on available margin.

. Evaluation of the margin that can potentially be recovered through reassessment of the
actual strength of materlals used (e, remforcmg steel and concrete).

Table2-1 shows the avallable margin after each of the three degradation modes is taken into
account. Positive margin is maintained in all sections.
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Table 2-1. FHB Available Margin Based on Predicted Degradation Modes
Avalilable
FHB Wall Riiﬁ'c‘ifé'ﬁ In Ava(l\llsgg, Noo" g ;‘I’t‘i‘:g%‘a‘r’;m Wargin c"(wngn’
apacity Dégradatlon) Degradation)
North 0.4% 4% Middle, Bottom 3.6%
South 0.7% 300% Towa"r‘gégtémm 299%
East 0.7% 5% Tow"a"r‘g‘gghom | 43%
West 0.4% 2% Middle, Top 1.6%
Slab 0% 3% Middle, Middie 3%

It is concluded that the Salem Unit 1 FHB is currently structurally adequate and can withstand

the design basis load combinations for up to seventy years, total plant life. Hence, the design

2.4 CORROBORATION OF SALEM ASSESSMENT WITH CORES FROM CY’s SFP

 basis analysis of record is not invalidated by the postulated degradation.

Overall, the CY cores corroborate the results of testing for Salem and the projections for Salem.

The maximum depth of concrete degradation in the CY cores is within that predicted using the

correlation developed from the Salem testing. The rebar in the CY cores exhibited no corrosion

even though the upper surface of the concrete was degraded by boric acid, the concrete was
cracked and, based on the presence of secondary deposits within the concrete, there was water

migration in the concrete.
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Review of Design Basis

The design basis for the FHB structures is provided in Report MPR-1863 (Reference 9.2.3),
which documents the structural design analysis of the FHBs as modified to include two

10,000 gallon Service Water Storage Tanks in each unit. The most recent design analysis for the
FHB before the addition of the Service Water Storage Tanks was performed during the FHB
high density rack modification (Reference 9.3.1). In addition to the design analysis, the FHB
was evaluated for beyond-design-basis thermal loading in EQE Calculation Number
200050-C-01 (Reference 9.3.2).

This section provides a summary of the analysis performed in Reference 9.2.3.

3.1 ANALYSIS METHOD

Because the FHB and Service Water Storage Tanks are similar for Unit 1 and Unit 2, the design
basis analysis in Reference 9.2.3 used bounding loads to perform a single analysis for both units.
The analysis was performed by solving a three-dimensional finite element model, which
included the SFP, the transfer pool, and the surrounding walls. The model divided the FHB
structure into approximately seventy sections. Lincarized shear and bending stresses were
obtained for each section and were converted to equivalent shear loads and bending moments,
respectively, for comparison with design allowables.

3.2 DESIGN CONDITIONS
This section defines the FHB design conditions used in the design basis arialysis of

Reference 9.2.3. The design conditions include the seismic category, material properties, design
loads, load combinations, and design allowables. )

3.21 »Seisniic’ Category

The FHB is a Selsmlc Category I Structure, per Section 3.1 of the Salem Structural Design
Criteria (Referencc 9.1.2). , _

3.2.2 Materjal Propertles

The following material properties were defined in Reference 9.2.3 for the FHB.
) Concrete Compressive Strength: f'c = 3,500 psi (Reference 9.4.1)

. Reinforcing Steel Yield Strength: f, = 60,000 psi (Reference 9.4.1)
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3.2.3 LoadCombinations

~ The design load combinations for reinforced concrete structures at Salem are defined in
Reference 9.1.2 and provided below. The acceptance criteria for the FHB structure, defined in
Reference 9.1:2, Paragraph 7.2.1, are also listed below for each load combination.

Normal Operating Condition:
"S=D+L+I1+H+B+C

Where:

D =Dead Load

L = Live Load

I = Impact Load

H = Normal Operating Thermal Load
B = Buoyancy Load

C = Commodity Load

Stresses are limited to the working stress limits defined in Reference 9.1.3.

Operating Basis Earthquake (North-South):
S=D+L+I+H+ENS+EV+B+C

Where:

Ens = Operating Basis Earthquake in North-South Direction
Ey = Operating Basis Earthquake in Vertical Direction

Stresses are lihﬁted to the 1-1/3 of the working stress limits defined in Reference 9.1.3.

Operating Basis Earthquake (East-West):
S=D+L+I+H+Egw+Ev+B+C .

Where:
Egw = Operating Basis Earthquake in East-West Direction
Stresses are limited to the 1-1/3 of the working stress limits defined in Reference 9.1.3.

Design Basis Earthquake (North-South):
S=D+L+I+H +ENns+Ev+B+P+J+C
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Where:

E' Ns = Design Basis Earthquake in North-South Direction
Design Basis Earthquake in Vertical Direction

H' Maximum Thermal Load during Abnormal Conditions

P= Internal Pressure Load

J= P1pe Wh1p Load

Loads are based on Ultimate Strength Design, limiting the stresses in the relnforcmg steel to 90%
of the yield strength per Reference 9.1.3.

Design Basis Earthquake (East-West):
S=D+L+I+H +Egw+Ev+B+ P+J+C

Where:
 Eew= Desi_gn' Basis Earthquake in East-West Direction

Loads are based on Ultimate Strength Design, limiting the stresses in the reinforcing steel to 90%
of the yield strength, per Reference 9.1.3.

Tornado Loafding: _
S=D+L+I+H+W,+B+C

Where:

'W = Tornado Loading

Loads are baitd on Ultlmate Strength Des1gn hmltlng the stresses in the remforcmg steel to 90%

of the yleld s ength per Reference 9.1.3..

- 3.24 De_si'gn Allowables

'Workmg Stress Design Method
- The method for determining the allowable loads based on working stress desrgn are presented in

Part IV-A of ]‘{eference 9.1.3. A summary of the analysis method is provrded below.

AIIowabIe Moment (M): -
* The asspmptlons for flexural deSIgn using the working stress design methods is prov1ded in
Reference 9.1.3, Paragraph 1101. These assumptions are: -

o A plane section before bending remains plane after bending. Stresses vary lmearly
with the distance from the neutral axis.

. The stress-strain relationship for concrete isa strarght line under service loads and
within the allowable stresses.
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. The steel takes all of the tensile stress due to flexure.

o The area of reinforcing steel is replaced by an equivalent area of concrete, scaled by
the Modular Ratio (n).

o In the tensile stress zone the concrete is assumed cracked and is not supporting
tensile stress. Therefore, the compressive stress above the neutral axis is all carried
by the concrete, and the tensile stress below the neutral axis is carried by the
equivalent area of the steel. The stress distribution is shown in Figure 3-1.

=
| w
—_—-- y
i jd=d-d
A
V///I////////T///A—J— S = T

l |
i b | .
Figure 3-1. Stress Distribution for Worklng Stress Design

The allowable moment for working stress des1gn, which is based on yleldmg of the steel
hmltlng failure rather than the concrete limiting fallure, is:

Where:

A; = equivalent area of steel reinforcement
f; = allowable stress of steel for working stress design
= 24,000 psi (Reference 9.1.3, Paragraph 1003(a))
jd = distance between tension and compressnon forces
d = distance from extreme compression fiber to centroid of tension remforcement
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Allowable Shear Load (V):
The allowable average shear load across a section is:

| .
Vi=v.bd

where:

" b= width of concrete section
v, = allowable concrete shear stress

= l.l\lt? for working stress design (Reference 9.1.3, Paragraph 1201(c))

Ultimate Strength Design
The method for determining the allowable loads based on ultimate strength design is presented in

Part IV-B of Reference 9.1.3. A summary of the analysis method is provided below.

Ultimate Moment (M,):
The assumptions for flexural design using the ultimate strength design method are
provided in Reference 9.1.3, Paragraph 1503. Thesc assumptions are: -

MPR-2613
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At ultimate strength the stress in the concrete is considered to be 0.85 f.’ distributed
over a rectangular area bounded by the edges of the cross section and extending a
dlstance (a) into the depth of the cross section.

The stress in the steel is assumed to be at yield (note that this is modified by
Reference 9.1.3 toa stress-of 90% of yield).

In the tensile stress zone the concrete is assumed cracked and is not supporting’
tensile stress. The assumed stress dlstrlbutlon is shown in F igure 3-2.
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Figure 3-2. Stress Distribution for Ultimate Strength Design

. The ultimate moment is given as:
M, = ¢[Asfs,u (d - %)] - (Reference 9.1.3, Paragraph 1601(a))

where: !

¢ = 0.9 for flexure :  (Reference 9.1.2, Paragraph 7.2.1) -
A, = equivalent area of steel reinforcement ' .
fsn = 90% of yield strength of steel = 0.90f; (Reference 9.1.2, Paragraph 7.2.1)
d = distance from extreme compression fiber to centroid of tension reinforcement
a = depth of compression zone (in.) _
Af
= (Reference 9.1.3, Paragraph 1601(a))
0.85f, b _
f,” = concrete compressive strength
b = width of compression face
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Ultimate Shear Load (V,):
The allowable average shear load across a section is:

V.=v, bd
where: E

" vo = allowable shear stress for concrete

= Z(W fc' for ultimate strength design (Reference 9.1.3, Paragraph 1701(c))

3.3 CURRENT DESIGN MARGIN
Twenty-four design margins (equal to the applied load over the allowable load) were calculated

in Reference 9.2.3 for each section of the FHB; one for each of the six load combinations under
each of the following four load types.

. Horizontal Shear L.oad -
. Vertical Shear Load
. Horizontal Bending Moment

J Vertical Bending Moment

Results are provided in Table 3-1 by load type. The most limiting design margin from among all

FHB sections [for each of the six load combinations is provided. Also, the applied and allowable

. loads are listed. Recall that the allowable loads for the normal operating condition and OBE are

based on working stress design whereas the allowable loads for the other conditions are based on
ultimate strength design. As shown, the normal operating condition and the OBE have the

Jowest margins for each load type. The low margins for the normal operating condition and

OBE result from lower allowable loads associated with the working stress method.
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Table 3-1. Loads and Margins for Each Load Combination

ComLt?I?\(a’fl on Limiting Location ALp ;’al:;ﬁd A:_I:;gpge Margin®

- ' Horizontal Shear Load Analysis
Normal Operating | South Wall - East, Middle -21.4 -42.4 1.99
East-West OBE ' | South Wall - East, Middle -24.5 -56.6 2.31
North-South!OBE | North Wall - West, Top -31.0 -104. . 3.36
East-West DBE | South Wall - East, Middle -26.9 -65.5 2.44
North-South/DBE | North Wall - West, Top . -40.0 -120. - 3.00
Tornado - East Wall — North, Top -30.7 - 80.1 2.61

_ v Vertical Shear Load Analysis . '
Normal Operating | East Wall - Middle, Bottom 15.0 51.8 3.45
East-West OBE - | West Wall - Middle, Bottom . -25.5 -114. 4.47
North-South OBE | East Wall - Middle, Bottom 15.2 69.1 4.55
East-West DBE | West Wall - Middle, Bottom ‘ -28.6 =132, 4.62
North-SouthiDBE | East Wall - Middle, Bottom 14.7 80.1 - 544
Tornado - . | East Wall - Middle, Bottom 19.9 80.1 4.02

f Horizontal Bending Moment Analysis '
. | Normal Operating. | Slab - Middle, Middle - S -191.2 -197. 1.03
.| East-west OBE West Wall - Middle, Top -293.6 =299. . 1.02
North-South OBE | Slab - Middle, Middle -188.9 -263. 1.39
East-West DBE Waest Wall - Middle, Top -369.7 -469. 1.27
North-South{DBE | Slab - Middle, Middle -256.1 . -409. . 1.60
Tornado East Wall - Middle, Top -207.4 -286. 1.37
. Vertical Bending Moment Analysis . :
Normal Operating | North Wall - Middle, Bottom ' -147.7 -154. 1.04
East-West OBE North Wall - Middle, Bottom -142.2 =206, 1.45
North-South OBE | East Wall - Middle, Toward the Bottom -97.2 . =137, 1.41
‘East-West DBE North Wall - Middle, Bottom -1856.5 . |. -321. 1.73
North-South DBE | West Wall - Middle, Toward the Bottom -203.8 . -353. 1.73
Tornado’ Waest Wall - Middle, Toward the Bottom .| -216.3 -353. 1.63
Notes: | . :

1. Negative loads indicate compression on the pool side of the wall.

2. Ma:rgln is defined as Allowable Load / Applied Load. )

3. Normal Operating and OBE allowables are based on working stress design methods,
whereas the DBE and Tornado allowables are based on ultimate strength design methods.

Table 3-2 identifies all sections having design margins less than 10% from among all load
combinations and load types. Also included in the table are the applied loads and allowable
loads used to calculate the design margins, the locations of the limiting sections, and the load
combinations and load types that produced each applied load and allowable load. All of the
cases with less than 10% margin are for normal operation and OBE. Once again, the low
margins result from low allowable loads associated with the working stress method.
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Table 3-2. Limiting FHB Design Margins from the Design Basis Analysis

Applied | Allowable
c Load | Load Limiting Section Location Load’ Load' Design
ombination Type (kip-fUft) | (kip-feift) Margin
West Wall - Middle, Towards Bottom -215 -225 1.04
West Wall - Middle, Towards Top -216 -225 1.04
Horizontal | West Wall - Middle, Top -208 -225 1.08
Normal Moment [ East Wall - Middle, Towards Top -125 -136 1.09
Operation Slab - Middle, West -184 -197 1.07
Slab - Middle, Middle -191 -197 1.03
Vertical | North Wall - Middle, Bottom -148 -154 1.04
Moment | East Wall - Middle, Towards Bottom -98 -103 1.05
. West Wall - Middle, Towards Top -279 -299 1.07
g%sEt'WSSt Hﬁgﬁ’ggﬁ" West Wall - Middle, Top 204 2299 1.02
Waest Wall - South, Top -274 -299 1.09
Notes:

1.

2. Margin is defined as Allowable Load / Applied Load.

Ne'gati\)e loads indicate compression on the pool side of the wall.

Review of Tables 3-1 and 3-2 indicates that most of the limiting margin cases, including all of
the cases with less than 10% margin, have negative loads which denotes compression on the pool
side of the wall (or slab) and tension on the outside of the wall (or slab). Since reinforcing steel
carries the tensile loads, the reinforcing steel of primary concern with regard to structural margin
is the rebar near the outside of the wall - the side farthest from the pool and farthest from the
spent fuel pool water which may reside in the gap between the liner and the wall. Because
concrete carries compressive loads, the concrete of primary concern with respect to structural
margin is that:beside the liner gap.
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Potential Margin Recovery

As discussed in Section 3, the current design basis analysis of the FHB shows that little design

margin (less than 10%) exists in several areas of the FHB, allowing for very little degradation of
the FHB concrete and reinforcing steel. This section evaluates the margin that can potentially be
recovered through-assessment of measured material properties.

4.1 REINFORCING STEEL CAPACITY

Per Reference 9.4.1, the reinforcing steel in the FHB structure has a specified minimum yield
strength of 60|ksi. However the actual yield strength of reinforcing steel is typically higher than
the specified mmrmum value. Usmg the actual yield strengths of the remforcmg steel isa

potent1a1 method to recover margin in the FHB.

_ Durlng- construction of the Salem units, tensile testing of reinforcing steel was performed to

~ verify that the yield and ultimate strengths met or exceeded the minimum specified value. MPR

Calculation 108-275-02 (Reference 9.3.4, provided in Appendix B) documents a statistical
analysis on a sample of this yield strength test data. The total sample population was comprised.
of sub-samples of each reinforcing steel size present in the FHB structure. The statistical

analysis determined the mean yield strengths for each sub-sample and the total sample

population. The analysis also characterized the distribution of yield strengths in terms of the -
percentage of ‘each sub-sample and the total sample population greater than a given yield.

Results from the statistical analysis are provided in Table 4-1. The yield strength distribution for
the total sample populatron is shown graphlcally in Figure 4-1.

Table 4-1. FHB Re_lnforcing_SteeI Yield'Streng'th Analysis Results

Rebar Mear{ Yield | Yield Strength | Sample | 80% Lower 85% Lower 90% Lower | 95% Lower
Type | Strength Std. Dev Size Bound' | . Bound' Bound' Bound'
Total | 69,840 - 6,370 . 394 64,100 - 63,300 | 62,200 61,300
No.6 -| 67,092 5027 . . | 13 64,100 63,850 . | . 62,550 62,550
No. 8 69,410 - 7,376 123 .| 63,500 63,000 | 61,500 60,750
No. 9 70,815 - 6591 - | 95 | 63,800 63,000 162,500 61,600
No. 10 70,934 - 5,024 47 " 66,150 65400 - | 62,200 62,100
‘No: 11 69 363 5,490 116 64,950 63300 | 62065 60,900
-Notes: ) -

1. The indicated percentages of the sample sizes have yield strengths greater than those shown.

2. Allyield strengths are in psi.
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The above table and figure show that the actual yield strengths of the reinforcing steel in the
Salem FHB are larger than the minimum specified 60 ksi. Based on the total population
evaluated, the ‘mean yield strength is almost 70 ksi and the 95% lower bound is 61.3 ksi (i.e.,
95% of the data are greater than 61.3 ksi).

- In the working stress design method, the allowable reinforcing steel stress is equal to 40% of the
nominal yield: strength of the material. For remforcmg steel with a yield strength of 60 ksi, the
allowable stre*fs is then 24 ksi. To assess the margin recovered using measured yield strength,

the 95% lowe( bound value of 61.3 ksi is used to conservatively bound a significant portion of

the remforcmg steel. Usmg 40% of 61.3 ksi (24.52 ksi) as the yield strength in the methodology '
described in Appendlx D increases the des1gn margm by about 2%. '

4.2 CONCRETE'CAPACITY

The testing documented in Reference 9.2.4 included compressive strength tests for concrete
‘specimens prej)ared using the same mix design and same raw material suppliers as the concréte
_used in the FHB. The tests showed that the concrete mixture used at Salem has a compressive
“strength of about 6,000 psi, compared to a specified design value of 3,500 psi. The impact of -

concrete stren%h on the concrete capacity can be assessed by review of the calculation in

Appendix D. The moment capamty of the concrete is not sensitive to the actual concrete

strength. Spegcifically, the increase in concréte strength from 3,500 psi to 6,000 psi prov1des a
“ very small (<< 1%) increase in the available margin. Accordingly, the potential for margin

recovery from measured concrete strength is not considered further.
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4.3 CONCLUSIONS

Design margins in the Salem FHB under normal operating conditions and OBE conditions may
be slightly improved through the use of measured material properties as opposed to specified or
nominal properties. In the working stress design method, the allowable reinforcing steel stress is
equal to 40% of the nominal yield strength of the material. Using 40% of the actual yield
strength of the reinforcing steel in the working stress design calculations in lieu of the specified
normal allowable recovers 2% margin. Using the actual compressive strength of the concrete
recovers a negligible amount of margin.

The limiting margin in the FHB can be increased from 1.02 to at least 1.04 by taking credit for
the actual yield strength of the reinforcing steel. Subsequent sections will show that degradation
expected from boric acid attack is less than that required to challenge the structural capacity of
the FHB. . '
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Borlc Amd Attack of Concrete and Reinforcing
Steel

Several activities were performed to assess the impact of boric acid on concrete and reinforcing
steel. First, MPR performed a review of industry literature regarding the effects of boric acid

~ and other acids on concrete and reinforcing steel. The results of the review were previously

provided to PSEG Nuclear via Reference 9.6.3. Second, MPR conducted testing to determine
how concrete and remforcmg steel are affected by exposure to boric acid. The testing was
researchi-oriented in nature with the goals of understanding the mechanisms of concrete and
reinforcing steel degradation and quantifying degradation rates. Details of the testing are
documented in MPR-2634 (Reference 9.2.4). Third, MPR reviewed evaluations of concrete and
embedded rebar degradation from SFP leakage at another US PWR. Insights identified from the
literature rev1ew and testing are provided in the following sections.

5.1 CHEIV_II_CAL REACTIONS BETWEEN ACID AND CONCRETE

References 9.5.2 and 9.5.3 provide excellent discussions of the mechanisms of concrete
degradation from acid attack.- Cement paste in concrete is easily attacked by acidic solutions due
to its high alkallmty As the acid attacks the concrete, the cement constituents are altered by
decalc1ﬁcatlon, leading to degradation of the concrete properties. Portlandite (Ca(OH),) is the
first cement c?nstxtuent to react with the acid. Calcium silicate hydrate also reacts with the acid.

~ In most cases.of acidic attack the chemical reactions result in the formation of calcium salts:

The cotrosiveieffect of an acid depends on the solubility of these salts; a higher solublhty
contributes toithe progression of attack.

The reaction lietween hardened cement paste-or concrete and an acid solutlon is controlled by

diffusion of tne acid into the concrete. The rate at which the concrete (or paste) degrades
- decreases over time as the distance acid must diffuse through degraded concrete to reach intact

concrete increases. Degradation of concrete by acids follows a Fick’s Law of Diffusion
formulation int which the depth of degradation varies with the square root of time. Hence, the
rate of degradation decreases monotonically, approaching zero asymptotically.

_ The degradation rate depends on the acid. The typical signs of acidic attack include a gradual

loss of alkalm'lty, loss of mass, and loss of strength and rlgldlty

Reference 9. 5L3 prov1des addmonal insight regarding the degradatnon of concrete due to acid
attack. Although concrete degradation is typically higher when soluble salts, as opposed to
insoluble or nearly insoluble salts, are formed during the reaction process, formation of insoluble

or nearly insojuble salts can create microcracks during crystalhzatlon, which can lead to spalling

of the concrete.
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If a cement matrix is continuously immersed in an acidic solution rather than exposed to
alternate wetting and drying cycles, the expansion caused by salt crystallization is less, and may
not occur at a}l. The paper also states that in the first few days or weeks of exposure to acid,
cement based|material can become denser with corresponding increases in weight and
compressive strength. These phenomena, attributed to small amounts salt crystallization and
deposition of corrosion products in the relatively open pore structure of the cement based
material, are reported to be temporary until the salt crystallization is high enough to show
deteriorating effects (spalling, cracking, etc.).

5.2 LITERATURE STUDIES ON BORIC ACID ATTACK

5.2.1 Degradation of Concrete and Cement Paste

Reference 9.5.2 investigated the effect of various acids (boric acid was not included) on

" concrete. Results of testing showed that formation and growth of a layer of reaction products is
typical for concrete exposed to acids. The degraded layer is usually soft, cracked, and without
bonding properties. In the drying process, the degraded layer shrinks, cracks widen, and the
layer can be crushed easily. When a degraded layer is formed, the mechanical properties of a
specimen depend primarily on the quality of the ‘non-degraded core’ of the cement paste.

The testing documented in Reference 9.5.2 also demonstrated that attack of Portland cement
concrete by weak acids, such as boric acid, usually results in low depths of penetration, and is
diffusion-controlled. Curve fits of the test data show that the depth-of degradation versus time
follows a Fick’s Law of Diffusion formulation—depth increases with the square root of time.
Further, this reference states that corrosion rates are dependent upon the pH value of the solution.

" Reference 9.5.1 documents the results of testing on hardened Portland cement paste specimens
that were curéd in boric acid solutions, and on concrete exposed to boric acid in the field. The
cement paste. spec1mens were exposed to boric acid solutions for up to- 127 days. The results of
the testing showed that the weight, bulk density, and compresswe strength of the specimens
increased due to boric acid exposure, and the porosity of the specimens decreased. . No specimen
degradation was reported The paper attributed these results to the formation of low-soluble
hydrated calcium borates from the reaction between the boric acid solution and Portlandite,
which filled up the pore system of the cement paste. The paper noted that the test results were
different from typical acid attack, which usually results in a-loss of welght decrease in dens1ty
and compress ive strength, and increase in porosity.

Applying the d1scuss1on of Reference 9.5.3 to the results of the cement paste specimen testing
documented in Reference 9.5.1, the cement paste specimens may have increased in density,
weight, and compressive strength and showed a decrease in porosity because the reaction rate did
not have the opportunity to increase to the point where salt crystallization could have _
deteriorating effects on the specimens. The slow increase in pH after the first week of testing
shows that the reaction rate was low. As previously discussed, Reference 9.5.3 indicates that
increases in dbnsrty and compressive strength after exposure to acid is a temporary phenomena
that can occur durmg the first days or weeks of exposure.
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5.2.2 Combressive Strength of Concrete

Reference 9.5.1 documents the results of compressive strength tests performed on concrete
exposed to boric acid in the field. The results showed that boric acid had no effect on the
compressive strength of the concrete, or any other properties that were tested. No degradation of
the concrete was reported. While the boric acid appeared to have no effect on the concrete,
factors that affect attack, such as the pH of the solution, whether or not the solution was
refreshed, and length of time the concrete was exposed to the solution, were not provided in the
reference. Therefore a strong conclusion related to the effect of boric acid on concrete can not be
made with respect to this test. The paper did report that the concrete aggregate was limestone.
Because the limestone aggregate can react with the acid, the findings may not be applicable to
concrete mixes using different aggregates.

5.2.3 Corrosion of Rebar

Reference 9.5.4 reports on testing performed to study the effects of reinforcing steel corrosion
due to boric acid entering reinforced concrete through cracks. The tests showed that corrosion
increases as crack width increases and pH decreases. In particular, the tests showed negligible
reinforcing steel attack even when specimens were subjected to the most corrosive test
environment (pH of 5.2) with the largest crack width (0.4 mm) for a period of two years.
Corrosion was limited to scarring in the area of the crack.

‘5.3 MPR (CRT) TESTING OF BORIC ACID ATTACK TO SUPPORT SALEM FHB
EVALUATION

Reference 9.2.4 documents testing conducted by MPR to support the FHB structural evaluation.
Specifically, the testing determined how concrete and reinforcing steel are affected by exposure
to boric acid.  The testing used concrete cores from the Salem Auxiliary Building and additional
specimens prepared using the same concrete mix and supplicrs as for the Salem concrete.

The specimen’s were soaked in a boric acid bath with a boron concentration consistent with the
SFP. The bath was periodically refreshed to maintain acidic conditions. The testing was
research-oneqted in nature with the goals of understanding the mechanisms of concrete and
reinforcing steel degradation and quantifying degradation rates, rather than to closely replicate

~ the conditions behind the SFP liner. The testing was performed under MPR’s 10CFRS0
Appendlx B Quallty Assurance Program

5.3.1 quiQ_Acid Attack on Concrete -

The testing included exposure of concrete specimens to a boric acid solution for up to 9 months.
The testing uﬁed a combination of cores from the Auxiliary Building at Salem and cylinder-rebar
specimens prepared using the same concrete mix and suppliers as for the concrete used at Salem.
Microscopic examinations and chemical analyses were performed on the specimens after
exposure to the solution. The results showed that boric acid reacted with the alkaline
constituents of the cement paste of concrete. This reaction caused cracking and a loss of bonding
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from the fine and course aggregate, and left the reacted paste soft and porous with no strength;
fine aggregate particles were easily dislodged.

The rate of deéradation decreased with the square root of time, as is expected for diffusion-
controlled processes. Based on Reference 9.5.2, the projected depth of degradation after

70 years' of exposure is 1.30 inches, including adjustments for temperature and uncertainty.

Compressive strength testing was performed to assess the impact of boric acid degradation on
concrete strength after 56 days of exposure. The apparent compressive strength for specimens
soaked in boric acid was lower than that for control specimens soaked in tap water. However,
the difference:in compressive strengths can be explained by accounting for the reduction in
cross-sectional area from boric acid attack.

5.3.2 Boric Acid Attack on Reinforcing Steel

Boric acid attack of reinforcing steel was investigated by MPR (CRT) using concrete specimens
with embedded rebar. The specimens were soaked in boric acid for up to 56 days. The cylinder-
rebar specimens provided insights on rebar corrosion beneath the concrete surface and the
wicking rate of boric acid along the rebar.

o Only one of the specimens exhibited any reinforcing steel corrosion below the concrete
surface. This specimen showed very minor surface corrosion just beneath the concrete
surface. This specimen had a surface discontinuity at the rebar-to-concrete interface,
which allowed the boric acid solution to contact the rebar below the nominal concrete
surface.” Hence, the observed corrosion is not indicative of the corrosion of embedded
rebar.

. The wicking rate along the concrete/rebar interface was minor. That is, the degradation of
concrete at the concrete/rebar interface is similar to the general rate of attack of concrete
- without rebar. Therefore, any degradation of reinforcing steel will remain localized to the
region where boric acid contacts the rebar.

5.4 EVALUATIONS FROM ANOTHER PWR

Other PWRs have also experienced SFP leakage and evaluated the impact of boric acid on the
concrete structure surrounding the SFP. Reference 9.2.5 documents the evaluation at one of
these plants. The plant in question experienced leakage from the SFP which migrated through a
crack in the concrete to an adjacent space underneath the SFP. The leakage occurred over a
period of several years. Concrete was: chlpped away to expose rebar in the vicinity of the crack.
The crack ran parallel to the rebar, directly next to the rebar. Inspections of the exposed rebar
revealed no discernable corrosion of the rebar. This observation is consistent with the negligible
observed corrosion of rebar exposed to boric acid via concrete cracks determined in

Section 5.2.3, above.

! Degradation wos prOJected over 70 years to provide a bounding projection that envelopes potential license renewal
and storage of fuel in the SFP for 10 years after cessation of operations. Use of 70 years in the evaluation should not
be interpreted as a commitment by PSEG Nuclear to pursue license renewal of Salem.
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5.5 CONCLUSIONS

Key insights from the literature review, and the testing, as well as the experience at other PWRs
are as follows.

. Formation and growth of a layer of reaction products is typical for concrete exposed to
acids, including boric acid. The degraded layer is usually soft, cracked, and without
bonding properties. In the drying process, the corrosion layer shrinks, cracks widen, and
the layer can be crushed easily. When a degraded layer is formed, the mechanical
properties of a specimen depend mainly on the quality of the ‘non-degraded core’ of the
cement paste. ’

J The attack of Portland cement concrete by weak acids, such as boric acid, usually results in
low depths of penetration, and is controlled by diffusion of the acid into the concrete.
Curve fits of the test data show that the depth of degradation versus time follows a Fick’s
Law of Diffusion formulation—depth increases with the square root of time.

e  The extent of reinforcing bar corrosion in reinforced concrete depends primarily on the
crack width and the pH value of the solution. An increasing corrosion rate is observed for
larger crack widths and lower pH values.

. Significant reinforcing steel corrosion is not expected when boric acid is introduced to the
steel through a crack in the concrete because the rebar is protected by the alkaline concrete
matrix. Laboratory studies and experience at another PWR show negligible corrosion of
embedded rebar after 2 years of exposure to boric acid.

) The wicking effect at the interface of concrete and rebar is minor. Therefore, degradation
of rebar at the construction joints or cracks with migration will not spread rapidly along the
rebar; i.e., rebar degradation is localized to the vicinity of the construction joint or crack.
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Assessment of Potential Damage to Structure

This section assesses the nature of potential degradation of the FHB structure from exposure to
the boric acid solution leaking from the SFP. The assessment draws upon:

. Evaluation of leakage from the SFP,
. Chemical analyses of water draining through the telltales,
o Chemical analyses of the material blocking the telltales, and

o Independent structural assessment per ACI guidelines by an experienced concrete
structural engineer.

Based on these evaluations, degradation of the structure is estimated for portions of the concrete
that have potentially been exposed to boric acid from the SFP.

6.1 LEAKAGE EVALUATION

It is generally considered that the source of liner leakage is cracking of the liner seam welds
and/or the plug welds attaching the liner to the studs embedded in the concrete. Since the
backing bar for the seam welds is tied to the embedded leakage channels and the plug welds are
tied to embedded studs, these welds can be highly stressed due to differential thermal expansion
between the liner and the concrete structure. Given the large number of seam welds (about
2,100 feet) and plug welds (about 1,400), it is likely that there are multiple leaking cracks as
opposed to a single large crack. The plug welds are considered more likely to crack and leak on
the basis that the differential thermal expansion loads are more concentrated resulting in high
stresses.

_6.1.‘1 Crag:k Size/Leakage Rate

Scoping calculations were performed to estimate the crack size necessary to produce the nominal

- leakage rate of 100 gpd. The required crack length varies with the hydrostatic head across the

crack (i.e., elevation of crack and water level in gap) and the crack width. If the crack is on the
bottom of the pool and there is no water in the liner/wall gap, the crack length necessary to
produce 100 gpd ranges from about 0.5 inch for a 0.003 inch wide crack to about 6 inches for a
0.001 inch wide crack.
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The scoping calculations suggest that the crack or cracks causing the leakage are very small,
particularly in comparison to the total length of seam welds and number of plug welds. Small,
tight cracks are difficult to locate. It is unlikely that video inspections w1th underwater cameras
or vacuum box testing would be able to successfully locate such cracks.?

6.1.2 Leakage from Seam Welds versus Leakage from Plug Welds

As discussed above, cracks could occur in the liner seam welds and/or the plug welds to
embedded studs. The flow path for each leak location is described below.

o Seam Weld Leakage. Leakage through seam welds collects in the leakage channel
embedded in the concrete and flows out the telltale to a trough in the Sump Room.
Provided the leakage channels and telltales are not obstructed, the boric acid solution from
the SFP does not contact the concrete of the FHB structure.

) Plug Weld Leakage. Leakage associated with a plug weld exposes concrete to the boric
’ acid solution from the SFP. Leakage from a weld on the pool bottom drips onto the
concrete slab, forming a puddie, which grows until it, overflows into a leakage channel and
is routed to a telltale. For leakage through a plug weld in a wall, the boric acid solution
runs down to the slab forming a puddle which grows until it overflows into a leakage
channel. Exposure of the concrete to the boric acid solution is limited to the flow path
from the leak to an open channel.

When the leakage channels and telltales are obstructed, leakage from the SFP accumulates in the
gap between the FHB structure and the SFP liner, exposing much larger areas of the structure to
the boric acid: solution and potential degradation.

6.2 TELLTALE CHEMISTRY

PSEG Nuclear’s Chemistry Department has analyzed samples of the liquid discharge from the »
telltales. The samples have been subjected to both chemical analysis and isotopic analysis. The
analyses are documented in Reference 9.2.2; key results and insights are provided below.

° Isotopié analysis of liquid samples collected in December 2002 just prior to snaking of the
telltales shows that the isotopic signature is consistent with the SFP chemlstry with about
five years of decay. -

o The average pH of SFP telltale samples collected after cleaning the telltales was 7.1,
compared to an expected pH of 4.6. The transfer pool telltales showed a similar trend:
measured pH of 7.8 compared to an expected pH of 4.8. The high pH values indicate that
the boric acid solution has reacted with alkaline constituents of the concrete.

’In 1995,7 the Salem Unit 1 SFP was inspected for weld leaks using vacuum box testing. Almost 95% of the seam
welds were inspected using vacuum box testing with no indications of a crack; the remainder of the welds could not
be inspected due to limited access under the fuel racks (Reference 9.3.6).
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The above results indicate that the liquid accumulated in the gap was about 5 years old and that
the boric acid had reacted with the concrete structure. Since basic solutions are relatively benign
to carbon steel, the high pH-values suggest that active degradation of any carbon steel exposed to
the boric ac1d§ solution had largely slowed over the time period the l1qu1d was trapped behind the
liner. ,

Analysis of tellltale samples taken on 11/20/03 show pH values ranging from 6.1 to 7.2, with an
average of 6.8 (Reference 9.6.4). As discussed above, pH values are higher than the typical SFP
pH of 4.6 indicate that the boric acid is reacting with the concrete. Hence, even though the
stored inventory of has been eliminated from behind the liner, boric acid is coming into contact
with concrete. This indicates that concrete degradation is continuing. :

6.3 -CHEMiCAL ANALYSIS OF MATERIAL BLOCKING TELLTALES/CHANNELS

PSEG Nuclear obtained samples of the solid material that was obstructing the channels/telltales
and contracted with Framatome-ANP for analysis of the samples. The analyses indicate that the
deposits are largely quartz (SiO,) and calcite (CaC0;) with minor amounts of gismondine
(CaAl,Si,05.4H;0) (Reference 9.6.5). In other words, the material obstructing the telltales and
leakage channels derives from the concrete of the FHB. ' v

The mechaniém for formation of the blockages in the telltales/leakage channels is not well
understood. ‘The calcite likely precipitates out of solution as dissolved calcium compounds are
carbonized by reaction with carbon dioxide from the air in the leakage. channels and telltales.
The dissolved calcium compounds derive from the concrete via orie of the following processes.

o Attack of the concrete by boric acid leaking from the SFP plug welds results in the
generation of dissolved calcium compounds such as calcium hydrox1de and calcium
borates{ :

o Grounqwater in-leakage through cracks or constructions can leach calcium species from
the concrete as it migrates through and over the concrete on its way to the leakage channels .
and telltales

Precipitation of calcite-and other species can also be impacted by evaporation of water and
solubility changes as SFP leakage cools to the concrete temperature. In short, the process for
forming the blockages is similar to the formation of stalactltes and stalagmltes in a cave.

The fact that he obstructlons include materials denved from concrete indicates that concrete
degradation was occurring prior to- the drains becoming plugged. This is clear evidence that the
liner plug wetds are leaking (see Section 6.1.2), because seam weld leakage would be diverted .
lmmedlately to the dram channels without contact with concrete.

6.4 LEAKAGE TIMELINE

Drainage fro the telltales has been noted since 1980. Key mxlestones regardlng SFP leakage
are 1dent1ﬁed|below and presented as a timeline in Figure 6-1.
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o 1981. A modification to address seam weld leakage was implemented in 1981. This
modification consisted of positioning seam encasements over leaking seam welds, and
welding the encasements to the liner (Reference 9.6.1).

. 1995. A project to install high-density fuel racks to increase SFP storage capacity was
implemented in 1995. Significant leakage through the telltales was noted during the
project (Reference 9.3.6), particularly during rack moves. This was likely the result of
water being pushed out from between the liner and concrete slab during the changes in
floor loading. Therefore, it appears that portions of the 11ner to concrete gap in the slab
were flooded with boric acid from the pool.

o 1998. Isotopic analysis of telltale samples from when the drains were cleaned in early
2003 suggest that the liquid accumulated in the gap between the liner and concrete was
about 5 years old.

e  2002. In the Fall of 2002, PSEG Nuclear identified leakage from the FHB into the
Auxiliary Building and into the seismic gap. In addition, leakage into the sump room via a
construction joint was noted. This indicates that the liner to concrete gap was flooded up
to an elevation above the fuel pool slab.

o 2003. In January 2003, PSEG Nuclear cleaned the drains to re-establish flow from the
channels and telltales. The drain flow increased significantly following cleaning. Later in
the year, PSEG Nuclear performed hydrolazing to remove more blockages.

It appears that leakage from the plug welds likely initiated sometime before the 1995 rerack
project when water had already puddled or accumulated in the liner floor-to-slab gap. However,
at that time at:least some of the channels and telltales were not obstructed, so complete flooding
of the gap had not occurred.

Blockage of the drains and accumulation of water in the gap between the pool and the walls
occurred sometime between 1995 and 1998. In 1995 some of the channels and drains were open
for flow. However, radioisotopic analysis indicates that by 1998 SFP leakage was accumulating
in the gap rather than flowing out the telltales.

The 1995 re-mck prolect may have contributed to formation of telltale blockages. In general, the
velocity of the leakage overflowing into the channels is low, too low to entrain sand and other
particulate matter. However, leakage flow observed during the re-rack as water was forced into
the channels likely was hlgh enough to carry partlculates into the channels. :
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1981 1995 - 1998 Sep 2002 Jan 2003
Seam Weld Rerack ~Origin of Accumulated Leakage into Aux. Bldg, .Initial Snaking to
Encasement (Porlion(s) of Water based on Sump Room, Seismic Re-eslabllsh Orain
Jun 1977 ) Repair Floor Wet) Isotope Analysis Gap Identified

A I

4
General Degradation from Water
Accumulated in Gap between
Liner and Concrete

Local Degradation Near Plug Welds ———8M8M8M8M8M ™ —————>-

Figure 6-1. Leakage Timeline for Salem Unit 1

6.5 INDEPENDENT STRUCTURAL ASSESSMENT PER ACI| GUIDELINES

‘ PSEG Nuclear had an experienced concrete structural engineer perform an independent -
structural assc;ssment of the FHB in 2006. The assessment included review of building drawmgs
a visual inspection of the accessible portions of the FHB exterior walls, and a visual inspection in
the Sump Room. The checklist in ACI 201.1R-92 was used to guide the inspections.
Observations were compared to limits in ACI 349.3R. The assessment is documented in
Reference 9.2.6. ,

Key conclusions from the independent assessment are excerpted below.

* “Overal:l the concrete appears to be in good structural condifio_n.”’

e The “appearance of leaching or chemical attack and corrosion staining of undefined source
on concrete surfaces do not indicate significant structural deterioration at this time.”

. There were “no indications of concrete surface expansion due to reinforcing steel
corrosion.” ‘ : A

Tt also recommends pei’iodic -inspections to trend the condition of the building.

~ 6.6 DEGRADATION OF FHB STRUCTURE FROM BORIC ACID EXPOSURE

The above evaluations and the leakage timeline provide important insights into potential -
degradation of the FHB structure from exposure to the boric acid solution leaking from the SFP.
As discussed above, seam weld leakage in and of itself is not a concern as the leakage is
collected in the channels and discharged via the telltales. Plug weld leakage results in local
degradation of the concrete structure. Once the channels and telitales become plugged, weld
leakage (plug weld and seam weld leakage) accumulates in the gap between the liner and the
structure and fresults in general wetting and degradation of the concrete structure.
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Hydrostatic pressure of the water in the gap ultimately forced water through construction joints
or cracks to the Auxiliary Building, the Sump Room and the seismic gap (between the FHB and
the Auxiliary Building). Water migration through the construction joints or ¢racks flowed past .
reinforcing steel, potentially corroding the steel.

Once drain flow from the telltales was re-established, the accumulated leakage drained out and
the hydrostatic pressure to force the boric acid solution into construction joints or cracks was
eliminated. Consequently, general degradation from the stored inventory ceased and potential
degradation of reinforcing steel from migration through joints or cracks ceased. However, active
leakage from the pool continues to degrade concrete as it migrates to an open telltale. Since
some telltales are partially or fully blocked, seam weld leakage could be contributing to concrete
degradation. '

Detailed discussions of the expected structural degradation are provided below. The discussion
is divided by degradation mechanism: local degradation from weld leakage, general degradation
from water accumulatcd in the gap, and reinforcing steel corrosion in construction joints or
cracks.

6.6.1 Local Degradatlon from Weld Leakage

Local degradation of concrete from weld leakage occurs in two different ways.

. Boric a01d leakage from a plug welds contacts the concrete in the vicinity of the leaking
welds and degrades the concrete.

o If a telltale is blocked, weld leakage that normally collects in the channel and flows out the
telltale, overflows the channel and migrates across concrete to a channel with an open
telltale. The bonc acid degrades the concrete along this migration path.

Each mechanlsm is described below and then the extent of degradation over remaining plant life
is projected. :

- Plug Weld ankage

Leakage associated with liner plug welds results in local degradation of the concrete structure
primarily the slab undemeath the pool. Leakage from plug welds, whether on the wall or the
bottom of the liner, puddles on the slab until it overflows into the channels. For a leaking plug
weld in the bottom of the pool, the puddle will be located in the vicinity of the leaking weld.
For a leaking plug weld in the pool wall, the puddle will be in the corners where the wall and
slab mtersect '

Concrete under the puddles will degrade from exposure to the boric acid solution. The boric acid
will attack the cement paste, weakening it and causing it to de-bond from the coarse and fine
aggregate. As the degradation progresses, a rubble bed of coarse and fine aggregate may be
formed on top of the concrete as the cement in the top layer fully degrades. In essence, the local
degradation will create a “pothole” with sand and coarse aggregate on top of the remaining
concrete.
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In the case of plug weld leaks in the FHB walls, there may be some local degradation of the wall
as the leakage flows down the liner or the concrete wall. Such damage is expected to be limited
to the immediate vicinity of the flow path of the leakage flow down the wall. Weakening of the
cement paste and de-bonding of the aggregate results in debris falling down the wall to the slab.
Falling debris increases the gap between the liner and the concrete in the upper portion of the
wall reducingithe potential for boric acid leakage to contact the concrete. Accumulation of
debris in the gap in the lower portion of the wall increases the distance that boric acid must
diffuse to come into contact with concrete, thereby reducing the degradation rate.

As previously‘ discussed, leakage associated with plug welds started prior to the 1995 re-rack.
However, pinpointing a date is very difficult. Degradation associated with this leakage will
continue into the future even though drain flow has been re-established.

Migration of L.eakage to Open Telltale

Once a given telltale is blocked, any weld leakage—seam weld leakage or plug weld leakage—
that normally collects in the channel cannot flow out the telltale. This leakage overflows the
channel and migrates across concrete to a channel with an open telltale. The concrete along the
migration path to an open telitale is subject to degradation similar to that described above for
plug weld leakage. This degradation mode primarily impacts the slab as leakage—from plug
welds on the liner walls or the liner floor—collects on the slab and overflows into an open
telltale.

Pinpointing the date that this mode of degradation started is difficult. However, it is clear that it
started sometime prior to 1995 as some of the telltales were plugged at the time the re-racking
was performed in 1995. This mode of degradation will continue into the future as not all telltales
have been fully cleaned at this time and some may re-block between periodic telltale cleanings.

Projected Degradation

To assess the structural implications of thls degradation mode, it is assumed that local areas of
the concrete structure have been subjected to degradation for a period of 70 years. The 70-year ‘
time period is a conservative value that spans the entire plant life including: license renewal’;

and maintaining fuel in the SFP for 10 years after cessation of operations. Per Reference 9. 2 4,
the projected depth of local concrete degradation after 70 years is 1.30 inches. Since the
concrete cover for all walls and slab is greater than the projected depth of concrete degradation,
no reinforcing steel degradation is expected for this mode of degradation. '

The projected;depth of local degradation is applied to the entire slab. While plug weld leakage
results in degradation of only a local area, blockage of the telltales expands the area of the slab
subjected to long term exposure to boric acid as the boric acid migrates to an open telltale.
Applying the maximum depth of degradation to the entire slab is conservative.

? Consideration of license renewal in determining the plant operating life is not an indication that PSEG Nuclear has
committed to pursuing license renewal. Instead, it is included to provide a bounding assessment.
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6.6.2 General Degradation from Water behind Liner

As the leakage channels and telltales became plugged, leakage from the SFP accumulated in the
gap between the liner and the concrete on the floor and the walls. The water level in the gap
likely increased until it equalized with the level in the pool, at which point leakage essentially
stopped and conditions in the gap became stagnant.

General degradation of the concrete is similar to that described above for plug weld leakage,
except the degradation is widespread rather than localized. Virtually the entire structure
surrounding the pool is exposed to boric acid and subject to degradation. The period of general
degradation starts sometime between 1995 and 1998 when the leakage channels and telltales
became blocked, and extends to early 2003 when drain flow was re-established. This mode of
degradation is not expected to recur as PSEG Nuclear has implemented multiple measures to
ensure that the telltales do not become entirely blocked (trending of telltale leakage rates,
periodic videoprobe inspections and cleanings). :

Reference 9.2.4 contains a calculation which projects degradation over a 70-year span. Using

the projected degradation curve therein and the temperature adjustment, the projected general
degradation over an 8-year interval is about 0.44 inch. Since the concrete cover for all walls and
the slab is markedly greater than the projected depth of concrete degradation, no reinforcing steel
degradation is expected for this mode of degradation.

The projected;depth for general degradation is more appropriate to use in structural assessments
of the walls than the local degradation projection. Although local areas of the walls near leaking
plug welds could be degraded to deeper depths, there is no mechanism for expanding these local:
areas to a significant area. Further, structural margin is driven by the condition of the general
area, not small localized areas.

6.6.3 Degradation from Migration through cbnstmction Joints and Cracks

Once channels and telltales plugged and leakage accumulated in the gap between the liner and
structure, the hydrostatic head forced the leakage into construction joints and cracks and
ultimately into the Sump Room, the Auxiliary Building and the seismic gap. Mlgratlon through
the construction joints or cracks passed reinforcing steel, potentially initiating corrosion of the
reinforcing steel.

- The combination of evidence—studies in the literature, inspections of the FHB, testing
conducted for Salem and experience at another US PWR—indicates that reinforcing steel

" degradation i m the FHB is minimal and structural capacity has not been 1mpacted The key
points that support this case are as follows. : ,

e The reinforcing steel of concern from a structural standpoint is the reinforcing steel near
the outside of the wall (or slab)—the side farthest from the pool and farthest from the SFP
water which may reside in the gap between the liner and the wall. -
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Reviewof Tables 3-1 and 3-2 indicates that most of the limiting margin cases, including
all of the cases with less than 10% margin, have negative loads which denotes compression
on the pool side of the wall (or slab) and tension on the outside of the wall (or slab). Since
reinforcing steel carries the tensile loads, the reinforcing steel of primary concern with
regard to structural margin is the rebar near the outside of the wall. Hence, boric acid must
migrate through the walls, which are several feet thick, to reach the reinforcing steel of
concern.

Boric acid migration through construction joints or cracks would react with the concrete
prior to reaching the reinforcing steel. Hence, the pH of the boric acid would likely be
neutral or basic by the time it reaches the reinforcing steel. Further, migration through the
construction joint or crack would become de-aerated, which would markedly reduce the
steel cotrosion rate. Note that the reaction with concrete contributes to the observation of
negligible corrosion of embedded of steel noted in References 9.5.4 and 9.2.5—see bullets
below.

—  Asstudy conducted by EPRI (Reference 9.5.5) concluded that the corrosion rate of
steel in a de-aerated boric acid solution is 0.004 mm/year (0.157 mils/year). The
study considered a range of temperatures and acid concentrations. The corrosion rate
of 0.157 mils/year is for a 2400 ppm boron solution, which is consistent with SFP
chemistry. This is conservative with regard to the situation in the FHB because the
pH when the boric acid reaches the rebar will increase from reaction with the
concrete.

—  Testing documented in Reference 9. 5 .4 showed negligible reinforcing steel attack
from boric acid flow through a simulated crack after a period of two years; corrosion
limited to scarring in the area of the crack. The tests covered a range of pressures,
crack sizes and pH. The tests showed that corrosion increases as crack width
increases and pH decreases. The observation of negligible corrosion was for the
most aggressive conditions—widest crack (0.4 mm) and lowest pH (5.2). The lowest
pH tested is similar to the pH of the SFP.

—  Experience at another US PWR showed no visible corrosion of embedded
reinforcing steel from boric acid migration through a crack over several years
(Reference 9.2.5). The source of the boric acid was SFP leakage and the concrete
was six feet thick, which are similar to the situation at Salem.

“The Salem FHB does not show any signs of sngnlﬁcant degradatlon of rebar from exposure

to boric acid.

—  Rust staining on the walls in the sump room is very minor and the result of very
small amounts of iron oxide.

-  An indepcndent structural examination by an experienced concrete structural
engineer concluded that the structure is sound and that there are “no indications of
concrete surface expansion due to reinforcing steel corrosion was would be
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evndenced by a pattern of cracking, spalling or bulgmg of the concrete”
(Reference 9.2.6).

Migration through construction joints or cracks is a relatively recent event at Salem that stopped
in 2003. Mig’yation_through the construction joints or cracks started prior to 2002 (when leakage
into the Auxiliary Building was noted), possibly as early as the 1995 to 1998 timeframe. Given
the thickness of the walls, boric acid migrating through the walls would not have reached the
outer reinforcing steel until well after the 1995 to 1998 timeframe. Reports of leakage into the
Auxiliary Building and sump room stopped subsequent to cleaning the telltales in early 2003.
Hence, the outer reinforcing steel was exposed to boric acid which migrated through construction
joints or cracks for much less than 5 to 8 years. This mode of degradation is not expected to
recur as PSEG Nuclear has implemented multiple measures to ensure that the telltales do not
become entirely blocked (trending of telltale leakage rates, periodic videoprobe inspections and -
cleanings).

The preponderance of the evidence is that any degradation of reinforcing steel, particularly the
outer reinforcing steel, is negligible. Based on Reference 9.5.5, the corrosion rate of the
reinforcing steel in a de-aerated boric acid solution is 0.157 mils/year. For an exposure duration
less than 7 years, the rebar has experienced a reduction in radius of less than 1 mil (0.001 inch).
This is conservative estimate with regard to the situation in the FHB because the pH when the
boric acid reag‘:;hes the rebar will increase from reaction with the concrete.

It is important to note that any rebar degradation is limited to the immediate vicinity of the crack
or construction joint. Testing documented in Reference 9.2.4 showed that wicking rate of boric
acid along the reinforcing steel/concrete interface is about the same as the rate boric acid
penetrates into the concrete. Any de-bonding of concrete from the reinforcing steel is localized.
Accordingly, "reinforcing steel functionality is maintained.

6.7 CONCLUSIONS

The condmon of the FHB at the end of plant is projected using the foregomg discussions of the

‘expected nature and timeline of building degradation. The projections consider degradatlon that

has occurred to date and anticipated future degradation. The tables below summarize the -
projections; note that local degradation from weld leakage and general degradatlon from
accumulation 'of boric acid behind the liner are combined into a single table. The depth of
concrete degradatlon could be as high as 1.30 inches in the slab and 0.44 inch in the walls. It is
estimated that the reinforcing steel has experienced a reduction in radius of less than 0.001 inch,
which is neghglble
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Table 6-1. Projected Degradation of Concrete Structure:
Local Degradation from Weld Leakage and
General Degradation from Water Trapped Behind Liner

Parameter Value Baslis

Concrete Degradation

Effective Loss of 0.44 inch For the walls, loss of concrete is based on general degradation.
Concrete in Walls (based on Although local areas near leaking plug welds.could be degraded
general to deeper depths, there is no mechanism for expanding these

degradation) | local areas to a significant area. Further, structural margin is
driven by the condition of the general area, not small localized
areas.

The period of general degradation started sometime between
1995 and 1998 and extended to 2003. The maximum time
period of 8 years is used.

Using the projected degradation curve in Appendix D of
Reference 9.2.4 and the temperature adjustment, the projected
degradation over an 8-year interval is about 0.44 inch.

Effective Loss of 1.30 inches For the slab, loss of concrete is based on local degradation.

Concrete in Slab | (based on local | Plug weld leakage results in local degradation. However,

' degradation) | blockage of the telitales expands the area of the slab subjected
' to long term exposure to boric acid as the baric acid migrates to

an open telitale.

Local exposure of the wall and slab to boric acid leakage started
sometime before 1995. Laocal degradation from plug weld
leakage and local degradation from leakage migration will
continue into the future. For conservatism, this mode of
degradation is assumed to occur over a period of 70 years. As
the boric acid leakage may have puddied on the slab and
created “potholes” of indeterminate size, the depth of local
degradation is applied to the entire slab.

Reference 9.2.4 projects a depth of degraded concrete of 1.30
inches after 70 years exposure to boric acid. '

Reinforcing St;eel Degradation

Reinforcing S:teel ' None No degradation of the reinforcing steel is éxpected because the
Corrosion: depth of concrete cover (3 inch minimum) exceeds the effective
' loss of concrete. '
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Table 6-2. Projected Degradation of Concrete Structure:
qunforcing Steel Degradation from Migration through Joints/Cracks

Parameteé Value Basis
Reinforcing Steel Possibly Boric acid migration through the construction cracks started prior
Exposure Time <7 years to 2002 (when leakage into the Auxiliary Building was noted),
o : possibly as early as the 1995 to 1998 timeframe. However,
given the thickness of the walls, the boric acid would not have
reached the outer bar until well after the 1995 to 1998
timeframe. ) .
Reports of leakage into the Auxiliary Building and sump room
» stopped subsequent to cleaning the telitales in early 2003.
Reduction in <1 mil Since the outer rebar was exposed to boric acid longer than two
Reinforcing Steel (<0.001 inch) years, degradation may be greater than the “negligible” noted in
Radius ) the Reference 9.5.4 study and the experience at another US
PWR. Based on the study documented in Reference 9.5.5, a
reduction in radius of 0.001 inch (1 mil) is predicted. This is
conservative with regard to the situation in the FHB because the
pH when the boric acid reaches the rebar will increase from
'| reaction with the concrete.
Length of: Localized The testing documented in Reference 9.2.4 showed that the
Degradation;at wicking rate was low in acidic conditions. Therefore, the
Concrete/: degradation would not spread considerably within the seven
Reinforcing Steel years the reinforcing steel is assumed to have been exposed to
Interface boric acid; i.e., degradation is localized to the immediate vicinity
of the joint/crack.
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Ass:es_sment of Structural Adequacy

The structural adequacy of the FHB can be evaluated using the estimated concrete and
reinforcing steel degradation levels along with structural calculations for the FHB structure.
Each of the degradation mechanisms discussed in Section 6.6 is addressed below to assess the
current condition of the FHB.

7.1 Concrete Degradation from Boric Acid Exposure

The discussion in Section 6.6 concludes that the depth of concrete degradation may reach up to
0.44 inch on the walls and 1.30 inches on the slab. As shown in Reference 9.3.5 (provided in
Appendix D) the impact of the degradation on the structure is contingent upon the section -
location within the SFP. The cffects of degradation on the slab and walls are considered below.

7.1.1 Slab begradation

As documented in Reference 9.2.3, the structural analysis of the slab does not credit the 6-inch
layer of levehng concrete shown in Reference 9.4.6. Although no credit is taken for this
concrete in any of the previously performed structural analyses, this layer of concrete is critical
to understanding degradation depths.

The maxlmun;il estimated degradation depth of 1.30 inches would not penetrate this leveling layer -

and thus has no 1mpact on the structural capacity of the slab. Accordingly; no structural concrete
is lost and the} margms documented in Appendix C of Reference 9.2.3 are unaffected.

7.1.2 Wall Degradation

For the FHB walls, the following equations were developed in Reference 9.3.5 to relate the
percent reduction in allowable moment (y) to a concrete degradation level (x), in inches.

North Wall:  y=101x

South Wall: = 1.55x
] East'V\ijll: _ y= 1.50x
West

all:.  ~ y=092x

The pool-side: of the FHB structure experienced concrete degradation to a depth of 0.44 inch
durlng the time when boric acid leakage was trapped behind the liner. While local areas may
experience mOre severe degradation from plug weld leakage, there is no mechanism for
expanding these local areas to a significant area. ~

MPR-2613 ' ' .
Revision 3 ' 7-1




Further structural margin is driven by the condition of the general area, not small localized areas.
Accordingly, general degradation of the wall is a more meaningful value to use for structural
integrity calculations.

Using each of the above equations along with the predicted depth of general concrete
degradation, percent reductions in allowable moments are obtained. Table 7-1 compares the
percent reductions to the limiting available margins of each FHB wall to obtain the available
margin in the FHB structure considering prOJected degradation from boric acid between the liner
and concrete. : Limiting available design margins, taken from Appendix C of Reference 9.2.3, are
based on working stress design methods.

The limiting available margin is 1.6% in the middle section at the top of the West wall. At this
region of the pool, concrete degradation is expected to be minimal due to the limited time the
section should have been exposed to the boric acid. The concrete in this region would have only
experienced sustained contact with boric acid during the time when the telltales were plugged
and the pool had completely filled. As previously discussed, any leakage from plug welds in the
FHB walls would be expected to only degrade concrete in the immediate vicinity of the flow
path of the leakage down the wall. Weakening of the cement paste at these localized areas would
not significantly impact the structural integrity of the wall.

Positive margin is maintained for all walls given the projected depth of degradation. Hence, the
design basis analysis of record is not invalidated by the postulated degradation.

Table 71 FHB Available Margin Based on 0.44” General Concrete Degradation
and Working Stress Design (WSD) Methods

. - . . Available
Percent Avallable Margin
: , Location of - | Margin (WSD,
FHB Wall Reductlon in (WSD, No Limiting Margin In?:luélng
Capacity Degradation) ) Degradation)
North £ 0.4% 4% Middle, Bottom 3.6%
South 0.7% 300% Towae o 299%
' East 0.7% 5% Towm e o 4.3%
West 0.4% 2% Middle, Top - 1.6%

7.2 Reinfércing Steel Degrad'ation from Migration through
Joints/Cracks '

Reinforcing steel degradation from bonc acid migration through cracks and construction joints

hasa neghglble impact on the FHB structural capacity.
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Key considerations are as follows.

. As noted in Table 6-2, migration of boric acid through construction joints and cracks has
potentially degraded reinforcing steel by less than 0.001 inch (radial reduction). Using the
equations provided in Appendix C, the maximum calculated reduction in margin is 0.2%,
‘which is insignificant and well below the accuracy of the calculations.

. Fabrication tolerances for reinforcing steel are specified as 94% of total weight
(Reference 9.1.5).. For the reinforcing steel sizes used in the FHB, this is equivalent to a
diametral variation of approximately 3% or about 30 times the estimated degradation. In
light of this tolerance, it is apparent that any predicted reinforcing steel degradation is
negligible relative to the imperfections that are inherent to the steel in its original form.

° As discussed in Section 4, the available margin for all sections under consideration may be
increased by 2% if the actual yield strength of the FHB reinforcing steel is used in the
working stress design calculation. The actual yield strength compensates for the predicted
reduction in margin by more than a factor of 10.

Based on the above, there is no reduction in structural margin from potential reinforcing steel
degradation from boric acid leakage through cracks and construction joints.

The conclusion on the adequacy of the reinforcing steel does not change even if reinforcing steel
corrosion is assumed to occur over the entire 70-year period considered herein. Using the
corrosion rate.of carbon steel in de-aerated boric acid from Reference 9.5.5, the radial reduction
is 0.011 inch after 70 years. Using the equations in Appendix C, the maximum calculated
reduction in margin is about 2%, which is equal to the increase in margin that can be recovered
by crediting the actual yleld strength of the reinforcing steel in the working stress design
calculation.

7.3 Voided Areas beneath the Liner

As discussed previously, boric acid will attack the cement paste, weakening it and causing it to-
de-bond fromithe coarse and fine aggregate. As the degradation progresses, a rubble bed of
coarse and fine aggregatc may be formed on top of the concrete as the cement in the top layer
fully degrades. In essence, the local degradation will create a “pothole” with sand and coarse
aggregate on top.of the remaining concrete. This effect may produce a small voided depth below
the Y4-inch stainless steel liner, but above the sand and rubble layer. With this void there is a
concern that the load of the fuel racks may no longer be supported on a firm surface. ’

As stainless steel is a highly ductile material, it is expected to strain and deform to the voided
depth without failure.. Adequacy of the liner with the degraded under-layer was verified in a
scoping assessment. . The assessment considered both the water pressure load and fuel rack foot
load. As discussed below, neither of these mechanisms are considered likely to cause liner
failure.
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Reference 9.2.4 calculated a degraded paste depth of 1.30 inches. This value considers the depth
of cement that would be affected by the boric acid, but is not representative of the voided depth.
The coarse and fine aggregate constitute approximately 71% of the volume of the concrete and
79% of the mass of the concrete. Although a small portion of the concrete constituents may have
migrated to the telltales, the majority of the constituents (including almost all of the aggregate)
are expected to remain in place. Assuming that 71% of the concrete constituents remain, the
voided depth is expected to be no greater than 0.38 inch.

At a depth of 0.38 inch, the water pressure load (17.77 psi from Reference 9.3.1) and the single
foot load (maximum of 62,600 lbs over a 12-inch by 12-inch pad, Reference 9.3.1) will likely
plastically deform the liner to the rubble bed. The amount of strain experienced by the liner over
this small depth is expected to be significantly less than the limiting strain of the material (<10%)
and will not cause failure.

7.4 Conclusion

The FHB is structurally adequate through the end of plant life. As Table 7-1 shows, the
structural capacity of the FHB is maintained for all degradation modes. The provided values are
for the highest degradation conditions in the most limiting location in the pool; all other areas of
the pool show higher available margin. Positive margin is maintained at all locations in the
structure. Therefore, the design basis analysis of record is not invalidated by the postulated
degradation.

A scoping assessment further demonstrates that the liner is sufficiently ductile to accommodate
the load from the fuel racks even if the foot of the rack is positioned over an area of local
concrete degradation.
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Cdrjroboration of Salem Assessment by Cores
from the CY SFP

This section summarizes results from evaluation of cores removed from the floor of the
Connecticut Yankee Atomic Power Plant (CY) SFP and demonstrates how the results
corroborate the degradation modes and degradation projections in preceding sections.

In the fall of 2007 PSEG Nuclear learned that EPRI had possession of several samples taken
from the CY SFP during decommissioning. The samples were taken in the form of cores that
included the liner, leakage channel and concrete. B&W Technical Services Group, under
contract from EPRI, had evaluated the liner welds to attempt to locate the leakage source and to
support development of inspection and repair techniques. A thorough evaluation of the concrete
had not been performed. PSEG Nuclear and EPRI agreed to collaborate on evaluation of the
concrete. The objective of the evaluation was to use actual plant observations to corroborate the
assessment of the Salem FHB.

8.1 EVALUATION OF CY CORES

The evaluation of the CY Cores was performed by Concrete Research & Testing (CRT), MPR’s
subcontractor for the testing described in Section 5.3, with assistance from B&W Technical
Services Group. Reference 9.2.7 documents the examination of the CY cores.

8.1.1 Overview of CY SFP

The CY SFP was a reinforced concrete structure with a Ys-inch stainless steel liner. The pool had
leakage collection channels located behind the liner seams. The channels are 3-inch wide by %-
inch thick stainless steel plates with a 1-inch wide by Y-inch deep groove at the centerline. - The
liner plates were plug welded to the channel near the seam weld to align and support the plates
for the closure weld. The channel is held in place by Nelson studs embedded into the concrete.
1t is likely that there were other embedded studs located in between the channels or alternate
means for supporting the liner between seam welds, but the exact construction details are not
known, ;

In leakage of water from behind the liner was noted during decommissioning. Specifically, after
the pool was drained and dried, pools of water were noted in multiple locations on the floor. It
was suspected that cracking in the liner allowed water from behind the liner to leak into the pool.
The source of the water was cither SFP leakage that had been trapped behind the liner or ground
water. :
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Personnel who worked at CY during plant operation and decommissioning indicate that the SFP
leakage was believed to have started early in plant life. CY began commercial operation in 1968
and was shutdown in 1996. Removal of fuel from the pool was completed in 2005. Therefore,
the leakage occurred for approximately 37 years.

8.1.2 Description of Cores

Three cores were provided to EPRI and subsequently made available to PSEG Nuclear for
examination. All three cores were from the floor of the SFP. The cores were taken from
locations where water pooled after the fuel was removed and the pool was drained. The
specimens are 6-inch diameter by 10-inch long cores. The cores included the liner, channel,
concrete and embedded reinforcing steel. Two cores had been cut into disc specimens prior to
shipment to EPRI. Note that the cores as examined by CRT did not include the liner sections as
the liner had been removed as part of EPRI’s evaluation of the liner welds.

8.1.3 Evaluation of Concrete

The cores were examined to characterize the concrete and to evaluate potential degradation of
the concrete from boric acid attack. The examinations-included petrographic examination of the
cores by CRT personnel and chemical analyses by B&W Technical Services Group. The
chemical analyses determined the presence of boron at varying depths from the top surface and
to characterize secondary deposits observed in the concrete. The discussion below is based on
Reference 9.2.7.

Petrographic Examination

Examination of the cores showed that both the coarse and fine aggregates are non-reactive* with
respect to acid attack. Specifically, the coarse aggregate is diabase igneous rock and the fine

- aggregate is primarily quartz. CRT judged the cement paste to be fair quality with a water-
cement ratio of 0.60.

The upper surface of the cores (i.e., the surface underneath the liner) showed evidence of boric
acid attack. The concrete exhibited a light color and the paste was weak. In some cases,
aggregate particles were exposed from loss of cement paste. Chemical analyses confirmed the
presence of boron.

Table 8-1 lists the depth of degradation from each of the cores. As shown, the depth of
degradation was typically minor (<0.3 inch). However, in some local areas the depth of
degradation was markedly higher (up to 0.91 inch). The deepest areas were adjacent to the
channel. Figure 8-1 shows Core 122 before it was sectioned. As shown, the deepest degradation
is on one side of the channel where it appears that the channel had debonded from the concrete
allowing the boric acid to access the concrete underneath below the channel. When the core was
being sectioned for petrographic examination, it failed at a pre-existing crack. Figure 8-2 shows

* In the context of this report, “non-reactive aggregate” is used to denote either coarse or fine aggregates that do not
react with acids. Non-reactive coarse aggregates include igneous rock and non-reactive fine aggregates inctude
silica sand. Limestone and carbonate-based aggregates are considered reactive,
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this fracture and its orientation is consistent with the deepest degradation. (Note that Figure 8-2
is from the opposite perspective as Figure 8-1.)

MPR-2613
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Table 8-1. Depth of Affected Paste in CY Cores

Core Depth of Affected Paste (inch)

Away from Channel | Adjacent to Channel Below Channel
122 0.06 - 0.12 0.28-0.91 0.20 - 0.31
123 0.05-0.12 <0.05
124 0.12-0.16 0.30 - 0.67 0.03-0.14

Figure 8-1. Core 122—As Received Core prior to Sectioning

8-3
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Figure 8-2. Core 122—Cross-Section View Showing Fracture along Crack

The three cores exhibited cracking as noted below.

. Core 122 had a vertical crack at the corner of the channel.
. Core 123 had a horizontal crack at the location of the top layer of reinforcing steel.
o Core 124 had three vertical cracks under the leakage channel.

Only the crack in Core 122 contributed to degradation of the concrete. This crack was the only
crack that connected to the top surface of the concrete in an arca wetted by boric acid. The
horizontal crack in Core 123 did not connect to the surface. The vertical cracks in Core 124
connected to the surface of the concrete underncath the channel, but the lack of concrete
degradation under the channel indicates that this area was not wetted by boric acid.

These results demonstrate that boric acid attack of concrete can be highly localized depending on
where the boric acid pools. Cracks may provide a means to expand the degraded area, but only if
they connect to the surface in an area where boric acid is present. Cracks did not lead to
widespread degradation.

Chemical Analyses

Chemical analyses were performed on powder concrete samples drilled at various depths from
the surface of the core. The analyses showed that boron was present and the boron concentration
decreascd with depth. These results confirm that the obscrved degradation is from boric acid
attack.

The secondary deposits in the concrete were analyzed as well. The deposits were typically
cttringite and calcite. The only location where the deposits contained boron was the vertical
crack in Core 122. Recall that boric acid penetration into the crack led to an expanded arca of
degradation.
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8.1.4 Evaluation of Reinforcing Steel

Cores 122, 123, and 124 all contained reinforcing steel. The cores were sectioned perpendicular
to the reinforcing steel so reinforcing steel corrosion and the bond with the cement paste could be
evaluated. Examination of the rebar is documented in Reference 9.2.7.

No corrosion was noted in any of the sections. However, the examinations showed areas where
the concrete separated from the underside of the rebar. This is considered to be the result of
settlement of the concrete prior to hardening and insufficient consolidation of the concrete -
around the rebar; it is not due to boric acid attack.

8.1.5 Evallujation of Liner Welds

EPRI performed non-destructive and destructive examinations of the liner welds in cores

removed from the CY SFP. The scope of the examinations included liner seam welds and a plug .
weld to the channel. The cores did not include any plug welds to embedded studs that may have
been located between channels. Reference 9.2.6 provides the details of some weld quality issues.
Specifically, there was lack of fusion in the liner seam weld, an open root weld. Also, the plug
welds were not completely filled. No through-wall defects were identified in the metallurgical -
evaluations.

8.2 COMPARISON.OF CY CORES TO SALEM SFP ASSESSMENT

8.2.1 Comparison of Concrete

The concrete used at CY and Salem can be compared as follows.
|

o The concrete at both CY and Salem has non-reactive aggregates.

X I CY cores used fly ash while laboratory prepared specrmens used in the Salem long- ferm
* testing did not. Fly ash promotes hydration of the concrete and increases dens1ty (Note
that concrete used in structures at Salem contams fly ash )

. ‘_ The CY| concrete had a hrgher water-cement ratio than Salem (0.6 versus 0.5).
Permeability of concrete increases s1gn1ﬁcantly for water-cement ratios above 0.5.
Additio ally, the strength of concrete is reduced as water ratio increases.

* The net résult |of the differences identified in the second and third bullet hkely increases the
poros1ty of the Ccy spec1mens compared to the Salem test specimens.

8.2.2 Conc_rete Degra'dation

Degradation Modes

The degraded concrete in the CY cores varied from less than 0.05-inch to 0.91-inch

_ demonstratmg that the degradation can be highly localized. This is consistent with the postulated
' degradatlon of the Salem FHB as describéd in Section 6 of this report.
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Depth of Degradation

Over the 37 year life of CY’s SFP concrete degradation reached a maximum depth of 0.91 inch.
The correlation developed in Reference 9.2.4 from the Salem testing predicts 0.94 inch of
degradation at 37 years. Therefore, the CY degradation is within the expectation for the given
exposure time. The increased porosity of the CY cores, as described in Section 8.2.1 should
yield a result deeper than the model from Reference 9.2.4.

8.2.3 Rebar Corrosion

Although the upper surface of the CY cores was degraded from boric acid attack, the embedded
reinforcing steel exhibited no corrosion or loss of bond with the cement from boric acid attack.
However, it appears that the embedded rebar was not exposed to boric acid. The concrete
degradation did not extend to the depth of the rebar, which would expose the rebar to boric acid.
Further, the cracks present in the concrete CY cores did not connect from surface or the degraded
concrete to the rebar.

It is important to note that the presence of secondary deposits, including secondary deposits in
cracks found in the CY cores, provides evidence that water migration occurred. Yet the
reinforcing steel exhibited no corrosion.

These results confirm that cracks in concrete and other concrete defects do not promote
reinforcing steel degradation.

8.3 CONCLUSIONS

Overall, the CY cores corroborate the results of testing for Salem and the projections for Salem.
The maximum depth of concrete degradation in the CY cores is within that predicted using the
correlation developed from the Salem testing. The rebar in the CY cores exhibited no corrosion
even though the upper surface of the concrete was degraded by boric acid, the concrete was
cracked and, based on the presence of secondary deposits within the concrete, there was water
migration in the concrete.
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A

Petrographic Examination of Concrete Cores
Removed from the Conn-Yankee SFP

This appendix contains the following CRT report.

. CRT Report No R-140, “Petrographic Examination of Concrete Cores Removed from the
Conn-Yankee Spent Fuel Pool,” dated September 11, 2008.

(This appendix originally contained a calculation that assessed the potential margin recovery if
ultimate strength design was used for normal operation and OBE cases. The calculation was
removed for Revision 2 of this report.)
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REPORT NO. R-140
ON
PETROGRAPHIC EXAMINATION OF

CONCRETE CORES REMOVED FROM
THE CONN-YANKEE SPENT FUEL POOL

INTRODUCTION

Concrete cores were removed from the spent fuel pool of the decommissioned Connecticut Yankee
nuclear power plant. Three of the cores were sent to B&W Technical Services Group in Lynchburg,
Virginia for examination and testing of the stainless steel liner. All of the cores received at B&W

were removed from the floor of the fuel pool.

Subsequently, it was decided to perform petrographic examinations on the cores to determine if and to
what extent the concrete has been affected by exposure to boric acid from within the spent fuel pool.
Results from the gvaluation of the Conn-Yankee specimens will be used to augment MPR Associates
previous assessment of the Salem Spent Fuel Pool leakage and Fu_elvHandling Bﬁilding structure,

including the long-term testing program.

Nick Scaglione of Concrete Research & Testing was contracted to examine the concrete cores at the

B&W facility in Lynchburg, Virginia.

DESCRIPTIONS OF THE CORES

The conérete cores were labeled 122, 123 and 124. The cores have a diameter of 5 % in. Core
No. 122 is comprised of two sections each having a thickness of roughly 2 in. Section 122-1 represents. :
the upper end ovf the core and contains the imbedded stainless steel channel. Section 122-2 represents a
depth of 2 to 4 in. below the top surface of the core. This section contains a No. 7 steel rebar oriented

parallel to the end surfaces. Photographs of the core are shown in Figure 1 of Appendix A.




Core 123 has a length of about 18 in. The core is separated into two pieces by a horizontal fracture
located at a depth of 10 in. The top end of the core contains the embedded stainless stecl channel.
The core contains a No. 9 rebar at a depth of about 2 % in. below the top surface. Photographs of this

core are shown in Figure 2 of Appendix A.

Core No. 124 is comprised of two sections each having a thickness of roughly 2 in. Section 124-1
represents the upper end of the core and contains the imbedded stainless steel channel. Section 124-3
represents a depth of 4 to 6 in. below the top surface of the core. This section contains a No. 9 steel
rebar oriented parallel to the end surfaces. Photographs of the core are shown in Figure 3 of

Appendix A.

EXAMINATION AND TEST METHODS
Preliminary stereomicroscopic examinations were performed on the exterior surfaces of each core.
Following this initial examination, thé cores were saw-cut perpendicular to the end surfaces. For the
Core 122 and Core 124 sections the'saw cuts were made perpendicular to the orientation of the steel
channel and perpendicular to the orientation of the rebar. Core 123 was initially saw cut parallel to
the end sﬁrfaces at depths of 1 %2 in. and 4 % in. below the top surface of the core. The upper section
containing the steel channel will be referred to as Core 123, Section 1. The lower section contains the
steel>rebar and will be referred to as Core 123, Sectibn 2. These two sections were then saw cut -
perpendicular to the pnd surfaces of the core. The saw cuts were made perpendicular to the
 orientation of the steel channel and perpendicular to the orientation of the rebar. The saw-cut sections

of each core were prepared for microscopic examination by lapping with silicon carbide pads.

The lapped sections of the cores were cxamined under a stereomicroscope at magnifications of up to
50X. The examinations were performed following the guidelines outlined in ASTM C 856, “Standard -

Practice for Petrographic Examination of Hardened Concrete.”
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The water-cementitious ratios of the core specimens were estimated based on observations and
qualitative assessments of cement paste hardness, textural features, color, relative amount of
unhydrated cement particles and rate of water absorption. Features of the cement paste when probed

(steel probe) were also used in this assessment.

The cores were tested to determine the depth of the boron penetration into the concrete. The testing
for bordn concentration was performed using Inductively Coupled Plasma / Mass Spectroscopy
(ICP/MS). For this testing powdered concrete samples were obtained from each core by drilling with
a % in. diameter carbide drill i)it at various depths below the top surfaces of 'the cores. Photographs

showing the drilling procedure are shown in Figure 4. The boron testing was performed by B&W.

Secondary deposits observed in the concrete specimens were analyzed using a Scanning Electron
Microscope (SEM) with Energy Dispersive X-Ray Spectroscopy (EDS) capability. EDS analyses
were performéd to determine chemical compositions of the secondary deposits. The SEM/EDS

analyses were performed by B&W.

EXAMINATION RESULTS

',General Description of Concrete

The concrete represented by the cores can be described as a non air entrained concrete containing a

1 in. maximum size crushed coarse aggregate and a nafural sand. The coarse aggregate particles are
compriséd pred:()minzintly of diabase igneous rock particles. The ﬁne aggregate is comprised
predominantly of quartz pértiéles. The sand also includes smaller amounts of igneous rock lithics,
feldspar particl'es, siltstone particles and hemétite particles and minor amounts of mica, pyroxene ,_and
amphibole particles. The concrete contains both portland cement and fly ash as the cementitious
constituents. The cement paste is judged to be of fair quality having an estimated water-cementitious

ratio of 0.60. The concrete represented by the cores is well consolidated.




Core No. 122 - Section 1

Preliminary Exam

The top surface of the core exhibits a light color relative to the bulk of the core. This surface exhibits
a light loss of cement paste, with fine aggregate particles and portions of a few coarse aggregate
particles exposed. The cement paste comprising the top of the core is very weak and highly
absorptive. The exterior surface of the core shows cement paste near the surface of the core which
exhibits a distinctly lighter color than the cement paste lower in the core. Photographs showing this
feature are presented in Figure 5 and Figure 6. These light colored areas represent cement paste that
has been dégraded by the boric acid exposure. As can be seen by the photographs, the depth of the
degraded cement paste is significantly deeper adjacent to the steel channel compared to the areas away

from the steel channel. The depths of affected cement paste are shown in Figure 5 and Figure 6.

The core fractured while being clamped into place for saw cutting. Secondary deposits observed on
the fracture surface indicate that the fracture was due to a pre-existing crack present in the concrete.

The fracture surface of the core showing the secondary deposits is presented in Figure 7.

Examination of Lapped Section

The lapped section of the core is shown in Figure 8. As can be seen in the photograph the stainless

steel channel debonded from the concrete.

Depth of i)egraded. Cement Paste

The examination of this section shows degraded cement paste away from the channel to depths
ranging from 1.5 mm to 3 mm below top surface of the core. Adjacent to the channel the cement
paste is degraded to a depth of about 7 mm on one side and a depth of about 23 mm on the other side.

The deeper depth of degradation correlates with the area of the pre-existing crack. Below the channel



the cement paste is degraded to typical depths of 5 to 8 mm, although one arca is degraded to a depth

of less than 1 mm.

The cement paste affected by the penetration of boric acid is lighter in color and is significantly

weaker and more absorptive than the cement paste in the bulk of the core.

Secondary Dep'osits

The concrete contains white colored secondary deposits within the air voids. These deposits typically
have a fibrous habit. The secondary deposits are very common in air voids just below the degraded
cement pasté (see Figure 9). Occasional secondary deposits were observed throughout the full depth

of the core section.

Examination of Fractured Surface

The fractured surfa’ég: of the core was examined under the stereomicroscope. 'As previously
mentioned, the fractured surface contains white secondary deposits. Thése deposits can be seen with
the unaided eye énd are éresent on dnly the lower portion of the section (see Figuré . 'Il'he concrete
section has a thickness of about 1.8 in. The cetﬁent paste comprising the surface of the fra_cture plane .
‘'has been degraded by béric acid penetration toa depth of about 0.9> in; The Aarea of the affected

cement paste does not contain the s_econdafy deposits.

The crystal moi'phology of the secondary deposits could not be discemgd_ under the stereomicroscope.
| SEM/EDS anaiyses were performed td identify the composition of the rﬁaterial. The SEM/EDS.
analyses .identiﬁed boron asa major component of the secondary deposit material. .The boron

- compound wés_not identified. An EDS spectrum éhoWing the presence‘ of boron»is shown in

Figure 10.




Examination of Bottom Lapped Surface

The bottom surface of Core 122, Section 1 was lapped to examine the concrete surfounding the steel
stud that was used to anchor the stainless stecl channel. The steel stud has a diameter of roughly Y% in.
and is shown in Figure 11. The concrete is separated from the majority of the stud circumference (see
Figure 11). The cement paste surrounding a portion of the stud appears slightly softer than typical.
Thevtvhickness of this cement paste is only about 1 mm. It is unclear if this area has been affected by

boric acid.
Two parallel cracks extend from the stud into the concrete.

. Core No. 122 - Section 2

The lower section of Core 122 contains a No. 7 steel reinforcing bar (% in. diameter). The core
section was saw cut perpendicular to the rebar. The examination of the lapped section revealed that

the rebar does not exhibit corrosion.

Void areas are present below the rebar and at the lower sides of the rebar. These voids appear to be
related to both settlement of the concrete and to insufficient consolidation of the concrete around the

rebar.

Cracks are present in the concrete that extend from the sides of the rebar up to the top of the core
section. A vertically oriented crack was also observed within the concrete. This crack extends from

the bottom of the rebar to the bottom of the core section.



Core No. 123

Preliminary Examination
The preliminary examination of the core revealed the presence of a horizontal crack located at a depth
of 2 % in. below the top surface of the core. The crack is present at the midpoint level of the No. 9

rebar. This crack is shown in Figure 12.

This examination also revealed the presence of a vertically oriented crack extending down from a

corner of the stainless steel channel. The crack extended to a depth of 5 mm below the channel.

Core No. 123 - Section 1

Examination of Lapped Section

The lapped section of the core is shown in Figure 13. As can be seen in the photdgraph the stainless

steel channel debonded from the concrete.

Depth of Degraded Cement Paste

'fhe examination of the section shows degraded cement paéte at the surface of the core to depfhs
ranging from 1.3 mm to 3.0 mm below top sufface of the core. Below the channel the cement paste is-
degraded to a maximum depth of 1.3. mm. Some areas of the cement paste below the channel show no

degradation.

The cement paste affected by the penetration of boric acid is lighter in color and is significantly

weaker and more abéorptive than the cement paste in the bulk of the core.

Secondary Deposits
The concrete contains white colored secondary deposits within occasional air voids throughout the
depth of the section. These deposits typically have a fibrous habit, although some having a blocky

habit were also observed.




Cracking Distress

There was no cracking distress observed in the lapped section.

Core No. 123 - Section 2

The lower section of Core 123 contains a No. 9 steel reinforcing bar (1 % in. diameter). The core
section was saw cut perpendicular to the rebar. The examination of the lapped section revealed that

the rebar does not exhibit corrosion.

The concrete is separated from the underside of the rebar. The gap between the rebar and the concrete
is about 0.8 mm. This feature is shown in Figure 14. The gap is judged to be due to settlement of the
concrete below the rebar. A crack extends from one side of the rebar, upward at an angle of roughly
45°. This crack looks like a continuation of the settlement gap. The gap narrows into a tight crack

(see Figure 14). The crack extends to the top of the section.

On the other side of the rebar a horizontal crack extends from the rebar (see Figure 14). This crack is
relatively tight and passes through a coarse aggregate particle. This is the same crack shown in

Figure 12.

Core No. 124 - Section 1

Examination of Lapped Section

The lapped section of the core is shown in Figure 15. In this core the stainless steel channel remained

bonded to the concrete.

Depth of Degraded Cement Paste
In areas away from the channel, the cement paste is degraded to depths of 3 to 4 mm. The areas
adjacent to the channel exhibit deeper levels of degradation. One side of the channel has degraded

cement pasté to a depth of 7.5 mm, while the other side of the channel shows degraded cement paste
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to depths of up to 17 mm below the core surface (see Figure 15). Below the channel, the depth of the
degraded cement paste ranges from 0.8 mm to 3.5 mm. The areas of the degraded cement paste are

shown in Figure 15.

The cement paste affected by the penetration of boric acid is lighter in color and is significantly

weaker and more absorptive than the cement paste in the bulk of the core.

Secondary Deposits

The concrete contains white colored secondary deposits within occasional air voids throughout the
depth of the section. These deposits typically have a fibrous habit, although some having a blocky
habit were also observed. An example of fibrous secondary deposits taken under the

stereomicroscope is shown in Figure 16.

SEM/EDS analyses were performed on some of these secondary deposits to identify their
composition. The fibrous secondary deposits were identified as ettringite (see Figure 17). Analyses

of the blocky secondary deposits were not performed, although the depbsits are likely calcite.

Crécking Distress

The core section contains three vertical cracks below the channel. One of these cracks is very tight

~ and does not extend through the full depth of the section. Two of the cracks are adjacent to eacﬁ other
and extend the full depth of the section (see F igure 15). These cracks have an actual width of abbut
'0.06 mm. The widtli of the cracks at the lapped surface ranges from 0.3 to 0.5 mm. The larger width
than actual is due to material lost within the cracks during the specimen preparation. The cement

paste on either side of each crack does not appear to have been adversely affected by boric acid

penetration. It is possible that the missing material within the cracks was affected by boric acid.




Other Features
Several large entrapped air voids are present below the channel. These voids are due to insufficient

consolidation of the concrete against the steel channel. The voids can be seen in Figure 15.

Core No. 124 - Section 3
The lower section of Core 124 contains a No. 9 steel reinforcing bar (1 % in. diameter). The core
section was saw cut perpendicular to the rebar. The examination of the lapped section revealed that

the rebar does not exhibit corrosion.

Similar to Core 123, a settlement gap is present below the lower portion of the rebar. The gap has a
width of 0.5 mm. Cracks extend from both sides of the rebar at 45° angles towards the top of the core
section. One of the cracks extends to the top of the core section, while the other crack terminates

about 13 mm from the rebar.

A very tight vertical crack is present below the rebar. The crack extends from the rebar to the bottom

of the core section.

Examination of Channel Debris
Minor amounts of debris were observed within the stainless steel channel of eﬁch core. The debris
was examined under the sterebmicroscope. The material is comprised of a combination of cement
basté particles, quartz particles and remnants of oxidized sfegl (rust). The rust particles are present

throughout the debris and would indicate that this material was derived from the coring operation.

BORON CONCENTRATION
Boron concentration testing was performed on the concrete at various dépths in the cores. This testing
was performed by B&W Technical Services Groﬁp using ICP/MS. The results of this testing as

reported by B&W are provided in Appendix B.
| 10




One measurement was performed on a sample taken from Core 123 at a depth of 14 in. below the top
surface of the core. This sample was tested to determine the baseline level of the boron concentration

for the concrete. The boron concentration of this sample was measured at 36 ppm.

For each core the boron concentration is highest near the top surface of the core. The core with the
deepest depth of degraded cement paste (Core 122) exhibits the highest boron concentration

| (measured at 4370 ppm), while the core with the least amount of degraded cement paste (Core 123)
shows the lowest boron concentration (measured at 806 ppm). These values are based on the

measurements taken near the surface of the cores.

Although the boron concentrations were always lower at the deeper depths compared with the top
measurement, the concentrations did not always decrease with depth. In Core 122, the measured
boron concentration at the depth of 1 %/, in. is significantly higher than the measured boron
concentration at the depth of 1 '/ in. This unusual result can possibly be explained by the fact that.
the sample taken at the 1 /4 in. depth was from only one drilling location (see photo in Appendix B).
Although the sample location was an area of cement paste at the drilled surface, it is poséible that the
majority of the sample was taken through an underlying coarse aggregate particle, yielding a lower

than expected boron concentration.

The test results show that borbn has penetrated into the concrete to significantly gréater depths than
shown by the degraded cement paste. The measurements. of the samples taken from the lowest levels
of the upper core sections (about 1 to 1 % in. depth) were significantly higher than the baseline level.
Based on the examination, the boron penetration has not adversely affected the cement paste at the

lower depths in the cores.
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Measurement on a sample taken at the depth of the steel rebar in Core 123 (2 % in. below the core

surface) showed a very low boron concentration of 64 ppm.

COMPARISON OF THE CONN-YANKEE AND SALEM CONCRETES
‘The concrete used for the Salem spent fuel pool was a non air entrained, portland cement concrete
containing a diabase coarse aggregate and a natural siliceous sand. The concrete had a designed
water-cementitious ratio of 0.49. The concrete used for the laboratory study at CRT used the same

constituents and the same concrete mix design as the concrete of the Salem spent fuel pool.

The concrete represented by the Conn-Yankee cores contain fine and coarse aggregates that are
similar to the aggregates of the Salem concrete. The major difference of the concrete represented by
the Conn-Yankee cores with respect to boric acid penetratibn is the water-cementitious ratio. The
water-cementitious ratio of the concrete represented by the Conn-Yankee cores was estimated at 0.60,
which is significantly higher than the Salem concrete. rThe permeability of cement paste is directly
related to the water-cementitious ratio. As the water-cementitious ratio increases, permeability
increases.’ A graph showing this relationship is shown in Figure 18. The Conn-Yankee concrete
contains fly ash as'a cementitious constituent, whereas laboratory prepa;ed specir_neﬂs for the Salem

" testing do nbt. The presence of fly ash in.concrete decreases the permeability Qf the cement paste

~ relative to a straight portland cement concrete having the same water-cementitious ratio.

SUMMARY & CONCLUSIONS

Three concrete cores removed from the floor slab of the spent fuel pool at the decommissioned
Connecticut Yankee Nuclear Power Plant were examined petrographically. The examination was

performed to determine the effect of the concrete’s exposure to boric acid solution.

- 12



1t is apparent from the examination of the Conn-Yankee cores that boric acid solution leaked from the
fuel pool and came into contact with the underlying concrete. The solution apparently overflowed the
stainless steel channels and flowed over the concrete surface. The depth of the affected cement paste
is typically significantly deeper adjacent to the channel than away from the channel. This is due to the
penetrétion of tﬁe boric acid solution along the channel/concrete interface. The penetration of the
solution at this site was likely facilitated by poor bonding of the concrete to the steel channel. If the
rate of boric acid solution flowing out of the channel was low, much of the solution would have
penetrated along the channel/concrete interface as opposed to flowing over the concrete away from the
channel. Vertiéal cracks located below the side of the channel in two of the cores (Core 122 and

Core 123) would have contributed to deeper penetration of the solution in this area.

The boric acid solution has chemically attacked the near surface cement paste of the concrete. In
general, acids attack portland cement paste by decalcification (calcium leaching) of the hydrated
cement compounds, in particular Calcium Hydroxide and Calcium SilicateAHydrate. The chemical
attack hé.s not adversely affected either the diabase coérse aggregate or the natural sand. The cement
paste affected by the chemical attack has been significantly weakened relative to the unaffected
cement paste. The attacked cement paste is al.sov highly absorptive. The cement paste comprising the
immediate top surface of the cores is typically more severely deteriorated than the cement pa-ste

affected at lower depths.

‘The cement paste affected by the boric acid in the Conn-Yankee cores is not as severely deteriorated
as the cement paste attacked by the boric acid in the labbratory studies previously performed by CRT

(CRT Report No. R-125 dated 12-12-03 and CRT Report No. R-125-3 dated_ 2-24-06).

Based on the ICP/MS results (see Appendix B), boron has penetrated into the concrete well beyond

the depth of the chemically attacked cement paste. This finding was also seen in the previous lab
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work performed at CRT (CRT Report No. R-125 dated 12-12-03). Following the reaction of the boric
‘acid solution within the near surface concrete, the reacted solution further penetrates into the concrete
carrying the boron. The penetration of the boron has not adversely affected the quality of the cement

paste at the lower depths.

Another indication of solution moving through the concrete is the presence of secondary deposits
(ettringite) observed in air voids at depths of up to 2 in. below the top surface of the cores. As water
moves through concrete soluble salts are often dissolved out of the cement paste and re-deposited in

air voids upon drying.

Through the SEM/EDS analyses boron was detected as secondary deposits within a vertical crack
plane of Core 122. The crack extended from the top of the core to the bottom of the section (1.8 in.
depth). Although the boric acid would have had dircct access to this crack, the cement paste was

adversely affected to a depth of only 0.9 in.

Nick Scaglione, PaEsident
Concrete Research & Testing, LLC.

14




‘ References

1. Powers, T.C., Copeland, L.E., Hayes, J .C‘., Mann, H.M. “Permeability of Portland Cement Paste”
Proceedings, American Concrete Institute, Volume 51, 1954, pp. 285-297.

15




~ APPENDIX A



‘ Figure 1. Photographs of Core 122. The upper photograph shows Section 1 (upper
2 in. of core). The stainless steel channel can be seen imbedded in the concrete. The
lower photograph shows Section 2 (2 to 4 in. depth).
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Figure 2. Photographs of Core 123. The upper photograph shows the top 10 in. of the core.
The lower photograph shows the core from a depth of 10 to 18 in. These two pieces
‘ were originally connected at surface "A".
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Figure 3. Photographs of Core 124. The upper photograph shows Section 1 (upper
2 in. of core). The lower photograph shows Section 3 (4 to 6 in. depth).




Figure 4. The photographs show the procedure used to remove the powdered concrete samples
for the boron concentration testing.
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Figure S. Exterior surfaces of Section 122-1. The light colored cement paste near the top
surface of the core represents the degraded cement paste. It can be seen that the
depth of the degraded cement paste in the vicinity of the channel is significantly
greater than the depth of the degraded cement paste away from the channel.
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Figure 6. Exterior surfaces of Section 122-1. The light colored cement paste near the top
surface of the core represents the degraded cement paste. It can be seen that the
depth of the degraded cement paste in the vicinity of the channel is significantly
greater than the depth of the degraded cement paste away from the channel.
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Figure 7. Fractured surface of Section 122-1. This portion of the core broke from the larger
. section during the saw cutting operation. White secondary deposits can be seen on

only the lower portion of the sample where the concrete has not been affected by the
boric acid penetration.
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. Figure 8. Cross-section view of Core 122, Section 1 (lapped surface).




Figure 9. Cross-section view of Core 122, Section 1 taken under the microscope. The

photograph shows small air voids filled with white secondary deposits. The air voids

within the cement paste affected by the boric acid penetration does not contain the
secondary deposits.

A9



bon Pant

AUXT  A0-Jul-09

133405-1 _
]
H
g
-H Specirmen: Cenorete Fiece 122
:r:n’ FNS of area 1, imane 133408,
A Uncoated, 5 kV.
3 E Elements: B, C, (. Al, 5i, Ca
o Probable Trace: Na, Mg, S
q
f

Curssr-9005 keV dent ID -
Vert=4020 Windaw 0.005 - 40 .955= 172555 cnt

Figure 10. SEM Photograph and EDS analysis of secondary deposits on the fracture surface of
Core 122 (see Figure 7). The EDS analyses of the secondary deposit material shows
boron as a major element.
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Figure 11. The upper photograph shows the bottom surface of Core 122, Section 1. The lower
photograph was taken under the microscope and shows the stud/concrete interface.
Note the separation between the concrete and the stud (black arrows) and the
crack (blue arrows)
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Q Figure 12. Photograph of Core 123 showing cracking distress at the level of the rebar, 'Uhe
crack was highlighied with black ink so it could be seen in the photograph.
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Figure 13. Cross-section view of Core 123, Section 1 (lapped surface). The upper left portion
of the specimen was fractured during the removal of the stainless steel liner (see
Figure 2).
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Figure 14, Cross-section views of Core 123, Section 2. The photographs show the cross-section
. of the No. 11 steel rebar. A gap can be seen at the lower rebar/concrete interface.
This gap is due to settlement of the concrete prior to hardening. Cracking on either
side of the rebar can also be seen.
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Figure 15. Cross-section view of Core 124, Section 1 (lapped surface). The dashed yellow line
shows the area of the degraded cement paste. Two vertically oriented parallel
cracks are shown by the arrows.



. Figure 16. Photograph taken under the stereomicroscope showing the presence of fibrous,
white secondary deposits present within an air void.
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Specimen: Concrete Section 1 Light Elements

EDS of area 1, mage 132972, using 2 kV. beam.

Uncoated, 15 kv.

Elemens: C, G, Mg, Al. 81, S, K, Ca, Fe
Probable Trace: Na
Vossible Trace: B (Below MDL)

Boron marked,
not positively
detected.
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Figure 17. SEM Photograph and EDS analysis of fibrous secondary deposits present in an air

void of Core 124. The photograph is the same area shown in Figure 16. The high
sulfur and aluminum content indicates that the material is ettringite
(CasAl(SO4)3(OH)12026(H,0).
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‘ Figure 18. Relationship between permeability and water-cement ratio of mature portland
cement paste (reference 1).
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Summary of Boron Results
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Core 122 - Boron Sample Locations

Sample Distance below top Boron concentration,
ID surface of channel ppm

122-1-1 11/16" 4370

122-1-2 1-1/16" 593

122-1-3 1-9/16" 1410
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Summary of Boron Results
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Core 123 - Boron Sample Locations

Sample Distance below top Boron concentration,
ID surface of channel ppm
123-1-1 1/4" 806
123-1-2 172" 285
123-1-3 13/16" 387
123-1-4 1-1/186" 549
123-2-1 2-1/2" 64
123-baseline ~14" 36




Core 124 - Boron Sample Locations

Summary of Boron Results

Sample Distance below top Boron concentration,
ID surface of channel ppm

124-1-1 1/4" 3670

124-1-2 1/2" 1000

124-1-3 11/16" 109

124-1-4 1" 136
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Statistical Analysis of Rebar Yield and Tensile
Strength Tests

This appendix contains the following MPR Calculation.

. MPR Calculation 108-275-02, “Statistical Analysis of Rebar Yield & Tensile Strengths for
Salcm Nuclear Generating Station,” Revision 0,

MPR-2613 B-1
Revision 3
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1.0 PURPOSE

The purpose of this calculation is to document the statistical analysis of the yield and tensile
strengths of the rebar used in the construction of structures at Salem Nuclear Generating Station.
The means, standard deviations, and percentages of rebar above certain yield and tensile strengths
are calculated for the rebar used in the walls of the structures.

2.0 SUMMARY OF RESULTS

Table 2-1 summarizes the means, standard deviations, and sample sizes of the yield strength of the
rebar in the structures at Salem Nuclear Generating Station. The percentages of rebar specimens
that are stronger than a given yield strength are also summarized in the table below. For example,
ninety percent (90%) of the rebar specimens have a yield strength of 62,200 psi or greater.

Table 2-1
Rebar Yield Strength Analysis

Rebar | Mean Yield | Yield Strength | Sample | 80% Lower | 85% Lower | 90% Lower | 95% Lower

Type Strength Std. Dev Size Bound Bound Bound Bound
Total 69,840 6,370 394 64,100 63,300 62,200 61,300
No. 6 67,092 5,027 13 64,100 63,850 62,550 62,550
No. 8 69,410 7,376 123 63,500 63,000 61,500 60,750
No.9 70,815 6,591 95 63,800 63,000 62,500 61,600
No. 10 70,934 5,024 47 66,150 65,400 62,200 62,100
No. 11 69,363 5,490 116 64,950 63,300 62,065 60,900

Table 2-2 summarizes the means, standard deviations, and sample sizes of the tensile strength of
the rebar in the structures at Salem Nuclear Generating Station. The percentages of rebar
specimens that are stronger than a given tensile strength are also summarized in the table below.
For example, ninety percent (90%) of the rebar specimens have a tensile strength of 99,050 psi or
greater.
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Table 2-2
Rebar Tensile Strength Analysis
Rebar | Mean Tensile|Tensile Strength| Sampie | 80% Lower | 85% Lower | 90% Lower | 95% Lower
Type Strength Std. Dev Size Bound Bound Bound Bound
Total 105,850 5,116 394 101,600 100,300 99,050 97,400
No. 6 102,681 2,786 13 100,000 100,000 99,500 99,500
No. 8 105,751 5,164 123 101,300 100,000 99,700 98,000
No. 9 108,531 3,392 95 105,875 105,550 104,000 102,550
No. 10 107,336 4,773 47 104,350 103,600 102,400 98,800
No. 11 103,512 5,323 116 99,000 97,750 96,750 96,100

3.0 CALCULATION

The data used in this analysis, summarized in Appendix A, was obtained from PSEG Nuclear
records (Reference 1) documenting chemical and physical tests of the reinforced bars at Salem.
The tests were performed during the original plant construction. Copies of the original records are
provided in Appendix B. The data provided by PSEG Nuclear for this analysis is a sample of test
records for the sizes-and grades of rebar used in the SFP Building (Grade 60 of Size Nos. 6, 8, 9,
10, and 11 — see MPR Calc in our previous report). The method of including the test data in the
analysis is listed below.

1. Incases where the same test results were listed more than once within the records, only
one entry is used in the statistical analysis of this calculation.

2. Insome cases a tested sample resulted in a yield strength lower than the minimum required
60,000 psi.

e In this case, if the retests of the heat resulted in values that satisfied the
requirement, the retest data was included in the analysis, but not the failing original
test value. The first failing test value was assumed to be invalid, but a passing
original test was assumed acceptable.

e If however, the retest yield strengths still did not satisfy the minimum requirement,
the entire set of data for that rebar heat was not included in the analysis. Any rebar
that did not have a yield strength of at least 60,000 psi was assumed to have not
been used in the construction of the Salem Nuclear Generating Station, where
Grade 60 was specified.

e In the cases where there were multiple retests of a given sample, the values were
averaged in such a way to maintain no more than three (3) sets of data per heat.
This was done in an effort to prevent certain heats from being more heavily
weighted in the averages solely because more tests were performed.
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e The heats that were averaged, and their method of averaging, are noted in
Appendix A with a footnote next to the heat number. For an even number of data
values in a heat, the data was averaged in sets of two (2) or three (3) data values in
order to obtain no more than 3 values per heat. If a heat included an odd number
of data values, one value was maintained, while the others were averaged in
groups of two (2).

o If ayield strength value of less than 60,000 psi was obtained for a heat, and no
retests were performed, the entire heat was discarded from this analysis.

3. Note also that the tensile strength values were treated in the same manner as the yield
strength data. That is, where the yield strength heats were averaged, the corresponding
tensile strengths were averaged in the same way. If a set of data or an entire heat were
discarded, the corresponding tensile strengths were also discarded.

The mean yield and tensile strengths were calculated for all samples, as well as for each different
size rebar. The mean yield and tensile strengths were calculated using the following equation:

Y=—Z;l—x ()

Where: X =Mean
x = yield or tensile strength value
n = total number of values

The standard deviation of the samples was calculated using the equation below, where » and x are
the same variables as mentioned above, and ¢ is the standard deviation.

. Jngxz_@x)z

n{n-1)

2

Histograms of the yield and tensile strengths are presented in Figures 3-1 and 3-2 below in order
to provide a visual representation of the analyzed data. Note that for the yield strength histogram,
the distribution is a truncated distribution. This is due to the fact that, as stated above, rebar that
had a yield strength less than 60,000 psi was assumed not included in the construction of the plant
because it did not meet minimum specifications.
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Figure 3-2. Tensile Strength Distribution

The four vertical lines on the two figures above demark the values for which a given percentage
of the data has at least that yield or tensile strength. These values are given in Tables 2-1 and 2-2.
Given the yield strength distribution, 85% of the rebar specimens had yicld strengths equal to or
greater than 63,300 psi, and 90% equal to or above 62,200 psi. Looking at Figure 3-2, 85% of
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the rebar specimens result in a tensile strength equal to or greater than 100,300 psi, and 90%
equal to or above 99,050 psi.

4.0 REFERENCES

1. PSEG Nuclear records documenting reinforcing bar tests for Salem Nuclear Generating
Station, performed during original plant construction (Provided in Appendix B).
(Documents provided to MPR by express package from K. Fisher (PSEG Nuclear) to J.
Simons (MPR) dated May 23, 2003).
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Table A-1 Rebar Yieid Strength Data

Yield Tensile
Company Record Heat Bar Size  Strength Strength
PSEG 1825 64821*° 8 66,850 108,750
PSEG 1825 64821° 8 65,850 108,100
Milton 24 134682 9 66,350 107,650
Milton 24 135386 9 69,400 108,650
PSEG 65 135386 9 65,800 107,400
Milton 24 135849 9 66,150 109,100
PSEG 64 135849 9 66,300 108,800
Milton 1678 135811 8 74,700 97,400
Milton 1678 135911 8 72,750 97,400
Miiton 745 135984 11 64,750 107,050
Milton 746 135984 11 73,850 110,650
Milton 746 135984 11 75,500 110,650
PSEG 1089 136068 8 63,000 102,500
PSEG 1083 136068 8 60,800 102,300
PSEG 71 136069 9 63,000 111,800
PSEG 71 136069 9 80,600 112,000
PSEG 72 136099 9 62,000 104,000
PSEG 72 136099 9 61,600 104,600
PSEG 1088 136111 8 62,800 103,000
PSEG 1088 136111 8 61,500 103,000
PSEG 314 136155 1 78,900 117,000
PSEG 314 136155 11 82,000 114,100
Milton 24 136156 9 68,200 107,550
PSEG 60 136156 9 68,500 107,550
PSEG 60 136156 9 66,700 106,800
PSEG 303 136173 11 61,000 104,400
PSEG 303 136173 11 61,400 104,100
PSEG 302 136182 11 65,400 109,000
PSEG 302 136182 1 66,900 109,900
PSEG 70 136388 g 62,000 104,400
PSEG 70 136388 g 62,600 105,300
Milton 782 136663 11 61,688 101,948
Milton 781 136663 11 61,364 101,623
Milton 781 136663 11 67.834 109,873
Milton 513 136787 10 66,150 107,250

a: average of 2 data from same heat
b: onginal data in a heat where othsr data was averaged
¢: yield strength data <60ksi in this heat not included
MPR Calculation 108-275-02 Appendix A d: average of 3 data from same heat



Company Record

Milton
Milton
Mitton
Milton
Milton
Milton
Milton
Milton
PSEG
PSEG
Milton
Miiton
Miiton
Milton
Milton
PSEG
PSEG
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
PSEG
Milton
Milton
PSEG
PSEG

MPR Calcutation 108-275-02 Appendix A

515
515
764
780
780
514
515
515
296
296
764
1642
515
515
20
46
46
746
745
748
10
10
10
10
13
10
10
13
10
12
28
10
10
150
150

| ‘

Table A-1 Rebar Yieia Strength Data

Yield
Heat Bar Size  Strength
136787 10 73,000
136787 10 70,000
136907 11 72,800
136907 11 76,751
136807 11 78,662
136958 10 76,400
136958 10 82,250
136958 10 83,750
137010 11 71,794
137010 11 67,948
137010 11 65,050
137023 10 62,200
137023 10 72,750
137023 10 72,750
137102 9 69,400
137102 8 63,800
137102 9 64,000
137248 11 71,400
137248 11 66,650
137248 11 66,100
137801 9 72,700
137801 9 74,000
137951 9 76,000
137951 9 77,800
137951 9 72,200
137958 g 80,600
137958 9 83,650
137958 9 74,500
138010 9 76,000
138010 9 65,150
138010 9 87,250
138011 9 74,750
138011 9 72,700
138333 11 65,800
138333 11 68,750

a: average of 2 data from same heat

b: original data in a heat where other dafa was averaged
c: yiel strength data <60ksi in this heat not included

d: average of 3 data from sams heat

Tensile
Strength

105,650
106,000
115,150
112,420
112,738
115,850
116,150
116,650
108,012
108,653
109,950
104,900
104,450
104,050
109,700
108,300
108,200
89,350
102,650
99,650
108,250
107,150
110,200
108,600
109,100
113,250
113,250
113,250
102,550
102,550
102,550
105,650
106,200
100,300
100,300



Company Record

PSEG
PSEG
PSEG
PSEG
Miiton
Milton
Milton
Milton
Milton
Milton
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton

MPR Calculation 108-275-02 Appendix A

148
148
136
136
6
6
1700
1700
1718
1718
59
59
56
56
58
58
61
61
65
65
16
16
1785
1785
1186
1186
1186
1186
1805
1805
1805
1805
1805
1805
1242

Table A-1 Rebar Yield Strength Data

Yield
Heat Bar Size  Strength
138344 11 82,250
138344 11 82,050
138434 11 65,050
138434 11 63,600
138566 9 71,650
138566 9 70,100
138624 8 63,000
138624 8 66,250
138958 8 74,050
138958 8 75,950
138989 11 74,500
138989 11 76,300
138990 11 69,200
138990 1 70,450
139000 1 75,150
139000 11 76,450
139001 11 82,800
133001 11 82,450
138039 11 71,350
139039 11 73,250
139639 11 67,950
139639 11 68,900
139736 9 71,700
139736 9 70,700
139900 8 63,300
139900 8 60,750
140843 8 70,150
140843 8 70,150
1403809 8 72,400
140909 8 71,400
140913 8 68,600
140913 8 68,600
140935 8 71,500
140935 8 71,200
140935 8 63,000

a: averags of 2 data from same heat

b: original data in a heat where other dala was averaged
¢: yield strength data <60ksi in this heat not included

d- average of 3 data from same heat

Tensile

Strength

111,500
111,100
94,450
95,700
111,850
111,850
101,300
101,950
107,800
108.450
104,900
103,900
99,050
99,050
102,300
102,950
102,250
103,250
97,750
98,400
100,300
100,950
109,100
109,100
100,650
100,650
104,550
104,550
106,400
107,800
104,500
104,500
106,300
107.700
103,250



Table A-1 Rebar Yield Strength Data

Yield Tensile 4
o Company Record Heat  BarSize Strength Strength y Lo
i Milton 1192 141392 6 64,900 100,250 S
b Milton 1192 141392 6 62,550 100,000
- Milton 1192 141470 8 72,750 106,500
p Milton 1192 141470 8 76,600 106,500
e Milton 1785 141473 9 73,200 105,650
P Milton 1785 141473 9 73,200 106,200
e Mitton 1793 141515 10 71,750 105,250
Milton 1793 141515 10 73,150 106,100
S Milton 1219 141842 11 67,500 97,400
[t Milton 1219 141842 11 65,300 97,400
: Milton 1219 141843 11 66,000 96,800 A
P Milton 1219 141843 11 65,100 96,500
b Milton 1219 141865 6 64,100 99,500
Lo Mitton 1219 141865 6 64,300 100,000
— Miiton 1477 141898 10 72,000 108,000 L
P Milton 1477 141898 10 70,400 108,000
t s Milton 1815 141901 9 70,700 105,550
B Milton 1815 141901 9 70,900 106,100
Milton 1815 141902 9 71,950 108,150
T Milton 1815 141902 9 70,100 108,750
Milton 1819 141953 8 77,250 107,150 _
gt Milton 1819 141953 8 71,450 107,150 e
i Milton 1819 141954 8 66,250 101,950
Milton 1819 141954 8 64,950 101,300
Lt PSEG 1875 142548 8 65,150 103,300 .
e PSEG 1875 142548 8 66,450 103,300 L
o PSEG 1877 143440 8 64,450 103,950 iy ot g e
' PSEG 1877 143440 8 63,650 103,250
: Milton 1051 143668 6 73,000 106,050
S Milton 1051 143668 6 80,450 106,050
s Milton 1921 144032 9 73,750 115,650
G Milton 1921 144041 9 79,000 116,850
Milton 1921 144042 9 67,350 107,150
Milton 1921 144043 9 65,300 107,650
Milton 1914 144076 9 69,700 106,050

a: average of 2 data from same heat
b: original data in a heat whers other data was averaged
c: yield strength data <60ksi in this heat not included A-5
MPR Calculation 108-275-02 Appendix A d: average of 3 data from same heat
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Table A-1 Rebar Yield Strength Data

Company Record

Milton
Milton
PSEG
PSEG
Milton
Milton
Milton
Milton
PSEG
PSEG
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
PSEG
PSEG
PSEG
PSEG
PSEG

PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
Miton
PSEG
Milton

MPR Calculation 108-275-02 Appendix A

1914
1914
1915
1915
1916
1914
1914
1921
1920
1920
1923
1916
1919
1064
1570
1570
1678
1678

24
61

1084, 1631

1084, 1631
311
311

311
300
300
1021
1021
54
54
24
63
24

Yield

Heat Bar Size  Strength
144597 6 64,650
144597 6 64,400
144663 8 63,500
144663 8 64,000
144663 8 70,100
144691 8 64,450
144681 8 65,800
144691 8 63,150
144692 8 62,000
144692 8 61,300
144692 8 63,150
144708 8 66,250
144724 8 66,250
144854 8 67,100
146213 1 71,850
148742 11 63,450
235532 8 71,450
235532 8 75,350
235656 9 77,150
235656 9 65,500
235722° 8 65,760
235722° 8 67,280
235766 11 61,470
235766>° 1 62,065

235766"° 11 60,880
235783 11 63,200
235783 11 60,500
235985° 10 62,100
235085° 10 62,100
236029 9 77,000
236029 9 74,400
236033 9 62,500
236033 9 70,800
236137 9 62,500

a: average of 2 data from same heat

b: original data in a heat where other data was averaged
¢: yield strength data <50ksi in this heat not inciuded

d: average of 3 data from samne heat

Tensile

Strength

103,250
102,800
105,600
108,600
109,300
103,300
103,950
103,950
100,000
99,500
104,600
105,850
105,200
107,250
103,300
102,550
107,150
107,800
109,250
107,200
108,165
108,735
103,415
103,225

104,150
105,000
104,900
104,850
103,350
115,200
104,400
104,000
109,600
106,500

C o



Table A-1 Rebar Yield Strength Data

Company Record

PSEG
Milton

L PSEG

g Milton

: Milton
Milton
Mitton
Milton
Milton
Milton
Milton
Milton
Miiton
Milton
Milton
Milton
PSEG
PSEG

PSEG
PSEG
PSEG
Milton
PSEG
PSEG
Milton
Milton
PSEG
PSEG
Milton
PSEG
PSEG
Milton
Milton

MPR Calculation 108-275-02 Appendix A

59
24
62
22
22
23
23
21
21
23
519
518, 618
519
514
515
515
43
43
20,43
249
249
1363
247
247
1363
1672
1056
1056
16
42
42
10
12

Heat
236137
236180
236180

236429%¢
236429%°
236429°°
236431
236431
236436
236436
2364587
236458%°

236458°°
236501
236501
236501
236636%°
236636%°
236636°
236776
236776
236776
236778
236778
236778
236844
236884
236884
237124
237124
237124
237569
237569

Bar Size

9

W OOWWw©OL ©© O O

© g5 W®O©®oomowoo

Yield

Strength

66,000
64,800
63,000
66,239
69,445
76,531
69,697
62,121
63,265
64,796
71,143
70,326

70,732
65,850
67,850
75,400
61,450
61,250
63,325
73,550
76,150
66,650
65,900
64,950
65,250
62,800
73,700
73,400
65,300
80,800
71,950
79,100
76,000

a: average of 2 data from same heat

b: original data in a heat where other data was averaged
¢: yield strength data <60ksi in this heat not inciuded

d: average of 3 data from same heat

Tensile

Strength

108,000
109,200
105,800

106,601
108,060

107,150
105,555
106,060
106,133
106,632
107,521
107,317

107,724
109,800
108,350
107,950
103,950
103,200
105,875
100,650
101,000
101,650
96,450
96,100
98,700
107,050
108,350
106,950
108,700
109,100
109,050
111,750
113,250

A-7
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Table A-1 Rebar Yieia Strength Data

Yield Tensile
Company Record Heat Bar Size  Strength Strength
Milton 10 237569 S 84,200 112,250
Milton 10, 12 237588 9 75,000 108,950
PSEG 31 237588% 9 77,800 109,700
Milton 1682 237615 8 68,850 103,900
Milton 1682 237615 8 68,850 103,900
Milton 13 237640 9 72,950 112,250
Milton 10 237640 9 77,050 110,700
PSEG 32 237640 9 81,100 111,200
PSEG 147 237722 1 72,200 102,650
PSEG 147 237722 11 73,500 102,650
PSEG 132 237839 11 70,500 102,500
PSEG 132 237839 11 70,850 102,600
Milton 1718 238100 8 91,150 112,200
Milton 1718 238100 8 86,550 112,800
Milton 504 238190 10 73,400 112,100
Milton 504 238190 10 73,600 112,600
Milton 504 238202 10 77,400 118,550
Milton 504 238202 10 79,600 118,000
PSEG 64 238283 11 70,700 98,700
PSEG 64 238283 11 70,300 98,400
PSEG 63 238288 11 71,650 102,550
PSEG 63 238288 11 72,300 101,900
PSEG 57 238291 11 70,250 99,000
PSEG 57 238291 11 75,150 99,000
PSEG 60 238309 11 70,600 97,050
PSEG 60 238309 11 71,100 96,750
Milton 1785 238721 11 68,500 101,600
Milton 1785 238721 11 71,450 101,600
PSEG 18 238745 11 68,050 101,600
PSEG 18 238745 11 67,650 101,300
PSEG 19 238916 11 67,400 100,300
PSEG 19 2389186 11 68,200 101,000
Milton 1186 240118 8 64,300 105,200
Milton 1186 240118 8 67.550 105,200
Milton 1793 240235 9 73,500 108,500

a: averags of 2 data from same heat
b: oniginal data in a heat where other data was averaged
c: yiekd strength data <60ksi in this heat not included
MPR Calculation 108-275-02 Appendix A d: average of 3 data from same heat




Company Record

Milton
Miiton
Milton
Milton
Milton
Milton
PSEG
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Miiton
Milton
Milton
Milton
PSEG
Milton
Milton
Milton
PSEG
PSEG
Milton
Milton
PSEG
PSEG
Milton

MPR Calculation 108-275-02 Appendix A

1793
1785
1785
1785
1785
1192
1783
1793
1793
1785
1785
1785
862
862
1815
1815
1477
1477
1815
1815
1823
1823
1823
1823
1820
1823
1819
1819
1874
1874
1911
1911
1917
1917
1919

Table A-1 Rebar Yield Strength Data

Yield

Heat Bar Size  Strength
240235 9 74,750
240684 9 85,600
240684 9 81,450
240714 8 74,350
240714 8 74,700
240731 8 81,800
240731 8 86,200
240734 9 78,800
240734 9 83,350
240736 8 86,200
240760 10 70,750
240760 10 73,600
240960 8 - 65,400
240360 8 64,100
241147 8 76,650
241147 8 77,800
241204 10 71,100
241204 10 76,400
241213 8 68,900
241213 9 67,850
241236 8 68,400
241236 8 65,100
241238 8 75,300
241238 8 77,300
241245 8 67,100
241245 8 67,100
241250 8 75,000
241250 8 69,750
241968 8 76,300
241968 8 75,000
243627 8 70,500
243627 8 66,650
243908 8 61,000
243908 8 61,000
243908 8 70,150

a: average of 2 data from same heat

b: original data in a heat where other data was averaged
¢: yield strength data <60ksi in this heat not included

d: average of 3 data from same heat

Tensile
Strength

110,100
117,000
117,000
107,700
109,100
103,800
105,250
114,650
115,150
105,250
105,300
105,300
101,300
101,900
110,400
110,400
113,800
113,800
106,650
106,100
95,400

95,400

112,300
110,400
98,000

98,000

107,900
107,900
111,850
112,500
105,750
105,750
99,700

99,000

110,400



Company Record

PSEG
PSEG
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Milton
Miiton
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
PSEG
Milton
Milton
Milton
Milton
Milton
Milton
Milton

MPR Calculation 108-275-02 Appendix A

1922
1922
1923
1923
1064
1570
1570
1570
23
21
509
509
312
312
301
301
305
305
1019
1019
58
55
307
307
56
56
50
50
1678
1678
1634
1637
1637
1637
1637

i .

Yield
Heat Bar Size  Strength
243912 8 60,500
243912 8 60,500
243912 8 65,800
243942 8 65,400
244136 8 61,050
247569 11 73,050
247720 11 77.300
247723 1 63,300
321698 8 67,857
321698 9 63,776
321737 10 62,000
321737 10 64,500
321880 11 81,400
321880 11 76,700
321934 11 62,200
321934 1 60,800
322047 H 62,200
322047 1 60,800
322064° 10 64,600
322064° 10 65,400
322183 9 62,600
322183 8 63,000
322207 11 60,500
322207 11 62,800
322308 9 68,200
322309 9 68,000
322310 9 63,200
322310 9 60,400
322425 6 70,000
322425 6 69,550
322692 8 67,550
322692 8 65,584
322692 8 66,233
322705 8 68,831
8 69,480

22705
a: averags of 2 data from same heat

Table A-1 Rebar Yield Strength Data

b: original data in a heat where other data was averaged
c: yield strength data <60Kksi in this heat not included

d: average of 3 data from same heat

Tensile

Strength

87,700
99,000
107,250
100,000
99,350
106,600
117,100
104,200
107,653
107,653
103,600
105,650
120,000
116,700
104,500
105,000
105,600
105,600
105,800

104,450
107,600
108,200
105,900
106,500
108,600
109,400
103,200
102,400
101,150
101,600
108,450
105,194
105,844
110,389
111,038




. |

g | Table A-1 Rebar Yieia Strength Data
Yield Tensile
Company Record Heat Bar Size  Strength Strength
PSEG 291 322764 11 68,831 105,844
Mitton 780 322764 1 69,300 100,980
Milton 764 322764 1 68,850 109,100
PSEG 299 322803 11 70,192 108,012 .
PSEG 299 322803 1 69,871 108,012 s B
Milton 1642 322803 11 69,350 111,600
PSEG 250 322820° 11 70,266 107,235
PSEG 250 322820" 11 62,180 107,500
Milton 764 322820" 11 63,450 108,950
Milton 513 322836 10 72,200 104,350
Milton 515 322836 10 72,800 105,200
Milton 515 322836 10 73,200 105,200
Milton 513 322837 10 70,950 105,650
Milton 515 322837 10 70,800 104,400
Milton 515 322837 10 70,800 104,400 : L
Milton 509 322844 10 67,050 102,850 e g
Milton 509 322844 10 66,950 102,400
Milton 513 322845 10 66,550 99,200
Milton 515 322845 10 66,550 98,000
Milton 515 322845 10 69,350 98,800 B
PSEG 248 323068 11 79,600 103,600 ’
PSEG 248 323068 11 75,650 103,600
Milton 1363 323068 11 68,550 103,300
PSEG 1057 323151 8 79,500 104,500
PSEG 1057 323151 8 73,400 103,800
Milton 1672 323151 8 63,450 102,550
Milton 242,746  323632° 11 71,300 105,810
Milton 745,746  323632° 11 72,275 107,100
PSEG 33 323827 9 74,000 110,700 phe
PSEG 33 323827 9 82,150 111,750 COiiii A
PSEG 133 324227 1 73,700 105,900
PSEG 133 324227 11 74,350 106,250
PSEG 149 324235 11 68,500 96,100
PSEG 149 324235 11 66,150 96,100

a: average of 2 data from same heat
b: original data in a heat where other data was averaged
¢: yield strength data <60ksi in this heat not inchuded A-11
MPR Caiculation 108-275-02 Appendix A d: averags of 3 data from same heat
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Table A-1 Rebar Yield Strength Data

_ Yield Tensile
Company Record Heat Bar Size Streﬁgth Strength
} ." PSEG - 134 324320 11 67,000 99,650 _
K " PSEG 134 324320 1 67,000 99,350 BRCRSELEET
PSEG 137 324324 1 64,700 95,750
PSEG 137 324324 11 65,150 96,700
PSEG 135 324325 11 65,450 96,400
PSEG 135 324325 11 65,900 97,350
PSEG 20 325500 1 67,400 99,350 e
m»q, 4 PSEG 20 325500 11 67,300 99,050 U
4*'3 PSEG 17 325501 11 67,650 98,400 -
, , PSEG 17 325501 1 67,750 99,050
R Milton 1242 325780 6 66,350 104,200
Milton 1186 326413 6 64,100 101,600 SURRL
P Milton 1186 326413 6 63,850 108,400 Ikl
: Miton 1192 326580 8 77,250 109,100
; Milton 1192 326580 8 76,600 109,100
Milton 1186 326742 8 63,900 101,900 -
P Milton 1186 326742 8 64,750 103,850 Rt
S Milton 1219 326810 10 72,000 108,200
P Milton 1219 326810 10 71,200 109,200
L Miiton 1793 327609 8 88,450 122,450
: Milton 1793 327609 8 92,300 122,450
Milton 1793 327610 8 80,250 118,200
Milton 1793 327610 8 94,800 118,200
Milton 981 327677 9 77,600 112,800
Miiton 981 327677 9 75,500 112,800
Milton 1510 327885 8 65,600 107,150
Mitten 1873 327885 8 65,600 107,150
PSEG 1876 329345 8 63,800 100,000
PSEG 1876 329345 8 66,450 101,300
L ~ PSEG 1918 330619 8 60,000 100,000
r,ﬁ ' P PSEG 1918 330619 8 60,100 100,300
v ‘ Milton 1919 330619 8 64,1 Eo 100,000 : N
Milton 1916 330646 8 61,560 100,000 ' s
Milton 1923 330660 8 63,800 103,300 '
Milton 1570 332081 11 75.000 109,200

a: average of 2 data from same heat
b: eriginal data in a heat where other data was averaged
c: yield strength data <60ksi in this heat not included
MPR Calculation 108-275-02 Appendlx A d: average of 3 data from same heat

A-12




Table A-1 Rebar Yield Strength Data

. , Yield Tensile

o Company Record Heat Bar Size  Strength Strength

' Milton 1570 334582 11 71,300 105,150

Milton 755 336776 1 66,650 101,650
| , US Steel 1889 03M585 8 60,510 102,780
] US Steel 1849 04M326" 8 69,620 107,850
P PSEG 1848 04M326° 8 65,833 104,467
i PSEG 1848 04M326* 8 65,533 104,733
: US Steel 1826 06L821 8 80,510 118,730
PSEG 1850 209C680° 8 69,000 113,200

PSEG 1850 209C680° 8 69,500 113,300

Bethlehem 1852 209C680° 8 76,200 122,500

Bethlehem 1852 209C681° 8 66,800 107,800

PSEG 1851 209C681° 8 66,450 108,650

PSEG 1851 209C681° 8 66,400 108,800

a: average of 2 data from same heat
b: original data in a heat where other data was averaged
: c: yield strength data <60ksi in this heat not included A-13
MPR Calculation 108-275-02 Appendix A d: average of 3 data from same heat



MPR Associates, Inc.
320 King Street
Alexandria, VA 22314

Calculation No. Prepared By Checked By Page: B-1

108-275-02 ;ﬁ;,_yﬁ,km\wm M'#I‘“L' Revision: 0

~ Appendix B: PSEG Nuclear Records of Reinforcing
Steel Test Results

PSEG Nuclear records documenting reinforcing bar tests for Salem Nuclear Generating Station,
performed during original plant construction (Provided in Appendix B). (Documents provided to
MPR by express package from K. Fisher (PSEG Nuclear) to J. Simons (MPR) dated May 23,
2003).

MPR QA Form: QA-3.1-3, Rev. 0
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Margin Reduction from Rebar Corrosion

This appendix contains the following MPR Calculation.

. MPR Calculation 0108-0275-35, “Salem Spent Fuel Pool Remforcmg Steel Load Capacity
at Degraded Conditions,” Revision 0.

MPR-2613 C-1
Revision 3
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1.0 PURPOSE

The purpose of this calculation is to determine the percent reductions in the Salem spent fuel
pool reinforcing steel load capacities due to various levels of reinforcing steel degradation.

2.0 RESULTS

Table 2-1 shows the percent reductions in the load capacities of the reinforcing steel sizes present
in the spent fuel pool structure due to various levels of reinforcing steel degradation.

Table 2-1. Percent Reductions in. Reinforcing Steel Load Capaclty
at Various Degradation Levels

Size #8 #9 #10 #11
Diameter (in.) 1.000 1.128 1.270 1.410
0.000 0.00 000 | 000 | 000
0010 | 1.99 177 157 141
0.020 3.06 3.51 312 282
| 0.030 591 525 | 467 421
D‘zlgr::ﬁ:;')"“ ~0.040 7.04 6.97 6.20 5.59
0.050 9.75 8.67 772 6.97
0060 | 1164 | 1036 | 9.3 8.33
0.070 13.51 1203 | 1072 | 968
0.080 1536 | 1368 | 1220 | 1103

The expressions relating the percent reduction in reinforcing steel load capacity and the
reinforcing steel degradation level are provided below. In each equation, ‘x’ represents the
reinforcing steel degradation level, and “y’ represents the percent reduction in load capacity.

#8: y=192x +0.0933

#9: y=171.02x +0.0734
#10: y=152.52x + 0.0579
#11: y=137.82x + 0.0469

MPR QA Form: QA-3.1-3, Rev. D
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3.0 CALCULATION

The yield strength of reinforcing steel, fy, is defined as the force that the steel can withstand at a
certain cross-sectional area:

fy=F/A; H
where:
nd* '
A = 2
2 | ()
d = reinforcing steel diameter

F = reinforcing steel load capacity
Substituting Equation (2) into Equation (1) and solving for the load capacity yields:

. f,nd*
T4

3)

The percent reduction in the original load capacity due to degradation of the reinforcing steel is
calculated as: '

E ith—-Depradation d-d ’
% Re duction = | | - ———2800N % 100 = 1—(——,“—) *100 (4)
No~-Degradation . d )

where:

dg= rcinforcing steel degradation level
Note that dq represents the degradation off the reinforcing steel diameter, and not the radius.
The reinforcing steel sizes present in the Salem spent fuel pool structure are provided in
References 1-9. This information is summarized in Table 3-1. Note that only the reinforcing

stecl around the wetted perimeter of the structure is included in the table (e.g., reinforcing steel in
the portion of the North wall above the water is not included).

MPR QA Form: QA-3.1-3, Rev. 0
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Table 3-1. Spent Fuel Pool Steel Reinforcement Sizes

Horiz, Tension Horiz, Tension Vert, Tension Vert, Tension
Wall Inside Outside Inside Outside
North #8 #8 #8 #8
West #9 #8 #9 #8
South #11 #11 #11 #11
East #10 #8 #10 #8
N-S, Tens. Top N-S, Tens Bottom | E-W, Tens. Top | E-W, Tens. Bottom
Slab #9 #8 #8 #8

from the water.

The diameters of the reinforcing steel under consideration in this calculation are provided in
Table 3-2. This information is taken from Reference 10.

Table 3-2. Reinforcing Steel Diameters

Notes: 1. ‘Inside’ refers to the water side of the wall, '‘Outside’ refers to the side of the wall remote

Size Diameter
#8 1.000
#9 1.128
#10 | 1.270
#11 1.410

MPR QA Form: QA-3.1-3, Rev.0
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Degradation, dg in Equation (4), is applied in increments of 0.01 inches to determine the effect on
the capacity of each size of reinforcing steel. Results are presented in Table 3-3,

Table 3-3. Percent Reductions in Reinforcing Steel Load Capacity
at Various Degradation Levels

Size 48 #9 #10 #11
Diameter (in.) 1.000 1.128 1.270 1.410
0.000 0.00 0.00 0.00 0.00
0.010 1.09 .77 157 1.41
0.020 3.96 3.51 312 2.82
0.030 5.91 5.25 467 4.21
D"(?r: :ﬁ:;')"“ 0.040 7.84 6.97 6.20 5.59
0.050 9.75 8.67 7.72 6.97
0.060 11.64 1036 | 9.23 8.33
0.070 13.51 1203 | 10.72 9.68
0.080 15.36 1368 | 1220 | 11.03

Figure 3-1 shows a plot of the percent reduction in reinforcing steel load capacities versus
degradation for the various reinforcing steel sizes present in the spent fuel pool. Included on the
plot are equations relating the percent load capacity reduction of each reinforcing steel size to the

degradation level.

MPR QA Form: QA-3.1-3, Rev. 0
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Figure 3-1. Reductions in Reinforcing Steel Load Capacities
at Various Diameter Degradation Levels
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Margin Reduction from Concrete Degradation

This appendix contains the following MPR Calculation.

. MPR Calculation 0108-0275-34, “Salem Spent Fuel Pool Structure Capacities Based on
Degraded Concrete Conditions,” Revision 0.
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1.0 PURPOSE

The purpose of this calculation is to determine the percent reductions in the capacities of the
limiting sections of the Salem spent fuel pool structure due to various levels of concrete
degradation in the structure,

2.0 REsuLTS

2.1 Moment Capacities

Table 2-1 shows the percent reductions in the moment capacities of the limiting sections of each
wall of the spent fuel pool at various levels of concrete degradation. Also shown in the table are
the total moments, allowable moments, and design margins of the limiting sections of each wall
with no concrete degradation.

Table 2-1. Percent Reduction in the Allowable Moment
of the Spent Fuel Pool Walls

o onerte Dgradaton | Bedaclo | Alowaleomert f Varos

Wall Total |Allowable| Limiting

Moment | Moment | Design 1 2” 3” 47 5”

(kip-ft/ft)* | (kit-ft/ft) | Margin
North -148 -154 1.04 1.0 2.0 3.0 4.0 5.0
South -86 -258 3.00 16 3.1 4.7 6.2 7.8
East | -98 -103 1.05 15 | 30 45 6.0 75
West -204 -299 1.02 0.92 1.8 2.8 3.7 4.6
Slab 191 197 103 | 079 | 16 2.4 3.2 3.9

*Note that a negative moment indicates compression on the inside (water side) of the pool wall, and tension on the outside of the
pool wall (per Appendix C, Page 13 of Reference 1).

The expressions relating the percent reduction in moment capacity and the concrete degradation
level are provided below. In each cquation, ‘x’ represents the concrete degradation level, in
inches, and ‘y’ represents the percent reduction in allowable moment.

North Wall: y = 1.006x + 0.0003

MPR QA Form: QA-3.1-3, Rev. 0
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South Wall:  y=1.5523x +0.0013

East Wall: y = 1.5042x + 0.0007
West Wall: y =0.9167x + 0.0002
Slab: y = 0.7894x + 0.0001

Note that Table 2-1 only addresses the walls of the spent fuel pool. The walls of the transfer
pool, located beside the spent fuel pool, are not expected to show significantly larger reductions
in moment capacities.

2.2 Shear Capacities

The spent fuel pool wall design margins for shear are sufficiently high that concrete degradation
will not have an impact. The spent fuel pool walls are not evaluated in detail for shear in this
calculation.

3.0 METHODOLOGY

The design analysis of the Salem spent fuel pool building was performed in MPR-1863
(Reference 1) based on the requirements specified in the Salem Structural Design Criteria
(Reference 2). The spent fuel pool was divided into approximately seventy sections for the
evaluation. Loads and design margins were calculated for each section.

This calculation evaluates only the one section of each spent fuel pool wall having the most
limiting design margin for moment. These limiting sections are determined from Reference 1.
The depth of concrete degradation is varied by increments of 0.25” for each limiting section, and
the reduction in moment capacity based on the degraded concrete conditions is calculated. Shear
capacities at degraded concrete conditions are not specifically evaluated in this calculation, as
discussed in Section 4.

Although all sections of the spent fuel pool were evaluated for various load combinations, load
types, and load directions in Reference 1, it is justifiable to evaluate only the most limiting
section of each wall from among all the load combinattons, load types, and load directions based
on the following:

« Capacities are limited by either a multiple of the working stress allowable or the ultimate
strength design allowable, depending on the load combination under consideration, per
Reference 2, Paragraph 7.2.1. The moment arm ol a concrete section is determined by the

MPR QA Form: QA-3.1-3, Rav. 0 .
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distance between the centroids of the compression block and tension reinforcement. The
compression block is triangular in the working stress design method and rectangular in the
ultimate strength design method. Therefore, changes in the overall depth of a concrete
section (e.g., resulting from concrete degradation) would have a similar effect on the moment
arms resulting from both design methods, and the percent reductions in moment capacities
would be comparable. 1t is noted that all limiting design margins evaluated in this calculation
result from the working stress design method. The design margins based on ultimate strength
design are much larger than those based on working strength design (limiting design margins
from Appendix C of Reference | are 1.02 and 1.27 based on working stress and ultimate
strength capacities, respectively).

o The load type (horizontal moment, vertical moment, etc.) determines whether the vertical or
horizontal rebar carry load. The size and spacing of the rebar in a wall of the structure, which
determines the effective area of the rebar, may vary depending on whether the rebar is
oriented horizontally or vertically. However, the percent reduction in moment capacity is
most significantly influenced by the depth of the concrete section and is relatively insensitive
to the effective area of the steel.

e The direction of a load will determine whether the inside rebar (i.¢., on the water side of the
wall) or the outside rebar are in tension. Although the size and spacing of the rebar in a wall
of the structure may vary depending on whether the rebar is on the inside or outside of a wall,

- the percent reduction in moment capacity is most significantly influenced by the depth of the
concrete section and is relatively insensitive to the effective area of the steel. It is noted that
all limiting design margins evaluated in this calculation result from compression of concrete
on the inside of the structure, and tension of rebar on the outside of the structure.

As stated above, the wall depth has a significant impact on moment capacity. PSEG Nuclear
drawings (References 5-13) show that the South wall is the only wall not constant in depth from
the bottom to the top. However, it is still justifiable to evaluate only one most limiting section
from the South wall as all sections have significantly large design margins, per Appendix C of
Reference 1. ' -

4.0 CALCULATION

4.1 Shear

Reference 2, Paragraph 7.2.1, stipulates that shear capacities for the spent fuel pool wall be
calculated according to ACI 318-63 (Reference 3). Reference 2 limits normal loads to working
stress allowables; operating basis earthquake loads to 1/3 above working stress allowables; and
design basis carthquitke and tornado related loads to ultimate strength design altowables. Per

MPR QA Form: QA-3.1-3, Rev. 0




WAMPR MR Assccitn, o

Alexandria, VA 22314

Calcultation No. Prepared By Checked By Page: 7
0108-0275-34 ,u.&w,a . BochImmausas | Revision: 0

Reference 3, Paragraph 1201(a) and Paragraph 1701(a), working stress and ultimate strength
design allowables for shear loads are calculated as ,

V=v_bd
where:

V = allowable shear load for working stress or ultimate strength design
v. = allowable shear stress for unreinforced concrete

= l.hlfc for working stress design (Reference 3, Paragraph 1201(c))

= 2¢\ffc for ultimate strength design (Reference 3, Paragraph 1701(c))

b = width of compression face

d = distance from extreme compression fiber to centroid of tension reinforcement
f.’ = concrete compressive strength

¢ =capacity reduction factor

The above equation shows that shear capacity is a function of the cross-sectional area of the
concrete section under consideration, such that the percent reduction in shear capacity is directly
proportional to the percent reduction in the depth of the section.

Appendix C of Reference 1 shows that the design margins for shear are large; the most limiting is
1.99. Therefore, the spent fuel pool walls will still be acceptable for shear even under degraded
concrete conditions, and the effect of concrete degradation on the shear capacities of the spent
fuel pool walls is not specifically evaluated in this calculation,

4.2 Moment

4.2.1 Limiting Spent Fuel Pool Sections

Table 4-1 shows the design margin, load information, and location of the most limiting section of
each spent fuel pool wall considering no concrete degradation. All values in the table are from
Appendix C of Reference 1.

MPR QA Form: QA-3.1-3, Rev. 0
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Table 4-1. Limiting Design Margins of Each Spent Fuel Pool Wall

Lo_catlon Load Load Type M?r)!::Lt Capacity |- Margin
Wall AVI\;:}? Height Combination (kip-fu/ft) (kit-fuft)
North | Midde | Bottom O";‘;:’:t;'n ponical 148 -154 1.04
South | West | Bottom O";‘;:Z;ﬂn Farizontal 86 258 3.00
East | Middle | Bottom or;::mn yortioal -98 -103 1.05
West | Middle | Top | East-WestOBE Hﬁgﬁf:;f' -294 -299 1.02
Slab | Middle | Middle O";:'rg‘ti:n Fonzontal -191 197 1.03

Table 4-1 shows that the limiting design margins result from only two load combinations —
Normal Operation and East-West Operating Basis Earthquake (OBE). Per Reference 2,
Paragraph 7.2.1, the moment capacities for the spent fuel pool structure are to be calculated
according to Reference 3. Per Reference 3, moment capacities are limited to working stress
allowables for normal loads and 1/3 above working stress allowables for OBE loads. Therefore,
the working stress design method is used in this calculation to determine the percent reduction in
the moment capacities of the limiting spent fuel pool sections when the concrete of those sections
is degraded. '

4.22 Working Stress Design Method

The working stress design method (detailed in Reference 4) assumes that the area of the
reinforcing steel in a structure may be thought of as replaced by an equivalent area of concrete,
scaled by the ratio of the moduli, n:

n=—s% ' 1)
E, (
where:

E. = concrete modulus of elasticity
E; = reinforcing steel modulus of elasticity

This is itlustrated in Figure 4-1.

MPR QA Form: QA-3.1-3, Rev.0
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Figure 4-1. Working Stress Design Method

In order to find the neutral axis, designated by ‘kd’ in Figure 4-1, the moments of the
compression and tension areas about the neutral axis are balanced, giving

b%— nA,(d —kd) =0
where:

A, = equivalent area of tension reinforcement

d = distance from extreme compression fiber to centroid of tension reinforcement
b = width of concrete section ' ' _
k = ratio of the distance from the extreme compression fiber to the neutral axis and the

distance ‘d’
If the reinforcing ratio is

=4 @)
= bd ' -
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L
Then
2
b tkd)” _ pnbd(d—-kd)=0

Solving for k gives

k =+/2pn + (pn)? —pn 3)

If the concrete is cracked and is not supporting tension, the stress profile resembles that shown in
Figure 4-1, and the distance between the compressive and tensile forces is

jd=d——

Dividing through by ‘d’ yields

k
.k
J 3 )

The moment balance requires that the compression force équals the ténsion force (C = T), and
that the external bending moment M be equal to Tjd = Cjd. If yielding of the steel is limiting,
and T = Af;, then
M = Afjd ()
wheré:
fs = allowable stress bf steel for working stress design
If the concrete limits, then C = ¥4f,’kdb, and
M = Yf 'k jd°b
Where:

f.’ = concrete compressive strength
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Per References 5-13, the walls of the spent fuel pool are very lightly reinforced (reinforcing steel
of size #11 or less is used). Therefore, this analysis assumes that yielding of the steel will limit
the failure.

4.2.3 Capacilties with Concrete Degradation

Equations

The equations used to caiculate the reduced moment capacities of the limiting spent fuel pool
sections are summarized below. Note that equations (1) through (5) were developed in Section

4.2.

Equation (1) — Modulus Ratio

Equation (3) — Neutral Axis Location

k= ,/2pn +(pn)? —pn

Equation (4) ~ Distance between Compres‘sive and Tensile Forces
k
K
J 3

Equation (5) - Working Stress Design Moment (Allowable Moment)
M = Afjd
Equation (6) - Distance from Extreme Compression Fiber to Centroid of Tension Reinforcement

d=1-(dg+dy)

MPR QA Form: QA-3.1-3, Rev. 0
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where:
L = full depth of concrete section
dq = depth of steel from the nearest wall edge (refer to Figure 4-1)
dw

= depth of concrete degradation (refer to Figure 4-1)

Equation (7) - Percent Reduction in Original Moment Capacity

MomentcapaC1ty with—deg radation

% Re duction =100 1 — ,
MomentcapaClty no-deg radation

The results of these calculations for each limiting spent fuel pool section are provided in
Appendix A. A plot of the percent reductions in moment capacities versus the concrete
degradation levels is provided in Appendix B. Equations relating the percent reductions in
moment capacities to the concrete degradation level are shown on the plot.

Material Properties
The material properties to be used in equations (1) through (7) to calculate the reduction in the

moment capacities of the limiting wall sections at degraded conditions are listed below, along
with references for each.

f.’ = strength of concrete | = 3,500 psi (Reference 5)
f, = yield strength of steel = 60,000 psi (Reference 5)
E; = modulus of steel = 29 x 10° psi (Reference 3, Paragraph 1100)
f; = steel allowable stress = 24,000 psi. (Reference 3, Paragraph 1003(a))

Note that Paragraph 1003(a) of Reference 3 limits the allowable stress of steel in working stress
design, f;, to 24,000 psi for deformed bars with a yield strength of 60,000 psi or more and in sizes
#11 and smaller reinforcing steel. Per References 5-13, all reinforcing steel in the spent fuel pool
structure is smaller than #11. ‘ '

The modulus of concrete, E, is calculated as

E. = w'33(f)* = 3.41 x 10° psi _ (Reference 3, Paragraph 1102(x))
where
w o= 145 Ibs/ft’ | (Reference 3, Paragraph 1102(a))
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Dimensions

The spent fuel pool wall and reinforcing steel dimensions to be used in equations (1) through (7)
to calculate the reductions in moment capacities of the limiting spent fuel pool sections are
discussed in this section. Note that the limiting section location information and the reinforcing
steel direction and location information provided in Table 4-2 are taken from Appendix C of
Reference 1.

The full depth of the limiting sections of the spent fuel pool walls, L, is determined from
References 5-13. Because the values of the depths of steel from the nearest wall edges shown in
References 5-13 are to the edges of the reinforcement steel, dq is calculated by summing the
values of the depths from References 5-13 and Y2 the diameter of the steel reinforcement, taken
from Reference 14. The dimensions used in the calculations are summarized in Table 4-2.

The size and spacing of reinforcing steel within a structure determine the equivalent area, A,, of
the steel. The size and spacing of the reinforcing steel in the limiting section of each spent fuel
pool wall is provided in Table 4-2. This information was provided by References 5-13. Table
4-2 also shows the equivalent areas of the reinforcing steel, taken from Reference 14.

Table 4-2. Wall and Reinforcing Steel Dimensions

Limiting Section Location [Reinforcing| Reinforcing | Reinforcing ng:::l:ing Full Depth | Depth of |Equivalent
Steel Steel Steel Size & Diameter of Wall, L | Steel, da I\reai As
Wall |Along Wall| Helght | Direction | Location* Spacing (in.) (in) (in.) (in%)
North Middle Bottom Vertical Outside #8@12" 1.00 105 4.0 0.79
South West Bottom | Horizontal Outside #11@9" 1.41 72 5.705 2.08
East Middle | Bottom | Vertical Outside #8@12" | . 1.00 72 4.25 0.79
West Middle Top-. | Horizontal Outside #8@9" 1.00 115 4.0 1.05
Slab Middte Middle |North-South| Outside #3@12" 1.00 132 35 0.79

* ‘Inside’ refers to the water side of the wall. 'Outside’ refers to the side of the wall remote from the water.

The unit width of a concrete scction used to calculate moment capacities in this calculation, b, is
12 inches. The depth of concrele degradation, d., is varied by increments of 0.25” for each
limiting scction to determine the result on the moment capacity of cach section,
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4.2.4 Transfer Pool

The transfer pool is located next to the spent fuel pool, with the two pools separated by the wall
previously indicated as the ‘south wall’ in this calculation. The walls of the transfer pool were
not evaluated in Reference 1. While the transfer pool walls are not specifically evaluated in this
calculation, a short assessment regarding the effect of concrete degradation on the capacity is
made in this section.

The results of Sections 4.2.1 — 4.2.3, in particular the figure in Appendix B, show that the
reduction in moment capacity due to concrete degradation is most dependent on the depth of a
section; the smaller the-section depth, the higher the reduction in moment capacity. References
5-13 show that the transfer pool walls have the following full depths:

Slab: 78"

South Wall: 140”

East Wall: 72" (same as the east wall of the spent fuel pool)

West Wall: 115" (same as the west wall of the spent fuel pool)

North Wall: varies from 487 to 72” (same as the south wall of the spent fuel pool)

Note that none of the transfer pool walls have a smaller depth than any of the spent fuel pool
walls (see Section 3.0 for a discussion of the varying depth of the spent fuel pool south
wall/transfer pool north wall). Therefore, the percent reduction in moment capacitics for the
transfér pool walls are not expected to be significantly greater than those for the spent fuel pool
walls. :

‘5.0 REFERENCES

1. MPR-1863, “Salém Generating Station Spent Fuel Pool Building Structural Design
Analysis,” Revision 0.
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A

Reduction in Moment Capacities Resulting from
Concrete Degradation
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North Wall, Water Side Compression, #8 Rebar, 8.75' Wall Thickness

iAllowable Stress of Stesl, Working Stress Design, 1, {psi) 24000])
[[strength of Cancrete, 1. (psi) 3500}
IIModulus of Concrete, E., (psl) 3.41E+06|
[Modutus of Steal, E,, (psi) 2.90E+07||
[Modulus ratio, n = EJE, 8.50E+00}}
l[Equivalent Steel Area, A, (in*) 0.79)
Jlunit Width/Height of Wall, b (in.) 12]
{[Depin of steel from nearest wall edge, d, (in.) 4
([Fult depth of wall, L {in.) 105)|
Distance from D
Extreme Neutral Axig| Distance. .
g:::’:;:; Compression Flber| Reinforcing | Locatlon, c;:“:::;ve Moment Re dlﬁ:tlon
to Centrold of Ratlo, =sqri[2p*n P Capacity, M
Degradation, ) = AJ(bd) “m2] - and Tenslile R/t in Moment
dy, (In.) R Tension p=AJ Hp'n)2) Forces, (*kip/tt) Capacity
einforcement, d = p'n j=1-k/3
{L{dq+dy)] (in.)
0 101.0 6.52E-04 | 9.99E-02 | 9.67E-01 154.3 0.00
0.25 100.8 6.53E-04 | 1.00E-01 9.67E-01 153.9 0.25
0.50 100.5 8.55E-04 1.00E-01 9.67E-01 153.5 0.50
0.75 100.3 6.57E-04 1.00E-01 9.67E-01 153.1 0.75
1.00 100.0 6.58E-04 1.00E-01 9.67E-01 152.7 1.01
1.25 99.8 6.60E-04 1.00E-01 -9.67E-01 152.3 1.26
1.50 99.5 6.62E-04 1.01E-01 9.66E-01 151.9 1.51
1.75 99.3 6.63E-04 1.01E-01 9.66E-01 . 1515 1.76
2.00 99.0 6.65E-04 1.01E-01 9,66E-01 151.2 2.0
2.25 98.8 6.67E-04 1.01E-01 9.66E-01 150.8 2.26
2.50 98.5 6.68E-04 1.01E-01 9.66E-01 150.4 2.52
2.75 98.3 6.70E-04 1.01E-01 9.66E-01 150.0 2.77
3.00 98.0 6.72E-04 1.01E-01 9.66E-01 149.6 3.02
3.25 97.8 6.73E-04 1.01E-01 9.66E-01 149.2 3.27
3.60 97.5 6.75E-04 1.02E-01 9.66E-01 148.8 3.52
3.75 97.3 6.77E-04 1.02E-01 9.66E-01 148.4 3.77
4.00 97.0 6.79E-04 1.02E-01 9.66E-01 148.1 4.02
4.25 96.8 6.80E-04 1.02E-01 9.66E-01 147.7 © 4.28
4.50 96.5 6.82E-04 1.02E-01 9.66E-01 147.3 4.53
4.75 96,3 6.84E-04 1.02E-01 9.66E-01 . 146.9 4,78
5.00 96.0 6.86E-04 1.02E-01 9,66E-01 146.5 5.03
5.25 95.8 6.88E-04 1.02E-01 9.66E-01 146.1 5.28
5.50. 95.5 6.89E-04 1.03E-01 9.66E-01 145.7 5.53
5.75 95.3 8.91E-04 1.03E-01 9.66E-01 145.3 5.78
6.00 95.0 6.93E-04 1.03E-01 9.66E-01 145.0 6.04
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West Wall, Water Side Compression, #8 Rebar, 9.583' Wall Thickness

IfAllowable Stress of Steel, Working Stress Design, f, (psi) 24000||

[Strength of Concrete, .’ (psi) . 3500]

[Modulus of Concrete, E., (psi) 3.41E+06||

[Modulus of Steel, E,, (ps) 2.90E+07]

[Modutus ratio, n = EJE. 8.50E+00

[[Equivalent Steel Area, A, {In®) 1.05]

{Unit Width/Helght of Waltl, b (in.) 12

Ee_pth of steel from nearest wall edge, d (in.) . 4

Full depth of wall, L {in.) 115

Distance from DI
_Extreme Noutral Axis stance T
([;’ epth ':' Compression Reinforcing | Location, c betweenl Moment Red % 0
Degc::zr:ﬂgn Fiber to Centrold Ratlo, k=sqri[2*p*n a:':',’rr:::"‘; e Capacity*, lneM:;:r:‘l
dy (in) ! of Tension p=AJbd) | +(p*n)2}- Forces M (ft*kip/tt) Capacity
WA Reinforcement, d = : p'n = 1_m'
{L{da+dy)] (in.) —

0.00 1110 7.88E-04 1.09E-01 9.84E-01 224.6 0.00
0.25 110.8 7.90E-04 1.09E-01 9.64E-01 224.1 0.23
0.50 110.5 7.92E-04 1.10E-01 9.63E-01 223.6 0.48
0.75 110.3 7.94E-04 1.10E-01 9.63E-01 223.1 0.69
1.00 110.0 7.95E-04 1.10E-01t 9.63E-01 222.5 0.92
1.25 109.8 7.97E-04 1,10E-01 9.63E-01 222.0 1,15
1.50 109.5 7.99E-04 1.10E-01 9.63E-01 221.5 1.38
1.75 109.3 8.01E-04 1.10E-01 9.63E-01 221.0 1.60
2.00 109.0 8.03E-04 1.10E-01 9.63E-01 220.5 1.83
2.25 108.8 8.05E-04 1.10E-01 9.63E-01 220.0 2.06
2.50 108.5 8.06E-04 1.10E-01 9.63E-01 219.5 2.28
2.75 108.3 8.08E-04 1.11E-01 9.63E-01 218.9 2.52
3.00 108.0 8.10E-04 1.11E-01 9.63E-01 218.4 2.75
3.25 107.8 8.12E-04 1.11E-Q1 9.63E-01 217.9 2.98
3.50 107.5 8,14E-04 1.11E-01 9.63E-01 217.4 3.21
3.756 107.3 8.16E-04 1.11E-01 9.63E-01 216.9 3.44
4.00 107.0 8.18E-04 1.11E-01 9.63E-01 216.4 3.67
4.25 106.8 8.20E-04 1.11E-01 9.63E-01 215.9 3.90
4.50 106.5 8.22E-04 1.11E-01 9.63E-01 215.3 . 413
4,75 106.3 8.24E-04 1.12E-01 9.63E-01 214.8 4.35
5.00 106.0 8.25E-04 1.12E-01 9.63E-01 2143 - 4.58
5.256 105.8 8.27E-04 1.12E-01 9.63E-01 213.8 4.81
5.50 105.5 8.29E-04 1.12E-01 9.63E-01 213.3 5.04
5.75 105.3 8.31E-04 1.12E-01 9.63E-01 212.8 5.27
6.00 105.0 8.33E-04 1.12E-01 9.63E-01 2123 | 550

*Per Table 4-1 in the main body of the calculation, the limiting design margin for the west wall is based
on the OBE aflowabls, which Is 1/3 above normal allowables. Although the moment capacities
in the above lable are normal allowables, the parcent reductions for OBE allowables are the same.
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East Wall, Water Side Compression, #8 Rebar, 6' Wall Thickness

IAllowable Stress of Steel, Working Stress Design, f, {psi) 24000
[[Strength of Concrete, 1, (psi) 3500
(Modulus of Concrete, E., (pst) 3.41E408]f
[Modutus of Steel, E,, (psi) 2.80E+07]f
|[Modutus ratio, n = EJE, 8.50E+00}]
|Fqulvalent Steel Area, A, (in") 0.79)
Unit Widih/Height of Wall, b (in.) 12
|[Depth of steel trom nearest wall edge, dq (in.) 4.25)
|[Fuli depth of wall, L. (in.) 72|
Distance from Distance
Extreme Neutral Axis
g eplt: ':' "I Ccompression Fiber| Reinforcing | Location, cobe‘lweenlv Moment | d% "
onerete to Centrold of Ratio, k=sqri[2:p*n| “OMPreasive Capacity, M ecuction
Degradation, T - . and Tenslle N in Moment
ension p=AJbd) | +(p*n)2]- (fr*kip/ft)
d,, (in.) A _ N Forces, Capacity
einforcement, d = p*'n J=1-k/3
[L-(da+dy)] (in.)
0.00 67.8 9.72E-04 1.21E-01 9.60E-01 102.7 0.00
0.26 67.5 9,75E-04 1.21E-01 9.60E-01 102.4 0.38
0.50 67.3 9.79E-04 1.21E-01 9.60E-01 102.0 0.75
0.75 67.0 9.83E-04 1.21E-01 9.60E-01 101.6 1.13
1.00 66.8 9.86E-04 1.21E-01 9.60E-01 101.2 1.50
1.25 66.5 9.90E-04 1.22E-01 9.59E-01 100.8 1.88
1.50 66.3 9.94E-04 1.22E-01 9.68E-01 100.4 2.26
. 1.75 66.0 9.97E-04 1.22E-01 9.59E-01 100.0 2.63
2.00 65.8 1.00E-03 1.22E-01 9.59E-01 99.7 3.01
2.25 65.5 1.01E-03 1.22E-01 9.59E-01 99.3 3.39
2.50 65.3 1.01E-03 1.23E-01 9.59E-01 98.9 3.76
2.75 65.0 1.01E-03 1.23E-01 9.59E-01 98.5 4.14
3.00 64.8 1.02E-03 1.23E-01 9.59E-01 98.1 4.51
3.25 64.5 1.02E-03 1.23E-01 9.59E-01 97.7 4.89
3.50 64.3 1.02E-03 1.24E-01 9.59E-01 97.3 5.27
3.75 64.0 1.03E-03 1.24E-01 9.59E-01 96.9 5.64
4.00 63.8 1.03E-03 1.24E-01 9.59E-01 96.6 6.02
4.25 83.5 1.04E-03 1.24E-01 9.59E-01 96.2 6.39
4.50 63.3 1.04E-03 1.24E-01 9.59E-01 95.8 6.77
4.75 63.0 1.04E-03 1.25E-01 9.58E-01 95.4 7.15
5.00 62.8 1.05E-03 1.25E-01 9.58E-01 95.0 7.62
5.25 62.5 1.05E-03 1.25E-01 9.58E-01 94.6 7.90
5.50 62.3 1.06E-03 1.25E-01 9.58E-01 94.2 8.27
5.75 62.0 1.06E-03 1.26E-01 9.58E-01 93.9 8.65
6.00 61.8 1.07E-03 1.26E-01 9.58E-01 93.5 9.03
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Slab, Water Side Compression, #8 Rebar, 11’ Siab Thickness

{Atlowable Stress of Steel, Working Stress Design, f, (psi) 24000]|
[Istrength of Concrete, f.' (psi) 3500]|
[Modulus of Conerste, E,, (psi) 3.41E+086]f
[Modulus of Steet, E,, (psi) 2.90E+07]|
[Modulus ratio, n = EJE, 8.50E+00]]
{[Equivalent Steel Area, A, {in®) 0.79|]
[lunit Width/Helght of Wall, b (in.) _12))
{[Depth of steel from nearest wall edgs, d, (in.) 3.5l
([Full depth of wail, L (in)) 132)|
Distance from
Extreme Neutral Axis| Distance .
g:::?;:; Compression Fiber| Reinforcing | Location, ¢ betweani Moment Red u/ ::Ilon
to Centrold of Ratlo, k=sqrt[2*p*n ompressive Capacity, M
Degradation, Tensi = AJbd 2] - and Tenslle fekip/tt) in Moment
dy, (In.) ension p=AJlbd) | +p'n)2) Forces, { Capacity
Relnforcement, d = p*n =13
[L-(dy+dy)] (In.) -
0.00 128.5 5.12E-04 8.91E-02 9.70E-01 197.0 0.00
0.25 128.3 5.13E-04 8,92E-02 9.70E-01 196.6 0.20
0.50 128.0 5.14E-04 8.93E-02 9.70E-01 196.2 0.39
0.75 127.8 5.15E-04 8.93E-02 9.70E-01 195.8 0.59
1.00 127.5 5.16E-04 8.94E-02 9.70E-01 195.4 0.79
1.25 127.3 5.17E-04 8.95E-02 9.70E-01 195.1 0.99
1.50 127.0 5.18E-04 8.96E-02 9.70E-01 194.7 1.18
1.76 126.8 5.19E-04 8.97E-02 9.70E-01 194.3 1.38
2.00 128.5 5.20E-04 8.98E-02 9.70E-01 193.9 1.58
2.25 128.3 5.21E-04 8.98E-02 9.70E-01 193.5 1.78
2.50 126.0 5.22E-04 8.99E-02 . 9.70E-01 193.1 1.97
2.75 125.8 65.24E-04 9.00E-02 9.70E-01 192.7 2.17
3.00 125.5 5.25E-04 9.01E-02 9.70E-01 192.3 2.37
3.25 125.3 6.26E-04 9.02E-02 9.70E-01 191.9 2.57
3.50 126.0 5.27E-04 9.03E-02 9.70E-01 191.6 2.76
3.75 124.8 5.28E-04 9.04E-02 9.70E-01 191.2 2.96
4.00 124.5 5.29E-04 9.04E-02 9.70E-01 190.8 3.16 -
4.25 124.3 5.30E-04 9.05E-02 9.70E-01 190.4 3.36
_4.50 124.0 5.31E-04 9.06E-02 9.70E-01 190.0 3.55
4.75 123.8 5.32E-04 9.07E-02 9.70E-01 189.6 3.75
5.00 123.5 5.33E-04 9.08E-02 9,70E-01 189.2 3.95
5.25 123.3 5.34E-04 9.09E-02 9.70E-01 188.8 4.14
5.50 123.0 5.35E-04 9.10E-02 9.70E-01 188.4 4.34
- 575 122.8 5.36E-04 9.11E-02 9.70E-01 188.1 4.54
6.00 122.5 5.37E-04 9.11£-02 9,70E-01 187.7 4.74
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Bottom South Wall, Water Side Compression, #11 Rebar, 6' Wall Thickness

[[Aliowable Stress of Steel, Warking Stress Design, 1, (psi) 24000f
lIstrength of Concrete, f,' (psi) 3500]|
IModulus of Concrete, E,, (psi) 3.41E+08))
[Modulus ot Steel, E,, (psi) 2.90E+07|}
Modulus ratio, n = EJE, 8.50E+00]|
Equivalent Stee! Area, A, (in°) 2.08
Unit Width/Height of Wall, b (in.) 12|
Depth of steel from nearest wall edge, dq4 (In.) 5,705)
IFuII depth of wall, L {(in.) 72
Distance from
Extreme Neutral Axis| Distance .
g:::e‘:; Compression Fiber| Reinforcing | Location, c;:":::; Moment Red u/ °c“ n
to Centrold of Ratio, |k=sqri[2'p*n Prossive ) n o pacity, M o
Degradation, and Tenslle N in Moment
d, (In.) Tension p = AJ(bd) +{p*'n)2] - Forces (ft"xip/ft) Capacity
) Relinforcement, d = p*n ]_1_”3'
[L{da+dy)] (In.) =
0.00 66.3 2.61E-03 1.90E-01 9.37E-01 258.3 0.00
0.25 66.0 2.62E-03_| 1.90E-01 9.37E-01 2673 0.39
0.50 65.8 2.63E-03_ | 1.90E-01 9.37E-01 266.3 0.78
Q.75 65.5 2.64E-03 1.91E-01 9.36E-01 255.3 1.17
1.00 65.3 2.65E-03 1.91E-01 9.36E-01 254.3 1.55
1.25 65.0 _ 2.66E-03 1.91E-01 9.36E-01 253.3 1.94
1.50 64.8 2.68E-03 1.92E-01 9.36E-01 252.3 2.33
1.75 64.5 2.69E-03 1.92E-01 9.36E-01 251.3 2.72
2.00 64.3 2.70E-03 1.92E-01 9.36E-01 250.3 3.1
2.25 64.0 2.71E-03 1.93E-01 9.36E-01 249.3 3.50
2.50 63.8 2.72E-03 1.93E-01 9.36E-01 248.3 3.88
2.75 63.5 2.73E-03 1.93E-01 9.36E-01 247.3 4.27
3.00 63.3 2.74E-03 1.94E-01 9.35E-01 246.3 4.66
3.25 63.0 2.75E-03 1.94E-01 9.35E-01 245.3 5.05
3.50 62.8 2.76E-03 1.94E-01 9.35E-01 244.3 5.44
3.75 82.5 2.77E-03 1.95E-01 9.35E-01 243.3 5.82
4.00 62.3 2.78E-03 1.95E-01 9.35E-01 2423 6.21
4.25 82.0 2.79E-03 1.96E-01 9.35E-01 2413 8.60
4.50 61.8 2.80E-03 1.96E-01 9.35E-01 2403 6.99
4.7 61.5 2.82E-03 1.98E-01 9.35E-01 239.3 7.38
5.00 61.3 2.83E-03 1.97E-01 | 9.34E-01 238.3 7.76
5,25 61.0 2.84E-03 1.97E-01 9.34E-01 237.3 8.15
- 5,50 60.8 2.85E-03 1.97E-01 9.34E-01 236.3 8.54
5.75 60.5 2.86E-03 1.98E-01 9.34E-01 235.0 8.93
6.00 60.3 2.87E-03 1.98E-01 9.34E-01 234.3 9.32
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Percent Reduction in SFP Wall & Slab Allowable Moment
at Various Concrete Degradation Levels

|
10.0 T :
- - % - -North Wall, Water Side Compression, #8 Rebar, 8.75' Wall Thickness !
| i . ;
i

9.0 | -{ — @~ West Wall, Water Side Compression, #8 Rebar, 9.583' Wall Thickness |

1 _ — -&- - East Wall, Water Side Compression, #8 Rebar, 6 Wall Thickness
i - 01 —O— Slab, Water Side Compression, #8 Rebar, 11" Slab Thickness
| é 7.0 - - % — Bottom South Wall, Water Side Compression, #11 Rebar, 6' Wall
§ C Thickness
_ié 6.0 - - e
3 y = 1.5523x + 0.0013 (south wall) . 3
< 509 yz15042x +0.0007 Eastwaly T |
| § 40 | ¥=1:006x +0.0003 (north wall) B /
? ‘§ y =0.9167x + 0.0002 (west wall) . :
2 30 -y=0.7894x +0.0001 (slab) S
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P b . | i i
x : f—© i ! L . S
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Concrete Degradation (inches)
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