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1.0 PURPOSE

This calculation determines the concrete elastic modulus and the concrete specified compressive
strength for original concrete and for new concrete for the Steam Generator Replacement construction
opening plug and containment repair for Crystal River Unit 3. :

2.0 SUMMARY

The elastic modulus and the specified concrete compressive strength for the new and existing concrete
for maintenance conditions, design basis return to service conditions, and design basis end of life
conditions are summarized in Table Tj.

["Concrete" "Applicable" "Elastic"  "Specified Comp." |
" "Conditions" "Modulus" "Strength for"
n "t ) e l%llowablell
"t " llpsi * E06" "I)Si"
. "Original" "Maint. | Repair" 4.03 6720
S "Design Basis Return to Service" .
"Original" 4.03 5000
"Design Basis End of Life"
"New" _ "Maint. / Repair" 512 6000
"Design Basis Return to Service"
"New" ) . 512 5000
L "Design Basis End of Life" A

Notes: ‘ _

1. 6000 psi is the 5-day specified compressive strength of the new concrete.

2. 5000 psi is the specified compressive strength of the containment concrete in the FSAR. 7000
psi is the 28 day specified compressive strength of the new concrete. 7000 psi can be used
instead of 5000 psi for new concrete if the FSAR is revised.

3. This note applies to the column titled, "Elastic Modulus." The elastic modulus is for analytical

use. The concrete compressive strength (psi) used for the calculation of the elastic modulus is:
"Original" 5000
N3 =

"New" 7000
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3.0 BACKGROUND

A project is underway at Progress Energy’s Crystal River Unit 3 site to replace the steam generators.

As part of that project, an opening has been cut into the concrete containment above the equipment

hatch. As this opening was being cut, cracking in the concrete containment wall was identified. The
crack is around the full periphery of the opening and is in the plane of the wall. The cracking is located at
the radius of the circumferential tensioning tendons, and is indicative of a delaminated condition.

4.0 ASSUMPTIONS

4.1 Unverified Assumptions

None.

4.2 Other Assumptions

None.
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5.0 APPROACH

The concrete modulus of elasticity is calculated with the correlation provided in ACI 318-63 (Reference
1.1, Sections 301 and 1102). ACI 318-63 is the design code for the Crystal River Unit 3 containment

(Reference 13, Section 5.2.3.1).

15
Ec=33-p; \/_f::

where E. = static modulus of elasticity of concrete, psi
Pe = density of concrete, Ib/ft3
fo =

specified compressive strength of concrete, psi

The source of the correlation in ACI 318-63 is a paper by Pauw (Reference 5, p. 686 and Reference
1.2, Section 8.5). The correlation is based on a best fit to experimental data as shown in the following

figure from Pauw s paper, Reference 5, Flgure 2.
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The Pauw correlation was based on lower strength concretes than are used tbday. The suitability of the
ACI 318-63/Pauw correlation for high strength concretes is established in Reference 9, Conclusions.
Section, Reference 10, Figure 1, Reference 11, Figure 1 and Table 9, and Reference 12, Conclusion 3.

The concrete strength parameter in ACI 318-63 is fc', the specified compressive strength (Reference

1.1, Sections 1102 and 301). The concrete strength parameter in the Pauw correlation is the concrete
strength at the time of the test (Reference 5, p. 681). The effect of this difference in definition of concrete
strength on the calculated modulus of elasticity is evaluated in Section 6.2.
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6.0 CALCULATION

6.1 Design Inputs
5000\
ferorig = (6720 -psi casel = Syear
5000 "Design Basis"
o new = | 6000 |-psi case2 = "5-day"
7000 "Specified"
(144) b ("On'ginal"j
Pe = — case3 :=
151 ft3 "New"
core =
"core 16-1" 3.75-106
"core 16-2" 4.05-106
"core 40-1" 3.15°106
"core 40-3" 2.95°106
"core 65-2" 2.7°106
"core 66-2" 3.1°106
"core 63-2" 3.3-106
"core 59" 3.35°106

2 .
E; meas = core” -psi

Original concrete compressive strength.

("Speciﬁed & Design Basis" j Ref.2,p. 2

-Ref. 3, Results Summary, Class 5000
concrete

New concrete compressive strength.
-Ref. 2,p. 2
-Ref. 6 and Ref. 7, Table 1

-Ref. 6 and Ref. 7, Table 1

' Concrete density

-Ref. 4
-Ref. 6 and Ref. 8, p. 6; Ref. 8 provides the
theoretical density and measured density for two

~ mixes, Options 1A and 2A. A density of 151 Ib/ft3

is representative of the theoretical and measured
densities of the two mixes.

Measured modulus of elasticity from CR3 concrete
cores

-Ref. 14 for all cores but Core 59

-Ref. 15 for Core 59
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6.2 Modulus of Elasticit

Original Concrete

The modulus of elasticity for the original concrete is determined based on the core measurements,
and is also calculated for the specified compressive strength (fcgo,,-gl = 5000psi ) and 5-year

compressive strength (fc-_o,,-gz = 6720psi ). A comparison of the results and selection of the

concrete modulus is at the end of the section.

The average modulus of elasticity for the original concrete from measurements of cores taken
from the CR3 containment is:

6 .
Ecavgm= mean(Ec.meas) : Ec.avgm=3.29 x 10" psi

375
4.05
3.15
295 |
where E¢ meas = 10" -psi
2.7
3.1
33

3.35

The calculated modulus of elasticities for the specified compressive strength and the 5-year compressive
strength are:

1.5

pcl fc’.orig’.
Ec.orig, = 33-psi- ' -
’ b+ ff psi
403 x 1 06 . "Specified & Design Basis"
corg = > psi casel = . .
4.67 x 10 >-year

b 5000 "Specified & Design Basis"
where o = 144— fororig = psi caset =
1 6720 : "5-year"
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The above results show that the elastic modulus ranges from a low of E; aygm = 329 x 10° psi toa
high of Ec,o,,-92 = 467 x 10° psi based on the 5-year compressive strength. It is concluded that the

modulus of elasticity based on the specified compressive strength best represents this range. This
calculated modulus is consistent with ACI 318-63, the design basis for the CR3 containment. The
elastic modulus for the original concrete is:

Econg, = 403 x 10% psi

This elastic modulus is for the original concrete from the current time to the end of plant life.

New Concrete

The concrete modulus of elasticity is calculated with the ACI 318-63 correlation in Reference 1.1,
Section 1102.

15
Pc fc’.new3
Ec.new = 33-psi- : .
b= psi
a0
Ecnew =312 x 10” psi
b ,
where Pe,= 151— fcg,,ew3 = 7000 psi

This elastic modulus is for the new concrete from the time the concrete reaches at least its 5-day strength
of 6000 psi to the end of plant life. Use of a single modulus for this time period is justified based on the

scatter in results for the elastic modulus correlation shown in the figure in Section 5.0.
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Attachment

The attachments are:

e Email from Mr. J. Holliday (PE) to Mr. K. Gantz (MPR), 12-30-2009, 10:35 AM, Subject: .
Concrete Density.

¢ Email from Mr. J. Holliday (PE) to Mr. J. Hibbard (MPR), 1-7-2010, 3:42 PM, Subject: Comments
Calculation 0102-0135-02.
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Hibbard, Jim

From: Holliday, John [John.Holliday@pgnmail.com]
Sent: Wednesday, December 30, 2009 10:35 AM
To: Gantz, Kevin; Knott, Ronald

Cc: Hibbard, Jim; Dyksterhouse, Don

Subject: RE: Concrete Density

Kevin,
The reference will be EC 75218, RB Delamination Repair Phase 2- Detensioning

" The unit weight is 144 Ibs cu ft.

From: Gantz, Kevin [mailto:kgantz@mpr.com]

Sent: Wednesday, December 30, 2009 10:01 AM .
To: Knott, Ronald; Holliday, John

Cc: Hibbard, Jim

Subject: RE: Concrete Density

John and Ron,

- 1 don't think there was ever a follow-up sent to this email. Could you provide us with the reference. 1 did not see it
in S00-0047.

Kevin

From: Knott, Ronald [mailto:Ronald.Knott@pgnmail.com]
Sent: Wednesday, December 16, 2009 10:15 AM

To: Holliday, John

Cc: Gantz, Kevin

.Subject: FW: Concrete Density

John,
Can you direct Kevin to the density reference. | don’t know where the original data came from for
density. | was only quoting what | heard in the meeting. | assumed it was in the S00-0047 attachments.

From: Gantz, Kevin [mailto:kgantz@mpr.com]

Sent: Tuesday, December 15, 2009 6:22 PM

To: Knott, Ronald

Cc: Dyksterhouse, Don; Holliday, John; Bird, Edward; Butler, Patrick
Subject: Concrete Density

Ron,

During our previous meeting you received some original information on the concrete density. | remember
you saying later that the concrete density was 144 or 145 pcf. Do you have a reference or an actual
number so that | can make sure | have the correct modulus calculated?

Thanks,

Kevin

12/30/2009
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Hibbard, Jim

From: Holliday, John [John.Holliday@pgnmail.com]
Sent: Thursday, January 07, 2010 3:42 PM
To: Hibbard, Jim '
Cc: Dyksterhouse, Don; Knott, Ronald
Subject: RE: comments calculation 0102-0135-02
Attachments: Z25R5 Concrete spec CR3-C-0003.pdf; Z43R3 Phase Il Test Plan.pdf; Z44R3 Phase |l Test
Report.pdf :
Jim,

The following inputs are approved by Progress Energy as being acceptable for use by MPR:

The 5 and 28 day minimum concrete compressive strengths for the new concrete for the SGR access opening
and repair of the delamination are 6000 and 7000 psi respectively. This requirement for the new concrete is
contained in Attachment 1 of specification CR3-C-0003 and in S&MEs phase il Test Plan. Additionally, the
theoretical unit weight of the new concrete is 151 pcf as reported in the S&ME Phase |l Test Report.

Regards,

John Holliday

From: Hibbard, Jim [mailto:jhibbard@mpr.com]
Sent: Thursday, January 07, 2010 2:47 PM

To: Holliday, John

Subject: comments

John,

Could you give me a call to discuss your comments on the -02 calc? At present | do not have your number,
although | may get it from Ed or Patrick.

Jim

1/8/2010
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1.0 PURPOSE

This calculation determines the dome, vertical, and horizontal tendon tension immediately following the
Steam Generator Replacement (SGR) Project completion (33 years) and at end of plant life (60 years)

in the Crystal River Unit 3 containment. The values of tendon tension calculated herein will be used in
structural analyses of the containment for ages 33 and 60 years after the Structural Integrity Test (SIT).

2.0 SUMMARY

Average dome, vertical, and horizontal tendon losses from the following four mechanisms were
calculated:

Elastic Shortening
Concrete Shrinkage
Tendon Steel Relaxation
Concrete Creep

The above mechanisms are described in Reference 22. Tendon losses were calculated individually for
different groups. For the dome tendons, the tension in all tendons is not modified during the SGR project.
For the vertical tendons, some of the tendons are detensioned and subsequently retensioned, and some of
the tendons are not modified at all. Losses are calculated separately for these two groups. For the
horizontal tendons, several tendons are detensioned and subsequently retensioned and other tendons are
not modified at all. For the detensioned and retensioned tendons, several tendons pass through
replacement concrete that fills the SGR opening plug and replaces the delaminated concrete, and others
do not pass through the replacement concrete. Tendon losses are calculated individually for these two
groups of detensioned and retensioned tendons as well as the tendons that are not modified during the
SGR project.

Concrete shrinkage and concrete creep are dependent on the material properties of the concrete that the
tendons pass through. By calculating tendon tension losses separately depending on the tendon location
(as explained above), the effects of local concrete material differences are accounted for. However, for
tendons that are detensioned and subsequently retensioned that pass through or near the repaired SGR
opening, the tendon losses are calculated as if the tendon passes directly through the repaired SGR
opening. Tendon steel relaxation losses are not dependent on the tendon location, and they are treated
the same for all tendons. Elastic shortening losses are unique to each tendon based on the sequence with
which the tendons are tensioned. An average elastic shortening loss is calculated based on tendon
orientation (dome, vertical, or horizontal) so that every tendon does not have to be tensioned individually
in the containment structural analyses.

The tension in each group of tendons is reported as the average tension along the tendon length.
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The tendon tension at the end of the SGR Project (33 years):

Dome Tendons:

All Dome Tendons:

Vertical Tendons:

Detensioned and Retensioned Tendons:
Unadjusted Tendons:

Horizontal Tendons:

Detensioned and Retensioned Tendons Passing

through SGR Opening Bay:

Detensioned and Retensioned Tendons not Passing

through SGR Opening Bay:
Unadjusted Tendons:
The tendon tension at the 60 year end of life:

Dome Tendons:
All Dome Tendons:
Vertical Tendons:

Detensioned and Retensioned Tendons;
Unadjusted Tendons:

Horizontal Tendons:

Detensioned and Retensioned Tendons Passing

through SGR Opening Bay:

Detensioned and Retensioned Tendons not Passing

through SGR Opening Bay:

Unadjusted Tendons:

Tensiong 33 = 1376 kip

Tension, 33 oq = 1603 kip

Tension, 33 yumod = 1474 kip

Tensiony, 33 modsgr = 1973 kip

Tensiony 33 moa = 1573 kip

. Tensiony, 33 ynmoa = 1398 kip

Tensiony g9 = 1353 kip

Tension,, 30. o = 1539 kip

Tension,, g ynmod = 1464 kip

Tensionh_ 60.mod SGR = 1498 klp

Tensiony, gp moq = 1508 kip

Tensiony, ¢ ummea = 1380kip
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3.0 ASSUMPTIONS
3.1  Unverified Assumptions
There are no unverified assumptions.
3.2 Verified Assumptions
1. The thickness of the concrete replacing the delaminated concrete is approximafely 10 inches, the

width spans the entire span between buttresses 3 and 4, and the height spans between the top of
the equipment hatch to approximately 10 feet below the bottom of the ring girder. These
dimensions are consistent with the measured extents of the delamination with only the tendons that
pass through the Steam Generator Replacement (SGR) opening detensioned (see Figure 1).

2. The end of plant life is assumed to be 60 years after the containment Structural Integrity Test (SIT)
in November 1976 (Reference 7, page 10). This assumption has been confirmed by Progress
Energy (see Lead Reviewer comments to this calculation).

3. The replaced concrete in the patch and the outer portion of the delamination will not be
prestressed until 5 days after pouring. This assumption has been confirmed by Progress Energy
(see Lead Reviewer comments to this calculation).

4. The concrete that is used to plug the SGR opening and replace the outer portion of the
delamination will have improved shrinkage properties (less shrinkage) compared to the existing
concrete when it was first placed. This assumption has been confirmed by Progress Energy (see
Lead Reviewer comments to this calculation).
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Figure 1. Delamination Boundary (Delamination shown in red)
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4.0 Methodology

The dome, vertical, and horizontal tendon losses are determined by considering losses from four
different mechanisms:

Elastic Shortening - Shortening of concrete as prestress is applied
Concrete Shrinkage - Decrease in concrete volume

Steel Relaxation - Stress relaxation in the prestressing steel

Concrete Creep - Strain of the concrete over time due to sustained loads

Each loss has been determined at 40 years after the Structural Integrity Test (SIT) in various Crystal River
Unit 3 calculations (References 2, 3, and 7). These losses are used as a basis for determining the losses at
the end of steam generator replacement and at 60 years after SIT. The methodology for this calculation is
similar to that of Progress Calculation S08-0008 (Reference 14).

Calculation of the increase in tendon tension during an accident which increases containment pressure is
not included in this calculation.
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5.0 CALCULATION
5.1 Data

A, = 9.723in°

6 .

E..=4.03x 10 psi

E = 29x 106psi

hopen = 27ﬁ

Eltop.SGR = 210ft

Wopen = 251t

tdelam = 10in

Eliopeqhatch = 157 ft+ 10in Elip, oq haren = 157.83 f

Elbot.ring.girder = 250ﬁ
E ltop.ring. girder = 267.5 ft

Ldelamring.girder = 10ﬁ

Elbol.containmenr = 80. 5ﬁ

El top.basemat = 93.01t

Oputiress = 60deg
Whuttress = 12ft + 4.125in Whuttress = 12.34 ft

Lhuttress = 2ﬁ + 4.5in

Rliner = 65ﬁ

Total cross section area of 163 wires in a single
tendon; Ref. 1, page 6.

Elastic modulus of existing concrete; Ref. 16, page 4.
Elastic modulus of steel; Ref. 4, Table 38.

Height of SGR opening; Ref. 5.

Elevation of the top of the SGR opening; Ref. 5.
Width of SGR opening; Ref. 5.

Approximate thickness of the delaminated concrete;
Assumption 3.2.1.

Elevation of the concrete at the transition to 3'-6" wall
thickness above the equipment hatch; Ref. 9.

Elevation of the bottom of the ring girder; Ref. 9.
Elevation of the top of the ring girder; Ref. 9.

Approximate distance from the bottom of the ring
girder to the top of the delamination boundary;
Assumption 3.2.1.

Elevation of the bottom of containment; Ref. 15.

Elevation of the top of the containment basemat;
Ref. 9.

Radial angle between adjacent buttresses; Ref. 9.
Average buttress width; Ref. 9.
Buttress thickness increase beyond containment wall

thickness; Ref. 9.

Radial distance to liner inside surface; Ref. 9
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iner = 0.375in

Lyall = 3.5/

Stressg creep.ao = 13.85ksi

Stressy sprink 40 = 2.90ksi

Stressy eshort.4p = 5.50ksi

Forced_ relax.40 == 48. 5klp

Forcey olax. 35 = 48.2kip

C g axial = 1530psi

-6

Creepd.basic.60 = 0.35x 10

Creep,, pasic.60 = 0.25 x 10—

Creepy, pasic.60 = 0.24 x 10

- 6
psi

Creep pasic.33 = 0.30x 10

1

psi

1

psi

1

psi

-6 1

Creep, pasic.33 = 0.215x 10

psi

Nominal liner thickness throughout most of the
containment; Ref. 9.

Wall thickness between buttresses (undelaminated);
Ref. 9.

Loss in dome tendon stress due to creep at 40 years
life; Ref. 2, page 4.

Loss in dome tendon stress due to concrete
shrinkage at 40 years life; Ref. 2, page 4.

Loss in dome tendon stress due to elastic shortening
at 40 years life; Ref. 2, page 4.

Loss in dome tendon force due to steel relaxation at
40 years life; Ref. 7, Att. F, page F2.

Loss in dome tendon force due to steel relaxation at
35 years life; Ref. 7, Att. F, page F2.

Average concrete compressive prestress in dome, in
direction of tendon length; Ref. 3, page 49. As a
check of this value from Ref. 3 a scoping comparison
was made to finite element analysis results for the
CR3 containment. It was concluded that this is an
appropriate stress for this calculation.

Basic creep for dome tendon loading beginning 180
days after pouring, at 60 years life; Ref. 7, Att. G,
page G5.

Basic creep for vertical tendon loading beginning 834
days after pouring, at 60 years life; Ref. 7, Att. G,
page G5.

Basic creep for horizontal tendon loading beginning
964 days after pouring, at 60 years life; Ref. 7, Att. G,
page G5.

Basic creep for dome tendon loading beginning 180
days after pouring, at 33 years life; Ref. 7, Att. G,
page G5. '

Basic creep for vertical tendon loading beginning 834
days after pouring, at 33 years life; Ref. 7, Att. G,
page G5.
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Creepj, pasic.33 = 0.205 x 10 61

psi

Stress, sprink 40 = 2.90ksi
Force, yoiax. 40 = 48.5kip
Force, ,oiac 35 = 48.2kip

Vau patch = 1.14

Stressy shrink 40 = 2.90ksi
Forcey, olax. 40 = 48.2kip

Forcey, pojax 35 = 47.9kip

GUTS;, = 1635kip

= 144

Ry tendon

Ageo,,,ag? = 33yr

Age,o = 60yr Age,, = 21915day

Ageutage = 12053 day

Basic creep for horizontal tendon loading beginning
964 days after pouring, at 33 years life; Ref. 7, Att. G,
page G5. :

Loss in'vertical tendon stress due to concrete
shrinkage at 40 years life; Ref. 2, page 2.

Loss in vertical tendon force due to steel relaxation at
40 years life; Ref. 7, Att. F, page F2..

Loss in vertical tendon force due to steel relaxation at
35 years life; Ref. 7, Att. F, page F2..

Ultimate creep coefficient for concrete in plug; Ref. 6.

Loss in horizontal tendon stress due to concrete
shrinkage at 40 years life; Ref. 2, page 3.

Loss in horizontal tendon force due to steel felaxation
at 40 years life; Ref. 7, Att. F, page F2..

Loss in horizontal tendon force due to steel relaxation

at 35 years life; Ref. 7, Att. F, page F2..

Tendon lock off tension, equal to 70% of the
Guaranteed Uitimate Tensile Strength (GUTS) per
tendon; Ref. 1, page 14.

Total number of vertical tendons; Ref. 1, page 14.

Age of original concrete at SGR outage, starting from
the date of containment Structural Integrity Test;
Ref. 7, page 10 and Ref. 8, page 7.

Age of original concrete at end of plant life, starting
from date of containment Structural Integrity Test;
Assumption 3.2.2

Relative humidity for the containment outside
environment, in percent; Reference 17.
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Forcey, popar 30 = 47.6kip

Force,, ,oiax 30 = 47.8kip

Forcey o1ax 33 .= 48.0kip

Forcey, vo1ax. 33 unmod = 47.8kip

Force, relax. 33.unmod = 48.0kip

El 4yg tend.space.bor = 183 ft + 10.75in

El = 212/t + 8.25in

avg.tend.space.top :
Nayg.tend.space *= 19

Vi tendon = 67ﬁ + 8.625in

Mpystress = 6

Horizontal tendon steel relaxation load at 30 years;
Ref. 7, Att. F, page F2.

Vertical tendon steel relaxation load at 30 years;
Ref. 7, Att. F, page F2.

Dome tendon steel relaxation load at 33 years;
logarithmically interpolated from Ref. 7, Att. F,
page F2.

Horizontal tendon steel relaxation load at 33 years;
logarithmically interpolated from Ref. 7, Att. F,
page F2.

Vertical tendon steel relaxation load at 30 years;
logarithmically interpolated from Ref. 7, Att. F,
page F2.

Bottom horizontal tendon elevation used to calculate
average horizontal tendon spacing; Ref. 20.

Top harizontal tendon elevation used to calculate
average horizontal tendon spacing; Ref. 20.

Number of tendons spanning between

El . and El inclusive;

avg.tend.space.bho! avg.tend.space.top’

Refs. 20 and 21.

Horizontal tendon placement radius; Ref. 24. °

Number of buttresses in the containment; Ref. 9.




MPR Associates, Inc.

IMPR  ceeeon e Gy Ssbiees

Reviéion No.: 0

320 King Street _ . TEALA _
Alexandria VA 22314 ERATAR Page No.: 13

5.2 Dome Tendons - 60 Years After Initial SIT

The dome tendons will not be detensioned or retensioned during the Steam Generator
Replacement (SGR) outage. The tendon tension at 60 years after the Structural Integrity Test
(SIT) of November 1976 (Reference 7, page 10) is determined by scaling the predicted tension at
40 years after SIT. The individual losses in the dome tendons at 40 years after SIT from creep,

- steel stress relaxation, elastic shortening, and concrete shrinkage are as follows (see Section 5.1
for references):

Stress, creep.40 = 13850 psi
Stress  oshort.40 = 9500 psi

Stress s ghrink 40 = 2900 psi

For C€d relax.40

Stress  retax. 40 = — Stressy vejax.40 = 4988 psi
t

where

Forceg, o so=48.5kip A, = 9.723in°

Elastic Shortening

The dome tension losses due to elastic shortening do not change over time. The elastic shortening
losses at 60 years after SIT are:

Stressy eshort.60 = SHeSSg eshort.40 - Stressq eshort.60 = 5500 psi

Concrete Shrinkage

Industry experience shows that the majority of concrete shrinkage occurs in the early life of the
containment. Since the containment was constructed over 30 years ago, nearly all of the shrinkage
has already taken place. At this point, shrinkage is essentially time-independent, and the concrete
shrinkage at 60 years will be approximately equal to the concrete shrinkage predicted at 40 years.

Stressq shrink 60 = SI€SSq shrink.40 Stress g shrink.60 = 2900 psi
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Steel Relaxation

The steel relaxation losses at 40 years have been calculated previously (Reference 7, Att. F,
Page F2). Based on Figure 5-26 of Reference 10, steel relaxation is linear with time on a
logarithmic scale. The losses calculated at 40 years will be extrapolated to 60 years based on the
last two data points from Reference 7, Att. F, page F2.

Forcey roax 40 — FOTCey rejax 35

log(40) - log(35)

Forcey o1on 60 = -(log(60) - [0g(35)) + Forceg oiax 35

Forcey o1ax 60 = 494 kip

Forced.relax.tm

Stressd.,elaxﬁo = _74"’——"‘ Stressd_re,ax.,;o = 5082ps1
: t

where

Forceg pojar 40 = 48.5kip Force oa 35 = 48.2kip A,=9.723 in2

Creep

The basic creep determined from testing extrapolated to 60 years is (see Sectlon 5.1 for
reference):

—7 1
Creepdbasic.60 =35x10 —

psi

The average prestress in the dome in the axial direction of the tendons is (see Section 5.1 for
reference):

O axiat = 1930 psi
The reasonableness of this value has been confirmed using finite element analysis.

The tendon prestress lost due to creep is calculated based on Page 4 of Reference 2:

Stressd.creep.60 = O aviar CreeP 4 pasic.60'Es Stressd.creepﬁo = 1552QPSi
where Ej is the steel elastic modulus and is equal to:

E.=29x 107psi
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Total 60 Year Loss

The total tendon stress loss after 60 years is:
Stressy wo1al 60 = SesSqeshort.60 + SUESSH shrink 60 + SESSy relax.60 + Stressd.creep.w

Stressd total.60 = 29011 psi

Converting the stress lost into a force per tendon that is lost:

Forceg otal.60 = Stressq otal. 60 Ar Force, sora1.60 = 282.1kip

where

4, =9.723in°
The design tension per tendon, excluding losses, is (see Section 5.1 for reference):

Forcejesign = GUTS;g Forceogign = 1635 kip

The remaining tension in the dome tendons at 60 years is:

Tensiony gp = Forcegggign — Forceg 1oa1.60 Tensiony gy = 1362.9 kip
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5.3 Vertical Tendons - 60 Years After Initiavl SIT

Some of the vertical tendons near the SGR opening will be detensioned and retensioned during
SGR while the tension in some other tendons will not change at all. The tendon tension at 60

years will be calculated for each of the two sets of tendons individually. When calculating tendon
losses, all of the vertical tendons that are detensioned and retensioned will be considered to pass
directly through the SGR opening since cutting and repairing the opening will affect the region both
inside and around the SGR opening. The tendon tension at 60 years after the Structural Integrity
Test (SIT) of November 1976 (Reference 7, page 10) is determined by scaling the predicted

tension at 40 years after SIT. The individual losses in the vertical tendons at 40 years after SIT
from steel stress relaxation and concrete shrinkage are as follows (see Section 5.1 for references):

Stressv_shn-,,k'm = 2900]751

Force,, o140 40
Stress, relax 40 = +€w‘ Stress, relax.40 = 4988 psi
t
where
.2 )
A,=9.723in Force, o1 40 = 48.5kip

Elastic Shortening

The total vertical force in the containment due to the vertical tendons tensioned to lock off load is:

Force, griai = y.tendon” GUTS79 Force, 44y = 235440 kip
where
N, tendon = 144 GUTS7y= 1635kip

The horizontal cross sectional area of concrete at approximately the mid height of the containment
is:

2 2
Av.contain = ﬂ'|:(Rliner + Yiner + twall) - (Rliner + tliner) + Phuttress' Whuttress tbuttress

Ay corrain = 236807.3in°

where

Riiner= 65 ft Hiner = 0.3751in twan = 3.5 ft

Whuttress = 12.34 ft " huttress = 2.381t Rputtress = 6
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o

The horizontal cross sectional area of the liner at approximately the mid height of the containment
is:

2 2
Ay liner = ”'[(Rliner + tliner) = Riiner j'

A, ey = 1838.3in°

The average elastic shortening losses for the vertical tendons are calculated based on the equations
found in Section 2.1 of Reference 22. The vertical tension losses due to elastic shortening do not
change over time. Note that the proportion of load in the tendon conduit is conservatively
neglected from the calculation.

GUTSy,

1
2 (Av.conrain - nv.tendon'At)'Ec + Ay tiner Es + Ny tendon Ar Es

Force, eshort. 60.unmod = Ry, tendon Es Ay

For Cey eshort.60.unmod = 31.84 kip

Force,, gshort.60.unmod
4;

Stress, eshort. 60.unmod =

Stress, eshort, 60.unmod = 3274 psi

where
_ : 6 . 7
GUTS;p = 1635kip E.=4.03x 10" psi E;=29x10 psi
L2
4,= 9.723in Ny tendon = 144

This loss of stress applies to tendons that were not detensioned during the SGR.

»

For tendons that are adjusted during SGR, the elastic shortening stress losses will be affected by
the material properties of the concrete used to replace the plug and the delaminated concrete. A
diagram with the different areas of concrete represented as springs with different stiffnesses is
presented in Figure 2. For a unit width along the circumference of the wall passing through the
SGR opening, the equivalent spring stiffness would equal:

Eoytr - 1
Lyor L . 1 . L . 1 . Ls
Ecty  EgtidEqty  Epty  E t4Egty  Egty
L, Ly
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Figure 2. Spring Diagram for Vertical Stiffness of a Section of
Unit Width Passing through the Reconstructed SGR Opening.

Existing concrete elastic modulus -

Delamination concrete elastic modulus

Plug concrete elastic modulus

Full concrete wall thickness (between buttresses)
Existing concrete thickness in area of delamination, inner portion

Delaminated concrete thickness, outer portion

Vertical length as defined in Figure 2
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The value of each of the variables in the equation are defined below from inputs defined in Section

5.1

b= ban t;=35ft

Ly = Eliop ring girder = Elbotring girder + Ldetam ring girder L =275f
Ly= Elp ing girder = L1 = EliopsG1 L,-30
L3:= hopew | N | Ly=277
Ly:= Eliop ring girder = L1 =Ly = L3 = Elipp egharcn - . Lg=29.17 ft
Ls = Elyp eq.hatch = Elbot.containment Ls=77.33ft
2d = Yelam 1= 0.83ft

te=tr—tg t,=2.67 ft

Note that the wall thickness from the top of the ring girder to the bottom of the containment
basemat (the entire span of the vertical tendons) is treated as a constant ¢,,,;, = 3.5 ft even

though the wall is much thicker in the ring girder, basemat, and lower portion of the

containment wall. By not accounting for the stiffness of the thicker walls, this calculation

will be conservative.

The ratio of the equivalent elastic modulus of the containment in the vertical direction passing
through the SGR opening compared to the modulus of the existing concrete is calculated. The
calculation is based on a modulus of elasticity that is 25% higher in the plug and delamination
compared to the existing concrete. This calculation will determine the relative significance of the
plug material properties on the effective elastic modulus used for scaling the elastic shortening
losses. The 25% increased modulus is not intended to be a definitive estimate of the new concrete
properties but, rather, an estimate of the maximum difference in modulus of elasticity between new
and old concrete. Based on Reference 16, 25% is a reasonable value for the difference in elastic

moduli. : :
E, =1 Reference Factor
Ey= 1.25E, E;=1.25

E,= 1.25E, E,=1.25
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Ly+Ly+ Ly+ Ly+ Ls

E,,

" L 1 Ly 1 Ls
tr + + + +
Egqty  EgtitEgty  Ejty  EpqtiEgly  Egty
L, Ly
E,y=1.05

If the modulus of elasticity for the patch and delamination replacement concrete were 25% greater
than the existing concrete, the equivalent elastic modulus for the wall would be 5% greater than the
modulus of the existing concrete. The same percentage decrease in the equivalent elastic modulus
would be expected if the modulus of the patch and the delamination were 25% less than the
existing concrete. This is a small increase in modulus. To determine the elastic shortening losses
for the detensioned and retensioned tendons, the predicted loss for the existing concrete would be
scaled by the same percentage. Since the exact properties of the replaced concrete are not

known, the elastic shortening losses for the detensioned and retensioned tendons will be
conservatively estimated to equal those of the unmodified tendons.

Stressv.eshart. 60.mod = Stressv.eshortﬁo.unmod Stressv.eshortﬁo.mod = 3274PSi

Concrete Shrinkage

The majority of concrete shrinkage occurs in the early life of the containment. Since the
containment was constructed over 30 years ago, nearly all of the shrinkage has already taken
place. At this point, shrinkage is essentially time-independent, and the concrete shrinkage at 60
years will be approximately equal to the concrete shrinkage predicted at 40 years.

Sressy shrink.60.unmod ‘= SIeSSy shrink.40 . Stress, shrink.60.unmod = 2900 psi

This loss of stress applies to tendons that were not detensioned during the SGR.

The tendons that are detensioned and retensioned during SGR will only experience shrinkage in
the concrete that replaces the SGR opening plug and that replaces the delamination. The
replacement concrete is low-shrinkage concrete (Reference 11), but the shrinkage losses in this
region will conservatively be set equal to the shrinkage losses of the original concrete at 40 years.
However, the results will be scaled based on the ratio of the new concrete height to the entire
height of the containment (The entire span of vertical tendons).
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The total height of the containment is:

htotal = Eltop.ring.girder - Elbat.containmem htotal = 187ﬁ

N\
where

Eltop‘ring.girder = 267.5 ft Elyot containment = 80.5 ft

The height of the SGR opening is (see Section 5.1 for reference):

hopen = 27ﬁ

The height of the delamination, excluding the height of the SGR opening, is:

hdelam = Elbot.ring.girder - Ldelam.ring.girder - El top.eq.hatch — hopen
hdelam = 65.17 ft

where
Elbot.ring.girder = 250 ft Ldelam.ring.girder =101t : Eltop.eq‘hatch = 157.83 ft

The ratio of the delaminated thickness to the entire wall thickness is:

Ldelam
RatiO,Ade]am =—_— Ratio,_delam =0.24

tyail
where
Ldelam = 10in Lyan = 35/t
The shrinkage loss for the tendons that are detensioned and retensioned around the SGR opening
is equal to:

h open h delam
+

-Ratiog gojam | SIressy shrink 40
h total total

Sress, shrink 60.mod = (

Stressv.shrink. 60.mod = 622 psi
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Steel Relaxation

The steel relaxation losses at 40 years have been calculated previously (Reference 7, Att. F, Page
F2). Based on Figure 5-26 of Reference 10, steel relaxation is linear with time on a logarithmic
scale. The losses calculated at 40 years will be extrapolated to 60 years based on the last two
data points from Reference 7, Att. F, page F2.

Forcev.relax.40 - Forcev.relax.35

log(40) - log(35)

Force, voiar 60 = -(10g(60) - Iog(35)) + Force, poiax 35

Force, 1o10x.60 = 49.-4 kip

For CE€y relax.60

Stress, relax.60.unmod ‘= —A_ Stress, relax.60.unmod = 9082 psi
t
where
. . . 2
Force, yoax 40 = 48.5kip Force, yoip 35 = 48.2kip A;=9.723in

The detensioned and retensioned tendons will be active for the following number of years before
the 60 year end of life is reached:

Ageyoren = AgEco — Ageoulage Agepoten = 27 yr

Conservatively using the tendon steel relaxation loss at 30 years from Reference 7, Attachment F,
Page F2:

Force, reiax 60.mod = Force, voia 30 Force, voiax 60.mod = 47-8kip

Converting the force loss to a prestress loss in the tendon:

Farcev relax.60.mod
SIress, relax.60.mod = Py Stress, relax. 60.mod = 4916 psi
t
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Creep

The basic creep for the existing concrete determined from testing and extrapolated to 60 years is
(see Section 5.1 for reference):

~7 1
Creepv.basicﬁo =25x%x 10 —_—

psi
The ratio of the concrete stiffness to the total stiffness of the horizontal cross-section is calculated

based on the equations in Section 2.1 of Reference 22.

Av. contain'Ec

Av‘cantain - nv:rendon'At)'Ec + Av,liner'Es + nvlendtm'At'Es

Rat iov.conc.stijf = (

Ratioy cone.supr = 0.92

where

2 ' 6
Ay, contain = 236807.3 in E.=4.03x 10 psi N, tendon = 144
4,=9.723in% . A, jnor = 1838.3in° E,=2.9x 10 psi

The average vertical prestress was calculated earlier in this section. For the stress contributing to
creep, elastic shortening and shrinkage losses are subtracted because they occur early in the life of
the containment. : '

Force, gyja1 — nv.tendon'(Stressv‘eshort. 60.unmod * Stressv.shrink,w)'At
A

Ov.axial.creep = ‘Ratio,, conc.stiff

v.contain

Oy.axial.creep = 877 psi
where
Force, 40 = 235440kip Stress,, shrink 40 = 2900 psi Stress,, eshort 60.unmod = 3274 psi

A, = 9.723in°  Avoonan = 236807.30n°
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The tendon prestress lost due to creep is calculated based on Page 4 of Reference 2. This value
is applicable to tendons that were not detensioned during the SGR:

Str €SSy, creep.60.unmod = Gv.axial.creep'cr eepv.basic.60'Es Str €SSy creep.60.unmod = 6356psi

where E; is the steel elastic modulus and is equal to:
7 .
E;=29x 10 psi

Creep losses for the tendons that pass through the patch are calculated separately by taking into
account the creep properties of the replacement concrete. The ultimate creep coefficient of the
new concrete is (see Section 5.1 for reference):

!
Vu.patch = 1 14

The ultimate creep coefficient must be adjusted for non-standard environmental and geometrical
properties in accordance with Reference 12, Section 2.5. There are also correction factors .
associated with concrete composition, but these have a smaller effect than geometrical and
environmental properties and are neglected (Reference 12, Section 2.6).

The correction fisctor for the ultimate creep coefficient due to the relative hum1d1ty is expressed by
(Reference 12. section 2.5.4):

A=78 Relative Humidity, (%)
vy = 1.27 — 0078 1 v, = 0.767
The voli-- 1 ratio of the plug and the delamination is calculated as follows. The
wid* _wauiifation is
‘,/,h ) Ldelam

Weelam = 7 Ctiven T Uiner ¥ tyall — 2 ~ Whuttress

= 58.65,
wherz
Aputiress = 60deg Riiner = 65 ft . Hiner = 0.38in.

tyai = 3.5 ft Ldelam = 10in Wbuttress 12.34 ft
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The volume of the new concrete is:
Vnew = Wopen'twall'hopen + (Wdelam'hdelam - Wopen'hopen)'tdelam

Vi = 4511.7 >

where
Wopen = 25 ft tyai = 3.5 f1 hopen =27 ft
Welam = 98.99 ft haeiam = 55. 17 ft tdelam = 10in

The only surface exposed to the environment for the new concrete is the outside surface of the
containment. This area is equal to:

2
Snew = Wdelam' Rdelam Spew = 3254.04 ft
where
Waelam = 98.99 ft - Hdetam = 5817 ft

The volume to surface area ratio is:

Ratio,g = Ratio,; = 16.64in

The correction factor to the ultimate creep coefficient for the volume to surface ratio is (Reference
12, Section 2.5.5b): : .

2 - 0.54. Ratiovs+in)

Vs = 3(1 + 1.13¢ 7,5 = 0.667

A correction factor must also be applied for operating temperature other than 70°F. Based on
Reference 23, operating temperature correction will have a small effect on the concrete creep rate
and is, therefore, neglected.

A correction factor is also to be applied when load is applied other than 7 days after concrete
placement from Reference 12, Section 2.5.1. However, the ultimate creep coefficient was
calculated based on a loading age of 5 days, and the load is assumed to be applied at 5 days in
this calculation (see Assumption 3.2.3), so no correction for loading age is applied.
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The resulting creep correction factor accounting for relative humidity, volume to surface ratio, and
operating temperature effects is (see definition of v in Reference 12):

Yereep = Yvs'Va Yereep = 0.512

The new concrete will be under load for 4ge,.,, = 27 yr. The creep coefficient at the end of
this time is (Reference 12, Equation 2-8):

0.6
(Agereren + day)
V= *Vupatch' Ycreep v, = 0.561

10+ (Ageyeen + day)°

Note that this equation is applicable to Types I and Il concrete. The concrete is Type I in
- accordance with Reference 6, page 3.

The tendon tension lost due to creep of the new concrete is scaled based on the tension lost due
to elastic shortening. Elastic shortening is a short term loss and creep is a long term loss. The
creep loss can be scaled from the elastic shortening loss by the effective short term and
age-adjusted elastic moduli. The age-adjusted elastic modulus accounts for additional strain due
to long term loads (Reference 12, Section 5.2). The short term losses (elastic shortening losses)
can be scaled using the following equation (this equation was used in Reference 14, but was not
derived in Reference 14. It is derived here for clarity.):

: eshort eshort
Losscreep = LosS gsport - Losseshort = LoSSeshort: =1
creep creep

where Ecgport is the instantaneous modulus of elasticity (used for short term loads), Ecreep 1s the
effective modulus of elasticity for long term loads, and Lossg,o, 1S the tendon elastic shortening
loss.

The ratio of the effective modulus of elasticity for a short term load to a long term load
minus one is determined by rearranging equation 5-1 of Reference 12.

E

— _1=x v
Ey
where

E; = Modulus of elasticity for short term loads
E\; = Effective modulus of elasticity for long term loads

X = Aging coefficient
v; = Creep coefficient
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Looking at the aging coefficients in Table 5.1.1 of Reference 12, the maximum this value can be is
1 and the minimum value is 0.5. Conservatively assuming a value of 1 for X, the tendon loss due
to creep in the new concrete can be calculated as follows based on combining the prev1ous two
equations:

Loss, creep = Loss eshort' V't

The total loss in the new concrete is scaled based on the proporfion of the height and
cross-sectional ratio of the new concrete to the height and total thickness of the containment wall.
The remaining concrete will creep following the same trend from the measured data in

Reference 3, page 45. The creep experienced by the existing concrete up to the beginning of the
SGR outage (33 years) is: :

Stressv.creep._?iunmod : o-v.axial.creep‘Creepv.baxiq.33'Es Stressv.creep.33.unmod = 5466PSi

The total creep loss in the vertical tendons at 60 years is:’

h open h delam

'Raﬁot.delam'(Stressv.eshortﬁo.mod' Vt)

'(Stressv‘eshort.60.mod’ Vt) +
total total

+ (htotal - hopen hdelam

h total h total

Str €SSy, creep.60.mod =

‘Ratio gojam '(Stressv.creepﬁo.unmod - Stressv.creep._?iunmod)

Stress,, creep.60.mod = 1093 ps?'

where

hopen=2Tft hioat = 187 i SISy cunortsomod = 3274 psi
= 0.561 S gt = 5517 f Ratio, gy = 0.24

Stressv.creepﬁo.unmod = 6356 psi
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Total 60 Year Loss

The total tendon stress loss after 60 years is calculated.

Unadjusted Tendons:
Stress, wotal. 60.unmod = SITESSy eshort.60.unmod + SUESSy shrink.60.unmod + S€SSy relax.60.unmod + St €SSy, creep.60.unmod

Stress, total.60.unmod = 17612 psi

Detensioned and Retensioned Tendons:

Stressv.totalﬁo.mod = Stressv.eshort.60.mod + Stressv.shrink.60.mod + Stressv.relax.60.mod + Stressv.creep.60.mod

Stress,, ioral 60.mod .= 9906 psi

Converting the stress lost into a force per tendon that is lost:

Forcev.tatal.ﬁO.unmod = Stressv.tota1.60.unmod'At Forcev.tota1.60.unmod = 1712k1p
Forcev.total.60.mod = Stressv.totalﬁﬂ.mod’At Forcev.total.60.mod = 963k’p
where

.2
A, =9.723in

The design tension per tendon is (see Section 5.2 for original calculation):
Forcejosign = 1635 kip

The remaining tension in the vertical tendons at 60 years is:

Tension,, 60 unmod = FOrce esign — FOrce, o141 60.unmod - Tension, g9 ypmoa = 1463.8kip

Tension,, 60 moq = Force esign — Force, 141 60.mod Tension, gp moa = 1538.7 kip
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5.4 Horizontal Tendons - 60 Years After Initial SIT

Some of the horizontal tendons near and away from the SGR opening will be detensioned and
retensioned during SGR while the tension in some other tendons will not be changed. The tendon
tension at 60 years will be individually calculated for the detensioned and retensioned tendons that
pass through the SGR opening bay, the detensioned and retensioned tendons that do not pass
through the SGR opening bay, and the tendons that are not detensioned. The tension losses for
the tendons that pass through the SGR opening bay will be calculated considering all of these
tendons to pass directly through the SGR opening since cutting and repairing the opening will
affect the region both inside and around the SGR opening. The tendon tension at 60 years after
the Structural Integrity Test (SIT) of November 1976 (Reference 7, page 10) is determined by
scaling the predicted tension at 40 years after SIT. The individual losses in the horizontal tendons
at 40 years after SIT from steel stress relaxation and concrete shrinkage are as follows (see
Section 5.1 for references):

Stressy shrink 40 = 2900 psi

Forceh. relax.40

Stressy relay 40 = — Stressy reiax.40 = 4957 psi
t

- where

A, = 9.723in° Forcey rojas.40 = 48.2kip

Elastic Shortening
The total circumferential force from a single horizontal tendon tensioned to lock off load is:

Forcey, gyin) = GUTS7 Forcey, 4piq1 = 1635kip

where

GUTS70 = 1635klp

The average spacing between horizontal tendons near the containment mid-height is:

i Elavg.tend.spacejop - Elavg.tend.space.bot R
Sh.avg = 1 Sh.avg = 19.19in

Ravg.tend space ~

where

Elavg.rend.space.top =212.69 ft Elavg.t_end.space.bot = 1839t R avg tend.space = 19
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The average elastic shortening losses for the horizontal tendons are calculated based on the
equations found in Section 2.1 of Reference 22. The horizontal tension losses due to elastic
shortening do not change over time. These losses are applicable for the tendons that are not
detensioned during the SGR. Note that the proportion of load in the tendon conduit is
conservatively neglected from the calculation.

Forcey, grial

Farceh.eshort.60.unmod =

1
I AE,
2 (sh‘avg'twall - At)'Ec + sh.avg'tliner'Es + ArE;

For C€p eshort.60.unmod = 62.29 kip

For Ceh.eshort.60.unmod
4,

Stressy, eshort60.unmod =

Stressy, eshort. 60.unmod = 6407 psi
This loss of stress applies to tendons that were not detensioned during the SGR.

For tendons that are adjusted during SGR, the elastic shortening stress losses will be affected by
the material properties of the concrete used to replace the plug and to replace the outer portion of
the delaminated concrete. As demonstrated in Section 5.3, the effect of the plug stiffness has a
small effect on the elastic shortening losses, so the elastic shortening losses are estimated to be the
same for all tendons.

Stressh.eshart.60.mod = Stressh.eshortﬁ&unmod Stressy eshort.60.mod = 6407p3i

Stressy eshort. 60.mod . SGR *= Stressy eshort.60.unmod Stressy eshort. 60.mod SGR = 6407 psi \

Concrete Shrinkage

The majority of concrete shrinkage occurs in the early life of the containment. Since the
containment was built over 30 years ago, nedrly all of the shrinkage has already taken place. At
this point, shrinkage is essentially time-independent, and the concrete shrinkage at 60 years will be
approximately equal to the concrete shrinkage predicted at 40 years.

Stressy shrink.60.unmod = SUreSSp shrink 40 Stressp shrink.60.unmod = 2900 psi

This loss of stress applies to tendons that were not detensioned during the SGR.




MPR Associates, Inc. Revision No.: 0

AMPR proparea By Xiiv 94 0702-0185.05

320 King Street Nk :
Alexandria VA 22314 Checked By: /ﬁ : Page No.: 31
&

The tendons passing through the SGR opening bay that are detensioned and retensioned during
SGR will only experience shrinkage in the concrete that is replaced in the plug and that replaces
the delamination. The replacement concrete is low-shrinkage concrete (Assumption 3.2.4), but
the shrinkage losses in this region will conservatively be set equal to the shrinkage losses of the
original concrete at 40 years. However, the results will be scaled based on the proportion of the
span of new concrete to the entire span of the containment wall.

The total circumferential length of a horizontal tendon is:

(
Wiotal = 2 abu{tress' Fh.tendon + Whuttress " Weotal = 154. 17ﬁ
where
Qpyttress = 1.05rad Whuitress = 12.34 ft Th.tendon = 67.72 ft

The span of the SGR opening is (see Section 5.1 for reference):

Wopen = 251t
The circumferential length of the repaired delamination, excluding the span of the SGR opening, is:

Wdelam.sub.SGR = Qbuttress' Yh.tendon — Whuttress — Wopen

W delam.sub.SGR = 33.57 ft
where
Aputtress = 1.06rad Whuttress = 12.34 ft Wopen = 25 ft

Yh.tendon = 67. 72ft

The ratio of the thickness of the repaired delamination to the entire wall thickness is (see Section
5.3 for original calculation):

Ratioy 4,50 = 0.24

The shrinkage loss for the tendons that are detensioned and retensioned around the SGR opening
is equal to: '

. Wopen Wdelam.sub.SGR
Stressy shrink.60.mod SGR = | ~——— +
Wiotal Wiotal

'Ratiot,delamJ ' Stressh.shrinlc 40

Stressp sprink 60.mod.sGr = 621 psi
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The detensioned and retensioned tendons that do not pass through the SGR opening bay will not
experience any shrinkage since there is no new concrete in the span of these tendons.

Stressy shrink.60.mod = 0

Steel Relaxation

The steel relaxation losses at 40 years have been calculated previously (Reference 7, Att. F, Page
F2). Based on Figure 5-26 of Reference 10, steel relaxation is linear with time on a logarithmic
scale. The losses calculated at 40 years will be extrapolated to 60 years based on the last two
data points from Reference 7, Att. F, page F2.

Forcey, retax.40 — Forcey reja 35

10g(40) - log( 35)

Forcey, rojax 60 = ~(10g(60) - log(35)) + Forceh_n,]@ 35

Forcey, o100 = 49.1kip

For Ceh relax.60

Stressy, vetax. 60.unmod = ———1'4_ Stressh.relax.60.unmod = 5051p5i
'
where
. . .2
Forcey, o105 40 = 48.2kip Forcey pojar 35 = 47.9kip A, =9.723in

The detensioned and retensioned tendons will be active for the following number of years before
the 60 year end of life is reached (see Section 5.3 for original calculation):

Agereten = 27 yr

Conservatively using the tendon steel relaxation loss in the horizontal direction at 30 years from
Reference 7, Attachment F, Page F2:

Forcey, roiax.60.mod. SGR = FOrcey rejar 30 Forcey elax.60.mod.sGr = 47-6kip

Converting the force loss to a prestress loss in the tendon:

Forcey relax. 60.mod SGR

Stressp relax.60.mod SGR *= y Stressp relax.60.mod.sGr = 4896 psi
t
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This loss is also appropriate for the detensioned and retensionéd tendons that do not pass through

the SGR opening bay.
Stressy. reiax. 60.mod = S€SSh.relax.60.mod SGR Stressp relax.60.mod = 4896 psi
Creep

The basic creep for the existing concrete determined from testing and extrapolated to 60 years is
(see Section 5.1 for reference):

-7 1
Creepp pasic 60 = 2.4x 10 —

psi

The ratio of the concrete stiffness to the total stiffness through the cross-section of the containment
wall is calculated based on the equations in Section 2.1 of Reference 22.

Sh.avg' twall'Ec
(sh.avg'twall - At)'Ec + sh.avg'tliner'Es + ArE;

Ratioh‘conc.stiﬂ =

Ratiop, cone. g1y = 0.88

For the stress in the concrete contributing to creep, elastic shortening and shnnkage losses are
subtracted because they occur early in the life of the containment.

GUTS70 - (Stressh.eshort 60.unmod + Stressh.shrink.40)'At i
Oh.axial.creep = P “Ratiop, conc sife
Sh.avg’ tyall — 44

Oh.axial.creep = 1703 DSt

where

Stressp eshort.60.unmod = 6407 psi Stressy shrink.40 = 2900 psi
.2 .

4,= 9.723in Shavg = 19.19in Lyall = 35ﬂ

GUTS70 = 1635klp
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The tendon prestress lost due to creep is calculated based on Page 4 of Reference 2. This value
is applicable to tendons that are not detensioned during the SGR:

Str €SSh.creep.60.unmod = Ch.axial.creep’ Cr €€Pp. basic. 60‘Es Str €SSh.creep.60.unmod = 1185OPSi

where Ej is the steel elastic modulus and is equal to:
7 .
E =29x%x 10 psi

Creep losses for the tendons that pass through the patch are calculated separately by taking into
account the creep propertics of the replacement concrete. The creep properties have been
calculated in Section 5.3 of this calculation. The creep coefficient for end of life is:

v,=0.56

The total loss in the new concrete is scaled based on the proportion of the width and
cross-sectional ratio of the new concrete to the horizontal tendon lateral span and total thickness
of the containment wall. The remaining concrete will creep following the same trend from the
measured data in Reference 3, page 45. The methodology used here is duplicated from Section
5.3 of this calculation. The creep experienced by the existing concrete up to the beginning of the

SGR outage (33 years) is:
Stressy.creep.33.unmod = Oh.aial.creep’ Cre€Ph.pasic.33°Es Str‘essh.creepﬁlunmod = 10122 psi
where

71

Creeph.basic.33 = 2.05x% 10_ —
psi

The total creep loss in the horizontal tendons at 60 years is:

w

en Wdelam.sub.SGR

'(Stressh.eshort.tm.mod' Vt) + 'Ratiot.delam'(Stressh.eshort.60.mod' Vt)

Weotal Wiotal
+ [Wmtal ~ Wopen Wdelam.sub.SGR

Stressh.creep.60‘mod.SGR =

'Ratiot.delam '(Stressh.creep.w.unmod - Stressh‘creepjlunmod)
Wiotal Wiotal
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Stressh.creepﬁO.modSGR = 2127 psi

where
Wopen = 25 fi Weotal = 154.17 ft Stressy eshort.60.mod = 6407 psi
v, = 0.561 ' Welam.sub.SGR = 33-57 ft . Ratio, gojam = 0.24

Stressh.creepﬁb.unmod = 11850 psi

The total creep loss for the horizontal tendons that do not pass through the SGR opening bay is:

Stressh.creep.60.mad = Stressh.creep.GO.unmod - Stressh.creep..?.?.unmod

S’ressh.creepﬁo.mod = 1728 psi

Total 60 Year Loss

’

The total tendon stress loss after 60 years is calculated.
Unadjusted Tendons:
. Stressp otal.60.unmod = SUESSp.eshort.60.unmod + SIESSh shrink.60.unmod + Stressh‘relaxﬁaunmod + Stressh,creepﬁo.unmod

Stressy total. 60.unmod = 26208 psi

Detensioned and Retensioned Tendons that do not Pass through SGR Opening:

Stressy iotal.60.mod = SHeSSh eshort.s0.mod + SIESSh.shrink.60.mod + SUESSh relax.60.mod + SI€SSp creep.60.mod

Stressy.total.60.mod = 13031 psi

Detensioned and Retensioned Tendons that Pass through SGR Opening:

Stressy. total.60.mod.SGR = SIT€SSp.eshort,60.mod.SGR + SIESSh_shrink.60.mod SGR + SHeSSh relax.60.mod. SGR + SI'ESSp creep.60.mod SGR

Stressy total. 60.mod sGr = 14050 psi
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Converting the stress lost into a force per tendon that is lost:

Forceh.rotal.GO.unmod = StresshJotaIﬁO.unmod'At Forceh.tatal.60.unmod = 2548klp
Forcey, o1a1.60.mod = Stressp.total. 60.mod’ At Forcey, 1o1a1.60.moa = 126.7 kip
Forcey oral 60.mod.SGR = SIeSSh total 60.mod SGR A Forcey o1a1.60.mod.sGr = 136.6kip
where

A,=9.723 in2

The design tension per tendon is (see Section 5.2 for original calculation):

Forcegegign = 1635 kip

The remaining tension in the horizontal tendons at 60 years is:

Tensiony, 60 unmod = FOrcedesign — FOTCep total.60.unmod Tensiony, 59, ypmoa = 1380.2 kip
Tensiony, 60 mod = Force esign — FOrcey, 1o1a1.60.mod Tensiony, gp moq = 1508.3 kip

Tensiony, 60 mod SGR = FOrCegesign — FOrcey, to1al.60.mod SGR Tensiony 60 mod sGr = 1498.4 kip
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5.5 Dome Tendons - After SGR Completion

After the Steam Generator Replacement Project is completed, the containment will only have
experienced 33 years of its 60 year life. The tendon losses are expected to be less at this time
compared to the losses after 60 years. The total losses after SGR completion are calculated

Elastic Shortening

The elastic shortening losses are not time dependent. The elastic shortening losses after 33 years
will be equal to the elastic shortening losses calculated for 60 years in Section 5.2.

Stressy eshort.33 = SIeSSg eshort.60 Stress g eshors.33 = 5500 psi

Concrete Shrinkage

The concrete shrinkage losses will be essentially indepéndent of time after 33 years. Therefore,
the concrete shrinkage losses calculated for the 60 year end of life calculated in Section 5.2 are
appropriate for the 33 year losses.

Stressq shrink 33 = SUESSy shrink.60 Stress shrink.33 = 2900 psi

Wire Relaxation

The wire relaxation losses are interpolated from Reference 7, Appendix F, Page F2. The wire
relaxation loss at 33 years is:

Forceg reiqy 33 = 48kip

Converting this load into a stress loss in the tendon:

Forced.relax,_?.?

Stressd,,e,ax,ﬂ = T Stressd_,elax~33 =4937 psi
t
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Creep

The tendon tension loss due to creep can be calculated using the basic creep at 33 years. The
basic creep at 33 years is defined in Section 5.1:

—7 1
Creepd.basic.33 =3.00x 10 _—

DSi
The stress in the dome in the direction of the dome tendons is (see Section 5.1 for reference):

O g axial = 1530 psi

The creep loss at 33 years is:

Stressd‘creep‘ﬁ = Creepg pasic.33 Cd.axial Es Stressd.creep.33 = 13311 psi

where
7 .
E,=29x 10 psi
Total Loss at 33 Years
The total tendon stress loss after 33 years is:
Stressd.total.33 = Stressd.eshort.33 + Stressd,shrink..?.? + Stressd.relax.j.? + Stressd.creep..?.?

Stressy prar 33 = 26648 psi

Converting the stress lost into a force per tendon that is lost:

Forceg o1a1.33 = Stressj ol 33 A Forceg a1.33 = 259.1kip

where

4, = 9.723in°

The design tension per tendon is (see Section 5.2 for original calculation):

Forcegeyign = 1635 kip
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The remaining tension in the dome tendons at 33 years is:

Tension,; 33 = Forcegesign — Forceg oa1.33 C Tensiong 33 = 1375.9kip
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5.6 Vertical Tendons - After SGR Completion

After the Steam Generator Replacement Project is completed, the containment will only have
experienced 33 years of its 60 year life. The tendon losses are less at this time compared to the
losses after 60 years. The total losses after SGR completion are calculated

Elastic Shortening

The elastic shortening losses are not time dependent. The elastic shortening losses after 33 years
will be equal to the elastic shortening losses calculated for 60 years in Section 5.3. These losses
are applicable to both tendons that are detensioned and retensioned and those that are not.

Stressv.eshart.i?.unmod = Stressv.exhorlﬁo‘unmod Stressv.eshort.]iunmod = 3274 psi

Stress, eshort.33.mod = SIYeSSy eshort.60.mod Stress,, eshort.33.mod = 3274 psi

‘Concrete Shrinkage

For the existing concrete, the concrete shrinkage losses will be essentially independent of time
after 33 years. Therefore, the concrete shrinkage losses calculated for the 60 year end of life
calculated in Section 5.3 are appropriate for the 33 year losses for these tendons. For the
tendons that are detensioned and retensioned, the new concrete will not have experienced any
significant shrinkage immediately after the tendons are retensioned.

Stress, shrink.33.unmod = StresSy shrink.60.unmod Stressy shrink.33.unmod = 2900pSi

Stress, shrink 33.mod = 0

Wire Relaxation

The wire relaxation losses are interpolated from Reference 7, Appendix F, Page F2. These losses
are applicable for the tendons that are unadjusted during SGR. The tendons that are detensioned
and retensioned will not experience any significant relaxation immediately after they are
retensioned.

Force, reiax. 33 unmod = 480k’p
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Converting this load into a stress loss in the tendon:

Forcev relax.33.unmod
Stress, relax.33.unmod = P Stress, relax.33.unmod = 4937 psi
t

Stress, relax.33.mod = 0

Creep

The tendon tension loss due to creep of the existing concrete can be calculated using the basic
creep at 33 years. This calculation was performed in Section 5.3. The creep loss in the tendons
that are unadjusted is equal to this value. The tendons that are detensioned and retensioned do
not experience any significant creep immediately after retensioning.

Stressv.creep._i].unmod = 5466 psi

Stressv.creep.33.mod =0

Total Loss at 33 Years

The total tendon stress loss after 33 years is:

Stressv.total.33.unmod = Stressv‘eshort._?_?.unmod + Stressv.shrink.33.unmod + Stressv.relax.33.unmod + Stressv.creep.33.unmod

Stress, total. 33.unmod = 16577 psi
Stressy soual. 33.mod = SeSSy eshort.33.mod + SeSSy shrink.33.mod + SESSy relax.33.mod + Stressv.creep..?lmod
Stress, wotal.33.mod = 3274 psi

Converting the stress lost into a force per tendon that is lost:

Forcev.tata1.33.unmod = Stressv.rotalﬁiunmod'At . Forcev.total..?.?.unmod = 1612klp
Force, 15a1.33.mod = SIYe€ss, 1o1a1.33.mod" At Force, 5141.33.moa = 31.8kip
where

A,=9.723in°
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The design tension per tendon is (see Section 5.2 for original calculation):

Force josign = 1635 kip

The remaining tension in the vertical tendons at 33 years is:

Tensjonv.j_?.unmod = For Ceesign — For €€y total. 33.unmod

Tension, 33 moq = Forcedesign — Force,, 1o141.33.mod

Tension, 33 ynmod = 1473.8kip

Tension,, 33 poq = 1603.2 kip
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5.7 Horizontal Tendons - After SGR Completion

After the Steam Generator Replacement Project is completéd, the containment will only have
experienced 33 years of its 60 year life. The tendon losses are less at this time compared to the
losses after 60 years. The total losses after SGR completion are calculated

Elastic Shortening

The elastic shortening losses are not time dependent. The elastic shortening losses after 33 years
will be equal to the elastic shortening losses calculated for 60 years in Section 5.3. These losses
are applicable to both tendons that are detensioned and retensioned and those that are not.

Stressh.eshort..?iunmod = Stressh.eshort.GO.unmod Stressh.eshort.33.unmod = 6407pSi
Stressy eshort.33.mod = SUESSh eshort,60.mod Stressy eshort.33.mod = 6407 psi
Stressy eshort.33.mod SGR = SIeSSy eshort.60.mod SGR Stressp.eshort.33.mod sGr = 6407 psi

Concrete Shrinkage

For the existing concrete, the concrete shrinkage losses will be essentially independent of time
after 33 years. Therefore, the concrete shrinkage losses calculated for the 60 year end of life in
Section 5.3 are appropriate for the 33 year losses for these tendons. For the tendons that are
detensioned and retensioned, the new concrete will not have experienced any significant shrinkage
immediately after the tendons are retensioned.

Stressy shrink.33.unmod = SUESSh shrink 60.unmod Stressp shrink.33.unmod = 2900 psi
Stressy shrink 33.mod = 0

Stressy, shrink.33.mod.SGR = 0

Wire Relaxation

The wire relaxation losses are interpolated from Reference 7, Appendix F, Page F2. These losses
are applicable for the tendons that are unadjusted during SGR. The tendons that are detensioned
and retensioned will not experience any significant relaxation immediately after they are
retensioned.

Forcey, velax 33 unmod = 47.8kip
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Converting this load into a stress loss in the tendon:
Force
Stressy reiax.33.unmod = hrelax 33 unmod SIressy relax.33.unmod = 4916p$‘i

A4,
Stressy retax.33.mod = 0

Stressy relax. 33.mod.SGR = 0

Creep

The tendon tension loss due to creep of the existing concrete can be calculated using the basic
creep at 33 years. This calculation was performed in Section 5.3. The creep loss in the tendons
that are unadjusted is equal to this value. The tendons that are detensioned and retensioned do
not experience any significant creep immediately after retensioning.

Stressh.creep._?lunmod = 10122 psi

Stressh.creep..?imod =0

Stressh.creep..?.?.mod.SGR =0

Total Loss at 33 Years

The total tendon stress loss after 33 years is:

Stressp total. 33.unmod = Stressh.kshort.33.unmod + Stressh.shrink.]lunmod + Stressh.relax..?.?.unmod + Stressh.creep..?iunmod

Stressy o101 33.unmod = 24345PSi

Stressh.tatal.}.?.mod = Stressh.eshort.33.mod + Stressh,shrink..i.?.mod + Stressh,relax..i.?.mod + Stressh.creep._?imod

Stressy otal.33.mod = 6407 psi

Stressp 1otal.33.mod SGR = SreSSh.eshort. 33.mod.SGR + SI'€SSh.shrink 33.mod.SGR T SteSSh relax.33.mod SGR + SeSSh creep.33.mod SGR

Stressy wotal. 33.mod SGR = 6407 psi
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Converting the stress lost into a force per tendon that is lost:

Forcey to1a1.33. unmod = SWeSSp to1a1.33.unmod’ A1 Forcey, yo1a1.33.unmod = 236.7 kip
Forcey, 1o1a1.33.mod = SHesSy ro1a1.33.mod" A1 Forcey 1o141.33.mod = 62.3kip
Forcey, 51a1.33.m0d.SGR = SIY€SSh 10141 33.mod SGR At Forcey, 1141.33.mod.sGr = 62.3kip
where

L2
A,=9.723in

The design tension per tendon is (see Section 5.2 for original calculation):
Forcegggign = 1635 kip

The remaining tension in the horizontal tendons at 33 years is:

Tensiony, 33 unmod = FOrcegesign ~ Forcey 11 33, unmod Tensiony, 33 ymmoa = 1398.3 kip
Tensiony, 33 mog = Forcejosign — Forcey, 1o1a1.33. mod Tensiony, 33 moq = 1572.7 kip

Tensiony, 33 mod.sGR = FOrCe esign = Forcey wo1a1 33.mod SGR Tensiony, 33 mod.sGr = 1572.7 kip
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Reference 23

From: Holliday, John [John.Holliday@pgnmail.com]
Sent: Thursday, January 07, 2010 6:14 AM

To: Bird, Edward; Gantz, Kevin

Cc: Dyksterhouse, Don; Knott, Ronald

Subject: FW: Temperature Effect on Creep

Gentlemen, .

Attached e-mail is from Prof. Domingo Carreira the Chairman of the sub-committee that prepared ACI
209 and specifically authored the section that addresses the effects of temperature on creep, heis also
the individual who designed the concrete mix for CR3 SGR. Based on his observations | believe we can
exclude operating temperature as a factor in determining the creep ratio.

Regards,
John Holliday

From: CHRIS.A.SWARD@sargentlundy.com [mailto:CHRIS.A.SWARD@sargentlundy.com]
Sent: Wednesday, January 06, 2010 1:10 PM

To: Holliday, John

Subject: Fw: Temperature Effect on Creep

John,
Domingo's reply follows. 1 think some of his discussion relates only to the patch concrete but in general |
think he provides enough basis for not applying a temperature adjustment. »

Chris Sward
Project Manager
Sargent & Lundy

312-269-7426
----- Forwarded by CHRIS A SWARD/Sargentiundy on 01/06/2010 12:08 PM —---

From: DOMINGO CARREIRA <domingocarreira@sbcglobal.net>
Ta: CHRIS.A.SWARD@sargentlundy.com

Date: 01/05/2010 11:21 PM

Subject: Re: Temperature Effect on Creep

MPR QA Form: QA-3.1-3, Rev. 0
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Chris:

Testing may recollection is a little bit risky, however the question is on a subject that I
am familiar with, plus it was a good idea to send me the CR3 report to refresh what we
did in 2007. :

As you well said, ACI 209 Report discuss briefly the subject of the temperature effects

on creep and shrinkage and gives some estimates but no factor is given to quantify it. I -
must confess that I personally wrote this portlon of the report at the request of the late
Jim Rhodes.

The same limitation on the effects of temperature on creep and shrinkage occurs with
the other 3 methods of predictions given in the latest revision of ACI 209-2R recently
published. The reason is the same for the four methods in ACI 209-2R, we don't have
enough information to evaluate it and to propose an acceptable coefficient for ‘
correction. In addition, we say in the introduction of ACI 209-2R that a departure of +
or - 30% from actual test data could be expected when using the proposed our
methods. This sad admission was approved by the authors of the other 3 methods in
ACI 209-3R, that is, Bazant, Gadner, and Muller. Branson the author of the original 209
method is no longer a member of this committee, he retired some years ago.

In the case of CR3 concrete replacement I am of the opinion that temperatures higher
than 70 F will not be of concern for the following reasons:

1. Desplte the temperature of the concrete during operating conditions as well as the
‘exterior temperature in Florida will be higher than 70F, this higher temperature will not
increase significally concrete creep and shrinkage, since their values from the standard
testing temperature are very low compared with the majority of the concrete on which
the prediction methods are based on.

2. The operating temperature will be by far lower than the initial accelerated
autogenous curing temperature from the cement heat of hydration. This high
autogenous temperature is not present in the standard testing methods for creep and
shrinkage. :

3. Most of the effect of high operating temperatures on creep and shrinkage is caused
by the driving out of the concrete the water uncombined with cement. Approximately

MPR QA Form: QA-3.1-3, Rev.0
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the mass of water corresponding to 20% of the mass of cement will combine with it.
 That is, a w/c ratio of 0.20 will be chemically combined with the cement. The
remaining of the mixing water may evaporate from the concrete This problem is
drastically reduced by the fact that in our concrete the free evaporable water is low
compared with most concretes. Also, and most important, by the very high volume-to-
surface ratio of the walls (48 inches) compared with that of the test specimens (3
inches), and by the use of fly ash and silica fume that will combine chemically with
some portion of the evaporable water that will not chemically combine with cement.

4. The high modulus of elasticity and the high initial strength of the CR3 concrete
mixture are conditions that help to reduce the effects of temperatures higher than the
testing temperatures. We know that some of the high strength concretes have lower
creep and shrinkage than normal strength concretes because of the lesser free water in
these concretes.

5. The higher operating temperatures will mostly affect the top portion of the
containment away from the replacement concrete.

I could continue elaborating on this subject, but I think that the given reasons make
sense..

I will return to Chicago from California tomorrow January 6, 2010 and could visit you
the coming Thursday or Friday.

. My best wishes in this 2010, Domingo

From: "CHRIS.A.SWARD@sargentlundy.com" <CHRIS.A.SWARD@sargentlundy.com>
To: Domingo Carreira <carreira@iit.edu>; domingocarreira@sbcglobal.net

Sent: Tue, January 5, 2010 10:55:08 AM

Subject: Temperature Effect on Creep

Domingo,
Happy New Year.

| need to test your recollection. The attached study was included with one of the calcs that we did for the
CR3 containment analysis. Part of the study works through the computation of effective modulus based
on creep. The creep coefficient computation (following ACI-209R) applies a number of adjustments for
nonstandard conditions. ACI 209R discusses temperature as a factor although it does not provide a
specific adjustment factor. Our temperature during operation will be somewhat above the standard 70

degF. Do you recall why we did not include a temperature adjustment?

MPR QA Form: QA-3.1-3, Rev. 0
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Chris Sward
Project Manager
Sargent & Lundy
312-269-7426
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1.0 INTRODUCTION

1.1 Background

A project is underway at Progress Energy’s Crystal River Unit 3 (CR3) site to replace the steam
generators. As part of that project, 10 vertical and 17 horizontal tendons were detensioned and an
opening was cut into the concrete containment above the equipment hatch. As this opening was
being cut, cracking in the concrete wall was identified around the full periphery of the opening in
the cylindrical plane of the wall. The cracking is located at the approximate radius of the
circumferential tendon conduits, and is indicative of a delaminated condition. Progress Energy
plans to remove the delaminated concrete and replace it.

1.2 Purpose

This calculation documents an ANSY'S finite element model of the Crystal River Unit 3 (CR3)
Containment Building. The model was developed to analyze containment restoration and design
basis loading conditions. Limited results from the model are provided for benchmarking. Results
of repair and design basis analyses performed with the model, including the detensioning
sequence, are documented elsewhere.

1.3 Reactor Building Description

Reference 1, Chapter 5.2, provides the following description of the Crystal River Containment.
The CR3 Reactor Building is a concrete structure with a cylindrical wall, a flat foundation mat,
and a shallow dome roof. The foundation slab is reinforced with conventional mild-steel
reinforcing. The cylindrical wall is prestressed with a post-tensioning system in the vertical and
horizontal (hoop) directions. The dome roof is prestressed utilizing a three-way post-tensioning
system. The inside surface of the reactor building is lined with a carbon steel liner to ensure a
high degree of leak tightness during operating and accident conditions. Nominal liner plate
thickness is 3/8 inch for the cylinder and dome and 1/4 inch for the base. (Note that the liner
plate is thicker around the equipment hatch.)

The foundation mat is 12-1/2 feet thick with a 2 foot thick concrete slab above the bottom liner
plate. The cylindrical portion of the containment building has an inside diameter of 130 feet,
wall thickness of 3 feet 6 inches, and a height of 157 feet from the top of the foundation mat to
the spring line. The shallow dome roof has a major radius of 110 feet, a transition radius of 20
feet 6 inches, and a thickness of 3 feet.

MPR QA Form: QA-3.1-3, Rev. 0
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2.0 SUMMARY OF RESULTS AND CONCLUSIONS

This calculation documents the development of the CR3 Containment finite element model for
restoration and design basis analyses. The benchmarking results provided in Section 5 show a

favorable comparison between the finite element membrane stresses and a hand .calculation of
membrane stresses for the intact containment.

3.0 METHODOLOGY

A three-dimensional finite element model is developed for the CR3 containment restoration and
design basis analyses. The model includes linear-elastic material behavior with the exception of
the steel liner which is modeled as elastic-plastic. The effects of concrete creep on prestress are
represented in the finite element model by a reduction of tendon tension through time (Reference
7). Concrete creep strains are not considered in this calculation.

3.1 Finite Element Model Description 1

The finite element model of the Crystal River 3 Containment for restoration and design basis
analyses includes the following features:

e The model represents a symmetric portion of the building (180°) with the symmetry plane
passing through the center of the steam generator replacement opening and center of the
equipment hatch.

e The hoop and vertical tendons are modeled explicitly.

e The equipment hatch is modeled with a simplified representation.

e The model has the ability to remove individual tendons (hoop or vertical) and has the ability
to vary an individual tendon’s force (hoop or vertical). '

e The prestress from the dome tendons is modeled using equivalent forces. |

¢ The delaminated portion of concrete on the containment wall is explicitly modeled as well as
the concrete that is still intact. '

The following finite element types are used in the model: |
1. 3-D, 8 node brick elements are used to model the concrete building. [
2. 1-D truss elements are used to model the tendons.

3. 3-D Shell elements are used to model the steel liner.

4. 1-D spring elements are used to link the boundary between the concrete added to fill the
steam generator opening and the containment wall as well as the boundary between the
delaminated concrete and the intact concrete in the plane of the cylindrical wall. The

I\{|PR QA Form: QA-3.1-3, Rev. 0
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stiffness of these elements is varied to represent the delamination or continuous bond of the
intact and repaired building

5. Surface-to-surface contact elements are used to model the delamination stage in the
containment wall. Contact elements are also used to bond the SGR plug to the existing
concrete. _

These elements are discussed in more detail below.

3.1.1 Containment Wall

Brick elements are used to model the containment wall since they can predict a nonlinear
through-thickness stress distribution that cannot be captured using conventional shell modeling,.
Using the element birth and death features of ANSY'S, these brick elements can accurately
represent the incompatibility of the stress-free concrete used for repairs and the pre-loaded
building deformation pattern. '

The cylindrical portion of the wall is modeled as 42-inch thick concrete, with the exception of

" the wall that contains the opening for the steam generator replacement. This portion of the wall
is modeled in two separate sections, a 10-inch thick delaminated portion on the outside surface
of the wall, and the remaining intact 32-inch thick portion of the wall. The portion of the wall
that is modeled as delaminated is the area bounded laterally by the two adjacent buttresses, and
vertically by the transition to a 42-inch thick wall above the equipment hatch and a horizontal
line at elevation 240 ft (approximately 10 feet below the bottom of the ring girder). This
rectangular area surrounds the opening used for steam generator replacement and is somewhat
greater than the actual delaminated area. 1-D springs are added to the interface surfaces of the
delamination to either free the delamination or bond the delamination to the intact concrete,
depending on the intent of the analysis. For the load steps including delamination, very soft
springs eliminate tensile load transfer across this boundary.

The area in the containment wall that was removed to form an opening for steam generator
replacement is modeled using independent elements which have coincident nodes with the edges
of the containment. Prior to removal of the section, the model uses stiff springs to bond the
elements to the containment wall. Element birth and death is used to kill the elements in the
opening simulating the plug being cut. The plug region remains in the model but carries no
stiffness or loads and when replaced appears as stress and strain-free material. After the tendons
around the opening are detensioned and the new concrete is installed, the springs at the interface
are eliminated (set to a negligibly small stiffness) and contact elements are used to bond the
interface surfaces. A similar technique is applied for the delaminated concrete.

Brick element edges are aligned with the tendons such that the tendon (truss) element nodes are
coincident with the containment (brick) concrete element nodes. These coincident nodes allow
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for direct coupling between the concrete and tendon elements in the two directions normal to the
tendon. The truss elements are described in more detail below.

Figure 3-1 shows the 180° model. The buttresses are modeled with brick elements to capture
their eccentric stiffness and to provide tendon attachment points. The basic dimensions of the
containment model are presented in Section 4.1. The personnel hatch and other localized
geometry, with the exception of the equipment hatch, were not modeled since they are remote
from the steam generator opening. A scoping submodeling analysis of the equipment hatch

. showed that the hatch modeling shown below is adequate for performing repair and design basis
analyses. The regions remote from the opening are unaffected by the steam generator
replacement; their presence will not affect the global model results near the SGR opening and
delamination. : ‘

3.1.2 Ring Girder and Dome

In the finite element model, the ring girder and dome are represented by uniform areas swept
about the vertical axis of the containment. This representation is exact for the dome and nearly
exact for the ring girder. The dome and ring girder elements are joined by constraint equations
rather than by shared nodes. The dome delamination and repair are considered to have a
negligible effect on the purpose of this calculation and therefore are not represented in the finite
element model. All of the dome tendons are considered to be fully tensioned.
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Figure 3-1 Finite Element Model of CR3 Containment Building
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3.1.3 Tendons

Truss elements are used to model the vertical and hoop tendons to provide flexibility in
evaluating variations in tendon loads (de-tensioning and re-tensioning) during the repair process.
Hoop tendon truss element nodes are defined at coincident locations of the brick elements of the
containment wall where load transfer is required between hoop tendons and the containment
wall. Vertical tendons are each modeled as a single truss element with nodes at the top of the
ring girder and at the bottom of the basemat. Rigid beam elements are used at the buttresses for
the hoop tendons, and at the top of the ring girder and bottom of the basemat for the vertical
tendons to connect the ends of the tendons to the containment. This modeling distributes the
tendon support loads to the concrete brick elements without modeling the anchorages explicitly.
Coupling in the radial and vertical directions between the tendon elements and the containment
wall is used to transfer load between the hoop tendons and the containment wall. The axial
degrees of freedom of the tendons are fixed, but are not tied to the containment wall. The fixed
axial displacement allows for an initial strain to be used to define the tendon forces in these
elements. Forces are derived directly from the stresses and tendon areas. However since the
building deformation effects the stress, the strain required to define the tendon forces requires an
iterative approach to ensure the proper tendon force is applied. Thus, each element is given a
different initial strain to produce the current tendon loads. Tendon de-tensioning and future re-
tensioning is performed by scaling these strains.

Table 4-2 provides basic tendon spacing. There are 144 evenly spaced vertical tendons (2.5
degree spacing). There are 94 tendon hoops, each hoop consisting of three individual tendons.
The hoop tendons are arranged in pairs. The two tendons in the pair are separated by 12.75
inches (typically) whereas pairs are typically separated by 38.12 inches (Reference 12).

Tendons are initially tensioned to 80% of Guaranteed Ultimate Tensile Strength (GUTS) and
then the load is reduced to 70% of GUTS. For horizontal tendons, this procedure results in a
tendon force curve that is best represented by a uniform tendon tension along the length of the
tendon. Consequently, a uniform tension was applied to the horizontal tendons (Reference 9).
The tension applied accounts for loss of tension through time (Reference 7).

Vertical tendons only transfer load between the tendon and containment wall at the anchorages.
The vertical tendon loads are defined using initial strains similar to the hoop tendons. The strains
are adjusted via an iterative approach to account for the building stiffness. During tendon de-
tensioning, adjacent tendons that are not de-tensioned automatically capture the additional forces
caused by load re-distribution. The re-distribution of load also occurs during the de-tensioning of
hoop tendons.
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Tendon material and structural properties are defined below. Figure 3-2 illustrates the vertical
and hoop tendons in the model.

The dome tendons are modeled in a similar manner as the vertical and hoop tendons, but since
there is no detensioning required, the dome tendons are removed in the final model with
prestress applied to the dome using equivalent forces. The dome tendons are modeled with an
independent truss element mesh with coincident nodes aligned with the dome brick elements. In
the process of constructing the model, these independent nodes are constrained in all directions
and the tendon preload is applied using initial strains as described above. Reaction forces are
calculated at all of the common nodes, and these forces are explicitly applied to the dome
elements. The dome tendon truss elements are then removed. The dome tendon ring girder forces
are distributed to the concrete elements via stiff beams. Modeling the dome tendons explicitly is
not necessary since these tendons will not be detensioned. Dome tendon forces are adjusted to
account for loss of tendon tension due to aging phenomenon (e.g. concrete creep) in a manner
analogous to the process for the hoop and vertical tendons (Reference 7).
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Figure 3-2 Hoop and Vertical Tendons for the 180° Model

3.1.4 Liner

The liner is included in the model to account for the structural interaction between it and the
concrete containment. The liner plate is modeled as a single layer of four-node shell elements on
the inside face of the containment building. The liner is modeled as %-inch thick on the inside
surface of the cylindrical portion and dome and Y4-inch thick on the bottom surface of
containment (Reference 2, page 34). The liner plate thickness is increased to 1.125 inches
around the equipment hatch.
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3.2 Boundary Conditions

Displacement boundary conditions are defined to prevent rigid body motion of the containment
building and to simulate the reflected portion of the building modeled with the symmetry plane.
The vertical support of the building is modeled as an elastic foundation.

Symmetry boundary conditions are applied to constrain all nodes at the centerline of the model
to have zero displacement in the normal (global z) direction. For the tendon nodes that have been
rotated into a cylindrical coordinate system the symmetry constraint is applied to the local hoop
or y direction. '

A single point at the center of the foundation is constrained in the lateral "x" direction to prevent
rigid body motion. This does not prevent rocking type motion that would occur in the building
and the reaction force at this node is negligible. -

Vertical support of the building is achieved using an elastic foundation. The elastic foundation
stiffness is defined using a layer of surface effect elements placed under the basemat. The
foundation stiffness defined in the model is 395 1bs per cubic inch (680 kips per cubic foot)
(Reference 1, Figure 5-20). ‘ '

4.0 DESIGN INPUT

“The design input used to develop the finite element model is provided below.

4.1 Geometry

The key dimensions used to model the CR3 containment are listed in Tables 4-1 and 4-2.

Table 4-1 Key Containment Concrete Dimensions

Dimension Value Reference
Containment Concrete ID 130 ft0.75in | Reference 10
Containment Wall Thickness (excluding buttresses) | - 3 ft6in Reference 10
Basemat Thickness 12ft6in Reference 11
Basemat OD 147 ft0.75in | Reference 10
?&T:nﬁc;ius of Curvature ‘Cyl. To Dome 20 £ 6.375in | Reference 10
Dome Radius of Curvature (Dome Middle) 110 ft 0.375 in | Reference 10
Dome Thickness 3ft Reference 10
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Dimension Value Reference
Ring Girder Vertical Thickness 16 ft4in Reference 10
Ring Girder OD 141 £ 8.75in | Reference 10
Height (Top of Basemat to Springline) 157 ft Reference 10
Buttress Wall Thickness 5f£10in Reference 10
glijrt(tjree:;s Height (Top of Basemaf to Bottom of Ring 158 ft 2 in Reference 10
Steam Generator Opening Height 27 ft Reference 12
Steam Generator Opening Width 251t Reference 12
Top of Basemat to Bottom of Opening 90 ft References 11 and 12
Top of Basemat to Equipment Hatch Centerline 39 ft Reference 10
Equipment Hatch Opening IR’ 7 11ft4.5in Reference 10
Eﬂgﬁgintﬁ;}m Centerline Vert. Distance to 3.5 ft 25 f 10 in Reference 10
;raasr;sri':i:tn Radius of Curvature from Cyl. To 20f0.375in | Reference 10
Slab Thickness 21t Reference 10

Note 1: The equipment hatch is modeled as a square opening with an equivalent area of the

circular opening prescribed in the table.

Table 4-2 Miscellaneous Component Dimensions

Dimension Value Reference
Hoop Conduit Placement Radius' - 67 ft 8.375in | Reference 2, Page 14
Vertical Conduit Placement Radius 67 ft 3.375 in | Reference 2, Page 14
Tendon total area (163 wires) 9.723in? Reference 2, Page 6
Nominal Liner Thickness, Excluding Base 0.375in Reference 10
Liner Thickness Near Equipment Hatch 1.125in Estimated from Reference 10
Base Liner Thickness 0.25in Reference 10
Number of Vertical Tendons 144 Reference 2, Page 14
Number of Tendon Hoops 94 Reference 2, Page 14
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Dimension Value Reference

Number of Tendons per Hoop 3 Reference 2, Page 14
282 Calculated from Reference 2,

Total Number of Hoop Tendons Page 15
Number of Prestressed Dome Tendons 123 Reference 2, Page 14

Note 1: The hoop conduit placement radius is listed as 67 ft 8.625 on Prescon DWG P10-A.
The difference in placement radius between the DBD (Reference 2) and the Prescon drawing is
less than 1% of the total wall thickness and is less than 5% of the conduit diameter. The
difference in results for the global model is judged to be insignificant.

4.2 Material Properties

The linear elastic material properties used in the finite element model are elastic modulus,
density and Poisson’s ratio. There is a unique elastic modulus applied to concrete that has
existed for the entire life of the plant and for concrete that is used to replace the delamination and
the SGR opening. Concrete properties are listed below. '

Elastic modulus
Existing Concrete 4.03 x 10° psi  Reference 3, page 4
Replacement Concrete 5.12x10%psi  Reference 3, page 4

Poisson’s Ratio

All Concrete 0.2 ' _ Reference 2, page 3
Density
All Concrete 150 Ib/ft’ Reference 2, page 3

Thermal Expansion Coefficient

All Concrete . 4.25 x 10°® in/in/°F Reference 6, Table 2.2.38

The liner is made of ASTM A283 Grade C carbon steel with a minimum yield strength of 30.0
ksi (Reference 2, page 34). The tendon wire in all post-tensioning conduit is ASTM A421-65
steel with a yield strength of 240 ksi (Reference 2, page 5). The typical density, stiffness, and
Poisson’s ratio of steel are used for these materials, taken from Reference 4, Table 38. The
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coefficient of thermal expansion is taken from Reference 5, Table TE-1 and is only applied to the

liner.
Elastic modulus
Poisson’s ratio
Density

Thermal Expansion Coefficient
(Avg. from 70°F to 281°F)

Minimum Yield Strength
Liner

Tendon Wire

29 x 10° psi
0.27

0.283 Ib/in®

6.83 x 10° in/in/°F

30 ksi

240 ksi

Reference 4, Table 38
Reference 4, Table 38
Reference 4, Table 38

Reference 5, Table TE-1

" Reference 2 page 34

Reference 2, page 5

The yield strength of the liner is incorporafcd directly into the liner material properties in the
model so that if it becomes overstressed, the liner will yield and relieve itself of load. The yield
point of the material is modeled as 1.2 times the minimum yield strength (Reference 2, page 26).

5.0

MODEL BENCHMARKING RESULTS

To benchmark the finite element model, stress results for the intact containment model
considering 95% of the deadweight plus tendon preload (1474 kips for the vertical tendons and
1398 kips for the hoop tendons) are compared to hand calculations. The linearized hoop and
vertical membrane stresses were obtained at the SGR opening mid-height elevation. Figures 5-1
and 5-2 show color contour plots of hoop and vertical stress respectively. The linearized stresses

are tabulated below.
Hoop membrane stress: 1630 psi

Vertical membrane stress: 977 psi

A hand calculation of hoop and vertical stress is provided below for comparison. The hand
calculated hoop stress is 1560 psi; the hand calculated vertical stress is 957 psi. The hand
calculated hoop stress is within 5% of the finite element result; the hand calculated vertical stress

is within 3% of the finite element result.
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h =157t

[ = 65.ft+ >.in
8

r; = 65.031ft

fo =l +42:in
ro = 68.5311t
Y, = 28.in

Lp = 12.+4.125.in

Np =6
Nv = 144
Np =94

T, = 1474000.ibf

Tp, := 1398000-1bf

ibf
pe=150-—
ﬂ3
tdome = 3 ft

hrg = 16-ft+ 4.in

Re o o= 90‘ft+2—27~-ft

SQro -

h = 103.51t

sgro
3.
e = — N
t’lner 8
E, = 4.03.10%psi

£ = 29.10% psi

Containment height

Containment concrete inside radius (Reference 8)

Containment concrete outside radius (Reference 8)

Buttress thickness (Reference 8)

Average buttress width (Reference 8)

Number of buttresses (Reference 8)

Number of vertical tendons (Reference 2, page 14)

Number of hoop tendons (282 total / 3 per loop = 94 loops,
Reference 2, page 14)

Vertical tendon tension (Reference 7, page 5, unadijusted tendon)

Hoop tendon tension (Reference 7, page 5, unadjusted tendon)

Concrete density (Reference 2, page 3)

Dome thickness (Reference 2, page 1)
Ring girder height (Table 4-1, above) .

Mid-height of the SGR opening (Table 4-1, above)

Liner thickness (Reference 10)
Concrete elastic modulus (Reference 3, page 4)

Liner elastic modulus (Reference 4, Table 38)

The approximate concrete area of a vertical section through the full height of the
containmentwall is calculated below:

ap = h-{ro - ;)

ap, = 549.5/°
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The approximate steel liner area of a vertical section through the full height of the
containment wall is calculated below:

I h-t"ner ap = 4.906ﬂ2

The average hoop stress in the containment wall is calculated below considering the
effect of the liner:

_NnTh anEe

; - 1560 psi
°n ah apEc+apE °h P

The area of a horizontal section through the containment is calculated below. The area
contribution of the buttresses is included. The area contribution of the vertical conduits is not
deducted because the conduits are not represented in the finite element model.

a, ::n.(roz—ri2)+Nb~Lb~tb a, = 164117

The average vertical stress due to tendon tension is calculated below
considering the effect of the liner:

The approximate steel liner area of a vertical section through the full height of the
containment wall is calculated below:

2
ay = 2:7 T Yiner ay, = 12.769ft

N

Ga =

v'Tv_ aa B¢

a

Gaq= 850 psi
a 2aEct+ayE

The deadweight of the concrete above the mid-height of the SGR opening is estimated below.
The buttress is approximated by a rectangular section, the dome is approximated by a flatdisc
and the ring girder is approximated as a cylindrical section. (Note that the deadweight is a
small contribution to the vertical stress. Consequently, these approximations are considered

acceptable.)
6
Wahell == Pe:(N ~ hsgro)-aa Wepelt = 13-17 x 10°Ibf
Wrg = pe-a-hyg (T + to)? - rﬂ Wyg = 6.102 x 10°%Ibf
2 6
Wdome = Pcldome 71 Wyome = 5.979 x 10° Ibf

The average vertical stress due to deadweight of the concrete above the mid-height of
the SGR opening is estimated below

W +W, ,+W
shell r dome .
Saw = 9 Cgw = 107 psi

ag

The total vertical stress due to tendon tension and deadweight at the SGR opening
mid-height is calculated below:

Sa_tot'=%at%w Ta_tot = 997Psi
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Stress results linearized through the wall
thickness at the mid-height of the SGR opening

Figure 5-1 Hoop Stress
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6.0 ASSUMPTIONS

Stress results linearized through the wall

thickness at the mid-height of the SGR opening

Figure 5-2 Vertical Stress

1. The tendons are assumed to be symmetric about the 150 degree azimuth through the center of
the SGR opening. This assumption is reasonable because of the staggered design of the hoop
tendons, the load application they apply to the building is nearly uniform radial compression
which would make the loading symmetric about the centerline of each buttress. For the
intact building cases, the response predicted in the finite element model is the same between
each buttress set. Since the hatch and SGR opening are centered between buttresses 3 and 4,
symmetry can be applied via the centerline of the model in this area.
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7.0 COoMPUTER CODES

This analysis was performed with the ANSYS general purpose finite element program, Version
11.0 SP1. The analysis was performed on a Sun v40z server running the Suse Linux 9.0
operating system. The ANSYS installation verification is documented in QA-110-1.
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1.0 PURPOSE

1.1 Background

A project is underway at Progress Energy’s Crystal River Unit 3 (CR3) site to replace the steam
generators. As part of that project, 10 vertical and 17 horizontal tendons were detensioned and an
opening was cut into the concrete containment above the equipment hatch, As this opening was
being cut, cracking in the concrete wall was identified around the full periphery of the opening in
the cylindrical plane of the wall. The cracking is located at the radius of the circumferential
tensioning tendons, and is indicative of a delaminated condition. Progress Energy plans to
remove the delaminated concrete and replace it.

1.2 Purpose

The concrete repair and restoration of the steam generator opening may require detensioning
additional tendons. The purpose of this calculation is to determine if the absence of either the
vertical or horizontal compressive load results in a more limiting stress condition around the
tendon conduits than the case with both vertical and horizontal compression applied. If a more
limiting stress condition is predicted for the case with either vertical load only or hoop load only,
this calculation will provide a basis for the detensioning sequence. '

A local axisymmetric finite element analysis of the hoop tendon conduits was performed to
evaluate the principal stress magnitude and orientation around the hoop conduits for three
~combinations of vertical and hoop compression. The three cases are:

o Both vertical and hoop tendons tensioned
. Vertical tendons only tensioned
) Horizontal tendons only tensioned.
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2.0 SUMMARY OF RESULTS AND CONCLUSIONS

Figures 7-1, 7-2 and 7-3 show color contour plots of maximum principal stress (S1) in the
concrete for the three post-tension loading conditions evaluated. The maximum principal stress
for the three cases is listed below:

. Horizontal + Vertical Tendon Load: 1,041 psi
. Vertical Tendon Load Only: 919 psi
. Horizontal Tendon Load Only: 237 psi

The results show that with either vertical only or horizontal only tendon loads, the maximum
principal stress is less than the case with both loads applied simultaneously. Therefore, this
calculation does not provide a basis for the detensioning sequence.

3.0 METHODOLOGY

An axisymmetric finite element model of the local geometry around the hoop tendons was
developed with the Ansys finite element program. The axis of symmetry for the model is the
vertical centerline of the containment. The model represents an un-delaminated section of the
containment wall. Linear-elastic, static structural analyses were performed for three loading
conditions.

Figure 3-1 shows the axisymmetric model developed for the local stress analysis. The model
represents a vertical slice through the containment wall between vertical tendons and includes
the liner and two conduits.

MPR QA Form: QA-3.1-3, Rev. 0




MPR Associates, Inc.

VA‘M PR 320 King Street
Alexandria, VA 22314

Calculation No. Prepared By Checked By Page: 6
0102-0135-05 s / CClll. Revision: 0
3/8 inch Thick Liner 5.25 inch OD Conduit

Mesh Detail

A
v

42 inch Thick Concrete Containment Wall

Figure 3-1 Hoop Conduit Axisymmetric Finite Element Model
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4.0 DESIGN INPUTS

4.1 Geometry

The basic geometric parameters used for the model are listed in Table 4-1.

Table 4-1. Local Model Dimensions

, Dimension Value Reference
Containment Liner Inside Radius 65 ft Reference 1a and Reference 2, pg 35
Containment Wall Thickness 42in Reference 1a

Hoop Conduit OD 5.25in Reference 2, Page 4

Hoop Conduit ID ' 5.125in Assumption 1

Hoop Conduit Spacing ‘ 13in Reference 2, Page 14"

Hoop Conduit Placement Radius 67 ft 8.625in | Reference 1b

Liner Thickness, Excluding Base 0.375in Reference 1a

The model is 39 inches high, which represents the nominal distance between tendon pairs.

4.2 Material Properties

* The linear elastic material properties used in the conduit local stress analysis are elastic modulus,
density and Poisson’s ratio. The values used for concrete are listed below:

Elastic Modulus: 4.03% 10° psi Reference 3, page 4 (uncracked)
Density: 150 Ib/ft’ Reference 2, page 3

pag
Poisson’s ratio: 02 Reference 2, page 3

The liner is made of ASTM A283 Grade C carbon steel with a yield strength of 30.0 ksi
(Reference 2 page 34). Typical values for the elastic modulus, density and Poisson’s ratio are
taken from Reference 4, Table 38.

Elastic Modulus: 29 x 10° psi
Density: 0.283 Ib/in’

Poisson’s ratio: 0.27
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4.3 Boundary Conditions '

The boundary conditions applied to the model include displacement restraints and applied forces

- that represent post-tension loads only. As shown in Figure 4-1, along the lower edge of the
model, displacements of the concrete and liner normal to the edge are restrained. At the upper
edge of the model, the concrete and liner displacements normal to the edge are coupled to one
another such that all nodes have the same vertical displacement. This condition forces the upper
edge of the model to remain horizontal and represents a symmetry condition across the edge. A
pressure corresponding to the vertical compression load was applied at the upper edge.

Three hoop tendons, each spanning 120 degrees, form a complete 360 degree circle around the

containment. In the axisymmetric model, at each tendon conduit, the tendon load is represented
by the total (360 degree) radial load. For the case with vertical load only, both hoop tendons in

the model are detensioned. The hoop tendon load and vertical pressure are calculated below.

Note that because the liner is explicitly included in the model with steel material properties, the
prestress load is shared between the steel liner and concrete wall. ‘
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r =65 ft+ g-in Containment concrete inside radius (Reference 1a)

rj = 65.031ft

fo = rj+42-in Containment concrete outside radius (Reference 1a)

ro = 68.5311t

Y = 28-in Buttress thickness (Reference 1a)

Ly =121t Buttress léngth (Reference 1a)

Np =6 Number of buttresses (Reference 1a)

Ny =144 Number of vertical tendons (Reference 2, page 14)

ds = 5.25:in 7 Tendon conduit outside diameter (Reference 2, page 4)

Ty = 1474000-Ibf Vertical tendon tension (Reference 5, page 5, unadjusted tendon at
the end of the SGR project, 33 years)

Th = 1398000-1bf Hoop tendon tension (Reference 5, page 5, unadjusted tendon at the
end of the SGR project, 33 years)

The vertical tendon load is reacted by the cross section area of the containment wall and
buttresses less the area of the vertical tendon conduits.

ag = n-(roz— "iz) +Np-Lpty - Nv‘%'dcz ag = 16152
N,,-T
o= vy og = 913psi
a5

Each hoop tendon has a tension of T, and exerts a unit radial force of T/ ron the

confainment. The Ansys code requires that the radial load be applied on a 360 degree
basis. The total radial load is then (Tp/ 1) x 2 pir =2 pi Th.

- 2T, - 8.784 x 10°1bf

Fhoop : Fhoop
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Along the upper edge,
A uniform pressure of 913 displacements normal to the
psi is applied to the upper ‘ edge are coupled.to one
edge representing the anoth_e_r result!ng in this line
vertionl tordon load \ remaining horizontal

A force equal to
2 This applied
to each conduit

Along the lower edge;
displacements normal to
the edge are restrained

Figure 4-1 Local Conduit Model Boundary' Conditions

5.0 ASSUMPTIONS

1.  The DBD provides both a minimum wall thickness of 1/16 inch for the hoop conduits and
an inside diameter of 5 inch which leads to a thickness of 1/8 inch (Reference 2, page 4).
The conduit wall thickness used in the analysis is 1/16 inch.
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6.0 CoMPUTER CODES

This analysis was performed with the ANSYS general purpose finite element program, Version
11.0 SP1. The analysis was performed on a Sun v40z server running the Suse Linux 9.0
operating system. The ANSYS installation verification is documented in QA-110-1.

7.0 RESULTS

Figures 7-1, 7-2 and 7-3 show color contour plots of maximum principal stress (S1) in the
concrete for the three post-tension loading conditions evaluated. Positive (+) stress values are
tensile. The maximum principal stress for the three cases is listed below:

Horizontal + Vertical Tendon Load: 1,041 psi
Vertical Tendon Load Only: 919 psi
Horizontal Tendon Load Only: 237 psi

The results show that with either vertical only or horizontal only tendon loads, the maximum
principal stress is less than the case with both loads applied simultaneously.
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Maximum Principal Stress

Type: Maximum Principal Stress - Top/Bottom
Unit: psi

Time: 1

1/19/2010 11:16 AM

1041.3 Max
856.27
671.22
486.16

301.1

116.04
-69.015
-254.07
-439.13
-624.19 Min

Figure 7-1. Concrete Maximum Principal Tensile Stress — Vertical + Horizontal
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Maximum Principal Stress
Type: Maximum Principal Stress - Top/Bottom
Unit: psi

919.03 Max
. /88.94
—1 658.84
528.75
398.65
268.56
138.46
8.3636
-121.73
-251.83 Min

Figure 7-2. Concrete Maximum Principal Tensile Stress — Vertical Only
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Maximum Principal Stress

Type: Maximum Principal Stress - Top/Bottom
Unit: psi
Time: 1
1/19/2010 11:16 AM

237.23 Max
W 207.9
L4 178,57
149.25
| 119.92
— 90.592
{ 61.265
31.937
o 2.6096
-26.718 Min

Figure 7-3. Concrete Maximum Principal Tensile Stress — Horizontal only
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1.0 PURPOSE

This calculation evaluates the containment building for three design basis loads due to natural
phenomena that might occur while the containment building is detensioned for repair. The load cases
are: 1) deadweight and Safe Shutdown Earthquake (SSE), 2) deadweight and wind, and 3) deadweight
and tornado. The containment is evaluated for membrane plus bending stress at two sections through
the containment: 1) the bottom of the containment at Elevation 93 ft, and 2) at the bottom of the SGR
(Steam Generator Replacement) opening at Elevation 183 ft. For the evaluation at the bottom of the
SGR opening, the containment is assumed to have no concrete between Buttresses 3 and 4 between
Elevations 183 feet and 210 feet. These are the bottom and top elevations respectively, of the SGR
opening.

2.0 SUMMARY

Membrane plus bending stress in the containment shell at two sections for two load cases are provided
in the table below. The deadweight plus wind load case is bounded by the results for the deadweight
plus tornado load case.

"Load" "Section" "M + B" "Stress" "Result"
"Case" " "Stress" "Limit" "
m " "psi" " "
Te= "Bottom of Cont." 139 "No Failure"
"Deadweight & SSE" 600
"Bottom of SGR Opening" 19 "No Failure"
"Bottom of Cont." -103 "No Failure"
"Deadweight & Tornado" 600
L "Bottom of SGR Opening" ~95 "No Failure" ) |
Notes:
1. Column with heading M + B is the membrane plus bending stress. Plus is tensile and

minus is compressive.

2. SSE is Safe Shutdown Earthquake.

3. SGR is Steam Generator Replacement

4. The stress limit prevents a tensile failure per Reference 4. It is conservative to
compare a compressive stress to a tensile stress limit.

5.

The section at the bottom of containment is at Elev. Esec,l = 93ft . The section at the

bottom of the SGR opening is at Elev. Esectz = 1831t .
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Conclusions from these evaluations are:

e The containment building is not expected to fail catastrophically while the building is detensioned for
repairs due to the following load combinations: 1) deadweight and SSE, 2) deadweight and wind,
and 3) deadweight and tornado.

e Delamination depths greater than nominal will not result in a catastrophic failure of the containment
building for the load cases listed above. The basis for this conclusion is the analysis result at the
section at the bottom of the SGR opening. This section is assumed to have no concrete between
Buttresses 3 and 4 for the height of the SGR opening. This configuration bounds a case in which the
delamination depth is greater than nominal. Delamination depths greater than nominal above and
below the SGR opening are considered acceptable based on judgement. The basis is that the SGR
opening with a width of 25 feet and extending the full thickness of the containment wall will bound
any thinned sections above or below the opening.
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Figure 2. Sections
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3.0 BACKGROUND

A project is underway at Progress Energy’s Crystal River Unit 3 site to replace the steam generators.

As part of that project, an opening has been cut into the concrete containment above the equipment

hatch. As this opening was being cut, cracking in the concrete containment wall was identified. The
crack is around the full periphery of the opening and is in the plane of the wall. The cracking is located at
the radius of the circumferential tensioning tendons, and is indicative of a delaminated condition.

4.0 ASSUMPTIONS

4.1 Unverified Assumptions

None.

4.2 Other Assumptions

1. It is assumed that the thickness of the ring girder is t,, = 8.83ft . This is a reasonable

estimate of the concrete in the ring girder considered as an equivalent rectangular section
(see Ref. 2.1). The thickness is used to calculate the mass of the ring girder. A comparison
was made of the mass of the ring girder and dome determined in this calculation to the
mass calculated by the finite element model used in this project. There was good
agreement between the mass calculation in this calculation with that from the finite
element model.
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5.0 APPROACH

This calculation is an approximate evaluation to assess the potential for a catastrophic failure of
the containment when the containment is detensioned for repair. Approximate analysis
techniques are used. The analysis considers effects that are considered to be important to the
assessment. This is a bounding evaluation rather than a comprehensive evaluation. Effects that
are considered to have less than a 20% effect on the final answer are not considered. This is
justified based on the large margin to failure in the results.

This calculation considers three load cases: 1) deadweight and SSE, 2) deadweight and wind,
and 3) deadweight and tornado. A best estimate is used for the deadweight load. The SSE,

wind, and tornado loads are the design basis loads as defined by the FSAR (Reference 3). No
load factors are used in the analysis. This is appropriate for a catastrophic failure assessment.

The static coefficient method for seismic analysis specified in Reference 7, Section 6.3 is used.
The static coefficient method applies a factor of 1.5 to peak response acceleration to account for
potential closely spaced modes. The peak seismic response is from the ground acceleration
spectrum from Reference 1. The seismic assessment considers horizontal acceleration and a
simultaneous vertical acceleration in the up direction. The vertical up acceleration increases the
tensile stress due to the horizontal acceleration, which is a conservative approach.

The analysis calculates the mass of the containment for deadweight and for seismic using the
intact configuration of the containment. The effects of removing concrete for the delamination
and removing the concrete for the SGR opening are not significant within the framework of this
approximate analysis. The mass is based on cylinders and does not include the mass of the
buttresses (the buttress mass is less than 1% of the total mass).

The acceptance criterion is that the containment wall membrane plus bending stress be less than
the tensile failure stress criterion established in Reference 4 ( o3, = 600psi ). The containment

wall membrane plus bending stress is a near uniform tensile stress across the containment wall
thickness at the extreme tension fiber. Use of a tensile stress criterion is appropriate.

The analysis calculates membrane plus bending stress at two sections through the containment
as shown on Figures 1 and 2.

e The first section is at the bottom of the containment at elevation 93 feet. The nominal
containment wall thickness is 3.5 feet. At elevation 93 feet, the containment wall is thicker
than the nominal thickness. For conservatism and simplicity, the nominal containment wall
thickness is used for the evaluation at this section.
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e The second section is at the bottom of the SGR opening at Elevation Esgg = 183ft . The
SGR opening dimensions are hggg = 27 ft high by wsgr = 25ft wide (Reference 2.2). The

analysis assumes a configuration for the containment in which there is no concrete for an
angular extent of a = 60-deg for the height of the SGR opening. Figure 3 shows the
configuration used for the analysis. For reference, the angular extent of the SGR opening is
asgr = 20.9-deg.

Some vertical and hoop tendons will be detensioned for the repair. Detensioning vertical tendons
reduces the containment resistance to an overturning moment such as might occur in a seismic,
wind, or tornado event. The vertical tendons strengthen the containment in the longitudinal
direction and keep the containment concrete in longitudinal compression. Without all the vertical
tendons, the capacity of the containment to resist an overturning moment is reduced. This
calculation uses the conservative approach that all vertical tendons are detensioned.

The containment building is reinforced with a significant amount of vertical rebar at the 93 foot
elevation. This rebar connects the containment shell to the basemat. This calculation takes no
credit for this rebar.

The center of gravity of the dome and ring girder are offset from the neutral axis for the analysis
at the section at the SGR opening. The moment created by the offset increases the compressive
stress due to deadweight at the SGR opening. No credit is taken for this effect in the analysis.
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6.0 CALCULATION

6.1 Design Inputs

Containment Cylinder

tey = 42-in

ty = 2-ft + 4-in tp = 28-in

tiner = 0.375-in

idgy = 2-(65-1t + tiner) idgy = 130.06 ft

0dy = idey + 2-tcy 0d,y = 137.06 ft

Eoyip = 93-ft

Egyit = 250-ft

a = 60-deg

SGR Opening

Esgrp = 183-1t

Esgrt= 2101t

Wsgr = 251t

asGR = % asgr = 20.9-deg

hser = Esgrt— EsGrob hsgr =271t

Containment wall thickness; Ref. 2.1

Buttress additional thickness beyond thickness of
cylinder; Ref. 2.1

Liner thickness; Ref. 2.1

Inside diameter of containment concrete wall;
Ref. 2.1

Outside diameter of containment; Ref. 2.1

Elevation of bottom of containment cylinder; Ref. 2.1

Elevation of top of containment cylinder; Ref. 2.1

Angle between Buttresses 3 and 4; Ref. 2.1 and
discussion in Section 5.0

Elevation of bottom of SGR opening; Ref. 2.2

Elevation of top of SGR opening; Ref. 2.2

Width of SGR opening; Ref. 2.2

Angular extent of SRG opening

Height of SGR opening
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Ring Girder

0yg = Odey + 2-t od,y = 141.73 ft

trg=toy + tp + 3-ft trg = 106-in
idrg = 0dpg — 2-t,g idrg = 124.06 ft
Lyg:=17.5-1t

Dome

tdome = 3ft

Loome == (35-Rt+ 4.5.in) — Ly

Concrete

b
Po = 144-—

Oten = 600-psi

Seismic

ap = 1.5-2:0.135-g ap = 0.405-g

a, = 0.27-g

Loome = 17.88 1t

Outside diameter of ring girder; Ref. 2.1

Estimate of ring girder thickness for mass calculation;
Ref. 2.1 and Assumption 4.2.1

Inside diameter of ring girder

Height of ring girder; Ref. 2.1

Dome thickness; Ref. 2.1

Height of dome; Ref. 2.1

Concrete density; Ref. 6

Concrete tensile strength; Ref. 4

SSE static equivalent acceleration; the peak in the
OBE ground response spectrais from Pages 97 and
98 of Attachment E to Ref. 1 at 2% damping;
damping for the reactor building shell is from Ref. 3,
Section 5.2.4.1.2, Page 36; SSE is a factor of 2 times
OBE based on Ref. 3, Section 5.2.1.2.9; the 1.5
factor accounts for potential closely spaced modes
per Ref. 7, Section 6.3

SSE vertical ground acceleration; Ref. 3, Section
5.2.1.2.9
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Wind

Vwind = 179mph

Tornado

Viornado = 300-mph

Peoyt = 3-psi
Air

b
Pair = 0.071-—

.5 b
Mair = 1.285-10 "~ -
ft-sec

Misc.
Cd.EG = 038
Cd,E5 =12

Wind speed for design basis accident; Ref. 3,
Section 5.2.1.2.5

Tornado wind speed for design basis accident; Ref.
3, Section 5.2.1.2.6

Tornado internal to exteral pressure drop for design
basis accident; Ref. 3, Section 5.2.1.2.6

Density of air; the air temperature to obtain density is
100F for simplicity; Ref. 9, Table A-3

Viscosity of air; the air temperature to obtain viscosity
is 100F for simplicity; Ref. 9, Table A-3

Drag coefficient for a cylinder at Reynolds Number
greater than 106; Ref. 8, Figure 5-78

Drag coefficient for a cylinder at Reynolds Number of
10°; Ref. 8, Figure 5-78
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6.2 Deadweight Stress

Stress will be calculated at two sections at elevations:

Ecyip 93
Esect = E Esect= 183 ft
SGR.b

The length of the containment cylinder above each section for the analysis is:

Lcyl = Ecyl.t — Esect

; 157 A £ 93 .
cyl = 67 sect — 183

The mass of dome, ring girder, and cylinder are:

i r .. 1
tdome- 7 “idgy)
"dome" The mass of the dome is
. n T ( d 2 d 2) i | e calculated with a simplified
massj j:= pe- v, 00y — IOy 10 = | ‘ning girder approach in which the dome is a
"cylinder" circular plate.
mw 2 .. 2
Lcy/.'_'(Odcyl - ’dcyl )
. I 4 -
T
Eeor =(93 183)R
6 6
5.74x 10" | | 5.74x 10 mdome”
mass=||929x 10° | | 9.29x 10° | | id = | "ring girder"
"eylinder"
i | \16y 10 .
The total mass is:
7
4.82 x 10 93
massiy; == Z massj i massy; = Ib Ecoct= ft
1
292x 10" 183
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The cross section area at the two sections is:

mw 2 .. 2
ACI = 7( dcy, - ’dcyl )

od cyl t idcyl
4

I'mean =

Ac2 = AcI = @Imean*leyl

2l | 5
A= -in
176 x 10°

The compressive stress is:

massto,-l g

Ogw = —
w Ac

Imean = 66.78 ft

E 5 ft
sect = 183

081
Onw = S/
i RT

Esect = (

93
183

)




'A‘ M pR Prepared By: S \_. epende

MPR Associates, Inc.

Calculation No.:
0102-0135-08

Revision No.: 0

320 King Street . b e
Alexandria VA 22314 Checked By: A7, 0;/' Page No.: 17
6.3 Seismic and Deadweight Stress
Horizontal
The length from the mass cg to the elevation for the section is:
Lcyli + Lrg + Ldome +2
b 2 Rl
Lcyli - 2
T
Egot = (93 183)ft
183.44 93.44 "dome"
Leg=|| 165.75 75.75 | | id = | "ring girder"
78.5 335 "cylinder"
Dome c.g.

The moment due to horizontal seismic is:

3
bamn 3, [l i)
ji=1
9
g 2.11 x 10 L . [93]ﬂ
s= I sect =
6.95 x 10° 183

Ring Girder c.g.

Cylinder c.g.

The moment of inertia for the intact containment is:

m
loy = — -(odcy,4 5 idcy,") ly= 6.8 10" o
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The moment of inertia for the C shaped segment of containment about the containment centroid is
calculated below. The neutral axis of the C shaped segment is defined as:

‘[ ydA=0 basic statics, no reference required

Define a function to calculate the integral.

2 2
f(Yna) =2 rmean‘tcyl'(rmean'SIn(@ - Yna) ae
"
2
where y = TI'meanSiN(6) = Yna
dA - rmean'tcyl‘da

The neutral axis is:

Yna= | Yguess < 0 Yna=-12.751
root(f(yguess) ) YQuess)

Verify the solution:

f(Vna) = 9.93 x 10” o which is approximately zero.

The moment of inertia about the containment centroid is:

lcentroid = J ,VZ dA Ref. 5, Formula j 100
= 2 10 . 4
lcentroia = 2 rmean'tcyl'(rmean'Sin(éb) dae lcentroia = 4.72 x 10" " -in
s
2
where y = I'mean-Sin(6)

dA = I'meanlcyd@
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The moment of inertia about the neutral axis is:

4

10 .
Ic = leentroid + Acz'y,,a lc=5.14x 10 "-in

where Ac, = 176232-in”

The distance from the neutral axis to the extreme tension fiber is:

Odcy/
> Yna
CcC.max = max
0dgy; Ik T a

> ) Yna
Cc.max = 72.1ft

Odcy/ odcyl w a
where - - = 56-ft .sin| — - —| -

5 Yna > 5 5 Yna

The moments of inertia for the two sections are:

, [/cyl] ; 68x 10" | : ( 93 )ﬂ
sect = sect = -In sect =
e S14x 107 183
The distances to the extreme tension fiber are:
odgy + 2 68.53 93
Csect = — Csect = 721 ft Esect = 183 ft

The bending stress is:

ey

Mq-Cooet 0587 . A
(of = (of = S/ =
e L = 14042 )P sl

Ref. 5, Formula p 19

=721ft
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Vertical

The vertical seismic stress is:
( a, ) 6158 : L
Ogy = —| Ogw"— (o f = S -
s.v dw Ig s.v 4474 P sect 183

Deadweight and Seismic Stress

The deadweight and seismic stress is:

1993y . 93 4
Odw.s = Osh+ Osy + O Odw.s = S =
dw.s s.h s.v dw dw.s 19.5 P sect 183

Compare the stress to the concrete tensile strength.

s v . . ok "No Failure" 93
cnec = IT| o < Oten, OK, NO checKq = E = ft
‘i ( b ) ! "No Failure" i 183
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6.4 Tornado and Deadweight Stress

The drag on the containment building is (Ref. 8,,y-axis of Figure 5-78):

1 2
Fq= Cd'}'pair'Ap'V(omado

where Cy = drag coefficient
Pair = air density
Ap = projected area

Viomado =  air velocity due to tornado

The projected area of the containment including the projection of the buttresses and ring girder is:

> 3321200 93
Ap = I:Odrg'(LCy/ + Lg+ Ldome)] Ap = 6 - Esect = 183 ft
2.09 x 10

The drag coefficient is a function of the Reynolds Number.

PairVtornado 0drg 8
Re = —————mrmemmee— Re = 3.45x 10
Hair

The drag coefficient for a cylinder at Reynolds Number greater than 10% s Cyes=0.38 . For

conservatism, use a drag coefficient of Cyg5= 1.2 at a Reynolds Number of about 10°. The drag
load is:

1 ) 6.99 x 10° 93

Fq:= Cd.ES'E'pair'Ap‘Vtornado Fq= 6 Ibf Esect= 183 ft
3.72x 10
The bending moment due to the tornado is:
1
Miomado = | F, d’E‘(Lcyl + l—rg + Ldome)
8
i 6.72x 10 e - (93)ﬂ
tornado = e sect =
1.9% 10° L
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The bending stress is:
———
Mtomado*Csect 97.63 i e 93 3
lof B O} = =
tornado lsecl tornado 38.49 sect 183

Coincident with the tornado wind is a local depressurization. The intemal to external pressure
drop across the containment wall is P, = 3psi . The longitudinal stress in the containment due to

the pressure is:

 —— Y
o B 2
o7y S ZMy ; %1,
Dyt = i Ooxt = Si =
oxt A oxt 3257 p sect 183
Deadweight and Tornado Stress
The deadweight and tornado stress is:
( 5 33} - =,
ogw.t = (o + Ooxt + O Tt = Si =
dw.t tornado + Text + Tdw dw.t Gk p sect 183

Compare the stress to the concrete tensile strength.

heck i i i Sk "No Failure" 93
checi = IT| O < Ojen, OK, NO CNecKy = E = ft
% ( dw‘t" a ) 2 "No Failure" el 183
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ATTACHMENT

Email from Mr. J. Holliday (PE) to Mr. K. Gantz (MPR), 12-30-2009, 10:35 AM, Subject: Concrete
Density.




Message Page 1 of 1

Hibbard, Jim

From: Holliday, John [John.Holliday@pgnmail.com]
Sent: Wednesday, December 30, 2009 10:35 AM
To: Gantz, Kevin; Knott, Ronald

Cc: Hibbard, Jim; Dyksterhouse, Don

Subject: RE: Concrete Density

Kevin,
The reference will be EC 75218, RB Delamination Repair Phase 2- Detensioning

The unit weight is 144 Ibs cu ft.

From: Gantz, Kevin [mailto:kgantz@mpr.com]
Sent: Wednesday, December 30, 2009 10:01 AM
To: Knott, Ronald; Holliday, John

Cc: Hibbard, Jim

Subject: RE: Concrete Density

John and Ron,

| don't think there was ever a follow-up sent to this email. Could you provide us with the reference. | did not see it
in S00-0047.

Kevin

From: Knott, Ronald [mailto:Ronald.Knott@pgnmail.com]
Sent: Wednesday, December 16, 2009 10:15 AM

To: Holliday, John

Cc: Gantz, Kevin

Subject: FW: Concrete Density

John,
Can you direct Kevin to the density reference. | don’t know where the original data came from for
density. | was only quoting what | heard in the meeting. | assumed it was in the S00-0047 attachments.

From: Gantz, Kevin [mailto:kgantz@mpr.com]

Sent: Tuesday, December 15, 2009 6:22 PM

To: Knott, Ronald

Cc: Dyksterhouse, Don; Holliday, John; Bird, Edward; Butler, Patrick
Subject: Concrete Density

Ron,

During our previous meeting you received some original information on the concrete density. | remember
you saying later that the concrete density was 144 or 145 pcf. Do you have a reference or an actual
number so that | can make sure | have the correct modulus calculated?

Thanks,

Kevin

12/30/2009




