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1.0 INTRODUCTION

Nondestructive examination (NDE), metaliurgical and analytical
evaluation of control rod drive (CRD) mounting flange cap screws were initiated
in response to the requirements of references 1 and 2. Past evaluations of the CRD cap
screws for Grand Gulf Nuclear Station (GGNS) and River Bend Nuclear Station (RBS) are
documented as follows:

GGNS - References 3,4 and 21
RBS - References 16 and 17

In reference 3 stress analysis and fracture mechanics evaluations were used to
develop an inspection scope expansion criterion. This criterion was based on
metallurgical evaluation of flaws found in the CRD cap screws at GGNS. In reference
15 the CRD cap screws from RBS were examined by metallurgical techniques and
the findings were found to be in agreement with those in reference 3.

The purpose of this engineering report is to evaluate the scope expansion
criterion with respect to the relevant engineering requirements provided in the applicable
sections of the ASME Boiler and Pressure Vessel Code, Section XI. These requirements
are obtained from reference 5 for GGNS and reference 6 for RBS.

The scope of the evaluation performed in preparation of this engineering report
encompassed the following:

1) Determination of appropriate material property to establish a conservative

lower bound toughness value.

2) Stress analysis to define a conservative upper bound stress distribution for

the head-to-shank fillet region of the CRD cap screw based on preload.

3) Structural evaluation to establish a maximum full circumference flaw depth
without exceeding the allowable ASME stress limits. (3 x S,,).

4) Evaluation of the bolted joint connection to establish a maxirmum full
circumference flaw depth that would preclude joint separation under postulated
internal pressure load.

5) Fracture mechanics evaluation to conservatively determine the flaw depth
that would meet the lower bound threshold toughness for the material in
the environment for the CRD cap screw.

6) To compare the flaw depth determined above, (items 3, 4 & 5), with the inspection
scope expansion criterion presented in reference 3.



Engineering Report. EP-98-003-01
Page 6 of 43 |

2.0 BACKGROUND

CRD cap screws have been inspected at GGNS and RBS in accordance
with the requirements contained in references | and 2. Cap screws that were found to
show any degradation were replaced following the recommendations in references | and 2
The inspections at GGNS and RBS have shown that the degradation was predominantly
located at the head-to-shank fillet region and occasionally in the shank region removed
from the fillet region. In all the inspections conducted to date there has not been a single
indication of a flaw in the thread root region. Metallurgical evaluations of the degradation
show that the flaw to have a pit type morphology (references 3, 4 &17).

The indications on the cap screws at GGNS, that were found during the Spring
1992 inspection, were metallurgically evaiuated (reference 3). The findings from the
metallurgical evaluation and the guidance provided in reference 2 led to the development
of an inspection scope expansion criterion. This criterion was presented as a
recommendation in reference 3. The basis for the criterion was developed by determining
the stress distribution in the head-to shank fillet region using finite element analysis
(FEA) and the use of fracture mechanics model for a circumferentially notched bar under
tensile stress. The limiting flaw depth was based on the applied stress intensity factor
(Kiapp ) for a given flaw depth to be less than the threshold toughness. A conservative upper
bound Ky , (by virtue of the circumferentially notched model with high surface
stress used for the tensile stress), and a lower value for threshold toughness ensured that
the criterion based on flaw depth was conservative.

In order to implement the scope expansion criterion, in a time efficient manner,
an Eddy Current test technique was developed and qualified (reference 7). This technique
was utilized in the Fall 1996 CRD cap screw inspection at GGNS. The Eddy Current
based sizing of the flaws was compared to the metallographicclly determined depths for
selected CRD cap screws. Results of the evaluation (reference 4) showed that the Eddy
Current based sizing was conservative ( Depthegay cument > Depthpe ).

At RBS the inspection of CRD cap screws conducted in January 1996 showed pitting
in the head-to-shank fillet region on some cap screws. The depth of the pits were
found to be lower than the depth provided in reference 2 and were in the range of the
GGNS results documented in references 3 and 4
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3.0 EVALUATION SCOPE

The scope of this engineering report, based on the documented findings
and the need to establish compliance with the established engineering requirements of
references |, 2, 5 and 6, are as follows:

1) Establishment of lower bound material property, for use in fracture mechanics
analysis in accordance with the requirements of section XI of the applicable
ASME code (references 5 & 6), based on cap screw mechanical properties and
established correlation available in published literature.

2) Detailed stress analysis to establish an upper bound stress distribution and
proper Linearization of the stress profile in the head-to-shank fillet region The
resulting stress components and linearized profiles are for use in the fracture
mechanics evaluation.

3) Review of bolted joint connection to ascertain prevailing (residual) preload.

4) Determination of a limiting full circumference flaw/notch depth which would
result in bolt stress within ASME allowable limit of 3 x S,

5) An evaluation of the bolted vonnection, using bolting structural formulations,
to determine potential for joint separation under postulated internal pressure
load.

6) Review and evaluation of postulated flaws by various fracture mechanics
solutions available in published literature.

7) Comparisons with the results from metallurgical evaluations from references
3 and 4 as applicable.

8) Comparison of the results from the present evaluation with the inspection scope
expansion criterion provided in reference 3.

9) Mechanical testing and notch analysis of CRD Capscrew material to verify the
results obtained from analytical evaluation.
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4.0 Details of Evaluation:

*

In order to ensure that the damage found in the cap screws were dispositioned
in an appropriate manner, guidance provided in paragraph IWB-3600 of Section XI from
references S and 6 were considered. A review of this paragraph in both referenced editions
and addenda showed the contents to be similar The requirements that need to be satisfied
are:

a) Acceptability of flaw size based on fracture mechanics analyses; and,
b) Meeting the primary stress limits of NB-3000 assuming a local area reduction of
the primary pressure retaining member

Based on the evaluations performed to satisfy the above requirements an
acceptable flaw size, which is the lower of the flaw sizes developed by the analyses in
accordance with “a” or “b’ above.

Primary stress determination is based on assuming a full circumference flaw
located in the shank of the CRD cap screw. When evaluating flaws in bolts it must be
recognized that it is not technically correct to calculate, much less address, net section average
«iresses. Because the very presence of the flaw causes the re-distribution of stresses, there by
creating a combined tension plus bending load. This aspect has been appropriately articulated
in reference 28. The discussion states in part, the following:

“Paragraph NB-3230 includes methods for establishing design conditions,

determining the average stress, maximum stress or maximum stress intensity, and

the method for designing io avoid fatigue failure. The number and cross-sectional
area of bolts for a given application are determined using Appendix E of Section 111
of the ASME Code. Appendix E describes in detail the method for determining the
minimum number and cross-sectional area of bolts for gasketed joints based on the
design of the gasketed joint, the system operating pressure and temperature, and the
characteristics of the gasket material. Appendix E also allows the use of the methods
given in Appendix A-6000, “Discontinuity Stresses ", if the methods given in Appendix
E are inadequate. The stresses calculated using Appendix E or A must satisfy the
requirements for maximum stress or maximum stress intensity and fatigue stress

in Sections NB-3230.

Paragraph NB-3232 states that the service stresses in bolts may be higher
than the stresses in Table 1-1.3. The maximum average cross-sectional stress may be
as much as twice the stress given in Table I1-1.3. The maximum stress at the periphery
of the bolt may be as much as three times the stress given in Table 1-1.3 as long as the
fatigue stresses are not exceeded. These stresses arise from the direct tension and
bending, neglecting stvess concentrations. ™
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Therefore, the criterion to evaluate the stress limits, at the location of the flaw,
are the combined tension plus bending stresses limits. This criterion, simply stated, will ensure
that the bolt will not fail by an over-load condition, which is also the primary intent of IWB-
3610 (b). Attempting to postulae the flaw as reduction of the bolt shank’s cross-section over
its entire length will undoubtedly increase average stresses, but as is shown later it will reduce
the bolt stiffness which in turn will result in the joint having to sustain additional stresses.
Since the primary interest of IWB-3610 (b) is to preclude failure by primary stress overload,
the appropriate criterion is the maximum stresses due 1o direct tension and bending. This
location of interest is where groove type pitting was observed (reference 3). The prevailing
stresses at the flaw location are based on the results of the finite element analysis performed
for the head-to-shank transition region. Applying this stress in the shank region is
conservative.

In reference 8 it was shown that the prevailing preload on the bolt was always
lower than the initial preload at instaliation. Data from references 8 and 9 showing the
reduction in magnitude owing to various causes, as follows:

Immediate relaxation after final installation: - 5% to 10% reduction (Ref. 8)
Elastic Interaction (embedment etc.) relaxation: - 12% to 18% reduction (Ref 8)
Gasketed joint relaxation (depends on gasket material): - 10% to 50% (Ref 8)
Long term (1000 hr.) stress relaxation at 550° F: - 20% (Ref 9)

A total reduction factor of 0.632 was computed by taking the average values
stated in reference 8 and ignoring the relaxation due to gaskets, (formulation used in
computing the reduction factor is provided in Appendix 3). Thus the prevailing preload and
hence the stress in the bolt would be 63.2% of the initially installed value. Ignoring the
reduction for gasketed joints and using the average values for the other reduction factors
provides a lower bound estimate of reduction factor. Using the reduction factor and the
installation preload of 30.0 kip (reference 3) results in a prevailing preload of 18 97 kip. The
material allowable stress intensity at $50° F was obtained from reference 13 as 29 5 ksi. The
primary stress limit for bolting provided in NB-3232 2 from the same year and addenda as in
references 5 and 6 is stated as follows :

Put Py S3 x Sa
The approach presented in IWB-3612 is to determine an acceptable
Kiupp fOr the postulated flaw such that the inequality criteria are satisfied. The criteria
provided in IWB-3612 are as follows:
1) Kisgp < Kia V10 ccememnen for Normal and Upset conditions,

and,

2) Kigp €Ki N2 coveneenen for Faulted and Emergency conditions
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where K, is defined as the available fracture toughness based on crack arrest.
and, K is defined as the avaiiable fracture toughness based on fracture initiation

The first criterion, based on arrest toughness, is derived from dynamic fracture
mechanics principles (reference 10). The arrest toughness is the lower bound toughness
at the point of arrest of a rapidly propagating crack. The fracture arrest toughness in
structural (carbon and low alloy) steels is an inherent manifestation of the effect of
imposed loading rate on the materials flow strength property (reference 10). In high
strength alloy steels, such as the cap screw material, the strain rate sensitivity of fracture
toughness is very low (reference 11). The effect of strain rate (loading rate) (reference 11)
on fracture toughness, is quantified by an absolute temperature shift between the static
and dynamic toughness values for the ductile to brittle transition temperature. The
measured temperature shift for various steels, from medium to very high strength, as a
function of strength is shown in figure 4 53 of reference 11. Data from this figure was
used to reconstruct figure 1 in this report. Typical reactor pressure vessel steels that have
yield strength in the range from 60 to 70 ksi show a temperature shift of 110°F to 130°F
CRD cap screw material, which belongs to the low alloy quenched and tempered (LAQT)
classification of steel, posses yield strength in the range from 120 to 130 ksi. For this
class of steels the temperature shift is in the range from 20°F to 35°F. The larger
temperature shift is indicative of significant sensitivity of fracture toughness to loading
rate. Conversely smaller temperature shifts indicate insensitivity of fracture toughness to
loading rate. The effect of higher loading rate on rate sensitive materials is manifested by
a measurable drop in fracture toughness. T' :refore for a material which is not rate
sensitive, like the cap screw material, the fracture toughness is not affected by the loading
rate. CRD cap screw material (LAQT steel), at GGNS possessed an yield strength of 120 ks
(reference 3) and at RBS 110 ksi (reference 16 & 17). At these levels of yield strengths the
effect of loading rate on fracture toughness is expected to be very small to
negligible. In addition, from reference 10 (page 15) for bolting material, the following
statement is made:

“The applicable toughness property value for bolts should be the static

fracture toughness value K. . Dynamic loading would not be expected to

occur in bolting. Also, these higher strength steels generally exhibit very

little influence of loading rate on fracture toughness. ™

Therefore the toughness property applicable to the CRD cap screw material is
K , hence for the evaluation of flaws the second criterion of IWB-3612 is applicable
The degradation of CRD cap screws was found to be corrosion induced pitting
(references 3, 4, 16 & 17). Thus the fracture toughness parameter to account for the
corrosion mechanism would be K. (stress corrosion cracking). The value for K. for
the CRD cap screw material, based on the yield strength (references 3, 16 & 17), was
determined from figure 11B-2 of reference 12 as 130 ksi vin. The evaluation criterion
for the CRD cap screw can be re-written as follows:
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Kiogo < Kisee /¥2 (K, replaced by K. )
With K. value of 130 ksi Vin. the criterion reduces to:

Kiap < 91.97 ksivin,

In addition to using the CRD cap screw material yield strength to determine
Kixe , the Charpy ahsorbed energy was used to determine the value for K, for the
material. The Charpy and tensile data obtained from references 3, 16 and 17, for
the cap screws, show:

Charpy Absorbed Energy (lowest) = 68 ft-lbs.
Yield Strength = 110.0 ksi

The Charpy-Kj. correlation of reference 11 (equation 6.1) was used along with the values
provided above to estimate the K, . The value was determined to be 185 ksivVin. This
value is higher than the value for K;. obtained from reference 12. Thus the lower bound
value would provide conservative results (smaller allowable flaw depth).

In order to use the guidance provided in article IWB-3612 from references 5 and
6, it is necessary to address the requirements of article IWB-3610-(b). This requirement
necessitates satisfying the primary stress limits of the applicable articles in subsection
NB-3000. A review of the relevant articles, pertaining to bolts, shows that the stress limit
requirements are for bolt regions removed from discontinuities. However, the stress
analysis performed for this report, described in the following section, does model the fillet
radius. Thus the requirements for the primary stress limits, are discussed in the stress
analysis section.

Stress Analysis:

General Considerations:

The observed corrosion damage on the CRD cap screws were
found in two distinct regions, namely: head-to-shank fillet and the shank region. In the
head-to-shank fillet region the state of stress is expected to be complex owing to the
constraint imposed by the cap screw head. Where as in the shank region, removed from the
fillet, the stresses are expected to be uniform. Therefore for the head-to-shank fillet region
detailed finite element analysis (FEA) was performed. For the shank region the tensile stress,
due to preload, were obtained from reference 3. Details of the FEA and subsequent stress
analysis are provided in Appendix | and summarized below.
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Finite Element Analysis

FEA of the head-to-shank fillet region was performed using a two
dimensional axi-symmetric model. Details of the model and the results are presented in
Appendix 1. Two inodels using different fillet radii, 0 05 inch and 0.075 inch based on
reference 22, were developed. Both models utilized a ver; fine mesh refinement to model the
fillet region. The FEA model is shown in figure 2. A linear elastic analysis was performed
The applied lcad equal to the tension developed in the shank with an applied preload of 30 0
kip (reference 3) was applied at the shank end. The bolt head was fixed along the bottom
edge to prevent movement in any direction. The effect of fillet radii differences in the stress
distribution obtained were insignificant. The stress distribution obtained from the FEA
analysis showed a sharp gradient in the head-to-shank fillet region. In the shank region,
removed from the fillet, the stresses were uniform. In the head-to-shank region the stress
distribution (Von Mises stress) had to be linearized so that the effective distribution could be
used as input to the fracture mechanics model

Linearization of Stresses
The FEA stress distribution in the fillet region showed high surface

stresses (peak) that rapidly decayed within one element width. Since the analysis was linear
elastic, the surface stresses were higher than the material’s yield stiength. The previous FEA
analysis (reference 3) used a coarser mesh thereby precluding the construction of a detailed
stress profile in this region. Hence, Linearization of the stresses in this region was not
performed. Therefore, unrealistically high stresses were used as input to the fracture
mechanics analysis

In this evaluation a stress profile, along a radial-axial plane from the surface towards
the center of the cap screw, was developed. This stress nrofile was input to two Linearization
algorithms as follows

|) Linearization in accordance with Appendix “A” of Section XI, ASME B&PV

Code {references 5 & 6) to obtain the components P,, and P,

2) Linearized profile based on strain energy density
Details for these algorithms are provided in Appendix 1. Figure 3 shows the FEA stress
profile and the linearized profiles obtained from the two algorithms

The Linearization technique, in accordance with Appendix “A” of references 5 and 6
results in decomposition of the applied stresses into tension (membrane) and bending
components. These are defined as P, (tension) and P, (bending). The values for P, ind P,
were utilized for fracture mechanics evaluation which is presented in a later section. The
Linearization of the applied stress profile, using strain energy density algorithm, was
necessitated for fracture mechanics formulations where the stress term did not separately
account for tension and bending. Therefore by developing a reasonable stress profile other
fracture mechanics solutions, in which only tensile stresses are considered, could be evaluated
and compared
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Structural Evaluation of Bolted Joint:

The values for the component stresses were utilized to demonstrate
that the requirements of IWB-3610-(b) of references S and 6 are satisfied both in the as
installed and degraded conditions. The requirement for bolting application implies that the
maximum stress limits of Section I11, article NB-3232.2 (for the same year and addenda as
references 5 & 6) are met. However the requirements stated in NB-3232 2 are for maximum
stress intensity neglecting stress concentration. For the CRD cap screws, evaluated in this
report, the values for P,, and P, account for the stress concentration caused by the fillet. The
results presented in Appendix | show that the combined (P,, + P;) stress value to be 69 78 ksi
This value is compared to the allowable value permitted by NB-3232 2 as follows:

(Py+ Py) <3x8,  ====-eeee fOr static loading.
and
(Py + Py) <2.7x S, =====-==- for fatigue loading.

The material allowable stress intensity (S.) values were obtained from Section III,
Appendix 1 (same year and addenda as reference 5 & 6) for the CRD cap screw material and
were found to be 29 5 ksi at a temperature of S50°F. The calculated value for the combined
stresses is found to be less than the more restrictive 2.7 x S, . Thus the requirements of IWB-
3612-(b) are satisfied for the as installed CRD cap screws.

Fatigue of bolts in a bolted joint is dependent on the joint configuration, initial preload
and the magnitude of the external load experienced by the bolt. Information obtained from
reference 8 shows the following:

1) The magnitude of the mean load on the bolt depends on the preload in the
bolt.
2) The magnitude of the load excursion (AFg) depends on:
a) The magnitude of external tension load,
b) The boli-to- joint stiffness ratio (Kz'K,), and,
¢) Whether or not the external tension load exceeds the critical load
required to separate the joint.

Elsewhere in this section and in the discussion section the bolted joint analysis
presented show that the CRD bolted joint based on prevailing preload has a high critical load
required to cause joint separation. The prevailing preload is also relatively high and that the
stiffness of the joint is considerably higher than the CRD cap screw. The considerably higher
joint stiffness, compared to the CRD cap screw, ensures that only a small fraction of the
applied alternating load will be experienced by the cap screw. The relatively high preload and
therefore the high value of critical load required to cause joint separation will provide added
assurance that the bolt is not subject to alternating loads. Together these aspects and
properties, developed for the bolted joint representing the CRD cap screw, provide adequate
assurance that fatigue is not a cause for concern for the degraded cap screw within the limits
determined in this report.
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For CRD cap screws that have been in service for a number of years, the structural
performance required to satisfy the requirements of IWB 3610-(b) can be stated as follows

a) Demonstrate that the ASME Code allowable stress (3 x S,,) is not exceeded
for a cap screw having a full circumference flaw of a certain depth and
subjected to a combined load of residual preload plus anticipated internal
pressure.

b) Demonstrate that the residual preload on the cap screw having a full
circumference flaw of a certain depth will sustain postulated internal
pressure without joint separation.

In order to satisfy the requirements stated above a three step process was adopted a
brief description of the process is provided below. The details of the numerical analysis
performed to determine the allowable flaw depth based on the structural requirements
delineated above is provided in Appendix 3. In the discussion below only the basic
formulations are provided since the detailed equations are presented in Appendix 3 as a
Mathcad work sheet.

The first step to satisfy the requirements of “a” and ‘b” above necessitates the
determination of an allowable {law size (depth) subjected to the estimated preload that would
preclude tensile failure of the bolt (i.e. exceed 3 x S,). The primary stress used is the residual
value of the combined stresses from Appendix 1. The combined stress in the head-to-shank
transition was determined to be 69.78 ksi based on an installation preload of 30.0 kip. As
shown earlier the residual preload is expected to be reduced to 63.2% of the
installation value over a period of time (operation of 1000 hours). This residual value remains
on the bolted connection. The allowable full circumference flaw size, for the residual preload,
can be determined by the following relationship:

dy = { Dy - [V((69.78 x 0.632)/(3 x Sa)) x Da]}/2

where:
d, = depth of flaw (inch)
D = Diameter of cap screw shank (inch), and
Sm = Allowable ASME stress (ksi)

Substituting the appropriate value the dep*h of a full circumference flaw is determined
to be 0.120 inch.

In the second step the joint integritv based on a full circumference flaw which
is 0.120 inch deep was determined and the details of the calculation are provided in Appendix
3. This evaluation uses the bolted joint analysis scheme presented in reference 8. Three CRD
cap screw geometry’s and one joint configuration were used in the evaluation. The joint
stiffness was computed using the configuration of the assembly from references 26 and 27 and
the formulations from reference 8. The joint stiffness from reference 8 is given as.
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K;=E x AJT

where,
K; = Joint Stiffness (kip/in)
E = modulus of Elasticity (ksi)
Ac = Area of the Equivalent Cylinder comprising the Joint (inch?) and,
T = thickness of the Joint or Grip length of Bolt (inch)

The stiffness for the CRD cap screw was computed for three differen: conditions,
namely, 1) an undegraded nominal cap screw, 2) a degraded cap screw with a reduction in
the shank diameter by the depth of the full circumferen 'w over the entire length, and 3) a
notch in the middle of the shank with the depth of 0.12 1 and width of 0.05 inch. The first
degraded condition would provide the lowest bolt stiffncs: and the second degraded condition
would provide the stiffness of the boit commensurate with the conservatively assumed flaw
description. The formulations used in computing the bolt stiffness were obtained from
reference 8 and the three geometry’s used are presented as case | through 3 in Appendix 3
The basic form of the bolt stiffness equation (reference 8) is:

Kp = 1/{[Loo/(E x Ap)] + [Lo/(E x Ag)l}

where:
Kg = Stiffness of the cap screw (kip/in)
Ly = Effective length of Bolt body (inch)
Ag = Cross-sectional area of the shank (inch?)
L, = Effective length of Threads (inch), and
As = Cross-sectional area in the thread region (inch’)

In order to determine the joint separation equation 12.11 of reference 8 was used. The
critical external force (load) required for ioint separation, on a per bolt basis, given a residual
preload in the joint is given as:

Lot = Fp X (1 + Kg/K))

where:
L.« = External force required for joint separation (kip)
Fp = Residual preload in the bolt (kip)

The joint separation force was calculated for the three bolt geometry’s
described above. The lowest joint separation force was used to determine joint integrity The
imposed external force was calculated using the accident internal pressure in the CRD housing
from reference 25. The maximum internal pressure for the CRD housing was given
as 5,872 psi. This pressure acts on the CRD cover plate which is connected to the flange by
the CRD cap screw. The area of the plate exposed to the pressure was computed from tae
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CRD housing internal diameter obtained from reference 27. Thus the total force on the entire
bolted joint was determined. The number of CRD cap screws in the connection was eight
(reference 27). Thus the external force per CRD cap screw joint could be determined. This
value of the external force (Lx) was compared with the critical external force required to
cause joint separation (L.). The lowest value of the critical joint separation force was used
for this comparison. The details of these computations are provided in Appendix 3

In the third step the computed joint force due to the internal pressure of 5,872 psi was
used to calculate the additional bolt load using the relationship from reference 8, which is
given as:

AFp = {Kp/(Kp + Kj)} x Ly

where:
AFg = Additional load on the cap screw (kip)
Lx = External force per bolt caused by internal pressure  (kip)

The additional bolt load was added to the residual preload and then ratioed to the
residual preload. This ratio was used to adjust, upward, the residual combined stress in the
bolt. Based on the revised bolt stresses a new allowable flaw depth was computed. Since the
bolt stress was revised upward (increased), it was not necessary to recalculate the joint
integrity because a lower bolt stiffness used to establish joint integrity.

ur hani nalysis:

General Considerations:

Stress Intensity Factor (SIF) formulat.ons from available literature were
reviewed and used in the current evaluation. The fracture mechanics evaluation for the CRD
cap screw were divided into three regions , to account for the different stress profiles in these
regions, as follows:

1) Thread Root
2) Shank
3) Head-to-Shank Fillet

The metallurgical evaluations of the CRD cap screws at GGNS and RBS (references
3, 4 & 15) clearly demonstrate that the corrosion induced flaws were predominantly located in
the head-to-shank fillet region. There were a few groove type pitting flaws located in the
mid-shank region. There were no flaws found in the thread root region of the CRD cap
screws. Hence the fracture mechanics evaluation of the thread root 1egion was performed and
presented here for the sake of completeness.
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The magnitude and type of stress used in the various fracture mechanics formulations,
by the cap screw region of evaluation, were obtained as follows:

1) Thread Root - Tension stress due to boit preload from reference 3.

2) Shank - Tension stress due to bolt preload from reference 3.
3) Head-to-Shank Fillet :- FEA and stress linearization presented in previous
section.

The nomenclature for the applied SIF, used in this report, is subscripted with the
initials of the author(s) of the formulation. In this manner the data files in Appendix 2 could
be “1sed to develop combination plots for comparison. For the applied stress terms the
nomenclature is as follows:

Stress Type Anp.:nﬂu iterat
Uniform Tension So : 0, 0, 0y
Membrane P o
Bending Py O
Peak Surface S peak Used to define the variable stress
Nominal Sem profile using the strain energy density

In Appendix 2 for each solution the terms utilized in the solution are defined and
where the linearized profile was used the linearization scheme has been presented. The
solutions described in the following sections follow the solution numbers of Appendix 2. All
formulations were solved iteratively, for various flaw depths, using Mathcad 7 protessional
version. Appendix 2 provides all the Mathcad files and evaluated data.

Stress Intensity Factor Formulations (See Appendix 2 for details).

SOLUTION IA through IC:

Formulations provided in reference 18 were based on an evaluation of other availabie
solutions and experimental data The authors of this reference developed an empirical
correlation to fit all the available data in the literature at that time. The final solution was
developed to accommodate the differences in the behavior of K, for two different crack
profiles, namely: a circular crack front and a straight crack front. The cases considered were
for a single crack in a round bar. The empirical equation developed facilitated a smooth
transition between the K, behavior for the two crack profiles. The effect of the thread root
was incorporated using an exponential term in the equation for tensile stresses. However for
the bending stress this effect, the exponential term was not incorporated owing to lack of
sufficient experimental data (reference 18). The equation for K; was:
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For Tension (membrane) stress:

Ki = ovna (2,043 ™ +0.6507 +0.5367x + 3.0469x" -19.504x" +45647x") - (1)
Where; x = a/D | and a = flaw depth, D = nominal bolt diameter.

Likewise for bending stress:

Ki = a,Vra (0.6301 + 0.03488x - 3.3365x" + 13.406x - 6.0421x" ) - (2)

As mentioned earlier, the exponential term is not used in equation 2. In order
to utilize equation 1 in the shank region, following the recommendation of reference 18, the
exponential term was ignored. In the head-to-shank transition region where bending stre.ses
dominate at the surface, equations | and 2 are superimposed (added) to obtain the total stress
intensity factor. The equations used in the present evaluation for the three regions of the cap
screw were combined as follows:

Thread Root Region . Equation 1
Shank Region . Equation 1 without the exponential term
Head-to-Shank Fillet 1< jjon: Equation | w/o exponential term + Equation 2

Details of the solution for the CRD cap screws are provided in Appendix 2 as
solution numbers 1A through IC.

SOLUTION I1

This formulation, from reference 19, follows from the solution developed in
reference 18. The general form of the stress intensity factor equation retains the same form as
in equation 1 bu: the coefficients were modified based on the author’s empirical evaluation of

additional data. The equation was developed only for tension (membrane) loading and is
provided below:

Ki= ovra (243754 0.5154 +0.4251x +2.4134x" - 15.4491x° + 36.157x" ) - (3)

A comparison of equations 3 and 1 shows that the behavior of K, with respect
to the normalized crack depth would be similar. In Appendix 2 the solution provided is for
the thread root region only since the other regions were evaluated by the solution presented in
the preceding section. Details of the solution are provided in Appendix 2 solution 11
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SOLUTION I A & IIIB and SOLUTION IV

The stress intensity factor solutions were obtained from reference 20. These
solutions were for part circumferential circular fronted cracks and were empirically developed
based on experimental data and analytical results from finite element analysis. In these
solutions the tension and bending loads were explicitly considered. The stress intensity factor
solution provided (reference 20) were:

Ki= ¥ma {0, Fo (M) + op Fy (A) }  ==eeemee(d)

with:
Fo () =g (1) [ 0.752 + 2.02) 40.37(1- sin(r/2)’ | === (5)
Fy (0) =g (A) [ 0.923 +0.199(1- sin(m/2)' |« (6)
g (1) =0.92 (2/n) {(V[tan(mA/2)/(xA/2)] / cos (mA/2)}  ===eme (7)

where: A = a/D and a= crack depth, D= nominal bolt diameter.

In the head-to-shank transition region, the stress profile obtained from
linearization of the finite element analysis results provided the tension and bending stresses
explicitly (Appendix 1). The applied stress intensity factor results for this region is provided
in Appendix 2 as solution . "IA.

For the shank region, where the uniform tension stress dominates, equation 4
was modified to eliminate the bending term, since the bending stress is negligibly small. The
resulting values for the stress intensity factors are provided in Appendix 2, soluticn ITIB.

In order to evaluate the significance of the rapidly decaying surface stresses at
the head-to-shank transition region the tensile stress term in equation 4 was defined as a
linear variable dependent on the normalized crack depth. The decaying stress was forced to
reach the value of the uniform tension stress at a depth determined from the stress profiles
(strain energy density) developed from the finite element analysis. The final formulation used
in determining che stress intensity factor and the results for the applied stress intensity factors
are provided in Appendix 2 solution V.

SOLUTION VA &VB

The formulation used in raodeling the crack are a combination of the tension
and bending solutions for straight fronted cracks provided in reference 18 The equations
utilized (reference 18), are as follows:

K= 0,¥na (0.926 - 1. 771x + 26.421x° - 78.481x" + 87911x") +
o, ¥ma (1.04 - 3.64x + 16.86x° - 32.596x" + 28.41x") P—
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In the solution of equation 8, the tension stress (o,) is the nominal membrane
stress removed from the discontinuity (Sqem) Where the stress profile attains an asymptotic
value. The bending stress (o) is defined as a linearly varying function of crack depth and the
strass profile was developed using the strain energy density principle (Appendix 1) The
details of adapting the stress profile to determine the bending stress is provided in Appendix 2,
solution VA. Solution VA was developed for the head-to-shank transition region and the
actails of the applied stress intensity factor determination as a function of crack depth is
provided in Appendix 2, solution VA

The straight fronted crack solution of reference 18 was used to develop the
applied stress intensity factor in the shank region of the bolt. In this evaluation the
tension (membrane) stress used was the tensile stress developed in the shank region due to
bolt preload. The applied stress intensity factor equation is the same as the tension portion of
equation 8, and is as follows:

K= o,¥na (0.926 - 1. 771x + 26.421x° - 78.481x" + 87.911x") - (9)

The details of the evaluation for this equation as it applies to the CRD cap
screw is provided in Appendix 2, solution VB.

SOLUTION VIA & B

The solutions developed for analysis use the circumferentially notched bar
geometry described in reference 21. For this geometry the crack is simulated as a full
circumferential crack. The solution provided in reference 21 is for tension loading and hence
for the head-to-shank transition region a linearized stress profile, developed using the strain
energy density principle (Appendix 1), was used to determine the net section tension stress
(0ne). The stress intensity factor solution for this geometry, from reference 21, is given as

K= Ope VD fld/D) ---(10)
with: Ot = SHA/DY -=(11)

where:
o = nominal tension stress in bar (ksi)
d = reduced diameter at the notch (in)
D = nominal diameter of bar (in)
f{d/D) = influence function, table S of reference 19.

In order to utilize the influence function {f{d/D)} in a parametric form, data
from table S of reference 21 was curve fitted with a ninth order polynomial with (d/D) as an
independent variable. This would permit determination of the influence function at various
crack depths in a continuous manner. The resulting polynomial was tested against the values
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in table 5 of reference 21 and good agreement was achieved. The polynomial developed is
provided in Appendix 2, solution VIA.

The applied stress intensity factor in the head-to-shank transition region was
evaluated using two variations of equation 10 above. in the first formulation the tension
stress was the linearized peak surface stress (strain energy density principle), and the influence
function was taken at its maximum value of 0.24 from table 5 of reference 21. This solution is
identical to the solution utilized in reference 3. This solution is provided in
Appendix 2, as solution VIA-I (constant stress). The second formulation the stress term of
equation 11 was defined as a linear variable of crack depth. The linear
stress profile was determined from the finite element stress contours and linearized using the
strain energy density principle (Appendix 1). Additionally the influence function was defined
by the polynomial function described earlier. The applied stress intensity factor determination
is provided in Appendix 2 as solution VIA-IL

For the shank region the stress term was set equal to the nominal tension stress
developed in the shank due to bolt preload, and the influence function was defined by the
polynomial furction. The applied stress intensity factor determination is provided in Appendix
2 as solution VIB.

SOLUTION VII

The development of toughness requirements for bolting materials, reference
10, were based on the following findings:

1) The stress intensity factor for notched cylindrical bars when tested in bending
showed a rapid rise with increasing crack depth. This was attributed to the
assumption that the notched region on the compressive side could not sustain
compression,

2) The observation that tight cracks could sustain compressive loads; and,

3) The single edge notched geometry (SEN) was considered to be more
applicable for bending loads.

Thus in reference 10, the stress intensity factor determination to support
fracture toughness requirements were based on superposition of the tension solution from
notched cylindrical bar testing and the bending solution from the single edge notched
specimen. Hence the combined (superposition) solution accounted for both the effects,
tension plus bending.

In a similar manner, the tension solution from reference 21 could be combined
with the bending solution of reference 20. In reference 18 a straight crack front profile
solution was used and in reference 20 a solution for a circular crack front profile was
developed. It was demonstrated in reference 18, that the stress intensity factor for a straight
crack front was always higher than that for a circular crack front for lower crack depths At
larger crack depths *he results for the two crack front profiles converged. This aspect
suggests that a bounding solution can be obtained by using the stress intensity factor solution
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for a straight crack front profile for bending loads. Thus in this solution the tension solution
for a circumferentially notched cylindrical bar (reference 21) was superimposed on the straight
crack front solution in bending (reference 18). The resulting formulation can be represented
in the following equation:

K = o/(dD) VaD f(d/D) + o,Vra (1.04 - 3.64x + 1686x" - 32.59%6x" + 2841x") - (12)

The variables in the above equation have been previously defined. This
combined solution follows the logic utilized in reference 10, which was the bases document
for establishing the fracture toughness requirements presented in Section III of the ASME
Boiler and Pressure Vessel code. The tension stress (o,) was taken as the membrane stress
component (P,,) determined by the profile linearization (Appendix 1), in accordance with
Appendix “A” of references 5 and 6. The influence function was the polynomial equation
described earlier. The bending stress is the bending stress (o) was taken as the bending stress
component (Py, from the linearization mentioned above This solution was developed
for the head-to-shank transition region only. The details of the evaluation are presented in
Appendix 2, as solution VIL.

SOLUTION V1II

This solution is applicable in the head-to-shank transition. The stress intensity
factor solutions were obtained from reference 24. The solutions were developed for a full
circumference notch in a cylindrical bar subject to bending and tension. The applied stress
intensity solutions are as follows:

Ke=0 Vra {0.5x"* (1 +0.5x +0.374x* - 0.363x" + 0.731x" )} (tension) -~ (13)
and,
Kp = oy Yra {0.375 x2% (1 + 0.5x + 0.375x" + 0.3125x" + 0.2734x" + 0.537x")} (bending) -- (14)

where x = (D-2a)/D; a = flaw depth and D= diameter of shank

The above equations were combined to produce the solution for the head-to-shank
transition. Details of the equations and results are presented in Appendix 2, solution VIIL

Mechanical Testing:

Mechanical testing of CRD capscrew material was performed to:
1) Determine mechanical properties to establish equivalency with the CRD capscrew
material.
2) Obtain load-strain trace for applied loads equivalent to the CRD capscrew preload
at operating temperature.
3) Evaluate the load-strain traces to determine the effect of notch depth, and to
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establish the instability load and strain.

4) Elastic-plastic notch analysis, using Neuber's rule, to determine the limiting load
for net section yielding.

5) Comparison of results from testing and the notch analysis with the limiting flaw
depth determined by analysis.

The purpose of the testing is to provide experimental verification for the
analytically determined flaw limits. The determination of net section yield load and strain
would provide the basis for the verification.

Appendix 4 provides the details of the mechanical testing and the notch
analysis performed.
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5.0 Discussion:
Review of Field Inspection Data {GGNS & RBS)

A review of the data contained in references 3, 4, 16, 17 and 23 show the

following:
Site/Year Number of CRD Cap Screws Number Confirmed Max. Depth
Inspected  w/lnd. (visual) LP Test Other Method (mils)
GGNS/1992 176 17 17(10.23%) . 420
GGNS/1996 208 78 55(15.4%) 32! 46.0
RBS/1992 400 53 49(12.25%) . .
RBS/1996 24 9 3(12.5%) ' 58.0

Notes: 1) Eddy Current Test.
2) Stereo Microscopy (after cleaning).

In summary the information reviewed and the field results presented above
show the following:

1) The percentage of cap screws with verified indicarions were between 10% to
15.5% of the number inspected, considering a large variation in sample size.

2) The maximum measured depth (metallographically determined), show depths
between 42 to 58 mils. The measured difference at GGNS between 1992

and 1996, covering two cycles of operation, is 4.0 mils.

3) The morphology of the flaws, determined by metallography, at both GGNS
and RBS were similar. Pitting was the predominant flaw type with occasional
cracks at prior austenite grain boundary. These grain boundary cracks were

limited to a grain diameter (reference 3). In all the metallurgical evaluations
performed (references 3, 4 and 17), no overwhelming evidence of stress
corrosion cracking was found

4) The EdCy Current test method for determining the flaw depth was

demonstrated to provide a conservative (upper bound) estimate (reference
4).

In order to provide a perspective of the flaws found on the CRD cap screws at
GGNS, one of the cap screws removed in 1992 was photographed with the aid of a stereo
microscope.. Figure 4 presents the photographs from the head-to-shank transition region
These photngraphs were taken at three azimuthal locations. From these photographs it is
evident that the flaws in this region are short, basically elongated pits. In some instances there
appears to be a linear flaw joining the adjacent pits. The typical flaws observed on CRD cap
screws, in the head-to-shank transition region, are discontinuous elongated pits around the
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circumference and are confined to the fillet radius. Therefore, a full circumferential notch
assumption at this location is conservative.

Stress Corrvosion Cracking Threshold

The ASME Section XTI allowable, established for this report, was based on the
Kisce value obtained from reference 12 at 130 ksiVin. This data was shown to be
representative of the behavior of low alloy quenched and tempered steels in a water or humid
air environment. Two sets of data presented in reference 24 for Kiscc show ; that the
water/humid air environment data to be agreement with the data from reference 12 and the
data for aqueous chlorides/sea woter show lower Kisee values. In reference 24 the NRC
lower bound curve was also presented for comparison. The NRC lower bound curve appears
to be an absolute lower bound to all data. Thus the values for Kiscc are significantly lower at
the yield strength le el of interest. It should be emphasized that the environment of interest is
not as aggressive as the aqueous chlorides and the yield strength levels are well below the
levels at which stress corrosion cracking is a cause for concern. Therefore the aqueous
chloride data and the NRC lower bound data can be considered as affirmation for the factor of
safety provided in the ASME Section X1 article IWB-3612. Hence the threshold value for
Kisce , which is applicable to the environment for the CRD cap screws, is 130 ksiVin

Stress Analysis

The shape of the stress profiles obtained from the finite element analysis are in
agreement with the stress distributions presented in reference 8. The use of alidated stress
profile based linearization technique provides a comprehensive nethod to evaluate the load
carrying capability of the CRD cap screw. Conservative assumption of a full circumference
notch to represent the observed pitting damage would provide a lower bound degradation
depth that would preclude tensile failure of the cap screw and preclude joint separation  The
structural evaluation of the cap screw (see Appendix 3) using upper bound degradation
showed that joint separation is precluded. The calculated external load (Ly), caused by a
maximum internal pressure of 5,872 psi, was 13.909 kip. and the joint separation load
required for the residual preload (L) was 20.615 kip. Therefore under the worst
combination of degradation and maximum internal pressure joint separation will not occur
since Lx < Ly . The evaluation of bolt strength showed that a flaw of 0.107 inch would not
cause the bolt to exceed the ASME allowable vaiue of 3S,, for the combined load of residual
preload plus the external load from maximum internal pressure. Therefore for a full
circumferential flaw with a depth of 0.107 inch the evaluations presented in Appendix 3
demonstrate.

1) No joint separation, under the maximum internal pressure load, would occur, and,
2) The cap screw will not fail by overload under the combined loads from residual
preload and maximum internal pressure.
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Fracture Mechanics Evaluation:

IWB 3612 criterion) stress intensity factor.
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The fracture mechanics evaluations presented in Appendix 2 were performed
to evaluate the assumed tlaws in three separate regions. These regions were analyzed
separately owing to the distribution of stresses in these regions. The finite element analysis
was only performed for the head-to-shank transition region because the steep stress gradients
necessitated the decomposition of stress into tension and bending components for use in
fracture mechanics formulatiorns. For the shank region where uniform tension prevails,
straight forward fracture mechanics formulations were available. In the thread root region,
recent empirical formulations had become available which used the nominal tension in the
shank as the prevailing stress. The discussion, presented below, provides a synopsis of the
application of the fracture mechanics solution as it was applied to the CRD cap screw in the
three regions. For each of these regions the depth of degradation (flaw depth) of 0.150 inch
was used to compare the applied stress intensity factor with the allowable (ASME Section X1

Head-to-Shank Transition

The results of the finite element analysis show the stresses in this region
to be highly non-linear. For the fracture mechanics analysis two approaches to accommodate
the non-linear stress profile were used. The two approaches, depending on the particular
stress intensity factor formulation, have been described earlier in this report. The results from
the various fracture mechanics formulations were compared with the allowable ASME limit
(Section X1, IWB 3612) of 91.92 ksiVin. This comparison is graphically presented in figure
5. In the previous evaluation (reference 3) a flaw depth limit, based on a full circumferential
notch, was set at 0.150 inches (150 mils). The table below provides the pertinent results from
the current fracture mechanics evaluations at a flaw depth of 0.150 inches

|_Appendix 2 Crack Type & Profi'e K @ 0.15" Applied Stress Form
Solution # Type Profii ksivin
B Single Circular 32.5 Py + Py
1A Single Circular 32.5 Py + Py
v Single Circular 2688 Profile, Note |
VA Single Straight 32.0 Profile, Note |
VIA-1 Full Notch 85.0 Surface Peak Stress from
Circumference linearized profile in note |
VIA-II Full Notch 4R 0 Profile, Note |
Circumference
Vil Full Circum. Notch 50.0
& & P,,. + P
Single Straight
VI Full Notch 81.64 P.+P,
Circumference L
Note |: Linearized profile using strain energy density principle.
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The fracture mechanics results presented above lead to two observations,
which are:

1) The single crack model prodiices a lower applied stress intensity than
that for a fuil circumferential notch; and,

2) For a full circumferential notch, the method of applying the stress profile,
whether decomposed values (P, + Py) or a linearized profile, does not affect the
apy'ied stress intensity value in a significant way.

The case {or a full circumferential notch subjected to an applied stress equal to
the peak stress (solution VIA-I) is not a realistic analogue, rather a very conservativs upper
bound. This case was evaluated because the flaw depth limits for the inspection scope
expansion in reference 3 used such a model. As can be seen from figure 5, the applied stress
intensity at the depth of interest (0.150 inch) is below the allowable value for all cases
evaluated. The results from all the iracture mechanics solutions clearly demonstrate that the
flaw depth limit for scope expansion, established in reference 3, was rational based on fracture
mechanics results. At this flaw depth some margin to the allowable ASME limit of Section XI
IWB 3612 (references 5 and 6) exists. Solution VIII which used a full circumference notch
subjected to a combined tension plus bending stress yielded high applied stress intensity
values. Thuse values were very close to the results from Solution VIA-1. These very high
values can be explained by the discussions provided in reference 10, which indicates that the
full circumference notch is expected to yield a high stress intensity factor when analytically
determined. The reasoning (reference 10) provided, suggests that
analytically the notched bar in bending cannot support a compressive load on the opposite side
and this leads to the unrealistically high stress intensity. Therefore, in reference 10 a
superposition of two flaw models, similar to solution VII was developed to establish fracture
toughness requirements for bolting. The rapid decay of stress in this region, as shown by
finite element analysis, from a peak at the free surface 0 below the nominal value in the shank
region occurs within 0.03 inch. Thus, in accordance with Appendix “A” of reference 5 and 6
it is appropriate to linearize the stresses in this region. When the results of the linearized
stresses, stress components, are used as applied stress in determination of the applied stress
intensity, then a realistic but conservative value is obtained. From figure 5 it is observed that
for flaw depths below 0.130 inch solution VIA-II provides a more conservative value. At
“aw depths above this value solution VII provides a more conservative value. This point is
academic, since at the flaw depth of interest solution VII provides a conservative value for
applied stress intensity. At the flaw depth of interest (0.150 inch) the calculated applied stress
intensity is shown to be below the allowable ASME limit.

Shank Region

In the shank region, removed from discontinuities, the stress
distribution due to bolt preload is very uniform at an applied stress of 56.5 ksi. For this
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region the available stress intensity factor solutions were evaluated using a uniform tensile
stress of 56.5 ksi. The crack front profiles evaluated were: straight front crack, circular front
crack, and a full circumference notch. Details of the evaluation are provided in Appendix 2.
Figure 6 presents the results for the applied stress intensity factor as a function of flaw depth
for this region. The table below presents a summary of applied stress intensity factors at a
flaw depth of 0.150 inch, which was the flaw depth recommended for scope expansion
critenion in reference 3.

Circumference

9 ik
 Appendix 2 1§ Crack Type & Profile K; @ 0.18" Applied Stress Form
| Solution # AR 5 | . . Profile ksiVin
IC Single Circular 30.34 Uniform Tension (56.5 ksi)
111B Single Circular 30.19 ' Iniform Tension (56.5 ksi)
VB Single Straight 42.79 Uaiform Tension (56.5 ksi)
VIBE Full Notch 53.77 Uniform Tension (56 5 ksi)

From figure S it is observed that the full circumference notch produced the

highest applied stress intensity, followed by the single straight front crack profile At the
crack depth of interest (0.150 inch), the above table shows that the highest applied stress
intensity is 53.77 ksivVin. This value of applied stress intensity is considerably below the

allowable applied stress intensit

, in accordance with ASME limits in IWB 3612 (references

5 and 6), 6£91.92 ksiVin. Thus the flaw depth prescribed for scope expansion is shown to be
conservative with a margin of 1.71 with respect to the allowable value.

Thread Root Region

In the CRD cap screws inspected to date there has been no evidence of
flaws in this region based on detailed visual inspection of about six hundred (600) cap screws
However, for the sake of completeness fracture mechanics analysis for this region was
performed. The applied stress was teken as the nominal tension in the shank due to bolt
preload and the value was 56.5 ksi. Two applied stress intensity factor solutions were found
in the literature for thread root region (references 18 and 19). Both sclutions were evaluated
and the details of the analysis are provided in Appendix 2. The results of these evaluations are
summarized in figure 7. From figure 7 it is evident that the applied stress intensity at a flaw
depth of 0.245 inch is below the applied stress intensity for the other two regions at the
limiting flaw depth of 0.150 inch. In this region the flaw depth is considered to be the sum of
thread depth plus the flaw depth. For the CRD cap screw the thread depth is approximately
0.09375 inch. The fracture mechanics presented in Appendix 2 shows that the flaw depth for
the scope expansion criterion of 0.15 inch (reference 3) is conservative for this region. This is
substantiated by the fact that for a flaw depth of 0.150 inch the additional depth of the thread
of 0.09375 would result in a total depth of 024375 inch. The applied stress intensity at this
total flaw depth is 45 87 ksiVin. This value of applied stress intensity is sufficiently
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below the allowable value of 91 92 ksiVin. The margin to the allowable value is 2.00
Additionally the specification for the CRD cap screws (reference 22) indicates that the threads
were formed by rolling rather than by machining. The threads formed by rolling would have a
compressive residual stress at the thread root. Therefore the likelihood of developing stress
corrosion cracks in this region is very low given the high threshold stress intensity (K) and
the existence of compressive stresses at the thread root.

Mechanical Testing :

The scope, testing details and results from the mechanical testing and notch
analysis are provided in Appendix 4. The mechanical testing consisted of ensuring that the
materials used for notched tension testing had equivalent material properties and that the
shank diameter of the bolts was equivalent to that of the CRD capscrews The results from
the tests to establish material’s mechanical properties demonstrate that the procured bolts
were equivalent to the material used to manufacture the CRD capscrews. The tension tast
data was also used to determine the Ramberg-Osgood coefficients. The determined
coefficients from the test data compared favorably with data from published literature for
similar materials. The Ramberg-Osgood material model enables incorporation of work
hardening behavior in the notch analysis.

The load-strain behavior of both the un-notched and the notched specimens
were very similar. The measured specimen strain (nominal strain) for all specimens tested,
(one CRD capscrew removed from service at GGNS, two un-notched procured bolts and two
specimens for each notch depth of 100, 125 and 150 mils). up to a maximum load of 36.0 kips
were nearly the same. Results from a linear regression < the strain and notch depth data,
including un-notched data, showed that the notch depth did not affect the nominal strain up to
the max load of 36.0 kips and notch depth of 150 mils. The load-strain behavior was linear
elastic as indicated by a lirear load-strain trace and clear absence of residual strain upon
complete unloading of the specimen. The load where net section yielding occured, discernable
by a departure from linearity on the load-strain trace, was well above the maximum expected
preload for the CRD capscrew.

The notch analysis performed showed that at the maximum applied load of
36.0 kips net-section yieiding was precluded as the notch strains remained well below the
crtitical strain required for net-section yielding. The results presented in Appendix 4 clearly
demonstrate that, for the limiting flaw depth and anticipated CRD cap screw loads, net-section
yielding does not occur.
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6.0 Conclusions:
The results of the analyses presented support the following conclusions

1) The structural analysis of the CRD cap screws and CRD flanged joint produced a
a maximum degradation depth of 0.107 inch, based on a full circumference flaw

2) The fracture mechanics evaluation showed that at a degradation depth of
0.150 inch, stress corrosion crack initiation is not likely.

3) The scope expansion criterion of reference 3 was based on fracture mechanics
evaluation and did not consider the potential for failure by overload of the net
section. Therefore, the scope expansion or screening criterion is revised (lowered)
from 0.150 inch (reference 3) to 0.107 inch based on the evaluations presented in
this report.

4) The fracture mechanics evaluation also supports the observed flaw
morphoiogy, that no evidence of stress corrosion cracking were found. This
conclusion is based on the results showing the applied stress intensity at all
locations of the CRD cap screw to be significantly below the Kiscc value.

§) The flaw depth measured by Eddy Current testing provides an upper bound
value. The upper bound estimate of flaw depth coupled with the conservative
threshold depth set for scope expansion criterion provides good assurance
against premature failure of CRD cap screws.

6) The measured flaw growth of 4.0 mils over two cycles of operation indicates

that there is no evidence of an active stress corrosion cracking mechanism

A comparison of the results from the metallurgical evaluations of the 1992 and
1996 GGNS reports, provides additional support to the results obtained from
the fracture mechanics evaluations.

7) Based on the maximum flaw depth and the observed growth rate for degradation
the scope expansion criterion, in terms future operating cycles, can be
conservatively defined as:

Present Depth (inch) + 0.008 x( number of cycles to next inspection) < 0.107
8) Mechanical testing and notch analysis confirm the analytically determined results, |

for the limiting flaw depth subjected to anticipated loading, that net section
yelding is precluded.
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Figure 4: Stereo Microscope Photographs of Flaws in CRD Cap Screw
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Appendix 1

Finite Element Analysis of CRD Cap Screw
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Appendix 2

Fracture Mechanics Evaluation of Flaws in Bolts
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A.ppendix 1: Finite Element Analysis of GGNS CRD Bolt

1.0 Finite Element Model Data

1.1 Geometry: Two CRD bolts were modeled: one with a 0.05" fillet radius (model
bo5a.nis), which exists on the actual CRD bolt, and one with a 0.075" fillet
radius (ho75 nis) to show the effects of a slightly larger fillet on the through-
thickness stress profile. The dimensions on the half cross section of the bolt
are given in Figures 1 (for the 0.05” fillet) and 2 (for the 0.075” fillet). The
dimensions were taken from hand measurements on an actual CRD bolt. A 2"
segment of the bolt shank has been modeled. The lock wire holes and
hexagonal head were not modeled, to preserve the simplicity and refinement of
the finite element mesh; this was justifiable, since the high stress
concentrations correspond to regions near the fillet radius and not on the upper
head portion of the bolts.

1.2 FEA Model: The CRD Bolt was modeled as a 2-D axisymmetric model (shown
in Figures 3 and 4) using the NISA [/Display III finite element program. The
model consists of nodes and elements (NKTP=3, NORDR=1) representing the
right-hand side of a 2-D cross section of the bolt. The axisymmetric model
interprets the cross section as a full 360° bolt. Axisymmetric elements were
used to allow greater refinement of the mesh around the fillet at the shank-to-
head region. As mentioned in Section 1.1, the hexagonal bore in the bolt head
was modeled as a cylinder in the axisymmetric model for simplicity and
because stresses in this portion of the bolt are relatively low.

1.3 Material Properties: The CRD bolt is made of SA-193 Gr. B7 (4140) steel,
with a modulus of elasticity of 30 x 10° psi. Poisson’s ratio was taken as 0.3.
The material yield strength from ASME B&PV Code Section I, Part D, 1992
Edition (ref. 11), S, = 105 ksi and the ultimate strength, S, = 125 ksi. The
design stress intensity, Sy, = 29.5 ksi (at 550°F).

1.4 Applied Loads: A tension stress of 56,500 psi was applied to the end of the bolt
shank (as shown in Figures 2 and 3). This stress represents the preload on the
bolt.

1.5 Boundary Conditions: Fixity boundary conditions in both the x- and y-
directions (uy = u, = 0.0) were applied along the bottom of the bolt head, from

the edge of the head to just before the onset of the fillet radius.

2.0 Stress Analysis of CRD Bolt from FEA Results

The CRD bolt was anaiyzed for stresses in the fillet region caused by tension due to
preload and bending due to the constraint of the bolt head. The membrane (P,,) and
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Appendix 1: Finite Element Analysis of GGNS CRD Bolt (cont.)

bending (Py) components of the sectional stress are needed in the fracture r . hanics
correlations.

2.1 Linearization of Stresses

The most critical failure plane for the bolt is a horizontal plane extending from
the peak stress location on the surface of the fillet through the thickness of the
bolt. This plane is denoted in Attachment 1, Figures 1-3 and 1-4 (b05a. nis) and
in Attachment 2, Figures 2-3 and 2-4 (bo75.nis), as Plane A-A. itis
constructed by drawing a horizontal line from the peak stress node through the
bolt cross section. The distance from the reference (peak stress) node to each
node (or nodes) along the horizontal plane, closest to the line, is measured.

The von Mises stress at these nodes is then plotted against the distance along
the plane to give the through-thickness stress profile, as given in Graph 1-1 in
Attachment 1 (ho3a.nis) and Graph 2-1 in Attachment 2 (ho75 nis). Since the
bolt material is a very ductile material, stresses obtained using the von Mises
theory of failure most accurately predicts the state of stress along the horizontal
Plane A-A. Thus, these stresses are used in the linearization procedure, with
minimal loss of accuracy over using all the component stresses.

The stress profile begins to go linear as the distance through the bolt increases,
an effect of bending (due to constraint of the bolt head) on the applied preload.
To resolve the stress profile into separate bending and tension components of
stress, the entire profile was linearized using basic principles of mechanics of
materials.

To determine the average membrane (or tensile) stress, P, across Plane A-A,
the trapezoidal method of numerical integration was used to calculate the area
under the stress profile using the von Mises stress values at the given points
through the thickness. The average stress is determined by

n-|
R ’12‘%.(&, +80 )5 -%) Eqn. (2-1)

where, Sym avg is the average (von Mises) stress, 7 is the thickness to the
midplane (for an axisymmetric model), and S,,, and x are the n-data points
taken from the finite element model for von Mises stress and nodal distance,
respectively (whether boSa.nis or bo75 nis).
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Appendix 1: Finite Element Analysis of GGNS CRD Bolt (cont.)

2.2

2.3

The total membrane plus bending stress, Py, +Py, is found by performing a linear
curve fit on the through-thickness stress profile. The y-intercept of the
resulting line will fall below the peak stress value of the bolt and represent the
total membrane plus bending stress for the bolt along Plane A-A. The bending
stress component, Py, is found by subtracting P,,, in Eqn. (2-1) from the total
membrane plus bending stress found using the linear regression technique.

Attachments 1 (for the 0.05" fillet) and 2 (for the 0.075" fillet) give detailed
Mathcad calculations of the P, and Py, values, as well as graphically show the
linearization of the stress profile.

Use of Membrane and Bending Stresses in K Solutions

The bending component of stress is caused by the constraint of the CRD bolt
head. When performing calculations to determine the stress intensity factors
(Ky) for the bolt, several correlations require a separate stress value for both
tension and bending. For Plane A-A which extends from the location of peak
stress in the fillet radius of the bolt to the mid-plane of the bolt (due to
axisymmetry), the membrane stress is less than the applied tensile stress in the
shank of the bolt. The membrane plus bending stress, however, is greater than
the applied tensile stress. The use of Py, and Py, in K correlations includes the
effects of the stress concentration by the fillet on the sectional properties of the
bolt.

Results of FEA and Stress Analysis

The membrane and bending stresses obtained from the finite element analyses
and subsequent stress analyses of the CRD bolts with a 0.05” fillet radius and a
0.075" fillet radius, along the Plane A-A, are as follows:

FEA Stress Component (nnits in ksi)
Model Membrane, Py, Bending, Py Total, Py+Py
0.05” bolt 34212 35.564 69.776
0.075" bolt 33.502 36.055 69.557

Strain Energy Approximation to Bolt Stress Profile

An additional stress linearization technique w.s used to determine a piece-wise
linear approximation to the stress profile based on a linear regression, followed
by a constant loading across the bolt at Plane A-A. This approximation was
justified based the stress profile becoming approximately linear at a distance
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Appendix 1: Finite Element Analysis of GGNS CRD Bolt (cont.)

through the bolt (along Plane A-A) of 0.25 inches. Graphs 1-2 (Att. 1) and 2-2
(Att. 2) show the point of linearization, around 0.25 inches. To create an
approximation to the stress profile, the concept of equivalent strain energy
density was used. With this technique, the area under the stress profile
(calculated using numerical integration), divided by the thickness of the bolt at
Plane A-A, is equal to the strain energy density (strain energy per unit volume)
of the bolt at this location,. The equation for strain energy density, therefore, is
a modified form of Eqn. 10.4 from ref. 13:

o¢ = nzl(—;(s., +8,. ) (‘i";:f‘)} Eqgn. (2-2)

1=]

where, e is the strain density per unit volume (units of in.-Ib./in’), S, is the
von Mises stress, x is the distance along Plane A-A, and ¢ is the thickness of the
bolt at Plane A-A (half the total thickness due to axisymmetry. All other
dimensions cancel since the only different dimension terms are the thickness, t,
and the distance, x across the horizontal cut plane. Eqn. (2-2) is identical to
Eqn. (2-1) for average stress, except that it applies to the strain energy density
and is used differently.

The strain energy density derived from Eqgn. (2-2) is then assumed to be
concentrated within the first 0.25 inches along Plane A-A; that is, the entire
stress in the bolt head-to-shank region is considered to linearly regress from an
initial value to the stress at a distance approximately 0.25 inches from the
surface of the fillet. This is due to the behavior of the stress profile at this
point. At a distance of approximately 0.25 inches from the surface, the stress
profile begins to flatten out and remain linear, with only a very small siope,
which is attributed the reduction of bending in this region. For use in fracture
mechanics correlations, the stress is then assumed to be constant and equal to
the value at 0.25 inches from the surface; however, the strain energy will be
considered concentrated only in the first 0.25 inches from the surface.

The equation for this formulation is as follows:
Ot t = %(a,, + 045 )d Egn. (2-3)

where, o, is the y-intcreept (reference) stress after linearization, oy »s is the

stress at approximately 0.25 inches into the bolt from the surface of the fillet,
and d '« the nodal distance of approximately 0.25 inches (slightly larger, since
an actual point was taken from the FEA model). All other parameters are the
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Appendix 1: Finite Element Analysis of GGNS CRD Bolt (cont.)

same as in Eqn. (2-2). This formula is derived from the equation for the area
under a trapezoid; the trapezoid, as showr: in Graphs 1-2 (Att. 1) and 2-2 (Att.
2) has the two heights as stresses (o, and a 25) and the horizontal width as the
distance, d.

This method is considered conservative, since an actual linear regression of the
stress across the bolt section would reduce the value of the y-intercept stress,
o, and allow the strain energy to be released through the entire bolt section and
not just within a distance of 0.25 inches from the surface.

The stress oy 2. is found in the FEA output at a point closest to 0.25 inches
trom the fillet surface. From the model ho5a.nis, the point on Plane A-A
closest to 0.25 inches from the surface of the fillet occurs between nodes 2493
and 2462, with d = 0.252811 in. The stress at this point is o2 = 23.125 ksi.
From the mode!l bo75 nis, the point on Plane A-A closest to 0.25 inches from
the surface of the fillet occurs between nodes 1749 and 1750, with 4 = 0.24837
in. The stress at this point is gy s = 23.408 ksi.

Since the strain energy density, the bolt thickness at Plane A-A, and the stress
at the predetermined distance of 0.25 inches, o 15, are known, the only term
that is not known is the reference stress, o,. Solving for this quantity using
Eqgn. (2-3), ib. reference stress is o, = 90.229 ksi (for model bo3a.nis) and o, =
90.636 ksi (for rnodel bo75 nis). Mathcad calculations for the strain-energy
approximation are given in Attachments 1 and 2. The regression line using the
strain energy approximation is shown in Attachment 1, Graph 1-2 (for
bo5a.nis), and Attachment 2, Graph 2-2 (for bo735. nis).

The stress values using the strain-energy methods are used in the fracture
mechanics correlations in Appendix 2 to solve for K;.
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Figure 1: Dimensions of Half Cross-Section of GGNS CRD Bolt with 0.05”
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Figure 2: Dimensions of Half Cross-Section of GGNS CRD Bolt with 0.075”
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Attachment 1: Section Stresses on Horizontal Plane A-A through
Bolt Using Von Mises Stress (model bo5a.nis)

To calculate the average membrane stress across the section of the bolt, the trapezoidal method
(from calculus) is used as follows:

There are a total of 31 data points (nodes or average of nodes) taken along Plane A-A

ORIGIN =] n:=3| i=l.n
Node No. x-distance (in.) Von Mises Stress (ksi)
node = X, = Svm'}
2516 0 161338
3524 0.0163108 92.890
2533.2534 0.0309101 66892 |
2543 0 0447637 54.99
2552 00590185 50216
2562 0.0728567 44.067
2572 0.0866949 39711
25822504 0.1005885 38.430
2503 0.114478 37318
2502 0.128311 34.804
2501 0.142144 32.69%
2500 0.155978 30.883
[ 72499 0.169811 29.289
2498 0.183644 27.860
2497 0.197478 26.562
249 0211311 25.366
2495 2464 0.225144 25268
2494.2463 0.238978 24.158
0493 2462 0252811 23.125
4922461 0.266644 22.163
2460 0.280478 22.055
2459 0.294311 20193
2458 0308144 20.403
2457 0321978 19.685
2456 0335811 19.041
2455 0.349644 18.475
2454 0.363478 17.988
2453 0377311 17586
2452 0391144 17.271
2451 0.404978 17.047
2450 0.418811 16912
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tiEx Section Thickness
t=04188
The average Von Mises membrane stress, S, is

n=-|
S ymavg * Z ‘;' ' Svm’ "Svmw‘l 1™

i=|
S vm.avg = __tS vr:a.avg
S vm.avg = 342123 Average stress across the section (membrane stress in ksi)

x1:=0,0.005..0.4205

[ 3
k=1 nth order of polynomial 3
B ‘=regress x,8 .k B=|1
69.7762
S(xd) ‘=interp B,x,S ., xd [~ 163.1087 |

The coefficients for the curve-fit of the stress profile are

coeffs = submatrix( B, 4, length(B),1,1)

D = coeffs | D =[69.7762 ~163.1087)
JEl kel

f:2p%”

J

hi=1..100

¢, =i hs(k+ 1).6,0]
The Stress Function now has a range and va'ue of

F(xd) :=c“~(xd)m+c|o(xd)9+ cg'( xd)'+c'-(xd)7+ ¢, xd)°+c6( xd)5+ Cs‘( xd)‘

3 2
+c‘{xd) +c3-(xd) 1-c2-(m)+o:I

F(0) = 69.7762 S total =F(0)
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Graph 1-1: Stress Profile Through the Bolt: Curve Fit of Stress Data

180

162

126

108

S xd)

S vm,

0 0045 009 014 018 023 027 032 036 041 045
xd, x
1

The function at xd = 0 corresponds (in the iinear curve-fit case) to the intercept of the ordinate

axis. This value is the membrane + bending (P,+P,) compenent of stress through the
thickness of the component.

Thus, the individual stress values for membrane and bending (in units of ksi) are

P *8 o Py =342123
Pb I=Sm|— Svm..v' Pb =35.5639
S otal *Pm+Pp S total = 69.7762 By ' IT02

The theoretical stress concentration factor at the horizontal plane of interest due to
the notch is
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Strain Energy/Equivalent Area

The linearized curve and the actual stress profile cross at approximateiy 0.30 in. through the
thickness. Howaver, at a distance of 0.25 in_, the stress profile is approximately linear, with a
small siope. At this point, the equivalent area under a trapezoidal curve (sloping from a
y-intercept to the stress at 0.25 in., then a constant linear value) is calculated.

The average Von Mises membrane stress, Sym I8 used in determining strain entergy.

n-|

X - X
ot '= Z 1\ SR e approx. strain energy density calculated
P 2 | i1 t from the actual stress profile
oe =34.2123 (in units of kip*in/in3)

There are a pair of nodes located at approximately 0.25 in. (the cut plane passes through
between nodes 2493 and 2462). The distance here is 0.252811 in.

d =0252811 ininches
The Von Mises stress here is
9025 '=23.125 (units in ksi)

The area here forms a trapezoid, with the upper (y-intercept) stress as the only unknown if the
area of the trapezoid is equated to the total strain energy across the thickness of the bolt, along
Plane A-A.

The equation is determined by muliplying the strain energy density (from the actual stress
profile through the bolt) by the thickness, and equating that with the area under a trapezoid of
the stress versus the distance through the oolt at 0.25 in:

Ot'(--;—' 0‘0{'0 0.25 -d

Solving for the only unknown, o,

an LEE L)
=2.
o d

“902s

o o =90.2285
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Thus, the function for this "new" stress profile is.

0=%90.2s
d

m:=

O pew(xd) =i xdSd, o - mxd .0 0.2s)

Graph 1-2: Strain Energy Linearization at 0.25 in. from Fillet

180
160
140
120
O pewl Xd) 10V
- - .
~
S vm, ~
- '0
60
40
AR e e e e
20 —
0-—
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005 01 0n1s 02 025 03 035
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Gruph 1-3: Comparison of the Three Stress Profiles
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DISPLAY III - GEOMETRY MODELING SYSTEM (6.0.0) PRE/POST MODULE

VON-MISES STRESS

347 .1352
RANGE: 161337.7
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F\ Hwve \-\
0.83" bolt (1.5" head) subject to 56,500 psi tension stress (0.05" R)

b0%a.nis:
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o
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[
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21.957
.3974

FMRC-NISA/DISPLAY

DEC/01/97 10:21:23

TY ROTX

.0
S~ ROTY
!?71’7; .‘;__,,X .0
e . : . _ 2 i : ROTZ
c=ll b0?7S.nis: 0.83" bolt (1.5" head) subject to 56.5 ksi tension stress (0.075" R) .0



Ui Jv ¥ voug
10-£00-86-d- ON uaumoao(]

- Sand
o1 7 waunpoeny ‘1 xipuaddy T g W .
0’ (¥ .G/0 Q) SSau3= uotIsSu@]l ISy G GG 23 328lgns (peay ,G " T) 17109 .£8°0 :STU'GLOT
- 5 ‘
LAiUS - ~

)9 IdSIA/USIN-

hd

-
o
M
™

X
o
g

A |

N
0N
\O
T3]

o N
N <
o ~
I QL

s

A8
¢

) -

v Z8/9GT :IONUN
£6°LEOPT * MIIA

INA0OW 1SOd/38d (0°0°9) WILSAS INITIA0W AN¥IIW0IT - III AULSIC



- ~5 wc yi NJ i .del.am N

01 : Aar G (
10-£00-86-d "ON WwWm20( 1L

i 01 7 WAWLIENY | xipuaddy : R

9G:ETI80 64157330
| 93IWzE-111 AYdSIO | |
iay | agx | | ae
Wod | mNn | 93 | LOH | w
NBd | NIm | 510 | Noy |
S3y NN ﬂ %
| |
SIIS-ALTING | |

JWON- 2 JAE™
SAI-13S
1

JAT1OY
N300
HINNOI-X0d

SYIId 31411k

T IR SARE A T

SAI-NIAI

SNOT1dO e

nome . - ] 1 { !




GLOBAL OPTIONS

GEOM FEM | NISA | DYMES | VIEW | POST | MISC SET/S FILES

¢
;

MULTIPLE PICKE

BOX-CORNER
BORDER
ACTIV

ALl

SET-1DE
LAYER-NAME

ENTITY-SETS

KBD | ABT
| DISPLAY IIT-32MEG

Il

| DEC/31/97 ¢7:50:11 |

L R X
! .0
————— S — ()
—————— — —— E—— e —— T —————————————————— k-p B

Appendix |, Attachment 2 to
379 Document No. EP-98-003-01
= o Page 10 of 10
F Fog - '



Appendix 1, Attachment 2 to
Document No. EP-98-003-01
Page 1 of 10

Attachment 2. Section Stresses on Horizontal Plane A-A through
Bolt Using Von Mises Stress (model bo75. nis)

To calculate the average membrane stress across the section of the bolt, the trapezoidal method
(from calculus) is used as follows:

There are a total of 36 data points (nodes or average of nodes) taken along Plane A-A.
ORIGIN = | ni=36 i:=l.n

Node No x-distance (in.) Von Mises Stress (ksi)
node ‘= X = S\«ml:=
2743 0.0 147.009
2754 0.0100371 110823

BB 0.0199504 85433
2776 00264478 71.364
2788 0.0384018 60.504
2799 0.0482995 §5.575
2811 0.0573981 49 506
2822 00674182 47.700
2834 0.0769649 43,643
2846 0.0867444 40,306
2857 0.0971337 40091
2869 0.107367 37.517 |
2881 0.117833 35.296
2893 0.128531 33,354
2905 0.139463 31,640
2917 0.150626 30.105

29291217 01620685 39.867
1293 0.173740 29529
1369 0.185597 28,150
1445 0.197687 26.865
1521 0.21009 35,660
1597 0.222564 24523
1673 0235351 33.445

17491750 0248370 23,408

1825.1826 0261622 22.367
1902 0.275107 22.247
1978 0.288824 21.267
2054 0302774 20,348
2130 0316956 19.495
2206 0331370 711
2282 0.346017 18.003
2358 0360897 17.378
2434 0.376009 16.845

510.2511 0391354 17.260
586.2587 0.40693 1 16,913
662.266) 0422740 16.683
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tiex Section Thickness
t =04227
The average Von Mises membrane stress, Sym I8

n-1

% |

'S vm.avg Z 3 Svml"svm.*' e " 8

i=]
S i S vm.avg
< vm.avg l-_t_
S vm.avg = 33.5019 Average stress across the section (membrane stress in ksi)

xd '=0,0.005..0.4205

k=] nth order of polynomial 3
B ‘=regress x,5 .k 3
S(xd) ‘=interp B,x,S xd i &
Koo 69.557
[ 7166.2468 |

The coetficients for the curve-fit of the stress profile are

coeffs := submatrix( B, 4, length(B),1,1)

D = coeffs| D=[ 69557 ~166.2468)
j=l. kel

f "-'D(’)

J

hi=1.100

¢ =i hs(k+1).,0]

Page 2 of 10
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The Stress Function now has a range and value of

F(xd) e, | xd)m+ cm-( xd)°+ X xd)'+ ey xd)7+c,»( xd)°+ ¢ xd)5 + e xd)‘ i

#c‘-(xd)3+c)-(xd)2+c:~(xd)+c‘

F(0) =69.557 S total ‘= F(0)

Graph 2-1: Stress Profile Through the Bolt: Curve Fit of Stress Data

128

112

43

16

0 0045 009 014 018 023 027 03 036 041 045
xd

The function at xd = 0 corresponds (in the linear curve-fit case) to the intercept of the ordinate
axis. This value is the membrane + bending (P ,+P,) compenent of stress through the
thickness of the component.
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Thus, the individual stress values for membrane and bending (in units of ksi) are

Pm':svm.avg P =335019
Pb =S total~ S vm.avg Py, =36.0551
Stotal P m+ Py S total = 69.557 S ot ‘%69.557

The theoretical stress concentration factor at the horizontal plane of interest due to
the notch is

°pelk‘:5vml
o
K= e Ky =2.1135
Slot
Strain Energy/Equivalent Area

The linearized curve and the actual stress profile cross at approximately 0.30 in. through the
thickness. However, at a distance of 025 in., the stress profile is approximately linear, with a
small slope. At this point, the equivalent area under a trapezoidal curve (sloping from a
y-intercept to the stress at 0.25 in., then a constant linear value) is calculated.

The average Von Mises membrane stress, S, is used in determining strain entergy.

n- |
X - X
ot = Z i Svm *Svm B, approx. strain energy density calculated
Py 2 | il t from the ac*ual stress profile
oe =33.5019 (in units of kip*in/in3)

There are a pair of nodes located at approximately 0 25 in. (the cut plane passes through
between nodes 1749 and 1750). The distance here is 0.24837 in.

d '=0.248370 ininches

The Von Mises stress here is
0 025 =23.408 {units in ksi)

The area here forms a trapezoid, with the upper (y-intercept) stress as the only unknown if the
area of the trapezoid is equated to the total strain energy across the thickness of the bolt, along
Plane A-A.
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The equation is determined by muliplying the strain energy density (from the actual stress
profile through the bolt) by the thickness, and equating that with the area under a trapezoid of
the stress versus the distance through the bolt at approximately 0.25 in:

-l d
ot ¢ 3 001'0 028 °

Solving for the only unknown, o,

e (O81)
G ,=2 i
o, =90.6362

Thus, the function for this "new" stress profile is:
Bhd Bnd bl
[ ; I T —————

d

o new("d) I=il1:ded, 0,~-mxd o 025]

Graph 2-2: Strain Energy Linearization at 0.25 in. from Fillet

005 01 015 02 028 03 03s
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Graph 2-3: Comparison of the Three Stress Profiles
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APPENDIX 2

Fracture Mechanics Evaluation of Flaws in Bolts

ons of Stress Intensity factors for flaws in bolts:

Single Crack Soiutions :- James-Mills, Liu , Daoud-Cartwright and

Forman-Shivakumar.

Full Circumferential Crack :- Paris-Sih Solution for Notched Bar

Solutions presented in this appen « are a compilation from various references The appropriate
references are provided for each solution. The nomenclature used in the vanous solutions are provided
below.

nom

ap

Notes -

General Nomenclature

Nominal Stress in Shank due to Bolt Preload (ksi)

Tension or Membrane Stress (ASME linearized in accordance with
Section X! appendix "A". {ksi)

Bcnding) Stress (ASME linearized in accordance with Section X| appendix
"A" {k3i

Peak Stress at surface linearized by strain energy density method {ksi}

Nominal stress in the head-shank region interior obtained by linearization
using strain energy density method.?ksi}

Initial Crack Depth. {inch)

Diameter of Bolt in the Shank region {inch)

1) Other variables and constants used in the solutions are defined in the particular solution

method.

2) Stresses used in this appendix are obtained from the results presented in appendix 1
3) Material properties are from references cited in the body of this engineering report.

98-003-01

Appendix 2 ] of 56



SOLUTION NUMBER :- |-A
Thread Root Region

James and Mills Correlation: For a Single Curved Crack in the Thread Root Region
g_Empin'cal Equation that considers stress profile in the
hread Root Region)

REFERENCE - James L. A. & Mills W. J. in Engmnnng Fracture Mechanics,
Vol. 30.No. 5, 1988. "Review and Synthesis of Stress Intensity Factor Solutions

Applicable to Cracks in Bolts"
Ajm 52043 E jm '=3.0469
B jm '=-31332 Fm '=-19.504
C jm :=0.6507 G jm '=45.647
Djm =0.5367
Stress Input
S =565 Nominal Tension Stress in Shank
due to Preload {ksi)

Bolt Geometric data and Initial flaw depth

a, =0.05 Initial Flaw Depth {inch})

ainc '=0.005 Increment for Flaw Depth {inch})
D :=0822 Diameter of Shank (inch})
1=1..4C Loop Index

8 =8 _,+8in Flaw Growth Simulation

EP-98-003-01 Appendix 2 2 0of 56



Developmunt of Equations for the determination
of Applied Stress Intensity Factor as a Function of
Flaw Depth

X =g Normalized Flaw Depth

Magnification Factor

- ‘ . 2.F. 3 i\
jm A jmexp B jn x *ij*D;m"‘.*Ejm' X "+Fim x +Gjm X,

Stress Intensity Solution

Kjmt, =S 0'Y jm 7 3,

EP-98-003-01 Appendix 2 3 of 56



Tabular Results for James-Mills Correlation

8 | ijI K [imt,
e o 0.946 22227
0.06 0.0 ' e
: 007 % T
- 008% 0837 3733
et 09T T TR
*0‘6!3" 0057 0813 33077
: Al 0807 2342
S S.1v OREE PAR bii
P L 0,788 33963
01 0.1
0. 78T T
TRDES ORpL bl e
0.11 013 R ;5 '7*
! v.18 0778 2631
e .. ‘2'7'47
013 0.138] w
01 0164 :'T&T
01 017 ;9 h
REE 017 Eo‘w
() URER R
01 0189 it
016 0.19 e
01 0301 ‘
017 07307] w”-m
0.17 021 m'.;
AL m 136
0183 0.223 ey
L 2 18163
0.19% 0.23 S
0.3 0.23 B
030 [0239] W
031 0.7 o
021 0362 e
0.22 (07268 “'
0.33% 0. -
- 31922
[ k] 028 13857
0233 0 286! 43.si 5
o4 0797 0914 33877
o 0798 092 35867
b - 0058 3693
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Graphical Representation - James-Mills Coirelation

Magnification Factor "Y"

098
& 09}
g
i ' 08s
} 08
07s
0 008 01 018
.i
Depth of Flaw {inch)
0 T T T
40 b= =
Kl;m(i
30 b= -
20 1 A I
008 01 01s 02 028
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SOLUTION NUMBER :- |-B
Head to Shank Region

James and Mills Correlati. > Far 2 Single Curved Crack in the Shank-Head Region
) {Emoin=ui Equation for tension and Bending in the head to shank
region,

REFERENCE - James L A & Mills W. J in Engmoon‘ng Fracture Mechanics,
Vol 30,No. 5, 1988. "Review and Synthesis of Stress Intensity Factor Soiutions

Applicable to Cracks in Bolts"
Djm '=0.5367 ij '=.19.504
A jmb =0.631 C jmb =-3.3365 E jmb =-6.0021

Bjmb =0.03488 Djmb '=13.406

Stress Input

Pm =34212 Nominal Tension Stress in Shank-Head Region
due to Preload {ksi}

Pp =35564 Bending Stress in the Shank to Head Region due to
Preload (ksi)

Bolt Geometric data and Initial flaw depth :

a, =0.00 Initial Flaw Depth {inch})

ainc ' =0.0CS Increment for Flaw Depth {inch)
D:=0.822 Diameter of Shank {inch})
1:=1..40 Loop Index

8,28 _ +8ne Flaw Growth Simulation

EP-98-003-01 Appendix 2
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Development of Equations for the determination
of Applied Stress Intensity Factor as a Function of
Flaw Depth

X; % Normalized Flaw Depth

Magnification Factor

4

!

, 2 3
ijl‘cjm*‘ojm"‘."‘sjm' X "+ Fjm %, "+Gjy x

‘. 2 3 4
Y jmb, = Ajmb+ B jmb X+ Cimb X, "+ Djmb X, *+E jmp X,

Stress Intensity Solution

K fjm, ::Pm.ijl-ﬁ

Kijmb, =PbY jmb e

Kihs, =K fjm + K jmb,

EP-98-003-01 Appendix 2 7 of 56
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Tabular Results for James-Mills Correlation

X

0.01

6.083.10"°

0015

0.02

0.012

0.025

0.024

0.03

0.03

0.035

0.036

0.04

0.043

0.045

0.049

0.05

0.055

0.055

0.061

0.06

0.067

0.065

0.07

i

0.075

1

0.073

0.091

0.097

0.103

0.095

0.109

0.1

0.116

0.10%

i

011

0.122

0.115

0.134

0.12

0.14

0.125

0.146

0.13

0.135

0.152

:

0.14

0.164

0.145

0.17

0.15

433

0.16

0.176

4

0.165

:

3

0.175

i

i
S ¢
.
L=
q%

T 0413

0219

0.19

0.225

0.195

0.231

0.237

0.2

EP-98-003-01

0.243

Yim, Y jmb, K ijm, Kijmb,  Kins,
0.654 0.631 2.805 2813 $618
0.638] 0631 Y088 | 1077 7963
0661 063 3917 7868 978 |
0 083 3705 LY TI5s
0,660 0.629] 5417 6373 17
0877 [07878] 7074 6860 | 397
08 062 Wiin ALLE TS08%
068 063 §377 | 7896 6716
0686 0. EEi LEE.E LEALL]
: 0. 9168 8707 | 81
089 0873 O8] [T  [T908%
0.7 0631 039 9386 [T979%
0,753 [0 T0 889 5933 308471
07709 08T TTI77 10302 B
07Ty 0. TT.837] 10617 33483
0778 0613 1230 0938 23271
0.722 06 12772 T2 303
0.72 0612 1322 363 23789
0737 061 k] TT.83%7 23338
0.778 0,600 31T PR EE] 76346
073 (1] 1333 T 36 9%
073 0606 T3 087 I2. 37633
073 0.60 I3 17973 RLREL
0y 1] T TIT88] (39078
. 0.607] 16264 (KK L) 39704
07 0802 16.686! Ik} 037
0783 ) tRALL T393 03
0.7 0.60T 7378 IEREX) T
0. 0601 A T3 378 T337
0.782 0.607 T8 1367 104
0787 0607 T8.797] 13937 77T
07973 0807 T93T8] 3T (3787
07798] 0 EXTE T3 13066
0.807] 0.60 300 3873 37
300| 0803 3037 13973 %
0813 0. 3098 (Al 713
UEF 0.60 T3 I[X ] T
0837 0600 pIREL) 6739 tE )
0833] 061 7323 703 RLREE!
0 84T 081 73,799 7 30108
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Appited Stress Intensity (ksi*in"0 5}

Graphical Representation - James-Mills Correlation

09

Head to Shank Region
Magnification Factor "Y"

08

07

06

50

20

008

01 01s

4
Depth of Flaw {inch)

"K" plot for James-Mills Correlation

008 01 018

&
1
Depth of Flaw {inch)

———  Tension/Membrane

Bending
- Total
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SOLUTION NUMBER :- I-C
Shank Region

James and Mills Correlation: For a Single Curved Crack in the Shank Region
{Empincal equation modified in accordance with the Author's
recommendation for regions removed from the thread root)

REFERENCE.- James L A & Mills W. ' in Enginoon‘ng Fracture Mechanics,
Vol 30.No. 5 1988 "Review and Synthesis of Stress Intensity Factor Solutions

Applicable to Cracks in Boits”
C jm '=0.6507 E jm '=3.0469
Djm:=0<5367 ij '=-19.504
Gjm '=45.647
Stress input
Sp =565 Nominal Tension Stress in Shank
due to Preload {ksi)

Bolt Geometric data and Initial flaw depth :

a, '=0.00 Initial Flaw Depth {inch})

a jne '=0.008 Increment for Flaw Depth {inch)
D:=0822 Diameter of Shank {inch)
i:=1..40 Loop Index

8 %8 _ *8ne Flaw Growth Simulation

EP-98-003-01 Appendix 2 10 of 56



Deveiopment of Equations for the determination

of Applied Stress Intensity Factor as a Function of
Flaw Depth

X = ) Normalized Flaw Depth

Magnification Factor

4

‘ 2 3
ij'-=ij+Djm'xl+Ej".-x *Fim % "+ Gjm x

Stress Intensity Solution

K ljms, =S O'Y)mI 'J" 8

EP-98-003-01 Appendix 2 11 of 56
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Tabular Results for James-Mills Correlation

X

6.083.10°°

0.012

0.018

0.024

0.03

0.036

0.043

0.049

0.055

0.661

0.067

0.073
0079 |
0083

0.091
[ 0.097 |

0.103
[ 0.109 |

0.116

0.122

0.134

0.14

0.146

0.152

ECALLE

0.164

0.17

0.176

Appendix 2

12.697

13.66

15.47

16.33
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Graphical Representation - James-Mills Correlation

08s

Shank Region
Magnification Factor "Y"
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Magnification Factor “Y"
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"K" plot for James-Mills Correlation
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Alan F. Liu correlation. Modification to James-

SOLUTION .?UMBERA ‘-
Thread Root Region

factors based on Test Data. Single Curved Crack

REFERENCE - ASTM STP 1236 -Behavior of Fatigue Cracks in a Tension Bolt

A 4] 224371
B 41 1=-36.5
C 41205154
D4 =0.4251
$0:=56.5

Bolt Geometric data and Initial flaw depth -

Eaj=24134
F 1=~ 154491
G, =36.157

Stress Input

Nominal Tension Stress in Shank due
to Preload {ksi}

a,:=0.05

@ inc =0.005

D =0.822
1'=1.40

s :z'.-l"'inc

EP-98-003-01

Initial Flaw Depth (inch})

Increment for Flaw Growth {inch}

Diameter of Shank

Index for Loop

Flaw Growth Simulation

Appendix 2

Mills Correlation for magnification
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Equations for the determination of the Applied Stress Intensity Factor
as a function of Flaw depth

X; = B Normalized Flaw Depth

Magnification Factor

Yll =Al|'exp Bal"‘. *Cll*Dlllxx"’Ell' xn 2+Fl|' Xl ]*Gi]' x| ;
i

Stress Intensity factor Solution

Kial =S Y\,

EP-98-003-01 Appendix 2 15 of 56



0.055

0.11

0.11

0.12

0.125

0.13

0.13

0.14

0.14

0.15

0.16

0.16

0.17

0.1

0.1

0.19

02

021

0.21

0.22

0.22

0.23

0.235

024

0.24

0.25

EP-98-003-01

Tabular Resuits for Alan Liu Correlation

Y al

0.763
0.724
0.69%4
0.67
0.657

A

61

0.61

0.61
0.61
0.614

0.62
0.623
0.62

0.63
0.633
07637

0.65
0.65
0.66

0.69

0.71
0.72
0.73

74

Appendix 2
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17761
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Magnufication Factor " Y™

Applied Suess Intensity (ksi®*w™0 5}

Graphical Representation - Alan Liu Correlation

ot Magnification Factor

078

065

06

0 00$ 01 015

3
Depth of Flaw {inch}

"K" Plot  Alan Liu Correlation

35
K lal;

0 | /

0 005 01 018
a

[
Depth of Flaw {inch}
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SOLUTION NUMBER :- lil-A
Head to Shank Region

Forrnan - Shivakumar Correlation, for single Circular Crack in a Cylindrical Bar.
For Constant Bending and Tension Stress. {Use ASME Sect X| Appendix "A"
Lineanzed stress profile.)

REFERENCE - ASTM STP 905--"Growth Behavior of Surface Cracks in the
Circumferential Plane of Solid and Hollow Cylinders"

Stress and Flaw Input data

Pmi=34212 Tension or Membrane Stress{ksi)
Py =35.564 Bending Stress {ksi)
a, =00 Initial Flaw Depth {inch}
a4 inc '=0005 Flaw Growth Increment {inch)
i:=1..40 Index for Loop
8 =a_,+8inc Flaw Growth Simulation
a
A =g Normalized Flaw Depth

EP-98-003-01 Appendix 2 18 of 56



Determination of Applied Stress Intensity Factor as a function of
Flaw depth

Magnification factor

{Membrane/Tension)

p
\

Fox =81 1(0.752)+2.02:A. +0.37/

) g1 !

Magnification factor

{Bending)

J

"h)‘ o B O‘K"*rUl‘)‘Ii | - sin —r;

r [ ad 4
.“
. . J

Stress Intensity Factor Solution

Kisf, =[ Pm For +PpFpy ] fra

EP-98-003-01 Appendix 2




Tabular Results from Forman-Shivakumar
Correlation
{ASME Sect. XI Linearized P, + P,)

3, A Fox, “ bi K 1sf
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0.01 0012 088 0830] T 088

Lk L 0667 083 T 886
0.02 0.024 0 TTI9Y

0025 | 003 068 083 1773
06::‘ TUTT 0667 06 17974
ur 2 gjﬁ 0669 0671 303
0.04% 0033 (‘Z ff :f 2
003 0061 TET 5Ty
003% 0067 5 : T
0.06 0073 T XSt
0063 ~0075 ] T ¢
o o 069 TTITT
0.08 2 ‘ (W 089 Pk 3
08T AL AR Raguaas
0.09 | W 070 -mw
0.09% 0.176 Al RO
0T or R e
0.10% 0.138 Wb S TTR

ALN 0.134 0727 Palii
CRRES AL ST Perove
10.12 0.146 bk L] o)
T UALS: 2L 108
0.13 BLALLN 0737 0TI
ﬁﬁT—‘ .—_—WST- 073 0833
AER A T e
145 AR ki ;3: 2 6
0.1% BORL \Wih o
0.13% T 0.189 i T e
mm_— 0.19% | Lk T337Y
0163 {0207 0K 1 T
017 | 0.207 08T . T80T
0.178 0213 ORKAE: e R0R
[l Lk 0327 Y7 39T
0.T8% 0733 0836 EL1 5
v.19 0.231 0843 T80
U.193 0.237 70008

| s
LOZ LT“ : 40 83

Appendix 2




Magnification Factor (bending & tension )

Apphied Stress Intensity {ks:*in"0 S}

EP-98-003-01

09

085

08

l -
o
F

Foy 075

07

065

06

Graphical Representation - Forman-Shivakumar
Correlation
{ASME Sect. XI Linearized P, + Py}

Magnification Factors

01 015

0 005
l'
Depth of Flaw {inch}
———-Tension
Bending

"K" Plot Forman-Shivakumar

45
40

35

K Ist,

002 004 006 008 01

a
1
Depth of Flaw {inch)

012 014 016 018 02
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SOLUTION NUMBER :-111-B
Shank Region

Forman - Shivakumar Correlation, for single Circular Crack in a Cylindncal Bar.
For Constant Bending and Tension Stress. {(Use ASME Sect. X| Appendix "A*
Lineanzed stress profile )

REFERENCE - ASTM STP 905--"Growth Behavior of Surface Cracks in the
Circumferential Plane of Solid and Holow Cylinders"

Stress and Flaw Input data

$p:=56.5 Tension or Membrane Stress due to
Bolt preload (ksi}
a, =00 Initial Flaw Depth {inch)
a ino '=0.005 Flaw Growth Increment {inch)
i=1.40 Ince: for Loop
8, %8 _, +8nc Flaw Growth Simulation
a
A Ep Normalized Flaw Depth

EP-98-003-0! Appendix 2
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Determination of Applied Stress Intensity Factor as a function of
Flaw depth.

Magnification factor

{Membrane/Tension)

T WAL
FOA| =g A (0.752) + 2.02~l|+0.37~[ | - sin -2-: }

Stress Intensity Factor Solution

Klst’sl’= SO'FOA| ‘J”".

EP-98-003-01 Appendix 2 23 of 56



Tabular Results from Forman-Shivakumar

.I kI
5107 6.083-10"}
00T | 0012 |
00T1% 0018 ]
0.03 007
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0Tq 0.049 |
0.04% 0.03%
008 | 0061
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019 0371
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02 0737
EP-98-003-01

Correlation.
{Shank Region)
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0.66
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Appendix 2

K Isfs,

4.661

6.605

43

10.

LS

12.532

i3

13.44

15.97

16.76

17.53

EEEED

TE
'k

A e
&

EEE

Oy
— —

L
v
.

=
A
42y
-1"‘0

"

EEE

e
=
:

EEEH

24 of 56



Graphical Ropnuné.tion - Forman-Shivakumar

orrelation
{Shank Region)
o0 Magnification Factors

i 08s
“
i 08
e Ta,
‘é 0rsf
} 07

063

0 008 0l 018

a
\
Depth of Flaw {inch)
—— Tension

"K" Plot Forman-Shivakumar

K Isfy,

Applicd Stress Intensity (ksi®10™0 S
2

0 002 004 006 008 0l 012 014 016 018 02

y
Depth of Flaw (inch)
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SOLUTION NUMBER :. IV

Forman - Shivakumar Correlation, REFERENCE - ASTM STP 905-- Same Reference as

Solution I1IA.

Bending stress modified to account for large surface stress at the fillet radius,
from the FEA results for CRD bolt, using strain energy density method to determine a
linearized equivalent stress profile.

S peak '=90.229
S hom '=23.125
10120,0

a. =0005

dy =025

Stress and Fiaw Input Data

Linearized Peak Stress in Fillet Region {ksi)
Linearized Nominal Stress in the head-shank region {ksi}
Initial Flaw Depth {inch}

Increment for Flaw growth {inch)

depth at which surface stress decays to numinal [inch)
index for Loop

Flaw Growth simulation

Normalization of Flaw Depth

Modification of Bending Stress term to account
for stress distribution at Fillet

EP-98-003-01

lp =

S -8
peak - "°m~db—al
Stk wrn e

S b. =if ) blzo.O.J b| + Snomss nom

Appendix 2
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Determination of Applied Stress Intensity Factor as a function of
Flaw Depth

05

A'I
ﬂ'x‘
20.92 3\1 T
Py T
COS—T—

Magnification Factor
{Membrane/Tension)

gd\\?
FO". =g A (0.752)+2.02-k.+0.37-[ 1 - sin 1—' ”

Stress Intensity Solution

Kimsf, = S For W2,
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Tabular Results from ”Fonmn-Shavakumar" Comlatnon with modified bending stresses
account for the large otr.u at the Fillet of the CRD Bolt.

" Foa, K Imsf,
-3

05 10 0.658 7.333

0-°' 066 1023

L U T7389]
oo U6 13056,
073
e 86 13333
s v e

- BT TE3TY|
0.04% | 9805
0U3 T80T

003 p Bk

U0Es TT3RY
-

007 ] 3T
0078 77

008 7T

. 21. I' 1
0 BB
56‘”‘3 BT
0.108 L)
0ITS '

L 6133

- 3]
013 ?3
i BLERL ]
CREE ,

- 75708,
w43 BT
%11565 76664

: %8
%‘575 %3

T 7586
173 %73
L 6053
QALK RS
.1y 7560
0193 .
57— ALK
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Bending Suess (ks

K imsf,

Stress Intensity Factor (ks:*in"0 5}

EP-98-003-01

Graphical Representation - modified Forman-Shivakumar

Bending Stress Plot {linearized )

0 005 01 0158
a

\
Depth of Flaw {inch)

26 88

2375

2063

175

1438}

1128

0 005 01 015
.i
Flaw Depth {inch)
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SOLUTION V-A
Head to Shank Region

SIF for rods in tension and bending with a single crack, (Straight Crack Front). Use of
James & Mills approximation coinbined with Daoud Cartwnght for bending. Stress profile

dotonnin’o\g by ineanzation of FEA profile by strain energy density method {Same profile as in
solution

Reference : SIF's for Cracks in Bolts; Engr. Fracture Mechanics, Vol 30, No. 5. 1988.

Inagut

S peak '=90.229 Linearized Peak Stress in Fillet region {ksi}

S nom =23.125 Linearized Nominal Stress in head-shank region {ksi)

D =0.822 Diameter of Bolt in Shank region {inch)

a, =00 Initial Crack depth {inch})

dy =025 Depth at which Surface Stress decays to Nominal {inch)
a jnc '=0.005 Increment for Crack Growth {inch)

i=1.40 Index for Loop

Simulation For Crack Growth

8 =8, _ +ane

X '=b- Normalization of Crack Depth

EP-98-003-01 Appendix 2 30 of 56



Magnification Factors

Tension Magnification Factor -
Fy :=0.926-—[L77l-x,+(-26.42l)r X, - (-78481) x, '+ (-87911) x, ‘]

Bending Magnification Factor -

Fp = 104-364x +1686 x *-3259 x ’+2841 x *

Stress Distribution to account for the Fillet region Stress Gradie

Define the Stress Gradient as Bending Stress as -

S -8
2 peak nom
o Ik, ""—'1?—-' dp-a

o b, ?'-'iT dp-a 200,0 |bl,040]

Applied Stress Intensity Factor as a Function of Crack Depth

chdI Y LA Snom'Ft."'o bI'F b,
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Tabular results of Calculations from James-Mills approximation combined with Daoud-Cartwright

51077

Ftl

0.01

0.015

0.02

0.025

0.03

035

0.04

0.045

0.05

0.055

006

0.065

0.07

0073
LLLIN
0083 |

0.09

0093

0.1

0.105

0.11

0.115

0.12

0.125

0.13

0.135

0.14

0.145

0.15

199

0.16

0.165

017

0.175

0.185

0.19

0.195

0.2

EP-98-003-01

Appendix 2

K led,

11.05

15.

17.

20.

2177

23.1

2432
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a2}
—

Stress Intensaty Factor {ksi® m™0 §)

EP-98-003-0!

Magmification Factor
-
g

K leq,

|

Graphical Representation - Daoud-Cartwright & James-Mills

Magnification Factors

08 4 R —
06 —J
0 00s 01 015
.)
Flaw Depth {inch)

o Applied Stress Intensity Factor

30

25

20

0 005 01 018 02
a

1
Flaw Depth {inch}
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SOLUTION v-B
Shank Region

SIF for rods in tension with a single edge crack, (Straight Crack Front). Use of James & Mills
approximation with tension stress caused by bolt preload in the Shank Region.

Reference : SIF's for Cracks in Bolts; Engr. Fracture Mechanics, Vol. 30 No. 5. 1988.

S$p:=565 Tension Stress in the Shank due to Preload {ksi}

D =0.822 Diameter of Bolt in Shank region {inch)

a, =00 Initial Crack depth {inch)

dp =025 Depth at which Surface Stress decays to Nominal {inch}
2 jnc '=0.005 Increment for Crack Growth {inch)

i=1.40 Index for Loop

X = 2 Normalization of Crack Depth

Magnification Factors

Fy 20926~ [1.771x +(-26421) x, = (- 78481) x * 4 (-87911). x, ‘]
!

Applied Stress intensity Factor as a Function of Crack Depth

K Iscjm, :=J"'°.' SO'FtI

EP-98-003-01 Appendix 2
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Tabular results of Calculations from James-Mills for Straight Crack Front

3 ll(Isc:jm|
510
5| 6.488
o013 —
' T,
007
ot 17
Al 3T

- (EELL
0035 873
003 7503
0043 |

11
003 PURE Y
0033 T3
0.06 :
LA 3
- T8
0078 et
T 23.520]
009 ‘m
0.093 39907
'6%%3"“ 107
A RPREL)
0TT%
TO1d 13331
0.12 T076] L8
0.125 T 09| BT
0.13 T 1758
0.135 T 0T
0.14 077 40,358
%”’ 109 31368
T3 T.T0 427789
%‘I-? 1T (37078
: TTY FLILY
0183
T, 36 408

0.17 [136 7748
0.175 1T 39008
018 T T8 L ik
0183 T197| 31341
0.19 T2T EPEAL]
0.195 T2 LI B
0.2 LA
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Graphical Representation - James-Mills for a Straight Crack Front

4 M_t!mﬁmlon Factors
R
Fy,
I
08
0 008 01 015
b
Flaw Depth {inch}
- Applied Stress Intensity Factor
50
g 40
K Iscjm,
§ Kiam
g 20
10
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.I
Flaw Depth {inch)

EP-98-003-01 Appendix 2 36 of 56



SOLUTION NUMBER :- VI-A
Head to Shank Region

Panis-Sih C.rcumferentially Cracked Bar in Tension,
REFERENCE - ASTM STP 381, "Stress Analysis of Cracks”

S nom '523.125

S peak =90.229

Pans Equation With Curve fitted values for
g:#o;:: Coefficients obtained from ASTM

Stress Input

Linearizec' Nominal Stress in head-shank region {ksi}

Linearized Peak Stress in Fillet Region {ksi)

Bolt geometric data and initial Flaw depth

d =D-2 a
Z'll
Y
EP-98-003-0)

Diameter of Shank {inch)
Initial Flaw Depth {inch})

Increment for Flaw Growth {inch)

Depth at which Surface Stress decays to Nominal {inch}

Index for Loop
Flaw Growth Simulation

Reduced Diameter due to Flaw [inch)

Flaw Depth Normalization

Appendix 2
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Equation for modifying the stress term to account for stress distribution
at the fillet in the shank-to-head region of the bolt

[s -8
55, 2| B - ]
b Stress modified to account for stress distribution
from FEA. The fillet stress concentration is
represented by a linear fit.

S, '=if $5,20.0,58 + S nom:S nom

Curve Fit equation for Influence coefficients from Paris-Sih paper in ASTM STP 381

HT, :=[[0.0003 + 7.2879.x, - 140.7368- x, |+ 171421 x, 7 - 128012885 x, y
F1ap, =HT,+([59075.1219 x; *] - [168504.1995. x *] + 2883964712 x, 7] - [2707209370. x, "]

Fap, '=F 14D, + 106884.1602 x, °

Applied Stress Intensity Solutions:
I - Constant Stress {Tension) on cross-section

S

K| :=..ﬁ';.~( xD)°%0.24 Peak Stress (S} at fillet Radius considered to
' act across the shank cross-sectional area
D

Il - Stress distribution at Fillet Radius approximated and actual
Stress distribution on the cross-section considered {S)

S
" ! .5
K tip, ‘--d_,.(n-o)‘ F4p,
!

b
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Tabular Results from Paris-Sih Correlation

Fdp,
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—————————————————————————‘

Graphical Representation - Paris-Sih Correlation

NOTE
1) Solid Curve based on the actual stress distribution from FEA results.

2) Dashed Curve based on assuming the Peak surface stress from FEA
to be constant stress acting on the cross-section of t'1e shank.

v Full Circumferential Crack {STP 381}
135 ; + .
130 " .
125 ‘ - - ‘ -
120 . + . .
115 + . } >
110 i i } _

108 . '

K |lp| 80

Applied Stress Intensity {ksi® "0 5)
7|
o a~
R R
1
!
1

0 00s 01 015 02
a

\
Depth of Flaw [inch)

= Modified Paris-Sih
Paris-Sih
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SOLUTION NUMBER :-.
VI-B
Shank Region

Paris-Sih Circumferentially Cracked Bar in Tension.
REFERENCE - ASTM STP 381, "Stress Analysis of Cracks"

Pans Equation With Curve fitted values for
Influence Coefficients obtained from ASTM

STP 381
Stress Input
S =565 Tension Stress in Shank Region due to Bolt Preload {ksi}

Bolt Geometric Data and Initial Flaw deptn

D :=0.822 Diameter of Shank {inch)

a,'=00 Initial Flaw Depth {inch})

2 ine '=0.005 Increment for Flaw Growth {inch)

i'=1..40 Index for Loop

8 %8 _ +8nc Flaw Growth Simulation

d =D-24a, Reduced Diameter due to Flaw [inch)
2a

K 1% gy Flaw Depth Normalization

EP-98-003-01 Appendix 2 4] of 56



Curve Fit equation for Influence coefficients from Sih-Paris paper in ASTM STP 381

HT, :=[[0.0003 + 7.2879.x - 140.7368- x, 17421 x P 12801 2885 x 9
F1dp, = HT,+[[$9075.1219- x, *] - [168504.1995. *+ [288396.4712. x, ] - [2707209370. x, 1]

F4p, =F 1dp, + 106884.1602- x, °

Applied Stress Intensity Solution:

Constant Stress {Tension) on Shank cross-section

S
K 1g /5 (1 D)°SF Peak Stress (S} at fillet Radius considered to
Jis T en—— dD :
AR : act across the shank cross-sectional area
D
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Tabular Results from Paris-Sih Correlation

d, :
4 1o} Fdp, Kis,
510" 0.988 0.071 6.602
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0.03 m LRELR 19608
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0.2 0313 0278 37947
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Graphical Representation - Paris-Sih Correlation in Shank Region
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SOLUTION ViI
Head to Shank Region

SIF for rods in tension and bending with Paris-Sih formulation for tension and Daoud- Cartwright
solution for bending. The tension solution is for full circumferential notched bar and the bending
solution is for a single (straight crack front) crack This superposition method is in accordance
with WRC bulletin 175 "Toughness requirements for Bolting", paragraph "8"

References ' SIF's for Cracks in Bolits; Engr. Fracture Mechanics, Vol. 30: No. 5 1988 ASTM
STP 381, & WRC Bulletin 175.

Input

afa
Pmi=34212 Linearized Membrane Stress in Fillet region {ksi)
Py =35.564 Linearized Bending Stress in head-shank region {ksi)
D:=0.822 Diameter of Bolt in Shank region {inch)
a,'=00 Initial Crack depth {inch)
a jne =0.005 Increment for Crack Growth {inch)
1:=1..40 Index for Loop

Simulation For Crack Growth

X :=U Normalization of Crack Depth

Bending Magnification Factor (Daoud-Cartwright) -

Fp = 1.04-364x +1686 x *~3259 x *+2841 x *
|

EP-98-003-01 Appendix 2 45 of 56



Curve Fit equation for influence coefficients from Paris-Sih paper in ASTM STP 381,

HT, :=[[0.0003 + 72879 x - 140.7368. x, |+ 171421 x, 2~ 128012885 x, ‘]
Fldp '=HT +|[59075.1219- x, *|-[168504.1995 x ]+ [288396.4712. x 7]-[2707209370.
|le I"’ . i . i 14 ¥ xl «\. X,
Fap, =F 14D, + 106884.1602. x, °

K, from Paris-Sih Formulation for Tension Stress

Pm

Sl 0s

K Ips, .—_d._.:-(nD) F dD,
1

D

K from Daoud-Cartwright for Bending Stress

Kide, =yt a; Py F b,

K| combined in the Shank Region

Kipd =Kips + Kide,
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Tabular Results for combined Paris-Sih & Da ud-Cartwright
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Applied Stress intensity Factor

-------- Paris-Sih {tension}
----- Daoud-Cartwright {bending}
-  Combined
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SOLUTION Vil
Head to Shank Region

SIF for rods in tension and bending with Paris-Sih formulation for tension and Besuner
solution for bending. Both the tension and bending solutions are fro a notched bar geometry. This
superposition method is in accordance with WRC bulletin 175 “Toughness requirements for
Bolting", paragraph "8"

References :Requirements and Guidelines for Component Support Materials Under Unresolved
Safety Issue A-12; EPRI NP-3528, & WRC Bulletin 175,

g\%;t_

Pmi=34212 Linearized Membrane Stress in Fillet region {ksi}
Py =35.564 Linearized Bending Stress in head-shank region {ksi}
D =0.822 Diameter of Bolt in Shank region {inch)
b 1221.')6 Qutside radius of bolt (inch)
a,'=0.0 Initial Crack depth {inch})
a inc =0.005 Increment for Crack Growth {inch}
i:=1..40 Index for Loop
Simulation For Crack Growth

o o 1 Normalization of Crack Depth
Influence Functions
Fmepn =0.5- xl -1 5[] *[05"."’[0374 X, - 0.363- X, 3*0731 x' ‘]]]

Fbepri, 20375 x, 2514 0.5% 40375 x 2403125 x, *+02734- x 40537 x, ‘]
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SIF Solutions for Tension and Bending

K Itepri, =Py F mepri, o™ 3,

K tbepri, =P b F bepri 4/ 3

Ktepri, =K itepri, + ¥ Ibopri,

EP-98-003-01 Appendix 2 50 of 56



EP-98-003-01

1

1]
¥
7]
d ]
3]
6]
'7-'
B
9]
w
TT]
T3
Y]
T3]
:
W
Wi
19
70
2T
22]
23]
73]
z
27
28
29
30
:
m
14]
73]
k)
:
7]
|

5107

0.406

K lepri

0.01

0.401

0.015

=
S

9.859

:

17.247

e
- o O
L
O —

Gk bk b bu kbbb uE

=
oy
L B
- b
3

Ee

i

(=
—t
—

<
b &
ol
=

EEEF

fi

x

EEE
e

~3
pou
O
A

CEEEl

93.177

97.502

102,107

[TT7 885

107.019

i

i

Appendix 2 51 of 56

i EEEEEREEE
X
EEEFEFERE
-

123919

130.40




3 Influence Functions

i , |

25 :

i ; l l
. 008 Y e
-~ .l
Flaw Depth (inch)
Tension
...... Bending
SIF Plots
i | ' ; J T T ; T T
K tepn, 100 = ' |
..K. i;p"i ',/ >
/"/’A
K lepry, /'/ :
50 b= ‘////’ '“”’
/// ------------------------
/ -------------------------
‘// -------------------------------
O : : . 1 I | I !
0 002 004 006 008 01 012 014 016 518 .
a
Flaw De;:th (inch)
....... SIF-Tension
SIF-Bending
EP-98-003-01 Appendix 2 e



Determination of ASME Section XI Allowable Fracture Toughness

Kic

Material Fracture Toughness for Initiation (K,.) -- ksi * in0 5

K jc =130.00

Material Stress Corrosion Cracking Threshold Stress Intensity Factor (K gcc) - ksi *in0 5

K scc = 130.00
Use the lower of the material toughness value to determine the ASME allowable

y 130
K [ASME ~7

121,40

K lasme, = K |ASME

K IASME = 91924
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Graphical Comgarison of Results from "K" solutions for Head to Shank Region

Note : Paris-Sih correlation is for a Full

Plot Number: 1

the other correlations are for Part-Circumferentiai Cracks.

Comparison Plot for all "K" sclutions

Circumferential Crack (360 degrees) whereas

135
130
125
120
s
110
108
100

0 001 002 003 004 005 006 007 008 009 01 ©11 012 013 014 01S 016 017 018 019 02

a
i
Depth of Flaw {inch)

James-Mills {Soln. | B}
Forman-Shivakumar {Soln. Il A}
Modified Forman-Shivakumar {Soln. IV}
Modified Paris-Sih {Soln. VI A-11}
Paris-Sih {Soln. VI A-1}
Zartwright-Daoud {Soln. V A}

Faris-Sth & Daoud-Cartwright {Soln. VII}
ASME limit

EPRI Solution- Soln. VIII
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Plot Number: 2

Graphical Comparison of Results from "K" solutions for Thread Root Region

Comparison Plot for all "K" solutions
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Plot Number: 3

Comparison of Graphical Results from "K" solutions for Shank Region

Note : Paris-Sih correlation is for a Full Circumferential Crack (360 degrees) whereas
the other correlations are for Part-Circumferential Cracks

Comparison Plot for all "K" solutions
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Appendix 3

Bolted Joint Calculations: CRD Cap Screw Evaluation
Nomenclature

Dg = Larger of Bolt Head or Washer Diameter (inch)

Lg = Grip Length of Bolt (inch)

T = Height of Bolt Head (inch)

Lt = Length of Threads (inch)

Lg = Length of Bolt Shank (inch)

Lg = Grip Length of Bolt (inch)

Dgn = Diameter of Bolt Shank (inch)

T = Heigth of Nut or Length of Threads for CRD cap Screw (inch)

Ay = Tensile Area of Threads (inch?)

Ag = Crossectional Area of Bolt Shank (inct? )

An = Crossectional area of Shank at Nutch/Faiw (inch 2)

Loe ® Equivalent length of Bolt Shank (inch)

Lye = Equivaient length of Threads (inch)

La = Widthviength of circumferential Notch/Flaw (inch)

dn = Depth of Notch/Flaw (inch)

E = Youngs Modulus (ksi

Kg = Stifness of Bolt (k : )

Ac = Crossectional Area of the Equivalent Cylinder used ) represent Joint Stiffness (kip/inch)
T = Total Joint Thickness- for CRD cap screw taken as } gth of Shank (inch)
Dy = Diameter of Boit Hole (inch)

D, = Effective Diameter of Equivalent Cylinder of Joint under Preload (inch)
K, = Stiffness of Joint (inch)

Fp =Prevailing or Residual Preioad (kip)

Lx = Exte nal Load on Bolt (kip)

Lxent = Critical External Load required to cause Joint Separation (kip)

AFg = Additional |.oad on Bolt due to External Load (kip)

@, = Load Factor (dimensioniess)

Fp, = Initial Preload at Installation (kip)
RF,.-RWF.WM‘WWWMMM(%)
RFq; = Reduction Factor due to Elastic Interactions (%)

RFy = Reduction Factor for Long Term Relaxation of Boit atTemperature (%)
Dwr = Diameter of Bolt Shank at Location of Notch/Flaw (ALLOWABLE) (inch)
ar = Allowable depth of Notch/Fiaw to meet requirements (inch)

P ace =*Maximum Internal Pressure causing external ioad on Bolt (ksi)

Drezz = Diameter of CRD Nozzle / 1ch)

N = Number of Bolts

Fip = Total Preload on Bolt ; including external load (kip)

o, = Total stress in Bolt at initial Preload (ksi)

ap = Prevailing Stress in Bolt due to Prevailing Preload (ksi)

ape = Stress in Bolt Due to Prevailing Preload + Extemal Bolt load (ksi)
Sm = Allowable ASME Stress at temperature (ksi)

See Figure 1 for explanation of Bolt and Joint Nomenclature
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EP-98-003-01

CALCULATIONS FOR BOLTED JOINT

Dg=18125
Lgi=344
Ty =100
Lyi=2.06
Lgi=344
D), 0822
Ti=2.0%
Ag =0462

Dyi=10

INPUT DATA (References in Parenthesis)

(Ref. 22 & 26)

(Ref 3 & 22)

(Ref. 3 & 22)

(Ref. 3 & 22)

(Ref. 3 & 22)

(Ref 3 & 22)

(Ref 3 & 22)

(Ret. 3, € & 22)

(Ref. 27)

(Ref 1, 2&3)

(Ref 8)

(Ref 8)

(Ref. 9)

(Ref. 25)

(Ref 27)

(Ref. 27)

Appendix 3

Input Below from
Report.

Ly =005
dqi=0.120

E =30.-10°
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Joint Stiffness Calculation

Reference | 8 Equation 5.20 pp 152

Calcuiation for Dg < D, <3Dg  Use Dy/Dg = 2.0

DpT 2
n B ;g
Aci=g D= Dy *;""0""5—*1'66 A =223
EAc
K % e Ky =203310%
Bolt Stiffness Calculations
Case 1 Nominai Bolt
T
Lbe':LB"'"!ﬂ L pe =3.94
LB Y
L":=L0—LB+T L ge =103
D’
ABI 2=7sb— ABI =0.531
K = :
ol WL 7 :
» K =3.10810
EAg,  EAg Bl

EP-98-003-01 Appendix 3
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Bolt Stiffness Calculation
Case 2. Bolt Shank completely degraded by 0.120 inch

TH
Lbe;:LB*‘T LbC=394
TN
Lu‘LG"LB*T Lge=103
R Dgp=2dg?
Ap2 = T A g2 =0.266
i 1
il + K g2 = 1.761¢107
EAp: ' EXs m=i
Bolt Stiffness Calculation

Case 3: A Fuli Circumferential Notch in the Middle of the Shank

3
LbezzLB*"!E‘LN L pe =3.89
TN
Ln}LG'LB"'T L ge =103
. Dgp-2d,°
N 4 ANIO.Z“
2
Flad.. 0.531
AB3- e A83= ;

Cbe Lse LN :
EAR; EAs T EAN Kpg3 =3.07810
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Calculation of Prevailing Preload & and Stress in Boit

£ RF ipi RF ¢)i RF i
FPeofpil - -y -
: RF ipi RF o RF )¢

ot Bt | Elene " RERS

Calculation of Loads required for Joint Separation

Case 1 (Nominal Bolt)

KBi
L Xeritt =Fp Rt < L Xerit] =21.872

Case 2 (Fully Degraded Bolt Shank}

Kg2

L Xeri2 *Fp 1+ 7 L Xerit2 = 20615

Case 3 { Bolt Shank with a circumferential Notch in the middie)

KB3
L Xerit3 =F p- ‘*"‘RT L Xcrit3 = 21.844

Calculation of Load Factor using Bolt Stiffness from Case 3

i KB3
K " KBi+K; @y =0.131

F p=18972

9p =44.129



Calculation of Bolt External Load due to Accident Pressure

Forc = 3 Forc = 111.274
Forc
o g L, =13.909
AFg =L x® AF g = 1.829
F(pf:FP"’AFB F"p=20‘80|
Mz
Fp M = 1.096

The External Load on the Boited Joint Smaller than the due to Accident Maximum
Pressure is smaller than the critical external load fo cause Joint Sepration: That is:

Lx (13.909 kip) < Ly, (20.615 kip)
Therefore Joint Separation is Precluded.

Calculation of Allowable Notch/Flaw Depth to sustain Total Boit Load

O pe =0 pM O pe = 48.383
o
. pe
Dor® jyy- P D pf = 0.608
Dgp=D
PL . . ag=0107

The aliowable Notc! /Flaw depth for a full circumferential Notch is 107 mils
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Figure 1 : General Bolt Dimensions
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APPENDIX 4
Mechanical Testing and Evaluation of
Circumferentially Notched CRD Capscrew Material

INTRODUCTION :

The bolted joint and fracture mechanics evaluation of CRD capscrews
showed that the limiting flaw depths, for a full circumferential flaw subjected to a
maximum load, were 107 mils and 150 mils respectively. Based on these evaluations a
limiting flaw depth of 107 mils was used to establish the inspection criteria. The purpose
of the mechanical testing was to ensure that the limiting flaw depth determined by
analysis is conservative and provides assurance against premature failure of the capscrew.
The CRD capscrew material of interest is ASME SA 193 Gr. B7. Additional bolts with
the same specification and of similar dimensions were procured for mechanical testing.
The details of the testing performed and an evaluation of the test results are presented in
the following sections.

DETAILS of TESTING :
A comparison of the procured bolts and the CRD capscrew is shown
below.
Attribute CRD Capscrew Procured Bolts
Material Specification ASME SA 193 Gr. B7 ASME SA 193 Gr. B?
Overall Length (in) 6.5 85
Thread Length (in) 2.0 2.5
Thread Size 1.0" x 8 UNC 7/8" x 9 UNC
Shank Length (in) 3.375 5.25
Shank Diameter (in) 0.823 0.850

The CRD capscrews were custom manufactured for the application, hence
the procured bolts were selected such that the shank diameters were reasonably close.
The shank length of the procured bolts were longer in order to accommodate a clip-on
extensometer having a one inch (1.00") gauge length.

Two bolts from the procured set were subjected to tension testing in
accordance with the Standard ASTM E-8 method. The results from the tension testing
are as follows:

Property Specimen 1 Specimen 2 Average
Yield Strength (ksi) 1219 1229 i ol
Tensile Strength (ksi) 1354 136.6 135.0
Elongation (%) 20.3 20.9 20.6
Reduction in Area (%) 61.0 60.0 60.5
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I'he tension properties of the CRD capscrew material from references |
through 3 were compared to the test data above. This comparison is shown below:

Property Procured Bolt CRD Capscrew Material
Reference | Reference 2 &
Yield Strength (ksi) 122.4 127.2 120.9
['ensile Strength (ksi) 135.0 144.5 1314
Elongation (%) 20.6 N/A 21
Reduction in Area (%) 60.5 N/A 60.6

-
b

'he comparison presented above demonstrates that the mechanical
properties of the procured bolts are similar to the material for the CRD capscrews
'herefore mechanical testing of notched bolts would effectively simulate the behavior of
notches in the CRD capscrews

Additional tension testing of bolts in the as-is condition, using two
procured bolts and one CRD capscrew removed from service at GGNS. were performed
to compare the applied load versus strain behavior. An Increasing load to a value of 56.0
kips was applied and the strain recorded. Upon reaching the maximum load the specimen
was unloaded and the strain recorded. Figure 1 shows the load. strain trace for the two
procured bolts and figure 2 shows the load-strain trace for the GGNS CRD capscrew. A
comparison of the two figures showed that the behavior was similar in that the strain at a
load of 50.0 kips was between 0.0029 in/in and 0.0031 in/in. This test along with the
lension properties comparison, clearly demonstrates that the behavior of the procured bolt
Is representative of the CRD capscrew material. Therefore, using the procured bolts to
perform notch testing will enable characterization of the CRD capscrew material and,
hence, provide the necessary information for verification of flaw depth limits obtained by
analytical methods

A "V" groove notch, ( 60° included angle and 10 mil root radius). were
machined in the middle of the shank. The notch depths were 100 mils, 125 mils and 150
mils. These depths were selected to cover the range of the depths used in the analytical
evaluations. The maximum applied load was based on the initial preload of the CRD
capscrew, corrected for test temperature with respect to the normal operating temperature
I'he load correction to account for temperature correction was obtained by taking a ratio

of the room temperature yield strength and the at temperature yield strength. The yield
strengths used in the ratio were obtained from Section 11 of the ASME Boiler and
Pressure Vessel Code (reference 4) for the CRD capscrew material. The maximum load
was determined as follows

Maximum Load = 30.0 x (105.0/88.5)
35.59 or 36.0 Kips
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I'he gauge length for the extensometer was one (1.0) inch, and the notch
was located in the middle of the extensometer. The extensometer was functional for the
entire test including both the loading and the unloading sequence. For each notch depth
two specimens were tested, for a total of six tests. The load-strain traces from the test are
provided in figures 3 through 5. The traces in these figures clearly show that the strain
behavior is linear for both loading and unloading and that upon complete unloading no
residual strain is observed. This behavior is characteristic of a linear elastic behavior and
indicates that the notch effect is not pronounced

l'he two specimens with a 150 mil deep notch were used to evaluate the
onset of elastic-plastic behavior. These specimens were loaded incrementally in tension
until the strain trace showed a clear departure from linearity. At this point the unloading
sequence commenced with the extensometer functional. Thus the complete load-strain
trace for the full cycle wes obtained. The results of this test sequence is presented in
figure 6. Figure 6 shows that the departure from linearity of the strain trace occurs at a
nominal strain of 0.0030 in/in and is clearly discernible at a strain value of 0.0032 in/in
I'he residual strain was approximately 0.00025 in/in. The residual strain is indicative of
the onset of plastic deformation in the notch region. At the departure from linearity of the
strain trace the applied load was 46.0 kips

EVALUATION :
The test results, presented in the previous section were evaluated using

nominal stress and strain concepts and by Neuber's rule (reference $) for notch analysis
I'he effect of notch depth on measured strain, at the maximum load of 36.0

Kips, was obtained from figures | through 5 and graphically presented in figure 7. Also

presented in figure 7 is a linear regression line with a slope of 9.11 E -05. The extremely
small value of the slope is indicative of a near horizontal line, which implies that the
notch depth from 0 to 150 mils has insignificant effect on measured strain. Since the
applied load was representative of the initia. preload at temperature, this observation
demonstrates that a bolt with a 150 mil deep notch will sustain a tensile load of 36.0 Kips
without an overload failure

[he stress at the notch root was computed by dividing the maximum load
of 36.0 kips by the cross-sectional area at the notch. The results of the notch root stress
as a tunction of notch depth is presented in figure 8. From this figure and the tensile data
presented earlier, it appears the notch root stress reaches vield strength level at a depth of
117 mils. This simplistic analysis shows that at the limiting flaw depth of 107 mils, the
stresses at the root of the notch will remain below yield strength

I'he evaluation of stress and strain at notches is most often performed
using Neuber's rule. Neuber's rule states (reference 5)

The geometric mean of the stress and strain concentration factors remain equal
to the elastic stress concentration factor during plastic deformation
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['his rule is mathematically defined as

kin = Vg X k,

tn
where: k,, = elastic stress concentration factor
k, = stress concentration factor ; {local stress @ notch/ nominal stress |
o as
strain concentration factor; {local strain @ notch/nominal strain

or E/C

Neuber’s rule applies only in the deformation regime prior to full plastic
yielding of the net section. In the notch region subjected to loading there are three
deformation stages possible, namely; elastic, elastic-plastic and fully plastic. For the
evaluation of the CRD capscrews the stage of full plastic deformation is undesirable and
hence to be avoided. Thus the analysis and testing was undertaken to define a safe flaw
depth such that the onset of full plastic deformation is precluded. For these reasons the
final stage, the full plastic deformation, will not be discussed. The evaluation of the other
two deformation mechanisms, described in reference $, are summarized below

I) Linear elastic deformation: When no localized y ielding has occurred at the
notch root, the notch stress (o) is related to the nominal stress *S” by the
elastic stress concentration factor k,, as follows

oc=k.xS

n

similarly the notch strain can be defined by
e=[Sxk,|JE (3); where E is the Modulus of Elasticity

In this regime of deformation both the stress and strain remain below
their respective values at yield in a uniaxial tension test,

2) Elastic-Plastic Deformation (Local Yielding): With an increase in the applied
load, local yielding at the notch root occurs when the stresses reach the
material’s yield strength. At this point only a small volume fraction of the
material in the notch region has yielded. Eventually, as the load is increased to
a substantially higher level, net-section yielding occurs. The applicability of
Neuber’s rule in the elastic-plastic deformation regime is limited to a state
prior to the net section yielding. The deformation in this regime is quantified

by (reference 5)

oxe=[k,X S]I E
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For elastic-perfectly plastic material the strains prior to net section
yielding can be determined by the formulation in reference 5. which is

Eyn = [Kin X $]*/[0,, X E]

where: €., = notch strain past local yield but prior to net section yield,
o,s = material yield strength.

In the above equation it is important to note that the notch strains will be
higher than the uniaxial yield strain; i.e. ¢ , 2 o,/E

In order to deterrr.ine the notch stress and strain behavior for the test
specimens a Ramberg-Osgood material behavior was used. The
Ramberg-Osgood model provides for strain hardening and hence
provides for proper characterization of material behavior. The model

1s defined as (reference 5)

(o/E) + (a/H)'"

where : H = strength coefficient
n = strain hardening exponent

I'he Ramberg-Osgood coefficients (H and n) were determined by using the
stress strain data from the tension tests (provided in figure 9) and
performing a linear regression using equation 6. The method used is
described in reference 5. The Ramberg-Osgood coefficients obtained were
as follows: H=250.41 ksiand n = 0.131

In order to ensure the validity of these coefficients, values for a similar
material obtained from reference 6 were compared. The material in
reference 6 for which the values were available was SAE 4130 hay ing two
different thermo-mechanical treatments. However it was essential to
ascertain that the coefficients obtained from test data for the present effort
was in reasonable agreement with th. published values. This comparison
1s presented below

Material Condition “H" (ksi)
SA 193 - B7 Quenched & ) 250.41
[empered
SAE 4130 Annealed 169.4
SAE 4130 Quenched & 154.5
[emper Rolled
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The above comparison shows that the values for the coefficients appear
reasonable and the differences are attributable to the differences in the
material chemistry and thermo-mechanical treatment. These martensitic
steels are characterized by low strain hardening exponents and high
strength coefficients.

When the stress-strain relationship described by equation 6 is substituted
in equation 4, the resulting stress-strain at the notch with respect to the
applied load becomes (reference 5):

ko xS =0’ +oxEx (0/H)" e (7)

Equations 6 and 7 were numerically evaluated by using Mathcad
worksheets which are included as Attachment 1 to this Appendix.

The elastic stress concentraiiun factor (k,,) for the \ arious notch depths
was obtained from reference 7. For the notch geometry and depths tested
the value for the elastic stress concentration factor was found to be nearly
constant at a value of 4.9,

The upper bound for the notch strain, for the test specimens, at an applied
load of 36.0 kips can be obtained from equation 5. This strain,
considering an elastic-perfectly plastic material, is 0.0266 in/in.

Results from the analysis presented in Attachment 1 to this Appendix
shows that for an applied load of 36.0 kips the notch strain is 0.0202 in/in.
This value when compared with that from equation $ suggests, for the
notch depths of interest ( 100 to 150 mils) at an applied load of 36.0 kips,
that any yielding would be very localized and net section yielding is
precluded.

The nominal strains obtained from the test of the 150 mil notch specimen
(figure 6) and the notch strains from Attachment 1 can be used to
determine strain concentration factors at various load levels as shown
below :

Applied Load Nominal Strain Notch Strain ke
(kips) (in/in) (in/in)
36.0 0.0023 0.0202 8.78
43.04 0.0029 0.0273 941
47.43 0.0031 0.0322 10.39

The strain concentration factors below net section yield load (46.0 kips)
are reasonably close. Once the load is increased past the net-section
yielding, the strain concentration factors tends to diverge in accordance
with theoretical predictions (reference 5). The notch strain at the estimated
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maximum preload value of 36.0 kips is 62.5% of the notch

strain at net-section yield load of 46.0 kips. This shows that

based on a notch analysis, net-section yielding at estimated

maximum preload is precluded.

Similar analysis for the 100 mil and 125 mil notch specimens

show the strain concentration factors at an applied load of 36.0

kips to be 8.18 and 8.43 respectively. These values compare favorably
with 8.78 for the 150 mil notch specimen. This comparison shows that
the effect of notch depth, in the range tested, is not significant.

CONCLUSIONS :

Based on the testing results and the evaluations presented in the previous
sections the following conclusions are made:

1) The load-strain trace maintain a linear relationship up to the maximum load of
36.0 kips for all notch depths tested.

2) At the maximum load of 36.0 kips the nominal (measured) strains are not
affected by the notch depth. The slope of a linear regression line, on the plot
for measured strain as a function of notch depth, was extremely small.

3) For an applied ioad of 36.0 kips the notch stress, based on net section area.

would reach material yield strength at a notch depth of 117 mils.

4) The elastic stress concentration factor, for the various notch depths
investigated, remained constant at a value of 4.9.

5) The calculated notch strains for the applied load of 36.0 kips are above the
strain at yield in a uniaxial test. Therefore, localized yielding at the notch root
is expected to occur for notch depths above 117 mils. However, the calculated
notch strain is below the limiting value calculated assuming an elastic-
perfectly behavior.

6) Notch analysis using the elastic stress concentration factor of 4.9, using
Neuber’s rule and a Ramberg-Osgood material relationship, shows that for an
applied load of 36.0 kips the notch strains remain below the notch strain
required for net-section yield. Therefore, for the deepest notch depth
evaluated, net-section yielding is precluded at the expected bolt preload of
36.0 kips at room temperature which is equivalent to 30.0 kips at the
operating temperature.
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Figure 1:  Load-Strain Trace for Un-notched Procured Bolts in the as-received

Condition.
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Figure 2: Load-Strain Trace for GGNS Un-notched CRD Capscrew removed
from Service
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Figure 3: Load-Strain Trace for Notched Bolt: Notch Depth of 100 mils.
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Figured: Load-Strain Trace for Notched Bolt: Notch Depth of 125 mils.
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Figure5: Load-Strain Trace for Notched Bolt: Notch Depth of 150 mils.
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Figure 6: Load-Strain Trace for Notched Bolt Loaded Beyond Yield:

Notch Depth 150 mils.
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022 r Strain= 0.2246 +9.11E-5xnotch depth
L]
021 L 4 L L il " L L N
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Notch Depth {mils}

Figure 7: Nominal (measured) Strain as a function of Notch Depth.
The linear regression line is also plotted. The small value for the

slope indicates that nominal specimen strain 1s not affected by notch
depth
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Figure 8: Notch Stress as a function of Notch Depth.
The notch stress is calculated using net cross-section area.
material yield strength is reached at a notch depth of 117 mils.
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ATTACHMENT 1 to £ PENDIX 4
{Notch Analysis of CRD Capscrews)

d =0875 Bolt Shank Diameter (in)
K =49 From Petersons chart 2 19 @ /D=0112 &
d/D between 647 and .765
E =29.7.10°
H:=25041 Ramberg-Osgood fit to Tension Data
n=0.131 Ramberg-Osgood fit to Tension Data
Calculations
0,=00 0 inc ‘=4.0
i:=].50
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d
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Applied Load Vs. Notch Stress
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