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ABSTRACT

Recomm.ndations for the Heavy-Section Steel Technology Program's
investigation into the influence of crack depth on the fracture
toughness of a steel prototypic of those in a reactor pressurz vesse.
are incluv~d in this report. The motivation for this investigation lies
in the fact that probabilistic fracture mechanics evaluations show that
shallow flaws play a dominant role in the likelihood of vessel failure,
and shellow-flaw specimens have exhibited an elevated toughness compared
with conventional deep-..ich fracture toughness specimens. Accordingly,
the actual margin of safety of vessels may be greater .anan that
predicted using existing deep-notch fracture-toughness resul*’~

The primary goal of the shallow-crack project is to investigate the
intluence of crack depth on fracture toughness under conditions
prototypic of a reactor wvessel. A limited data base of fracture
toughness valucs will be assembled using a beam specimen of protetypic
reactor vessel material and with a depth of 100 mm (4 in.). This will
permit comparison of fracture-toughness data from deep-cracked and
shallow-crack specimens, and this will be done for several test
tempera’ uyres, Fracture-toughness data will he expressed in terms of the
stress~intensity factor and crack-tip-opening displacement.

Results of this investigation are expected to improve the under-
standing of shallow-flaw be*.avior in pregssure vessels, thereby providing

more realistic informaticn for application to che pressurized-thermal
shock issues.
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RECOMMENDATIONS FOR THE SHALLOM-CRACK FRACTURE TOUCHNESS
TESTINC TASK WITHIN THE HSST PROCRAM

T. J. Theiss

1. INTRODUCTION

Conventionally, the fracture toughness of a material is determined
using specimens in which the crack depth is approximately one-half the
depth of the specimen (a/w = 0.5), This eliminates the influence of the
specimen boundaries on the crack-tip region as much as possible and
provides a plane-strain value for the fracture toughness. Recent
attention has been given to shallow-crack laboratory specimens in which
either the toughness near the surface is actually reduced, such as in
certain weldments, or situations in which the structural application is
known to possess shallow rather than deep cracks. In these cases,
sha!luw-crack specimens may yield more meaningful results than
conventional deep-notch specimens. Recent research!,? has shown that
the fracture toughness of shallow-crack specimens can be significantly
higher than the toughness determined using conventional deep-notch
specimens in materials whose stress-strain properties bound the
properties of reactor pressure vessel (RPV) steel., Examination rr the
conditions governing the failure probability of an RPV shows that
shallow, rather than deep, flaws are of primary significance,3%

The Heavy Section Steel Technology (HSST) Program under contract to
the Nuclear Regulatory Commission (NRC) is currently investigating the
material fracture toughness in the presence of shallow cracks (typically
referred to as the shallow-crack fracture toughness) under conditions as
prototypic as practicable of a pressurized-water reactor (PWR) vessel.
This will involve the development of a limited data base of fracture
toughness results for bcth deep- and shallow-crack specimens at various
temperatures. The testing is to be performed under conditicns as close
as possible tc those outlined in the applicable American Society of
Testing and Materials (ASTM) standards.®=® The aim of this document is
to provide recommendations on the sclection of parameters that are
consistent with the above guidelines for the shallow-flaw test
program.

Specific topics addressed in this report are the (1) motivaticn for
investigating the fracture toughness of shallow cracks, (2) spe.imen
geometry to be tested and the conditions under which the testing should
occur, (3) requirements for the testing facility and data acquisition
system, (4) matrix of tests to be performed, and (5) anticipated results
and benefits of the program.



2. HOTIVATIONM

Interest in the fracture toughness of shaliow cracks unaer RPY con-
ditions centers on two main points, First, recent investieestiuns into
the influence of crack depth on fracture toughness in non-nuclear appli-
cations have shown a significant increase in the toughness of steels
containing shallow rather than deep cracks.!s? The phenomenon of ele~
vated fracture toughness caused by shallow cracks appears Lo be because
of the relaxation of crack-tip constraint based on the proximity of a
free surface. The behavior of shallow cracks in reactor-grade material
(A533) has vet to be investigated; however, the stress-strain behavior
of A533 is bounded by the steels that the University of Kansas used in
shallow-crack research.'y? Therefore, it is anticipated that shallow-
crack A533 specimens will exhibit elevated fracture toughness when
compared with conventional deep-crack specimens,

Probabilistic fracture mechanics evaluations of operating nuclear
rea~tor vessels in the Integrated Pressurized Thermal Shock (IPTS)
studies have shown that shallow rather than deep cracks contribute to
the calculated probability of vessel failure.?=% These results are due
in part to the flaw distribution used in a probabilistic fracture
mechanics analysie that assumes more shallow than deep flaws in a
reactor vessel. Other major factors include the negative, radiation-
damage gradient and the positive thermal gradient in the wall of the
vessel during a pressurized-thermal-shock (PTS) scenario. A fracture
toughness increase resulting from shallow cracks similar to those shown
in other applications!y? would have a substantial impact on the

probabilistic fracture evaluation of the vessels governed by Regulatory
Cuide 1.154.°9

2.1 PREVIOUS IMVESTICATIONS

Research of shallow-crack testing has taken place at the University
0f Kansas and at the Edison Welding Institute (EWI) in the United States
as well as at The Welding Institute (TWI) in the United Kingdom.

Research at the University of Kansas has involved two very different
steels, A36 and A517, both showing an increase in fracture toughness for
shallow cracks.!»? The EWI is also using A36 steel to investigate the
elevation in fracture toughness resulting from shallow-crack depths with
work directed toward modifyir.y exist.ug standards on fracture toughness
testing to include consideration of shallce. flaws,!0=1"

The HSST Program is using the experience gained by both the Univer=-
sity of Kansas and EWl in the development of the HSST shallow-crack
project, Dr. 8. T. Rolfe, who directed the investigations into the
fracture toughness of shallow cracks at the University of Kansas, is a
consultant to .he HSST shallow-flaw testing program. In addition, the
NRC is & corporate sponsor of the research at EWl and can benefit from
the experience and “aca of that program.

The shallow-crack fracture ioughness investigations at the Univer-
sity of Kansas are summarized to illustrate the basis for

shallow-crack testing under RPV conditions.!,?,!%

interest in
Tt : specimens used in




the shallow-crack work at the University of Kansas were fabricated from
A36 and AS517 steel, using the single-edge-notch bending (SENB) con-
figuration, and were tested in three-point bending. Both square and
rectangular cross sections were tested “<ing specimens of three dif-
ferent thicknesses B (31,8, 25.4, and 12.7 mm)., Four depths W (12.7,
25,4, 31.8, and 63.5 mm) were used. The specimen span § was equal to
4wW. Figure 1 illustrates the specimens used. The source plates used
for the specimens were in the as-rolled condition, and the specimens
were cut such that the tests were conducted in the L-T orientation. The
source plates exhibited no significant microstructural differences
between the surface and centerline positions.

An increase in the fracture oughness of a specimen caused by
shallow flaws was found to take place at temperatures in the transition
region of the crack-tip-opening~displacement (CTOD) temperature transi-
tion curve (Fig. 2). Testing &t temperatures within the lower shelf of
the toughness curve indicted that for shallow cracks no increase in
fracture toughness was present, In other words, elevated fracture
toughness caused by shallow cracks takes place at temperatures at which
the failure mode is primarily brittle, but is preceded by small amounts
of ductile tearing. The plastic zone at the crack tip for the shallow
flaws is quite large because of the high stresses required to initiate
the shallow flaw. Thus the use of elastic-plastic fracture mechanics is
required.
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SPECIMEN SIZES (THICKNESS, B X DEPTH, W)

127mm (0.5in) X 127 mm (0.5 in.)
254mm (1.0in) X 254mm (1.0in.)
318mm (1.25in)X31.8mm (1.25in))
127mm (05in) X 26.4mm (1.0 in.)
318mm (1.25in.)X63.5mm (25in.)

Fig. 1. Beam specimens used for shallow-crack research at the
University of Kansas.
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Finite-element analyses indicated that the cause of the elevated
toughness is geometry dependent rather than a material propertvj that
is, the crack-tip constraint of a deep crack is different from the
constraint of a shallow crack. The plastic zone around the crack tip
was found to be distinctly different for flaws having an a/w ratio of
0.15 (a = 4.8 mm) or less, as opposed to deep flaws, For the shallow
flaws, the plastic zone surrounding the crack tip interacted with the
specimen s rface from which the crack extends well before the formation
of a plastic hinge. For deep cracks, the opposite was true: a plastic
hinge was formed before the plastic zone interacted with the crecked
face of the specimen., Figure 3 shows shallow- and deep-cracked speci~
mens and the developing plastic zones for comparison. The distinction
between sha’low- and deep-crack behavior depends on the material
involved but generally occurs at &/w ratios between 0.15 and
0,20.16~27 The deepest absolute crack depth, a, that has experimentally
shown a shallow-crack fracture toughness increase is 10 mm (0,39 in,).??

The results of the shallow-crack resesrch at the University of

wsa show that the fracture toughness increase for shallow cracks com=
pa. ¢ h conventional deep-cracked fracture specimens is significant
in .ansition region, Figures 4 and 5 show the elevated toughness
of L.e¢ shallow-crack specimens in terms of CTOD. A36 material is a low~
strength, high=strain-hardening material, while A517 is a high-strength,
low=strain-hardening material., For A36 material, the critical CTOD for
shal low-crack specimens was ~2.5 ¢times the CTOD for deep-crack
specimens!, !5 in the transition region., The A517 specimens showed an
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YIELDED REGIONS AT

) CcTo0 = 0.025 mm
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.

W=318mm(1.25in.) aw=010 aw=005

Fig. 3. Von Mises stress distribuctions for 2-D plane-strain A36
steel specimens,
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even more pronounced effect with CTOD for the shallow specimens as high
as 4 times that of the deep-cracked specimens,? The normalized crack
depth, a/w, for the shallow-crack specimens from A3é and A517 caterial
was 0 15, The absolute crack depths, a, for which the shallow-crack
effect was observed were 4.8 mm (0.19 in.,) fer the A36 specimens and
3.8 mm (0.15 in.) for the A517 specimens, The stress-intensity factor
Kic is related to the square root of the CTOD, which means that the A36
shallow-crack specimens exhibited an ~60% increase in Kjeh in the A517
specimens, K, for shallow cracks would be twice that oi deep cracks,
The temperature range in which the shallow-crack elevated toughness took
place was roughly within the transition range for each steel. The
temperature at which tearing took place was ~20°C (36°F) lower in the
shallow :rack specimens than in the deep-crack specimens for both
steels.,

One of the primary goals of the shallow-crack research at EWIl is
the inclusion of shallow=crack testing in the various American and
British standards on fracture toughness testing,!0=!® The testing
program at EW] therefore differs somewhat from that at the University of
Kansas. The material being used for the shallow-crack tests at EWI is
A36, but several very different specimen configurations are being used,
including SENB specimens, single-edge-notch tension (SENT) specimens,
and & single-edge~notch arc-bending (SENAB) specimen. 'The SENAB speci~
mens are oriented in the L-S direction, using multiple geometries (B =
B, B x 2B, B x 3B) in which B = 25 mm. Because the research at EWI is
in progress, results are preliminary, but they also show an increase in

the fracture toughness measured for a specimen when it is tested with a
shallow rather than deep crack.

2.2 PROBABILISTIC FRACTUKE MECHARICS EVALUATIONS

To understand the significance that elevated "racture toughness of
shallow flaws would have with respect to the safel.y of PWR vessels,
recent 1°TS studies need to be considered.’~® The IPTS studies evalu-
ated the ,robability of vesse! failure (through-the-wall crack) caused
by PTS fo:. three operating nuclear facilities. Many probabilistic
fracture-mechanics calculations were performed for each vessel by
randomly varying parameters such as fracture toughness (ch, K“i

RTypp )» material chemistry (percentage of copper and nickel), and
O

radiation damage (fluence, ARTNDT) for specified thermal and pressure
transients. The probability of failure per event was ‘'.en defined as
the number of failures divided by the total number of csl:ulations, In
this way, conditions that have a relatively strong influence on the
overall probability of vessel failure are determined and evaluated.
Likewise, a small number of pressure and thermal transients showing the
greatest likelihood of resulting in vessel failure (i.e., dominant
transients) can be identified and examined further.

The region of concern in a reactor vessel with respect to crack
initiation and propagation during PTS loading is the beltline region
(the area of greatest radiation damage). Within the beltline region,
three subregions are considered: axial welds, circumferential welds,




and plate segments., In most vessels, welds are more susceptible to
radiation damage than plate segments. However, plate segments occupy a
much larger area i(han welds. Thus, axial welds and plate segments both
have a strong influence on Lhe likelihood of failure. (The above

discussion applies only to vissels fabricated using plates rather than
ring forgings beceuse ring-forged vessels have no axial welds. Plate
vessels constitute ~70% of the PWR vessels in the United States.)

Flaw depths which were <20 of the wall thicknes- of the vessel
were assumed to be two dimensional (2 D) (i.e., infini.eiy long). This
assumption was made because short, shallow flaws tend to grow on the
surface to become long, shallow cracks (in the absence of cladding)??
and because long, shallow flaws are essentially 2 D.

The majority of flaws that initiated during the various PTS events
simulated in the IPTS studies were <13 mm (0.5 in,) deep as illustrated
in Figs., 6-8, These results are due in part to the flaw distribution
used in a probabilistic fracture mechanics analysis that assumes more
shallow than deep flaws in a reactor vessel. Other major factors
include the negative radiation damage gradient and the positive thermal
gradient during a P18 scenario in the wall of the vessel. Thus, the
shallow flaws in these vessels countri.ute more tc the likelihood of
vesse! failure than do deep flaws. A histogram showing the percentage
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of cracks that resulted in initiation for a dominant transient in ihe
Calvert Cii‘fs IPTS study is shown in Fig, 6., Similar histograms for
the Oconee . and H. B, Robinson studies are shown in Figs. 7 and 8,
respectively, While these histograms are not all-inclusive, they
clearly indicate that for the dominant transients shown, flaws <13 mm
(0.5 in.) deep have a significant impact on the probebility of vessel
failure.

Examination of the results of the IPTS studies® % shows that -~952%
of the initial initiations for all three plants too: place within the
relative temperature (T = RTy,,) range from =50 to 50°C (-58 to 122°F)
assuming 32 effective full-power years (EFPYs). This trend is illus-
trated in Fig. 9.
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Fig. 9. Histogram of percentape of total initiations vs relative
temperature at initiatior. for Calvert Cliffs Unit 1,

2.3 BENEFITS

Te illustrate the potential benefits associated with an elevated
toughness of shallow cracks, the conditions of potential flaws in a
reactor vessel need to be summarized. The material of construction of
the majority of plate~formed PWR vessels in this country is A533 grade B
class 1 steel. A set of Charpy curves for unirradiated A533 material
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taken from HSST Plate 13A in the T-L orientation is shown in Fig. 10.
The transition region of this material in the T-L direction is roughly
between ~100 and 20°C (~150 and 6B8°F). Cleavage initiation values were
recorded at temperatures as high as 24°C.?% A toughness curve for HSST
Plate 13A is shown in Fig. 11, The nil=ductility reference temperature
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for this particular plate is =23°F (=10°F).?% The wall thicknesscs in a
PWR vesse! range typically from 203 to 280 mm (8 to 11 in ) thick.?®
Axially oriented flaws in » vessel are sitiated in the L-8 direction
using standard ASTM convention® (Fig. 12).

The substantial benefits that could be realized with an elevated
toughness caused by shallow flaws in a reactor vessel are obvious when
che research at the University of Kansas,!'»? the IPTS studies,?"® and
the conditions in an RPV are considered jointly, Significant increaces
(between 60 and 100%) in K,. caused by shallow cracks were found for

both A517 and A36 material. A36 steel is a low-strength, high=stvain-
hardening material, while A517 is a high-strength, low=strain-hardening
material, The strength and strain hardening of A533 is between that of
A36 and A517 (Fig. 13).2,2% Therefore, it is anticipated that a sig-
nificant increase in the toughness of shallow flaws in A533 takes place.
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IPTS studies®=® indicate that a substantial portion of all the flaws
that are predicted to initiate during the dominant transients for the
three plants considered were 13 mm (0.5 in.) deep or less. Specimens
with crack depths about 5 mm (0.2 in.) deep have exhibited shallow-crack
behavior in A36 and AS517 steel.)!y;? The deepest crack with an elevated
toughness due tc a shallow-crack effect found in the literature is
~10 mm (0.4 in).?? It is therefore anticipated that a large portion of
the flaws of interest in an RPV could exhibit a shallow=flaw effect.

As discussed previously, the temperature range of interest T =
RTypr in an RPV is roughly between =50 and 50°C (=58 and 122°F),
Assuming that RTypr for the T-L and L-S orientations is similar (=23°C),
the iLemperature range applicable to vessels is =73 to 27°C (=100 to
80°F) wusing unirradiated A533 material. Thus the temperatures of
interest in an RPV are largely within the range of temperatires at which
an elevated toughness as a result of shallow cracks is anticipated.
Furtherrore, the toughness vs temperature function assumed in the sroba-
bilistic evaluations was found to strongly influence vessel failure.
This means that the toughness for a large portion of the cracks that
were predicted to initiate could be significantly higher than considered
in the IPTS studies. Thus the understanding of the behavior of shallow
flaws in a reactor will lead to a better assessment of the risk of
vessel failure during a PTS event. It is anticipated that the HSST
shallow-crack program will show sufficient conservatism in the present
treatment of shallow flaws to allow modification of Regulatory Cuide
1.154,9% which currently dictates the content and format of PTS analysis.
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3. SPECIMEN DEFINITION

Because the goal of the HSST shallow-crack program is to investi-
gate the fracture toughness of shallow cracks in flawed reactor vessels,
the test specimen for this project must be as prototypic as practicable
of RPV conditions. Furthermore, to isolate and quantify the influence
of crack depth on the toughness of a specimen, applicable ASTM standards
should be f{ollowed as closely as possible. The national standards
considered in the HSST shallow-crack effort include ASTM E399, Standard
Test Method for Plane-Strain Fracture Toughness of Metallic Materials;®
ASTM EB13, Standard Test Method for J,., A Measure of Fracture
Toughness}’” and ASTM E1290, Standard Test uithod for Crack=Tip Opening
Displacement (CTOD) Fracture Toughness Measurement,®

3.1 CEOMETRY

The specimen configuration chosen for testing shallow cracks in the
HSST shallow-crack project is the SENB specimen with a straight=through
crack (as opposed to surface crack). The bend specimen better simulates
the varying stress field in a reactor wall under PTS conditions. In
addition, shallow flaws are much better suited to investigate in a bend
specimen then in a compact tension specimen; thus, the majority of
previous shallow-crack work has utilized SENB specimens.',?,10 The
straight=through notch simulates the infinitely leng, 2-D crack. To
maintain consistency with ASTM standards, the beams will be tested in
three-point bending,®~®

To better simulate the conditions of a shallow flaw in the wall of
a reactor vessel, the specimen depth W and thickness B should be large
enough to simulate the stress state in a vessel wall. PWR vessel walls
are nominally 203 to 280 mm thick (8 te 11 in.). Beams near the size of
vessel walls are much too large for multiple specimen testing and are
not necessary to meet the program goals. A 100-mm-deep (4-in.) beam has
been selected for use in the HSST shallow-crack project (see Fig. 14).
This size is large enough to accurately simulate the stress state in a
flawed vessel wall but small enough that existing facilities can be used
for testing. ASTM standards®-® allow beams of either rectangular (W =
2B) or square (W = B) cross sections to be used (i.e., 50 by 100 mm ox
100 by 100 mm). For the HSST shallow-crack program, rectangular beams
(50 by 100 mm) will be used for the majority of tests. The rectangular
specimen is of sufficient size to give valid K; results with a deep
crack at lower shelf temperatures. The rectangular beams are easier to
handle than the larger square “eams. A limited number of square beams
will be tested for comparing the two beam sizes.

The beam span 8 for the rectangular specimen will be equal to 4&W,
as defined in the ASTM standards;®~® however, to adequately tesL a beam
with a square cross section (100 by 100 mm) the span of the beam §
between the supports may need to be extended beyond the span of 4W. An
extended span of 6W, or 610 mm (24 in.) is currently being considered to
produce sufficient bending within the beam to ensure failure within the
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Fig. 14, HSST shallow-crack specimen,

capacity of the testing machine. Final beam design and equations
relating the toughness of the specimen to the recorded data can be
determined for the extended beam with the same accuracy as those used
for the standard span beam from finite-element analysis. This deviation
from the standards should not negatively impact the test procedures or
outcome of the tesLs,

3.2 METALLURCY

The flaws of initerest in the HSST shallow-crack study are axially
oriented cracks in the weld and plate material. Flaws are generally
more likely to exist in weld material; however, plate material must also
be considered because of the larger area of plate and the increased
radiation damage in higher copper plate sections. The shallow=crack
fracture toughness elevation appears to be dependent on the geometry of
the specimen (i.e., differences in crack=tLip constraint)!y? and not on
the metallurgy of the cracked material. For those reasons, specimens
for the HSST shallow-crack testing are to be cut frum the surface of
HSST Plate 13B, which ie A533 grade B class | steel plate material. The
specimens are to be cut from the surface of the source plate to maintain
consistency with an RPV plate. Previous characterization of HSST Plate
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13A reveals that there is very little microstructural difference between
the surface and center portions of the plate,?" Therefore, it 1is
anticipated that any fracture toughness ditferences quantified in the
shal low=crack tests will be due to the depth of the cre.k and not
because of any metallurgical surface effects of the plate material.,

To maintain consistency with the conditions ot an RPV, specimens
for this project will be cut with the cracks oriented in the L-8 orien-
tativn (Fig. 11). This orientation was chosen over weaker material
orientations because of the dominance of axialiy criented flaws in
reactor vessels in the IPIS studies.?"® The HSST shallow-crack program
is interested in the initiation toughness of shallow, infinitely long
flaws through the thickness of the wall of a reactor vessel. The
influence of cladding will not be considered for the HSST shallow-crack
project.,

Figure 14 is a schematic of the specimen location within the source
plate and the HSST shallow-crack specimen geomelry.

3.3 SPECIMEN PREPARATION

Multiple specimens will be tested as a part of the HSST shallow-
crack project, and all will be fabricated from existing A533 material.
The fabrication process includes cutting blank specimens from the center
portion of the plate, surface machining the specimens to the require-
ments of ASTM E399,6 and inserting the starter notch from which a
fatigue crack will be grown., Side grooving of the specimens is not
anticipated,

Once the specimens have been fabricated, they will be instrumented
sc that they can be fatigued until a suitable crack is grown from the

starter notch., The fatigue precracking will take place in the same
testing machine as the fracture toughness tests. The fatigue crack
growth will be detected visually on the surface of the specimen,
Fatigue precracking will take place at room temperature and involve
~100,000 cycles for each specimen and is discussed further in Sect. 6.1,

After the appropriate crack depth in a specimen has been reached,
the conditions for that particular test will be set. The specimen will
be cooled to the appropriate test temperature, and the instrumentation
will be checked. Once the test conditions are met, load will be applied
to the specimen at a specified rate until the test is concluded. Tests
at lower temperatures are expected to result in crack initiation and
catastrophic failure of the specimen. Tests at higher temperatures that
result in more ductility may require the use of the single-specimen
elastic compliance technigque (ASTM E1152)%6¢ for determining the fracture
toughness.



17

4. TEST F CILITY REQUIREMENTS

To successtlly complete the HS3T shallow-crack project, several
requirements ha' : been established for the test facilities., The primary
concern of the test facility is adequate load capacity for testing
shal low-cracked beams. Due to the large amounts of scatter in tLhe
material toughness of the specimens in this project, limit-load calcula-
tions were used to predict the load requiremcnts for the various beam
specimens considered for use in the projecit. Limit-load calculations
are simple, 2-D analyses based on the development of a fuily plastic
zone across the net cross-sectional area, ignoring the influence of the
crack tip in the beam. Therefore, the limit load of the net section of
a beam should provide a conservative estimate of the load requirements
of a cracked-beam test. Details of the limit-load calculations along
with computations for the 100-mm (4-in.) beams are given in the
Appendix. Results of the calculations indicated that for the square
100-mm (4~in.) beam with a span of 610 mm (24 in.,), a maximum load no
greater than 1 MN (220 kip) would be required. The HSST Program has
available for its use on the shallow-crack project either an Instron
2.4-MN (550-kip) testing machine or a 1=MN (220-kip) MTS test machine.

The beam fixture for the shallow-crack tests must also meet special
requirements. The guidelines concerning roller size, material hardness,
etc.,, detailed in the ASTM standards, will! be followed for the beam fix~
ture.®~® In addition, the span of the fixture should be adjustable so
that the shallow-crack project can retain a degree of flexibility., The
beam fixture should be designed so that the interfaces between the
specimen and the required instrumentation and cooling system pose no
difficulties.

A cooling system that will cool, record, and control the specimen
test temperature is required. An e.vironmental chamber will be con-
structed surrounding the cracked area of the beam and cooled with nitro-
gen vapor, or the specimen will be immersed in a liquid bath. The
temperature will be controlled and recorded by using thermocouples
attached to the specimen and connected with a data acquisition and
control system, The temperature accuracy will be within or better than
the requirements of ASTM E399.6

The shallow-crack tests at lower temperatures will likely culminate
in catastrophic failure of the specimen. Therefore, the test facility
must provide adequate protection of test personnel and equipment,
Restraint devices attached to each end of the specimen will be designed
to capture the specimen ends upon ftailure. In addition, a shield placed
around the test area of the testing machine will protect personnel from
small objects that might be thrown during a test. The test ferility
will also be designed to protect the instrumentation and other equipment
during a test,

In addition to loading the specimens to the point of crack initia-
tion, the test facility will also be used to fatigue precrack the speci-
mens. Fatigue precracking is the most expedient method of growing an
initial notch into a sharpened crack suitable for testing according to
ASTM E399.% As a result, the test facility must be capable of with-
standing 'arge numbers of load cycles (~100,000 cycles/specimen).
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5. DATA ACQUIS.TION REQUIREMENTS

The HSST shallow-flaw project requires that the frecture toughness
of the specimens be determined in terms o. J-integral and CTOD. Frac~
ture tests in the transition region usually dictate that both elastic
and elastic-plastic frecture toughness expressions be utilized, For
nuclear applications, toughness is convention/lly expressed in terms of
Kie (elastic) and J. or Jg. (elastic-plastic). Quite often, calcu~
lations are performc§ in terms of Jev then converted and expressed in
terms of K, accerding to the expression K, = /I E”, where E° ie¢ the
plane-strain elastic modulus. CTOD, however, can be calculated for both
elastic and elastic-plastic cases. Previous shallow-crack work at both
the University of Kansas'»? and EWI'0-!% has veen in terms of CTOD.
Previous fracture mechanics cleavage evaluations by the HSST Progcam
have been in terms of K, or KJc' These toughness express.ons are used
beca'se they can be appiied to a flawed structure where CTOD cannot.
Toughness measurements in terms of CTOD and the J-integral will provide
comparisons with previous shallow-crack work and data that are appli-
cable to flawed reactor pressure vessels.

To calculate the fracture toughness, the following data must be
collected and recorded. The load as measured by the load cell is neces-
sary for all toughness measurements,®=® Crack=mouth-opening displace~
ment (CMOD) is needed for both K;. and CTOD measurements®,® and is
usually recorded using a clip page focated at the mouti: of the starter
notch. CMOD can also be used to monitor crack growtl 1u:ing the fatigue
precracking phase of the specimen tests. The verticy. load-line dis~
placement (LLD) is used for J-integral’ determinatiun and typically
measured with a linear variable differential transformer (LVDT) (see
Fig. 15). The plastic rotation tac.or defined as the point of rotation
ahead of the crack front for a cracked specimen is used to determine
CTOD from CMOD. The rotation factor has been determined both analyti-
cally with 3-D finite-element analysis',? and experimentally using a
dual clip-gage approach??=30 or the n-factor approach!® for shallow-
crack beams. It is currently anticipated that the HSST shallow-crack
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program will determine the rotation factor analytically by finite-
element analysis and experimentally using the n-factor approach.

Care must be taken in placement of the clip gape(s) at the crack
mouth to prevent the placement of the clip guge(s) from influencing the
recorded data. For shallow cracks the region near the crack tip for
location of any instrumentation is very small, requiring that special
clip-gage attachment techniques be developed. Section 6.1 contains more
information concerning clip-gage attachment,

To adequately size the required instrumentation, elastic-plastic
calculations have been performed on both deeply cracked and shallow-
crack beams to estimate the beam response as a function cf applied
load. Details of these calculations are given in the Appendix. The
estimates were performed for square and rectangular specimens with
normalized crack depths a/w of 0.50 and 0.125, The CMOD at the specimen
limit load was fcound to vary between ~0.9 mm (35 mils) for the shallow-
cracked, rectangular case and 2.2 mm (86 mils) for the deep-cracked,
square specimen, The LLD at the limit load increases as the crack depth

decreases and varies between 5.6 and 1.9 mm (220 and 76 mils) for the
shallow, square and deep-crack rectangular specimen, respectivel v,

Accuracy and sensitivity requirements for the data acquisition sys~-
tem (including instrumentation) are given in the various ASTM stan-
dards.®"® These requirements will be met or exceeded. The data acqui=
sition system will record and reduce data during the fatigue precracking
procedures as well as during the fracture toughness evaluation tests.
This data acquisition system can be assembled primarily from existing
HSST equipment,
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6. PROJECT EVOLUTION

The evolution of the HSST shallow-crack program is described in
this chapter. The program is desigred Lo investigate shallow-crack
specimens that are as prototypic as practicable to an RPV. To properly
apply the experimental results Lo pressure vessels, the HSST shallow-
crack project needs to have an analytical understanding of shallow-flaw
behavior in test specimens and actual reactor vessels. The joint
analytical and experimental comparisons will provide ingight into
shal low-crack behavior not available by either an analytical or experi=
mental study alone.

As with most experimental research programs, certain testing tech=
niques must be developed and verified in this project to invescigate the
influence of shallow cracks in reactor vessels. However, in addition to
the development of shallow-crack testing technology under conditions
prototypic of an RPV, the HSST Program anticipates producing a data base
of shallow-crack fracture toughness values. To meet these objectives,
the HSST shallow-crack project is divided into two experimental phases!
a development phase and a production phase. During the development
phase the experimental techniques necessary for shallow-crack testing
will be established and six verification tests conducted. Once the
testing capabilities are confirmed, the toughness of shallow cracks
under conditions simulating an RPV will be compared with the toughness
of deep-cracked .pecimens a4s a part of the production phase of the
project.

6.1 ANALYTICAL SUPPORT

Currently three separate analytical investigations are planned as a
part of the HSST shallow-crack program. Thesc investigations are neces-~
savy to plan the experimental test matrix (Sect. 6.3) and apply the
experimental data to RPYs. Initially, the crack depths of interest in
the program need to be investigated analytically. Specifically, how
shallow cracks will scale between different-sized specimens is uncertain
at this time. The HSST shallow-crack test specimen will be analyzed
with different crack depths to distinguish the cracks depths that
exhibit shallow-crack behavior and the toughness elevation that is
anticipated at each crack depth, These analyses will also provide
pretest information for proper instrumentation, etc.

The second investigation is to determine the influence of specimen
thickness on the fracture toughness of the HSST specimens. Both rec-
tangular (50 by 100 mm) and square (100 by 100 mm) specimens will be
tested, although the majority of the tests will be conducted with the
rectangular specimens. Both specimens need Lo be analyzed to compare
the specimen response with a shallow-cracked reactor vessel. In addi-
tion, the specimen analyses at the University of Kansas were used to
determine the plastic rotation factor used in the interpretation of the
fracture toughness data.' ? This same approach is planned for the HSST
shallow-crack specimens (Chap. 5).
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The third ans" ‘cal investigation will determine how the data col~
lected in the HS» low-crack program should be applied to a reactor
vessel , Specific. .y, the influence of the difference between the
reactor wall *hickness and the test specimen width on the shal low-crack
behavior needs to be investigated. The specimen width of 100 mm (4 in.)
was chosen because it is believed that a 100-m beam is large enough to
isolate the tip of a relatively deep crack from the edges of the speci~
men allowing direct comparison of a shallow crack between the test
specimen and the wall of an RPYV, In other words, .f cracks 10 mm
(0.4 in,) or less in depth show an elevated toughness in the test speci=-
men, then cracks 10 mm deep or less are expected to show a similar
toughness elevation for a reactor veswel wall. However, this is an
important consideration and needs investigation and confirmation.

6.2 DEVELOPMENT PHASE

The development phase of th. HSST shallow-crack program has the
objective of developing the necessary experimental techniques for the
testing of shallow-crack A533 specimens and subsequently to verify these
testing capabili.ies with six preliminary or "shakedown" tests., The
development phase of the project is to take place concurrently with the
analytical studies described previously, Currently, the two identified
topics that need investigation before any shallow-crack testing can take
place are (1) fatigue precracking of the beam and (2) application of the
instrumentation to the speci=_., Fatigue precracking is necessary to
sharpen the initial notch in a fracture toughness specimen. The ASTM
standards (E399,6 EB813,7 E12908) contain specific requirements concern-
ing the cyclic load levels that can be used to fatigue the notch and the
shape of the sharpened flaw. These requirements are necessary Lo ensure
that the fatigue precrack is reprecentative of flaws found in engineer-
ing structures and that the specimen produces fracture toughness values
comparable with other fracture testing.,

Fatigue precracking a shallow crack is more difficult than for a
conventional specimen, Obviously, the sta:ter notch from which the
crack emanates must be much smaller for a shallow=flaw specimen., The
load level must not exceed certain limits during the final stages of
fatigue crack growth, increasing the number of load cycles required,
Furthermore, beceuse the beams are 50 to 100 mm thick (2 to 4 in.), the
ASTM requiremerts®=® concerning the profile of the crack front (i.e.,
straightness) are more difficult to meet. In fact, the chevroned notch
technique which is used to produce a straight fatigue precrack, cannot
be used for shallow flaws because the depth of the chevron (~30 mm) is
greater than the depth of the shallow crack.

The most promising method of fatigue precracking a straight crack
involves the use of electron discharge machining (EDM) for notching the
specimen, Using EDM techniques, very small notches (~0.2 mm) of any
depth can be inserted. Because the notch root radius is very small, the
notch will be cut close to the desired final crack depth, allowing the
fatigue precrack to be grown in fewer cycles and resulting in a straight
crack front. The development beams will be examined following testing
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to observe the crack profile and any edge effects prevalent during
fatigue precracking.

The second task requiring developmental work before any
shallow-crack testing is the attachment of the instrumentation to the
specimen., In particular, as mentioned in Chap. 3, the attachment of the
clip gage(s) used to measure CHMOD is more difficult with a shallow-crack
specimen than with a conventional fracture specimen. In any fracture
specimen, the application of the instrumentatior. must not influence the
recorded data} therefore, the clip gage is located in a zone near the
crack mouth where the gage will not affect the actual opening of the
crack. This "dead zone" is a function of the depth of the crack and is
very small for shallow cracks.

Numerous ideas are being considered concerning the problem of
attach.ng the instiumentation to the shallow=crack specimen, including
(1) small holes drilled very close to the crack mouth in the beam to
hold a fixture to which the clip page(s) are attached, (2) a mounting
bracket with the instrumentation attached to it that is welded to the
edge of the crack on the specimer, or (3) very small knife edges
machined into the mouth of the crack for attaching the clip gage(s).

The development phase of the HSST shallow-crack project will cul-
minate in a series of preliminary tests for the purpose »f validating
the testing techniques necessary for shallow-crack tests. These Lesls
are not designed to produce any shallow-crack data but rather to evalu-
ate the test facilities and develop procedures LO assure that the data
produced subsequently in the project will bs acceptable shal low-crack
data. There are several objrctives for the shakedown Lests in addition
to validating the development activities described previously. The
-ompliance of each different specimen needs to be measured in the test-
ing machine to accurately set the proper load rate specified in Lhe
applicable ASTM standards.®"® Each component of the testing facility
and data acquisition system will be checked for proper operation during
the shakedown tests. Test procedures based on the results of the pre-
liminary tests will be written for the production phase of the HSST
shal low-crack project.,

At present, it is planned to include six specimens as verification
tests. These tests are to include at least two deep-cracked specimeng
and two shallow-crack specimens that will be Lested at a Lenperature Lo
ensure no prior stable crack growth. The remaining tests will be con=
ducted with a different shallow-crack depth and/or a higher temperature
to investigate the behavior of a more ductile specimen,

6.3 PRODUCTION PHASE

Once the shakedown tests have been completed, the production phase
of the HSST shallow-crack project can begin with the goal of determining
under simulated RPV conditions the fracture toughness ¢f shallow~cracked
specimens. The matrix of tests to produce the HSST shallow-crack frac-
ture toughness data base involves the test temperatures to be con-
s.dered, the crack depths tested, and the number of tests to be con-
ducted at each condition, Recommendations made for the shallow-crack




tes. matrix to provide sufficient data for use in the consideration of
flaws in reactor pressure vessels are given below.

The temperature range of interest in the HSST shallow=-crack
investigation is primarily dictated by the application of the data to
RPVs. This temperature range has previously been given as roughly
between T = RTy,e = =50 and 50°C (~58 and 122°F). Assuming an RTypr in
the L-8 orientation similar to that in the T-L orientation, the tempera~
ture range of interest is roughly =73 to 27°C (=100 to 80°F), which is
close to the anticipated lower Lransition range for A>31,

As described above, the specimen tests will take place at tempera=
tures applicable to reactor vessels. The lower limit of the temperatury
range will be in the lower-shelf region where shallow-cracked specimens
and deep-cracked specimen have identical tou.’ i 28s val.es. AL least one
set ot shallow- and deep-crack specimens s. .ld be tested at a lower~
shelf temperature to show that there i; no increase in the fracture
toughness for shallow cracks at the lower shelf. Testing will take
place at increasing temperatures until the material becomes too ductile
to initiate in cleavage. The temperature interval between tests will be
reduced as ..e (emperature increases because of the rapid toughness
increase a a function of temperature. The actual temperature values
used in (be HSST shallow-crack program will be chosen when the L-S
material characterization has taken place. It is anticipated that at
least four, and probably as many as six, different test temperatures
will be selecied.

TH2 crack depths to be considered in the test matrix cannot be
conclusively determined until the analytical stuiy described in Sect.
6.2 has been completed. However, specimens with a crack depth roughly
half the specimen width (a/w ~ 0.5) should be tested first under identi-
cal conditions to those planned for the shallow-crack depths so that a
direct influence of crack depth on fracture toughness can be measured.
The minimum crack depth of interest in the HSST shallow-crack program
a=5mm (0.2 m) will be tested next. This depth represents a practical
lower limit of the crack depths that initiated in the IPTS studies3d=5
and is roughly the same as the absolute crack depth used in the shallow-
crack studies at the University of Kansas.! An additional depth to be
tested will be determined once the crack depths exhibiting shallow
effects are determined analytically for the HSST specimen and the
application of the HSST shallow crack data to a reactor vessel has been
investigated. Currently, testing three crack depths (including the
deep-crack case) is anticipated.

Replicate tests need to be performed in any fracture toughness test
program because of the data scatter associated with tests of this type.
The shallow-flaw tests seem Lo produce data with even more scatter than
conventional toughness specimens. Based on the experience at the
University of Kansas and EWI, it is recommended that at least three
specimens be tested at each condition,!,?2,10-15 When the data set from
the identical tests is analyzed, additional replicate rests at selected
conditions can be performed if necessary.

The test matrix just described will be conducted using rectangular
(50~ by 100-mm) specimens and consists of ~60 tests. However, a limited
number of tests will be conducted using syuare (100- by 100-mm)
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specimens for comparing the two specimen thicknesses. It is anticipated
that the fracture toughness of the specime will be independent of the
beam thickness; however, this assumption will be investigated. The
conditions of the square specimen tests will be determined based on the
results of the rectangular specimen tests., Current plans are to test
approximately ten square specimens.

6.4 MATERIAL CHASACTERIZATION AND AVAI'ABILITY

Characterization of the source plate for the HSST shallow crack
tests has taken place primarily in the T-L orientation?" and will need
to be performed in the same orientation as axially oriented flaws in &
reactor vessel (L-8) “efore the development of the shallow-crack data
base. Material characterization will involve (1) determination of the
s.ress-strain relationship in the L-8 orientation, (2) location of the
lower transition region by producing a toughness-temperature transition
curve in the L-8 orientation, and (3) Charpy V-notch (CVN) testing at
two different plate thicknesses in the L=8 orientation, The
characterization will take place using conventional fracture toughness
specimens such as compact-tension fracture, tensile, CVN impact, and
drop-weight specimens.

The test matrix detailed in the preceding section requires testing
at four to six different temperatures and three different crack depths,
with three to six specimens tested &t each condition. Approximately 60
tests would be conducted using the rectangular specimens with 10
additional square specimen tests. Therefore, an important consideration
in this program is the availability of prototypic reactor-grade
material.

HSST Plate 13A has been extensively characterized and used as a
gnirce plate for several test series including the first six wide-plate
tecte.’% A cut-up plan of HSST Plate 13A is shown in Fig. 16. No
material from HSST Plate 13A is available for use in the shallow-crack
Lests; however, HSST Flate 13B is a companion plate to HSST Plate 13A
and is available as a source of material for the HSST shallow-crack
specimens. HSST plates 13A and 13B are the two halves of HSsT Plate 13,
which was cut for shipping purposes. The two plates are ruighly the
same size. HSST Plat. 13B has only been used as a source plate for
WP-1.7 and =1.8.3! The remains of WP-1,7 and -1.8 will be used for the
shallow-crack tests first, then test material will be cut from the
remainder of Plate 13B, Because HSST Plates 13A and 13B are originally
from the same plate, the characterizations should be equivalent.

Assuming that the equivalent of 80 rectangular specimens will be
needed for the entire production phase of the project, a plate with an
area of more than 2 m? (22 ft?) would be required. HSST Plate 13B con=
tains 10 m? (109 ft?) of usable material. Because characterized reactor
material is scarce, it may be necessary to conserve material and not use
homogeneous beam specimens.

Two alternatives are currently being considered to conserve HSST
Plate 13B, The first option is the use of a welded composite beam in
which the test coupon taken from HSST Plate 13B is welded to a pair of
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reusable end arms [see Fig. 17(a)). The second alternative is the use
of a 9l4~mn (36-in.) beam, all from HSST Plate 138, from which three
tests could be performed [see Fig. 17(d)]. The HSST program has prior
experience with using welded composite specimens for large tests.?"

It is not necessary to use HSS/ Plate 13B for the preliminary
(shakedown) teste; instead, remaining wide-plate material from the WP-CE
series of tests?? has b n identified as source material for the pre=
liminary tests. This material is prototypic of that found in a reactor
vesrel but is not as plentiful nor as well characterized as HSST Plate
13A or 138, Because only six preliminary tests are to be conducted,
homogeneous beams, rather tian welded composite beams, will be used in
the verification tests of the HSST shallow-crack project.

ORNL-DWG 90-3764 ETD
TEST COUPON FROM HSST PLATE 138

|
\Lm/‘

REUSABLE END ARMS

(a)

$14 mm (36 in) TOTAL LENGTH

e 229 mm, ’
in) '

A

© e) [+]
T-——swecmeu NO.1 —-—.T }-——— SPECIMEN NO 3 —.|
L_—-—- SPECIMEN NO 2 ——-'

Fig. 17. Alternative methods for conserving A533 material.
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7. ANTICIPATED DATA APPLICATION

The primary goal of the HSST shallow-crack project is to investi-
gate fracture toughness values for shallow flaws under conditions proto=
typic of an RPV, If the investigation progresses as expected, then a
limited fracture toughness data base for shallow cracks will be
developed, The fracture toughness dats base can then be used in either
deterministic or probabilistic fracture mechanics evaluations including
further probabilistic fracture mechanics evaluations of reactor plants
concerning plant-life extension (i.e., the NRC PTS rile)? and/or modifi=
cation of the ASME Sect. X! rules for fracture mechanics evaluation of
reactor vesseis,?? Specific licensing issues that will be affected sig~
nificantly by this study include the PTS, plant-life extension, and
reactor vessel support,

The HSST shallow-crack fracture toughness data base and the experi-
ence gained in producing it should play a key role in any effort to
modify the current standards®~® on fracture toughnees testing to include
shallow cracks. The HSST Program will interface with the appropriate
national s'andards c.omittees on the issue of shallow-flaw testing to
gain review of the project by the standards committees and to provide
the HSST experience to the committees for their use in modifying the
standards to include shallow-flaw testing.

As a part of the production of a data base of shallow-flaw fracture
toughness values, this project will produce results that are of interest
in other areas of the HSST Program. Task H.6 (Crack Initiation) of the
HSST Program is divided into three subtasks: 6.1, Constraint Effects;
6.2, Metallurgical Inhomogeneityj and 6.3, Shallow-Crack Fracture Tough-
ness Testing., Presently, shallow-crack fracture toughness values are
believed to depend on the geometry of the crack-tip region and the
proximity of a free surface (i.e., varying degrees of crack-ti . con~
straint). The analytical work in support of the development f a
shallow-flaw data base will further the understanding of the root cause
of the shallow-crack fracture toughnese elevation, Because the con-
straint of a shallow-flaw diifers fr o a deep flaw, the data and
analyses from this project can be used to enhance the general under-
standing of the influence of constraint on initiation toughness.

Task H.6.2 1is concerned with the metallurgical inhomogeneity
(ivcluding anisotropy) of large plates such as those used in reactor
vessels, The characterization of HSST Plate 13B in the L-S§ orientation
for the shallow-flaw work will supplement characterizations in other
directions of the same plate. Comparisons can then be made that will be
used to quantify the anisotropy of a large plate in terms of crack
initiation fracture toughness. Quantifying the anisotropy in a large
plate will lead to a better understanding of the degree of conservaticm
built into present requirements for the fracture ‘oughness of reactor
vessel plates.



8. SUMMARY

Recommendations for the HSST shallow-crack program have been pre-
sented. The motivation for initiating this pro’ect is that proba-
bilistic fracture mechanics evaluations®=® show that flaws 10 mm deep or
less rather than deeper flaws in reactor vessels have more impact on the
probability of vessel failure. Furthermore, it is anticipated that
shallow cracks in reactor vessel steels «ill exh bit an increase in
toughness similar to that in the structural steels tested previously, 'n
which cese the impact on both the deterministic and probabi’®- .c
fracture mechanics evaluations of reactor vessels would be substant.ai.

The primary goal of the HSST shallow-crack project is to ifvesti-
gate the behavior of the fracture toughness for shallow cracks under
conditions prototypic of an RPV. To meet this goal a beam specimen is
defined with a depth ‘W) of 100 mm (4 in.) fabricated from A533 material
with a crack oriented in the same direction as in an RPV,

The requirements of the test facility and data acquisition system
are detailed. A load capacity of 220 kip is required to test the
defined specimen. The data to be collected during the tests include
load, LLD, and CMOD. These data will allow the fracture toughness to be
expressed in terms of K, , K, , and CTOD, 68

The evolution of Lte project has been plagpned and detailed in this
report. The development phase of the program will develop and verify
the technology asecessary for testing shallow-crack beams. A data base
of shallow-crack fracture toughness values will be obtained as part of
the production phase of the project. The proposed test matrix consists
of four to six test temperatures and three crack depths, with three to
six specimene to be tested at each condition, Unresolved issues within
the program have been identified with suggested solutions.

Results of the MHSST shallow-crack program, in addition to the
development of a shallow-crack data base, include participation in the
efforts to modify current ASTM standards®~® to include shallow-crack
test specimens, exp'anation of the underlying cause of the shallow-crack
fracture toughness elevation, study of the influence of crack-tip con-
straint on initiation toughness, and investigation of the orientation
differences in the fracture toughness of large plates. All of these
results are directed toward the resolution of key licensing issues
facing the NRC at this time as well as expanding the basic understanding
of crack initiation,
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Appendix
LINIT-LOAD CALCULATIONS AND SPECIMEN RESPONSE

Details of the limit-load calculations used to determine the load
requirements and elastic-plastic calculations to estimate the response
of the beam for specimens being considered ‘r the HSST shallow-crack
program are inc'uded in this Appendix, The calculations were performed
using the Handbook on Elastic-Plastic Fracture Analysis.'

Simple liear bending theory was used for the limit~load calcula~
tions. The plustic limit loads for plane strese and plane strain condi~
tions are respectively given by

1,072 o B (W = a)?
pl - Ji

o

and

1.456 or' (U - .)2
L $ ¢

o = yield stress,
= gpecimen thickness,
specimen width,

= crack depth,

" 2 ¥ ww
"

= gpan of specimen.

The square specimen geometry was considered as B = W = 100 mm (4 in.).
The span was 610 mm (24 in,), and the yield stress, 47]1 MPa (68.3 ksi).

Results of these calculations for multiple crack depths are given
in Table A.l. Three-dimensional finite-element calculations performed
for the EWl shallow-crack program? showed that the actual plastic limit
load for the cracked specimen analyzed was very well approximated by the
plane-stress, uncracked beam limit load. These calculations show that a
load capacity of 1 MN (220 kip) should be adequate for testing the HSST
shallow-crack specimens.

Calculations were also performed to determine the CMOD and the LLD
of the HSST beam specimens as a function of applied load. The three
specimens considered were (1) a square beam (100 by 100 mm) with a deep
crack (a = 50 »), (2) a deeply cracked rectangular beam, {(3) a shallow=
crack square toam, and (4) a shallow-crack rectangular beam. The

o |
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Table A.l. Limit loads computed for HSST
square specimen (100 by 100 mm)
for various crack depths

Limit load
afe [MN (kip))
0 €
g L
0 0.867 (19%) 1,179 (265)
0.063 0.765 (172) 1.036 (223)
0,125 0.667 (150) 0.903 (203)
0.188 0.574 (129) 0.778 (175)
0.500 0.217 (48.8) 0,295 (66.3)

shallowest crack depth that can be considered using the Handbook is
o/w = 0,125, Calculations are based on use of the Ramberg~Osgood formu~
lit.on of the stress-strain curve. Input for the calculations included
the geometry of the specimens, standard material properties (E, v, 0 ),
and the Ramberg-Osgood coefficients (a =3, n= 10, for AS33). The D
and LLD at the specimen limit load for the plane-strain conditions is
summarized in Table A.2. The approximate maximum expected CMOD is
2.2 mm (86 mils) for the deep-track square specimen, and the maximum
expected LLD is 5.6 mm (220 mils) for the shallow-crack square specimen.

Table A.2 CMOD and LLD for four potential
HSST configurations at the
plane-strain limit load

CMOD LLD
(mm (mils)] [mm (mils))
1. Deep crack, square beam 2.2 (86) 3.9 (153)
2. Deep crack, rectangular beam 1.3 (53) 1.9 (76)
3. Shallow crack, square beam 1.5 (59) 5.6 (220)
4, Shallow crack, rectangular beam 0.9 (35%) 2.8 (110)
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