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Mr J G Keppler, Regional Administrator
US Nuclear Regulatory Commission
Region III

799 Roosevelt Road
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MIDLAND NUCLEAR ENERGCY CENTER

DOCKET NOS 50-329 AND 50-330

LOW ALLOY QUENCHYED AND TEMPERED BOLTING 1); INCHES
AND GREATER IN SUPPORT OF SAFETY RELATED SYSTEMS
FILE: 0.4.9.46  SERIAL: 26594

References: J W Cook letters to J G Keppler, Same Subject:

(1) Serial 10996, dated January 9, 1981
(2) Serial 11526, dated March 31, 1981
(3) Serial 13690, dated September 29, 1981
(4) Serial 14666, dated January 15, 1982
(5) Serial 16149, dated April 2, 1982

(6) Serial 17354, dated May 17, 1982

(7) Serial 17542, dated July 9, 1982

(8) GSerial 19085, dated October 29, 1982
(9) Serial 20711, dated February 22, 1983
(10) Serial 20747, dated April 5, 1983
(11) Serial 23774, dated August 19, 1983

This letter, as were the referenced letters, is an interim 10CFR50.55(e) report
concerning the subject bolting. Attachment 1 provides a current status and
the details of the LAQTS material evaluation that is currently taking place.

Another report, either interim or final, will be sent on or before
Mcrch 16, 1984,
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777 East Eisenhower Parkway
Ann Arbor. Michigan

Mai Agaress P O Box 1000. Ann Arbor. Michigan 48106

SUBJECT: MCAR 45A Final Report

MCAR 45B, Interim Report 10
DATE: November 29, 1983 A
PROJECT: Consumers Power Company

Midland Plant Units 1 and 2
Bechtel Job 7220

Introduction

The discrepancies discussed in this report concern the hardness values of
the anchor and connecting studs for the reactor coolant pump (RCP)
snubbers. MCAR 45A was issued as a Final Report on August 5, 1982. The
MCAR 45A report has been reissued as an attachment to this report and
will be carried as an attachment until this MCAR is complete.

ckground
MCAR 45A: Final Report (see attachment)

MCAR 45B

On November 26, 1980, Consumers Power Company expanded the

10 CFR 50.55(e) report to include, as potentially reportable, all
low-alloy quenched and tempered steel (LAQTS) bolting materials 1-1/2
inches in diameter and larger used in support of safety-related systems.
In MCAR 45B, dated December 17, 1980, this scope was expanded to include
review of 7/8-inch and larger safety-related LAQTS bolting material.

Investigative Action

MCAR 45A: Final Report (see attachment)
MCAk 45B

Consumers Power Company is lerding the investigation required by this
MCAR. Commonwealth Associates, Incorporated (CAI) of Jackson, Michigan,
which is under contract to Consumers Power Company, has reviewed
safety-related purchase orders and identified those purchase orders for
LAQTS bolting and/or component support material. CAI has also gathered
data that will be used in evaluating the LAQTS materials.

Most of the review being conducted on the LAQTS bolting and component

support materials consists of field hardness testing. This testing is
being performed by Consumers Power Company and CAI.

0159u &
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Science Applications Incorporated (SAI) of Palo Alto, California, has
been retained and has developed a sampling plan to determine the quantity
of items to be tested. SAI has revised the sampling plan as a result of
the additional materials identified by CAI.

Aptech Engineering Services has been retained to assist in evaluating the
LAQTS materials purchased by identifying which materials are LAQTS and
require testing. Aptech has developed a generic evaluation methodology
(Report AES-8010220, dated July 1983) that establishes Pardness limits
for LAQTS materials. For bolting materials that exceed the established
hardness limits, the methodology provides allowable stresses for
preventing stress corrosion crack growth and brittle fracture.

Guidelines are also given for evaluation of soft material for
tensile-ductile failure.

Based on preliminary herdness test results, approximately 30 bolting
material purchases were identified that appeared to contiin material
considerably softer than the hardness limits established by Aptech.
Further cvaluation and testing on a portion of these materials by the
Consumers Power Company laboratory indicated that the bolting materials
were actually within the acceptable hardness limits. The differences
were determined to be due to the existence of a decarburized layer that
had not been completely removed during field testing. The hardness test
procedure has been modified to prevent future difficulties due to
erroneous data. The retesting of the remeining portions of these 30
bolting material purchases with the decarburized layer removed has been
completed.

The discovery of the erroneous hardness data resulting from
decarburization raised the following two concerns for previously
collected hardness data.

a. Bolting meterials that had been tested and appeared to be below
established hardness limits may actually be within the limits.

b. Bolting materials that had been tested and appeared to be above
or within established hardness limits may actually be harder than
the first hardness tests indicated.

As a result of these concerns, a retest sampling program was developed
with SAI to identify previously collected hardness data that are suspect,
including data for the RCP snubber anchor bolts. This retesting sampling
program is complete and the results are currently being evaluated. The
retest sampling program wiil identify bolting material purchases that
require retesting to correct data errors due to decarburization.

015%u
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Preliminary review of hardness test data indicates that, of 494 unique
material deliveries that have been hardness tested to date, 247 contain
material of hardness outside the ranges established by Aptech. These
material deliveries have been identified uon a nonconformance report and
are being placed on hold pending final evaluation of test data and
implementation of corrective action.

The majority of the hardness testing has been completed. However, some
purchases of bolting material have not been located for hardness
testing. To ensure location and testing of these items, a program is
being developed to inventory all relevant applications that use bolting
materials 7/8 inch in diameter or larger. The completed inventory lists
will be used to identify safety-related locations of bolting requiring
hardness testing. The inventory lists will also be used to locate
remaining portions of safety-relaled materials tested that do not meet
the established hardness limits.

Corrective Action
MCAR 45A: Final Repcrt (see attachment)

MCAR 45B

The recommended corrective action for the bolting deliveries described
under Investigative Action is to locate and replace the suspect bolting
or verify by evaluation the acceptability of the material for each
specific installation. This effort is being tracked under CPCo

NCR M01-9-3-289.

Quality control receipt inspection includes bhardness testing of LAQTS
bolting/component support materials to preclude the use of defective
materials.

fafe lications

MCAR 45A: Final Report (see attachment)

MCAR 45B

Bolting purchases have been identified that contain material that
hardness tested outside the ranges established by Aptech. Therefore, it
must be assumed that these bolting materials could fail during operating

or accident conditions. The disposition of the suspect materials will
preclude any adverse safety implications.

015%u
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Reportability

Bechtel Associates Professional Corporation

133158

This condition relative to the RCP snubber studs was identified as
"potentially reportable” by Consumers Power Cumpany to the NRC under
10 CFR 50.55(e) on November 25, 1980.

PVR/AVD/brb*(C)

MCAR 458

Submitted by: W‘-‘L

G.L. Richardson

Approved by: M’L

E.B. Poser
Project Engineering Manager

- /
T
Concurrence by: é nglu.j‘/}\

E.H. Smith
Engineering Manager

Concurrence by: _ﬁz o3ty
{-/!.A. Dietri

Pro’ ¢t Quality Assurance
Engineer

Attachment: MCAR 45A Final Report
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Maii Agaress P O Box 1000, Ann Arbor, Michigan 48106

SUBJECT: MCAR 45A Final Report

DATE: August 5, 1983
(Reformatted and resigned November 18, 1983)

PROJECT: Consumers Power Company
Midland Plant Units 1 and 2
Bechtel Job 7220

Introduction

The discrepancies discussed in this report concern the hardness values of
the anchor and connecting studs for the reactor coolant pump (KCP)
snubbers.

Background

The RCP snubber anchor studs are 2-1/4, 2-1/2, 3, and 3-1/2 inches in
diameter and vary in length from 3 feet, 5 inches to 7 feet, 1 inch.

They are embedded in the secondary shield wall and the refueling canal
wall. Also included are 2-inch and 2-1/4-inch-diameter connecting studs
approximately 1 feoot, 10 inches long that connect the snubbers to a
structural steel transition piece. The anchor studs are in place. The
snubbers restrain the RCPs during seismic and/or loss-of-coolant accident
(LOCA) events. The studs were purchased from various vendors during 1977
and 1978 by Bechtel construction in accordance with either ASTM A 354,
Grade BD, or ASTM A 540, Grade B23, Class 3. They were intended to be
tensioned to a preload up to 96 ksi to maintain the specified snubber
spring rates under all loading conditions. Prior to tensioning, to
ascertain that the studs could withstand long-term loads of this
magnitude without becoming susceptible to stress corrosion cracking,
Consumers Power Company requested Teledyne Engineering Services (TES) to
conduct hardness tests on the exposed end of the embedded and connecting
studs. TES conducted these hardness tests from November 21 through
November 23, 1980. The test results showed that 207 studs of 384 tested
are outside the range of hardness specified by the ASTM specifications.

vestigative Action

Aptech Engineering Secrvices of Palto Alto, California, was retained by
Consumers Power Company to review the hardness data taken by TES, and to
evaluate the effect of the measured hardnesses on the ebility of the
studs to withstand preload, operating, and accident loadings. Based on
preliminary Apteca evaluations, it was decided to lower the required stud
preload (to a maximum of 12 ksi) to preclude failure because of stress
corrosion cracking. Subsequently, Aptech has provided Report AES-81-08-79
(which was transmitted to the NRC via Consumers Power Company letter,
Serial 17354, 5/17/83). 1In the development of a generic evaluation
methodology (in support of MCAR 45B), it was found that AES-81-08-79 was
unconservative (by about 6%) in that development of fracture toughness

limited allowable stresses; therefore, the allowable preload
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and accident stresses of AES-81-08-79 have bee: reevaluated. Based on
this reevaluation of allowable stresses, the lowest maximum allowable
preload for any of the RCB snubber anchor bolts is 42.9 ksi. Therefore,
the required 12 ksi preload is less than the allowables in the Aptech
report and is acceptable. Instructions were issued to construction to
preload the studs to 9 ksi, a value lower than the maximum permissible.
A tolerance of +3 ksi is allowed.

This preload value, when reduced by temperature and relaxation losses,
exceeds 3 ksi, a value in excess of the minimum preload of 1.5 ksi
required by Babcock & Wilcox (B&W) during operation. New spring rates
have been submitted by Bechtel to B&W. B&W is proceeding with the new
seismic and LOCA analysis of the reactor coolant system. ITT Grinnell,
supplier «f the snubbers, has also been informed of the change in the
preload. Grinnell stated thet there is no effect on the snubbers or on
the spring rate of the snubbers themselves.

The Aptech report noted above also contains an assessmert of the
allowable accident stresses of the RCP snubber anchor bolts. Based on
this report and on the reevaluated allowable accident stresses, the
allowable stress limits for operation and short-duration loading are
available. Calculations have been prepared and the results indicate that
the bolt stresses, based upon the capacity of the snubbers, are
acceptable when compared to the Aptech allowables.

Procurement documentation packages for these studs have been reviewed.
All necessary corrective action was completed and a report issued. No
additional action is required.

Corrective Action

Construction has been instructed to preload the snubber studs to

9 + 3 ksi. A procedure was developed “y B&W construction to ensure

that the studs are tensioned as required. This work has been completed
for Units 1 and 2. Engincering has made & comparison of the calculated
anchor bolt stresses with the Aptech allowable stresses. These stresses,
based on the capacity of the snubber, which limits the loading on the
studs, are within the Aptech allowable limits. All corrective actions
under MCAR 45A are considered to be complete.

Safety Implications

If the subject studs were tensioned according to the original design
requirements, there may have been a safety deficiency in that some of the
studs could have failed because of siress corrosion cracking. If
uncorrected, this deficiency could have adversely affected the safety of
Midland plant operations during the expected life of the plant.

0494u
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Reportability

This condition relative to the RCP snubber studs was identified as
"potentially reportable” by Consurers Power Company to the NRC under
10 CFR 50.55(e) on November 25, 1980.

submitted by:Mody® o2 - o
’;q,vi.v. Regupathy
Civil Group Supervisor

Approved b

E.B. Poser
Project Engineering Manager

7.6 (bt

T.E. Johnson
Chief Civil Engineer

-
Concurrence by: C:)” 58/(

E.H. Smith
Engineering Manager

Concurrence by:

Concurrence by: 1& M

“or M.A. Diotrlf
Project QuaYity Assurance
Engineer

PVR/AVD/brb*(C)
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EVALUATION PROCEDURE FOR LOW ALLOY
QUENCHED AND TEMPERED BOLTING/COMPONENT
SUPPORT APPLICATIONS

Prepared by
Russell C. Cipolla
Steve R. Paterson

Aptech Engineering Services, Inc.
795 San Antonio Road
Palo Alto, California 94303

Prepared for

- Consumers Power Company
1945 W. Parnall Road
Jackson, Michigan 49201

ATTENTION: James A. Pastor
Harvey W. Slager

July 1983

Sarvices in Mechanical and Metallurgical Engineering. Welding. Corrosion, Fracture Mechanics, Stress Analysis
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ABSTRACT

A procedure for avelueting low alloy, quenched, and tempered materials Is
presented. The procedure utlillizes the principles of fracture mechanics to
essess the performance of potentially varlable materials In enviromments and
loading situations that may ceuse stress corrosion cracking or fraciure. The
output of the procedure are allowable stresses for preventing stress corrosion
crack growth and brittie fracture. Guldellnes are also presented In the
evaluation of materlals that may be soft and the concern for tenslle-ductile
fallure becomes Impor tant.

The procedures are stralghtforward and are primarlly focused on bolting
applications. Guidellines for evaluating non-bolting appllicatior. sre also
Includud. The major snalytical assumptions are discussed, and the technical
bas!s and Justification for the Input parameters are presented. A form for
completing the eveiuation In an organized manner Is provided In the
appendices.
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NOMENCLATURE

Definition

Crack depth

Critical crack depth

Crack depth for a postulated "reference" flaw

Crack aspect ratio

Cross-sectional (shank) area

Net tensile area or “"stress" area

Yield strength reduction factor for temperature

Nominal (major) diameter

Minor diameter

Specified minimum yield strength

Specified minimum ultimate tensile strength

Hardness

Statistically based maximum hardness 1imit

Statistically based minimum hardness limit -

Stress intensity factor

Stress intensity factor for Mode I loading for a unit stress
Stress intensity factor for Mode II loading for a unit stress
Plane strain fracture touchness for Mode I loading

Plane strain fracture toughness for Mode II Toading

Conservative bound to K, data

Ic

Threshold stress intensity factor for crack propagation by stress
corrosion cracking

Conservative bound to KIscc data

Stress concentration factor



iii

Definition

Crack length

Leeb-scale units for hardness
Number of threads per inch
Thread pitch (p = 1/n)

Axial load

Allowable tensiin load for long-term (normal) loading condi-
tions

Allowable tension load for short-term (accident) loading condi-
tions

Rockwel1-B scale units for hardness (also HRB)
Rockwel1l-C scale units for hardness (also HRC)
Specified minimum yield strength (ASME Code)

Specified minimum ultimate tensile strength (ASME Code)
Nominal applied stress

Allowable stress

Allowable stress based on fracture toughness

Allowable stress based on strength

Allowable stress based on stress corrosion cracking
Allowable stress for long-term loading conditions
Allowable stress for short-term (accident) loading condition
Yield strength

Minimum yield strength

Maximum yield strength limit based on hmax

Minimum yield strength 1imit based on h .

Ultimate tensile strength

Minimum ultimate tensile strength

Maximum tensile strength 1imit based on hmax



Minimum tensile
Nominal applied

Allowable
Allowable
Allowable
Allowable

Allowable
ditions

Allowable
Allowable
Allowatle

Allowable
tions

shear
shear
shear
shear

shear

shear
shear
shear

shear

iv

Definition

strength 1imit based on hmin

shear stress

stress

stress based on fracture toughness

stress based on strength

stress based on stress corrosion cracking

stress based on long-term (normal) loading con-

load based on fracture
load oased on stress corrosion cracking
load for long-term (normal) loading conditions

load for short-term (accident) loading condi-



Section 1
INTRCOUCT ION

In May 1982, Aptech Englneering Services, Inc., Issued & report (1) thet
presented the results of an Integrity evaluation for the reactor coolant pump
(RCP) snubber anchor studs (SAS) for the Midland Project of Consumers Power
Company (CPCo). The objective of that evaluation was to assess the structural
Integrity for both long-term and short-term loading situations. Speclificaily,
the assessment Involved deta!led computations to:

(1) Determ!ne the potential for stress corrosion cracking (SCC) In the
materlals purchased

(2) Evaluate the effects of low toughness properties

(3) Evaluate the potential for ductile fellure for the situation when
the material may be soft

t4) Calculate the allowable loads under long~ and short-term loading
condl*lions

The purpose of this report Is to present an evaluation procedure for general
epp! Ication to bolting and component supports that are fabricated from low

al loy, quenched, and tempered (LAQT) materials. Where possibie, this report
has expanded the work presented In (1) In order to allow for general use. For
completeness, a!l of the basic assumptions and description of the Input
parameters are presented hereln.



Section 2
EVALUAT!ON METHOD

2.1 STRATEGY

The basic approsch of the evaluation method Is summarized In this section.

I+ Is the Intent to outline an evaluation procedure 'n & generic fashlon to

al low for & unlform or standerdized spproach for which the completed RCP-SAS
evaluation would be a subset. The procedure employs fracture mechenics
concepts to quantify the al lowable bolt loads based on the fracture properties
of the meterliel. In addition, the minimum strength of the material Is
estimated In order to compare with the design requirements based on strength.

A flowchart showing the Integration of the required Input Information with the
calculational steps Is shown In Figure 1. In spplyling the principles of
|inear elastic fracture mechanics (LEFM), @ phllosophy has been adopted which
Involves the use of @ "reference flaw" to calculate the al lowable bolt loads.
In the assessment strategy, this reference flaw |s postulated at the thread
root and represents & flaw which Is large enough to be unllkely to exist In 2
bolt. The materlal behavior (l.e., mechanical strength, fracture resistance,
and SCC resistance) are estimated from an analysls of the fleld hardness
measurements. Hence, @ key step in the evaluation Is the getermination of the
hardness for the material for 2 reasonable sample tlize so that statistical
Iimits can be establ Ished. Once the materlal properties are establ Ishec, the
remalining calculational steps are stralghtforward and simple.

2.2 ASSUMPT IONS

Many assumptions were made In establishing the procedures. The Important
assumptions ere discussed In detall In the RCP-SAS Report (1). For
completeness, the major sssumptions and sreas of conservatism are outllined
below:



Hardness
Measurements

Statistically
Based Hardness
Limits

1

Estimation
of Strength
Properties

Design
Load
Limits

Allowable Loads
Based on
Strength

w

Estimation Determination of
of Toughness Stress Factor
Properties Intensity
|

Aliowable Loads
Based on Stress

Corronsion Cracking

Allowable Loads
Based on
Fracture

Figure 1 - Strategy of Evaluation Methodology.



(n

(2)

(3

(4)

(3)

A flav with 8 depth of 0.02 Inches with an aspect retio, 8/, of
1=to~4 |s assumed to exist at the thread root

A lower bound curve to fracture toughness date was used to este-
blish ch for the materiea!

A lower bound curve to threshold stress Intensity factor data wes
used to establish K for the materlel

Iscc
The variablllty In hardness within a component (e.g., bolt) was
assumed to be no better than the varliabllity In hardness within the
heat

A 90% probabllity of occurrence with 95§ confldence wes used as the
statistical criterion for determining the tolerance |imits for the
bo!t population

Some of the essumptions above have the potential of belng very conservative.

Future Improvements or ref Inements mzy be warrented for mater lels that cannot

meet these cr terle and sre difficult to replace. The areas where this

potential ex!sts are summarized below:

(n

(2)

(3)

The assumption that the materlal varlebiiity within a component Is
equal to the material verlabllity devermined for the entire heat
may be very unrealistic especially for short bolts. The varia:
bllity In hardness with respect to axial pos!tion could be quanti-
fisd by testing.

Lower bound curves for K| and K A ooufd be very conser-
c
vative. Statistically based curves may provide Improvements.

The 0.02 Inch flaw depth assumed as the "reference flaw" was exces-
slve when compared to the flaw slzes which have tesn observed to
Inl4iate the fallures In component support bolting summerized In



(1. In fect, fallyre enaiyses for theso Instances did not Iden-
tify pre-existing flaws which initiated SCC.

2.3 OUTL INE OF PROCEDURE

2.3.1 Deszcription

The outline presented below summarizes the steps required to pertorm The
evaluation. The strategy shown In Figure 1 Is divided Intc five parts es

fol lows:
Part 1 - Determination of Hardness Limits
Part 2 - Estimation of Materlal Properties
Part 3 = Determination of K
Part 4 - Calculation of Al lowable Bolt Loads Basecd on Stress Corrosion
Cracking (Long-Term Con”itions)
Part 5 - Calculation of Allowable Bolt Loads Based on Fracture (Shorr-

Term Conditions)

-

Each analys!s part Is described In detall In the subsections that follow. A
calculational form Is provided In Appendix | that outilines each analyslis sTep.
There s space provided on the form for all relevant information wiTh regard
te the evaluation as wel | as recording the results.

2.3.2 Part 1 - Establ Ishment of the Hardness Limits

The minimum and maximum hardness |imits for the lot of bolts must te

establ Ished to provide & quantitative estimate of material properties. To
determine the minimum and maximum |imits, hardness testing Is required to
establish & data base for the lot. For statistical purposes, we will define



+his bolt lot & stratum. |f possible, the lot of bolts should be definec as

an Indlvidual heat of material or & single size of bolt. The fol lowing steps
should then be foi lowed:

(n

(2)

(3

(4)

(5

Establ Ish & dats base of hardness measurements by stratum, by 'mnie-
menting & sultable test sampling plan.

Establ Ish the probabllity function that best represents the frequency
of the data. A normal dlstribution function may prov'de @ reasonsble
f1¢ for hardness date directly or when the hardness data have been
first converted to thelr equivalent value In tensile strength units In
sccordance with ASTM A370 (2) and the normal function Is app! led to
the tens!le strength data set. If a sufficient number of data points
ex!st, & nonparametric approech will allow statistical |imits to be
determined without the need to assume & parilculer distribution func-
tion.

Determine the two-sided tolerance |imits for the bolt popul ation thet
provides a 905 probabllity that measurements will fall between these
Iimlts with 958 confldence (see Reference 1 for the defiInition of @
+wo-slded tolerance |Imlt and the basls for the statistical criter-
lon).

Compare the two-sided hardness 1imits with the appropriate spec!fice-
tion requlrements (see Appendix Il for a Iisting of hardness |Imlts
by specification). If the computed |Iimits satisfy the requlrements
for which the materlal was purchased, then compl lance with the Intent
of the original purchase spec!fication Is achieved and no additional
evaluation would be required.

If additional analysls Is required beyond Step 4, compute the one-
slded tolerance !Imits for minimum and max!mum hardness level (or
strength level) with the same 90-95§ criterla (see Reference 1 for the
defInltion of a one-slded tolerance limit).



-

The above procedure can be repested for each materieal group or stratum that
wes ldentifled as requiring evaluation. The computed one-sided tolerance
limits for minimum and meximum hardness will be used In Part 2 of the
procedure.

2.3.3 Peart 2 - Estimation of Materlal Properties

The procedures outlined below are the steps thet will defline conservative
estimates of yleld and ultimate strength, SCC threshold, end fracture
toughness based on the one-sided minimum and maximum tolerance |Imits from
Part 1:

1) Dcfine the specifled minimum yleld strength, F , and the spec!flied

minimum ultimate tensile strength, F , for the governing materla!
u
speclfication.

(2) Convert the minlmum hardness (or tenslle strength) Iimit from Step 5 of

Part 1 to mate-lal yleld strength , © in’ with the curve provlided
n
In Flgure 2 (1). -

(3 Convert the minimum hardness |Imlit from Step 5 of Part 1 to equivalent

tens!le strength units with the tables In ASTM A370 (2). This deflines
umin’

(4) Deflne the minimum yleid strength value at room temperature, © ,
as elther o from Step 2 above or the specl!fled minimum ylorg
n
strength fozmtho material at room temperature, F , whichever Is
Y
lower.

(5) Define the minimum tens!le strength value at room temperature, oum'
as elther o from Step 3 above or the specified minimum tens!ie
umin
strength for the materlal at room temperature, F , whichever Is
u
lower.
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(6) Def Ine & conservetive bounding velue for K' celled K:
cc scc
from Figure 3 (1) for the velue of maximum gardnoss from g?op 5 of
Pert 1.

(7)  Define & conservative bounding value for K called K.
¢ c
fram Figure 4 (1) for the value of maximum hardness from Step 5 of
Part 1.

It should be noted that since both K-scc and K: reach a

conservative 'fhrosh?}g' value with r? ct to ?ncroaslng mate-lal yleld
strength of 8 ksl In end 34 ks! In , respectively, the Part 1

evaluation could be de'eted by conservetively esssuming the conservative bound
threshold levels for materials with frends that sppear on the hard side.
Provided one s assured that there Is no d'fficulty In meeting the specitied
minimum strength requlrements, the analysls would be simplifled significantly
If Part 1 can be el iminated. However, If the maximum hardness |imit Is
greater than 48 R , then the ef fect of residual stress due to quenching may
need to be constdgrod In the ana'ysls for alloweble bolt stress.

2.3.4 Part 3 - Determination of K

The fol lowing Is the procedure to determine the eppl led stress Intenslty
factors for @ unit applled stress. The tabies In Appendix 11l for K are based
upon celculetions which assume @ reference flaw et the root of 8 thread with
depth of 0.02 Inches sn¢ & flaw espect ratio (a/¢) equal to 1/4.

(n Def ine the geametry of the fastener in terms of the fol lowing pare-
meters:

(a) Nominal dlameter, D

(b) Thread pltch p = 1/n where n Is the number of threads per Inch

(c) Shank or nominal cross-sectional srea, A
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(2)

(3

2.3.5

12

(d) Net tenslie or stress esrez, A
S

For the threaded fasteners Including studs and bolts, the value of
i' Is determined by the fol lowing procedure:

(a) For the glven fastener geametry (l.e., dlameter, D, enc thread
pitch, p) use tables In Appendix Il to define the stress Inten-
sity factor for a unit epplled stress, i'.

(b) |f the exact bolt dlameter or thread pitch Is not listed In the
tables, then use |Inear Interpolation to determine the value of
R
!
For solld pins that are subjected to pure shesr loacing, the value of
stress Intensity for unlform shear stress (Section 3.5.3) Is determinec
from

KII = 0.2321 (2-1)

Hence, the unlit applied stress Intensity factor i" for shear pins 1s
R|| = 0.232 for use later In Parts 4 and 5.

Part 4 - Calculation of Allowable Bolt Load Based on SCC

The a! lowable bolt load for prevention sgainst SCC for long-term loading
under normal operating condition Is determined by the fol lowing procedure:

m

For threaded fasteners, calculate the al lowable stress basec on_cons=
slderation for SCC from the expression

scc . s\ K® 2=2)
%, (l/K]) KISCC (2-2
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where K Lok, Is the conservative boufd for Klscc estab-

I1shed under Step 6 of Part 2, and K Is the stress Intensity factor

for the postuleted reference flaw and unit applied stress from Step 2
of Part 3. The el lowable bolt load based on SCC can be compured from

scc _ .Sc¢ _
Pa c, As (2-3)

whare A' Is the net tenslle or stress area for the bolt.

(2) For shear pins, the al lowable shear stress based on conslderation ror
SCC Is calculated fram

scc o - 4 - e
T, (I/KII) Klscc 4.31 Kxscc (2-4)
where K- Is the conservative bound for KI estab~

Iscc scc
| Ished under Step 6 of Part 2, and Kll = 0.252 from Step 3 of
Part 3. The al lowable shear Inad based on SCC Is

scc _ Sc¢ -
V‘ Ty A (2-5)

where A Is the cross-sectional area of the pin.

I+ should be noted that fracture toughness Is not considered In the
determination of al lowable bolt stress for long-term load since K will

Iscc
be less than K| and, therefore, limiting.
c



14

2.3.6 Part 5 - Calculation of Al iowabie Bolt Loads Based on Fracrure

The al lowable bolt ioad based on fracture for short-term or accldent loacing
conditions Is determined according to the fol lowing procedure:

(1 For threaded fasteners, compute the allowable stress for preventing
fracture from

. o
o, * (I/KI)KIc (2=6)

where K 1s determined from Step 2 of Part 3, and K' Is the
conservative bound for fracture toughness from Step 7 of Part 2. The
2l lowable bolt load based on fracture can be computred from

of = ofa (2-7)

where A Is the net tens!ie or stress area for the bolt.
s

(2) For shear plns, the 2l lowabie shear stress based on fracture 1s calcu~

lated from:

f ~ » >

where K Is glven In Step 3 of Part 3, end K Is the
conservative bound for fracture toughness from S*op 7 of Part 2. The
sl lowable shear load based on fracture Is

v, = 1, A (2-9)
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where A |s the cross-sectional eres of the pin.

This completes the detalis of evalustion. At the eri of the Parts 4 and 5,
the 8! lowable bolt stress (or loads) for SCC end frecture consliderations have
been quantifled. Some guldelines are presented next as to how to use these
results to esteb! Ish al lowable bolt loads that would be the limiting case for
the specific bolting epplicution.

2.4 GUIDEL INES FOR DETERMINING MATERIAL ACCEPTANCE

The criterla for scceptance |s based on & flitness-for-purpose phllosophy such
that If the app!led stress Is less than the el lowable stress, then the
material Is sultable for service. Hence, the criterle eare establ Ished as

Ao (2-10)
a
At < o:‘ (2-11)

where a“r and o‘? sre the calculated shorf—?orn‘:nd long;?.rm stress
condltions, respectively, for the design, end © end ¢ ere

respective allowable stresses. Asimlier set o’ crlfor?u can be establIshec
for shear carrying members, such as shear pins. The allowable stress Is the
minimum value of the al lowable stresses determined from conslderation of

fracture, SCC, and tens!le-ductile fallure modes. Therefore,

OSt = of or os (2-12)

3
whichever Is minimum and where ¢ Is the 2l lowable stress based on
es
strength. The el lowable stress, o , Is calculeted In accordance with
»



16

spp! lcable conventional desi~n procedures eand based on ¢ and ©

um
determined In Part 2. Simlliariy for long-term stresses
8t _scc s *
O, O, or o, (2-13)

whichever Is minimum. In order to test for scceptence, the ollowable stress
based on strength must be established glven the anticipated design conditions
and sefety factors. Provided It Is sccepted the* the design Is sufficient
when the specified minimum strength requirements ere achleved, then o.

need not be quentifled, and the long~ and short-term al lowasbles basod on
oscc and o' need only be compared with the applled stress. Agaln,

[ L
this 15 true without question as to the type of design or design criteria when

(2-14)

W
-

and

Ouin 2 ¥, (2-15)

Knowledge of the design criteria and Inherent design safety factors will be
required if the design basis Is not satisfled by the approprlate equations
above. |f both Eq. (2-14) and Eq. (2-15) sre true as determined durling the
evaluation, then the only required check for acceptance Is that Eq. (2-10) and
Eq. (2-11) sre satisfled as written below:

ot < o (2-16)

L)
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clt < o:CC (2-17)

I Eq. (2-14) or Eq. (2-15) Is not satisified, rhen & review of the design
calculations and al lowadles mey be required to Insure that o‘ Is not
limiting. If this becomes the case, then those parameters f:u ef fect
strength must be considered. |f the materlal Is subjected to alevated
temperatures during service, then s recuced strength should be used. A yleld
strength reduction factor, C , was deveioped for common bolting materials
from (4). These factors are glven In Section 3.4 for e range of temperatures
between 100°F to 600°F and spply to yleld strength only. In this temporature
range, no reduction In the ultimate tensile strength Is assumed.
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Section 3
ANALYS IS ASSUMPT IONS AND RESTRICTIONS

3.1 INTRODUCT ION

In order for this report to be self supporting, this section has been
prepared to provide the technical basls for the evaluation procedures.
Reference wil| be made to the RCP-SAS report as required to Justlfy
assumptions and Informetion Imp!emented hereln fram (1). |In the sreas that
ere expansions of the RCP-SAS analysls, background Information Is also
provided hereln. The final obJective of this section Is to Identify *ths key
essumptions In order to define the applications where the evaluation
procedures sre valld.

3.2 FAILURE MODES

In the evaluation procedure contalned hereln, the acceptabl|ity requirements
for service have been establ Ished based on assuring against service fallure
from three potential fallure modes. These modes of fallure sre

(1) Ductlle rupture by plastic instabllity (limit load fallure)

(2) Crack propagation In & subcritical manner by Intergranular stress
corrosion cracking

(3) Brittie or fas* fracture due to crack Instabl! ity under monotoni-
ca!ly Increasing load
In many respects, each fallure condltion Is unique so that assuring fallure
prevention for one mode does not guarantee safe conditions for the others.
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When applying the evaluation method, the fallure mode or modes to bLe prevented
must be described by one of the above fallure models; othervise, irrelevant
conclus'ons wll| be achleved. Specific fallure modes that are not covered by
the procedure but are relevant to bolts In general, Include general corrosion
fallure or wastage, fatigue, and corrcslion-essisted fatigue. The procedures
would require revision In order to expand the method to cover other modes of
fallure.

3.3 MATERIALS

3.5.1 Chemlstry and Heat Treatment

Tne materlal properties curves ¢or SCC susceptibllity and fracture toughness
behavior were derived from a data base of laboratory tests for steels that can
be clessifled as low al loy quenched and tempered. For consistency with the
Consumers Power Company commitment to review safety related LAQT steels, we
have adopted hereln the same definition as was set forth In (3).

Specliflcally, @ steel wil| be considered a low-2lloy steel "when the maximum
range speclfled for the content of alloying elements excesds one or more of
the following 'Imits: manganese 1.65%; silicon 0.608; copper 0.60%; or In
which a definite range or & definlte minimum quantity Is speclfled or required
within the recognized commerclial fleld of alloy steels; alumin!um, boron, and
chromlum up to 3.99%, cobalt, columblium, molybdenum, nicke!, titanium,
tungsten, vanadium, zirconlum, or any other al loying element added to obtaln &
deslired al!loying effect™. In addition, the total content of alloyling elements
when summed shall not exceed 5% with the exclusion of carbon and commonly
encountered amounts of manganese (up to 0.65%), siilcon (up to 0.15%), end
copper (up to 0.108). This definition, although not very precise, was
sufflclent to Ident!fy those Items purchased to spec!fications which require
consideration In the CPCo LAQT review program.

A low alloy steel wli! be considered quenched and tempered If It has
experlenced a heat treatment that can result In heating to @ temperature of
1500°F or greater, fol lowed by rapld cool Ing, usually in a fluld medlum, and
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subsequent heating to a temperature In the range of 650-1250°F for a perliod of
1 %0 3 hours (or for thick sections, approximately 1 hour per Inch of
thickness), followed by coolling to room temperature.

Materlials that satisfy the above conditions for chamistry snd heat treatment
can be evaluated by the methods described In this report. A |lsting of the
ASTM and ASME materlal designations complled from Midliand fleld purchase
records that could have LAQT steels suppllied Is gliven In (3).

3.3.2 Ratlo of Yield to Ultimate Strength Correlation

The yleld to ultimate strength correlation was developed In the RCP-SAS
report based on specific date for tte supplled materlals and reported
"typical™ behevior for LAQT steels. The study covered a range of mater.al
herdness from 21 R t0o 52 R . This correlation Is glven graphically In
Figure 2 and Is begod on Eq? (4=1) In Q). In anticlipation of very soft
mater!al behavior, thls correlation was expanded to 90 R (- m ). The
expansion of the origlinal curve was accompl!ished by using, es guldance, the
expected value and typical scatter for o and o for quenched and tempered
steels reported In (2). Below 21 R ﬂ\‘.' curve glvcn In Figure 2 was
4aveloped graphically staying 'H'hln the IImits of the reported deta band (3).
The curve was drawn to approach @& constant ratio between o and o equal

to 2/3 #t 90 R . For hardness |Imits below 90 Rb' It Is aZsmod that the
equation, c:y = (2/3) ou. Is & reasonable spproximation for yleld strength.

3.4 ENV IRONMENT

3.4.1 Stross Corroslion Cracking

The SCC susceptibl!lity of LAQT steels Is very sensitive to the envirommental
cond!tlons: speclfically, the corrosive medlum and service temperature. The
SCC threshold curve shown In Figure 3 was derived from K date measured

In the laboratory with elther molst alr, distilled -afcr. oquoous NaCl
solutions or seawater anvironments. Although not Indicated In all cases, the
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testing temperature was typically at roon temrerature levels. However, &
review of K deta glven In Appendix IV as & function of test temperature
Indlcated K ~°° Is temperature Invariant for aqueous solutions. Based on
this backgrozgg Information, the following restriction for the SCC evaluation

scc
for computing the ullowable stress leve! o. Is appl led:

(1) Service environments are restricted to molst alr or squeous NaCl
environments, or enviromments that are viewed as belng less aggres~
slve than those from which the test date were developed.

(2) Highest service temperature for the bolting application In con
sideration of SCC |Imits should be |imited to 250°F when no atten-
tion Is given to the use of thread lubricating compounds, etc. (see
below).

Caution should be exerclsed when extending the scope of the K evaiuation
to other environments or eleveted temperatures. Application 1gc$cmporafuros
greater than 250°F are al lowed, since the aqueous environment will not be
present provided that the creztion of more aggressive environments such as
those caused by the breakdown of thread lubricants or coatings Is prevented.

3.4.2 Fracture Toughness

For structural espplications, the effect of environment on fracture toughness
behavior can be neglected In that there wil| be no toughness degradation due
to service exposure. The effect of temperature on toughness will tend to
Increase fracture resistance as temperature Is elevated. Since the data base
that vaildater the lower bound K curve In Figure 4 Is based on room
temperature behavior, any appllcaglons sbove this temperature will be
conservatively treated by the evaluation procedure.
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3.4.3 Yle!d and Ultimate Strength

If the expected service temperature Is low (l.e., amblent conditions), then
the eof fect of temperature on strength can be neglected. Guldelines for
quantifying the reduction In strength are given In Section 2.4 and Table 1.
The yleld strength based on roam temperature conditons Is not significantly
ef fected unti| terosiatures In excess of 200 °F are reached. This Is observed
In Table '. The strength reduction factors Iin Table 1 were developed fram
Section |11 of the ASME Code (4). The yleid strength reduction factors were
determined fram the yleld strength values, S , glven In Table I-13.3 for
bolting materlals under Cless 1, 2, 3, and NE components classlification.

Al though only four materlal specifications are |Isted In the Code (and

Table 1), reduction fectors for other LAQT materlals can be estimated by
compar Ing material chemistry and mechanical strength properties with those of
the materlals |isted In Table 1.

With regard to uitimate tensile strength, S for Code design |imit for LAQT
materiais Is generally Insensitive to 1¢npo|l"a?uro. In most cases, the tenslle
strength Is constant up to temperatures of 600°F or within 988 of their level
at room temperature. It Is therefore reasonable to assume roam temperature

valuves for S up to 60C°F.
v

3.5 BOLT GEOMETRY

3.5.1 Thread-Root Reglon .

The bolt geametry and thr..d-root characteristics are consistent with the
Unifled Inch Screw Thread Standards of ANSI B1.1 (£). The stress
coocentration ef fect of the threads and the stress attenuation with distance
scross the bolt dlameter were approximated by |lterature solutions that
describe the stress distribution In single-grooved bars under unlaxial
tension. The cepabl!ities of the evaluation method to handle different bolt
gecmetr les has been expanded since the first evaluation performed on the RCP
snubber anchor studs. Thls was accompl Ished through the work performed under
RP 1757-2 and RP 2055-5 for the Electric Power Research Institute (EPRI) (2)



Table 1
REDUCTION IN YIELD STRENGTH DUE TO TEMPERATURE

Minimum Yield Strength Reduction Factor, Cf
Type Yield T OF) No
ASTM > Strength emperature (“F) Not to Exceed
Specification Grade Class  Thickness (ksi) 100 200 300 400 500 600
A193 B7 -- -- 105 1.000 0.933 0.89 0.871 0.843 0.812
95 1.000 0.931 0.896 0.866 0.843  0.812
75 1.000 0.932 0.896 0.872 0.843  0.812
B16 -- -- 10€ 1.000 0.971 0.949 0.929 0.909 0.881
95 1.000 0.969 0.947 0.928 0.909  0.881
85 1.000 0.971 0.949 0.928 0.907 0.882
A320 L7 -- -- 105 1.000 0.933 0.896 0.871 0.843 0.812
L43 .- -- 105 1.000 0.943 0.911 0.874 0.843 0.803
L7A -- <2%" 105 1.000 0.933 0.896 0.871 -- --
A354 BC -- <2y" 109 1.000 0.936 0.904 0.877 0.851 0.814
BC -- >2%" < 4" Q9 1.000 0.934 0.903 0.8 0.852 0.813
BD -- <" 125 1.000 0.935 0.903 0.878 0.852 0.814
A540 B21-B24 1 -- 150 1.000 0.956 0.924 0.896 0.868 0.828
B21-B24 2 - 140 1.000 0.956 0.924 0.89