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ABSTRACT 
Shallow-flaw fracture technology is being developed for 

application to the safety assessment of radiation-embrittled 
nuclear reactor pressure vessels (RPVs) containing flaws. 
Fracture mechanics tests on RPV steel, coupled with detailed 
elastic-plastic finite-element analyses of the crack-tip stress 
fields, have shown that (1) constraint relaxation at the crack tip 
of shallow surface flaws results in increased data scatter but no 
increase in the lower-bound fracture toughness, (2) the nil 
ductility temperature (NDT) performs better than the reference 
temperature for nil ductility transition (RTNDT) as a normalizing 
parameter for shallow-flaw fracture toughness data, (3) biaxial 
loading can reduce the shallow-flaw fracture toughness, 
(4) stress-based dual-parameter fracture toughness correlations 
cannot predict the effect of biaxial loading on shallow-flaw 
fracture toughness because in-plane stresses at the crack tip are 
not influenced by biaxial loading, and (5) a strain-based dual-
parameter fracture toughness correlation can predict the effect of 
biaxial loading on shallow-flaw fracture toughness. 

INTRODUCTION 
Pressurized-thermal-shock (PTS) loading produces biaxial 

pressure and thermal stress fields in an RPV wall. Thermal 
stresses are highest adjacent to the inner surface of the vessel 
where the effects of irradiation embrittlement and transient 
temperatures combine to produce the maximum reduction in the 
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material fracture toughness. The net result of this combination 
of conditions is that the majority of predicted crack initiations 
originate from shallow flaws located on the inner surface of the 
vessel. The dominant influence of shallow surface flaws 
generates a need for an experimental investigation of (1) the 
effect of reduced crack-tip constraint on the material fracture 
toughness associated with shallow flaws, and (2) the effect of 
prototypical biaxial stress states on the material shallow-flaw 
fracture toughness, coupled with (3) development and validation 
of dual-parameter correlations that can be used to predict the 
material fracture toughness associated with shallow flaws in a 
biaxial stress field. 

The U.S. Nuclear Regulatory Commission (NRC) is 
sponsoring shallow-flaw fracture technology research at Oak 
Ridge National Laboratory (ORNL) in the Heavy Section Steel 
Technology (HSST) Program. This paper presents an overview 
of recent developments in shallow-flaw fracture technology 
resulting from that research. 

SHALLOW-FLAW FRACTURE TOUGHNESS 
Fracture toughness tests have been performed on single-edge-

notch-bending (SENB) test specimens using both deep (a/W = 
0.5) and shallow (a/W = 0.1) flaws [1,2]. Beam specimens used 
in these tests are shown in Figs. 1 and 2. The beams tested by 
ORNL (Fig. 1) were fabricated from A 533 B material and were 
nominally 100 mm (4 in.) deep. Beams with a 230-mm-square 
(9-in.) cross section (Fig. 2) were cut from an RPV of a canceled 
nuclear plant and tested, under an HSST Program subcontract, 
by the National Institute for Standards and Technology (NIST). 
The inner-surface stainless steel cladding remained in place on 
the large-scale beams tested by NIST, and the flaws were 
located in the RPV longitudinal welds. Additional shallow-flaw 
fracture toughness data for A 533 B material were generated by 
the Fatigue and Fracture Branch of the Naval Surface Warfare 
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Center (NSWC) in Annapolis, Maryland [3]. Material for the 
NSWC tests was heat treated to increase its yield stress. The 
NSWC tests were also conducted using large (B = 89 mm, W = 
83 mm) SENB specimens. Large-scale beams permitted testing 
of shallow flaws with depths in the range identified as critical 
for PTS analysis. Use of prototypical flaw depths reduced the 
uncertainties associated with extrapolation of shallow-flaw 
fracture toughness data for application to full-scale structures. 

All data from Refs. 1-3 were generated using large-scale 
SENB specimens fabricated from RPV steel. They can, 
therefore, be combined into deep- and shallow-flaw data sets. In 
Ref. 4, these data sets were normalized in terms of both the 
reference temperature for nil-ductility transition (RT N D T ) and 
the nil ductility temperature (NDT). For the deep-flaw data, 
R T N D T was found to be a satisfactory normalizing parameter 
(see Fig. 3). In contrast, the shallow-flaw data appeared to 
belong to two separate families, with quite separate lower-bound 
curves. The apparent existence of two separate families of data 
for a single material called into question the adequacy of R T N D T 

as a normalizing parameter for the shallow-flaw fracture 
toughness of A 533 B plate and weld material. This problem 
was resolved when NDT was used as the normalizing parameter 
for all data points. Figure 4 shows that shallow-flaw fracture-
toughness data from Refs. 1-3 form a homogeneous population 
when plotted as a function of T - NDT. A single curve defines 
the lower bound to the shallow-flaw fracture toughness data sets 
(Fig. 4). A comparison of Figs. 3 and 4 shows that the lower-
bound curves for the deep- and shallow-flaw data are similar, 
but the mean fracture toughness and scatter of data are 
significantly higher for shallow flaws than for deep flaws. 

BIAXIAL LOADING EFFECTS ON SHALLOW-FLAW 
FRACTURE TOUGHNESS 

A typical biaxial stress field produced by PTS transient 
loading is shown in Fig. 5, together with a constant-depth 
shallow surface flaw. One of the principal stresses is seen to be 
aligned parallel to the crack front. There is no counterpart of 
this far-field out-of-plane stress in the shallow-flaw fracture 
toughness tests previously described. The far-field out-of-plane 
stress has the potential to increase stress triaxiality (constraint) 
at the crack tip and thereby reduce some of the fracture 
toughness elevation associated with shallow flaws. The HSST 
biaxial test program was instituted to investigate this effect. 

A cruciform test specimen was developed at ORNL to 
investigate the effects of biaxial loading on the shallow-flaw 
fracture toughness of pressure vessel steels. Conceptual features 
of the specimen are shown in Fig. 6. The specimen design is 
capable of reproducing a linear approximation of the nonlinear 
biaxial stress distribution shown in Fig. 5. The cruciform test 
specimen design, coupled with a statically determinate load 
reaction system, permits the specimen to be loaded in either 
uniaxial (4-point bending) or biaxial (8-point bending) 
configurations. Tests of nominally identical specimens can thus 
be performed with the level of stress biaxiality as the only test 
variable. 

An initial series of biaxial tests has been completed using test 
specimens fabricated from a single heat of A 533 B material. 
The biaxial load ratio is defined as P-T/PL. where P T is the total 
load applied to the transverse beam arms, and PL is the total load 
applied to the longitudinal arms. Tests were run with PJ /PL 
ratios of 0.0, 0.6, and 1.0. Details of those tests have been 
extensively reported [5,6] and will not be repeated here. Kk 

data from the biaxial tests are shown in Fig. 7, plotted as a 
function of the biaxiality ratio P-T/PL- Th e plot shows a decrease 
in the lower-bound shallow-flaw fracture toughness with 
increasing biaxiality ratios. As the biaxiality ratio approaches 
1.0, the lower bound to the shallow-crack toughness approaches 
that derived from SENB uniaxial deep crack data [1] for A 533 
B steel. The data also indicate a trend of decreasing data scatter 
at a stress ratio of 0.6 when compared with the data scatter 
observed in both the uniaxial (PJ/PL = 0) SENB shallow-flaw 
tests (see Fig. 4) and the biaxial shallow-flaw tests at a PT/PL 
loading biaxiality ratio of 1.0. In summary, the limited biaxial 
toughness data base, depicted in Fig. 7, provides evidence of a 
significant biaxial loading effect on cleavage fracture toughness 
in the transition temperature region for RPV steels. 

DEVELOPMENT OF A DUAL-PARAMETER FRACTURE 
TOUGHNESS CORRELATION 

Constraint Issues 
Fracture initiates when limiting stress or strain conditions are 

exceeded at the tip of a crack. Stress-induced fracture initiates 
in a brittle material when the opening-mode stress exceeds a 
critical value over a finite length [7]. Strain-induced fracture 
initiates when crack-tip strains exceed the stress-state-dependent 
ductility of the material [8-11]. Crack-tip stress fields can be 
divided into hydrostatic and shear components. Yielding of the 
material, and the crack-tip blunting deformation that post-yield 
plastic deformation can produce, is governed by the shear 
component of the stress field. Tensile hydrostatic stresses 
contribute directly to the opening-mode tensile stresses but do 
not influence yielding or crack-tip blunting. It follows, 
therefore, that fracture toughness under stress-limiting 
conditions will be directly influenced when the hydrostatic 
component of the crack-tip stress field increases. Ductility 
controlled fracture toughness will be similarly influenced by 
increases in the hydrostatic component of the crack-tip stress 
field because of reduced crack-tip blunting, which increases the 
crack-tip strain concentration. Crack-tip constraint is the term 
used to describe conditions that influence the hydrostatic 
component of the crack-tip stress field. 

Current fracture prevention technology relies on the use of 
fracture correlation parameters (K or J) to characterize both the 
applied loading and the resistance of engineering materials to 
crack initiation. Shortcomings of these conventional one-
parameter fracture correlation methods, which have been well-
documented in numerous references (e.g., see Refs. 12-15), are 
being addressed through development of various dual-parameter 
fracture methodologies. Dual-parameter, fracture-toughness 
correlations have been proposed to provide a quantitative 
assessment of the effects of reduced crack-tip constraint on 
fracture toughness. The existing dual-parameter methodologies 
being investigated within the HSST Program include stress-
based fracture characterizations {e. g., J-Q methodology of 
O'Dowd and Shih [16-18] combined with Ritchie-Knott-Rice 
(RKR) fracture criteria [7] and the Dodds-Anderson (D-A) 
constraint correction technique [19]} and stress-strain-based 
characterizations {e. g., plane strain fracture ductility techniques 
of Tetleman and McEvily [8], Clausing [9], Barsom [10], 
Merkle [11], and other researchers}. 

Determinations are being made concerning the bounds of 
applicability of the existing constraint effects correlation 
methodologies (i.e., how effective are they in matching existing 



data?). The emphasis in these studies is placed on applications 
to measured data generated from both uniaxially and biaxially 
loaded shallow-crack fracture specimens. A major objective is 
to determine the effectiveness of the various methodologies in 
correlating measured toughness data in the transition 
temperature region of RPV steels. Evaluations that utilized 
applications of the stress-based correlations (i.e., J-Q and an 
engineering model [12] derived from the Dodds-Anderson 
methodology) were described in Ref. 6. Additional evaluations 
are described herein based on applications of two models to the 
ORNL cruciform specimen (Fig. 6), namely, the original 
formulation [19] of the Dodds-Anderson scaling model and an 
ORNL/HSST strain-based model [20,21], incorporating plastic 
zone width in the crack plane as a second parameter. 

Stress-Based Methodologies 
The stress-based dual-parameter fracture methodologies[12, 

16-19] utilize the effects of crack-tip constraint on in-plane 
stresses at the crack tip to infer the effect of constraint on 
fracture toughness. In Ref. 6, both the J-Q methodology and the 
D-A constraint scaling model were applied to shallow- and 
deep-crack SENB specimens [1] and to uniaxially and biaxially 
loaded cruciform specimens. Analysis results from these 
applications indicated that both methodologies could be used 
successfully to interpret experimental data from the shallow-
and deep-crack uniaxially loaded SENB specimen tests. Figures 
8 and 9 summarize an application of the D-A constraint 
correction model to fracture-toughness data from the HSST 
shallow-crack SENB program. In Fig. 8, the shallow- and deep-
crack toughness data are plotted as a function of crack depth for 
a normalized temperature range of -10°C to -25°C. As 
expected in a low-constraint geometry, Fig. 8 shows both an 
increase in the mean fracture-toughness value and in data scatter 
from the shallow-crack specimens when compared with data 
from the deep-crack specimens. The corresponding toughness 
data, following application of the D-A correction model, are 
shown in Fig. 9. Results from the regression analysis, shown in 
Fig. 9, imply that the corrected toughness data are essentially 
independent of crack depdi. 

Applications of the J-Q and D-A constraint methodologies to 
the uniaxially and biaxially loaded cruciform specimens in 
Ref. 6 gave results that were considerably more difficult to 
interpret than those of the SENB specimens. The uniaxially 
loaded cruciform specimen analyzed in Ref. 6 failed at a 
sufficiently high load that the far-field bending stress began to 
impinge on the near-tip stress fields, a factor that rendered the J-
Q results inconclusive. A modified D-A scaling procedure 
employed in Ref. 6 resulted in a JFE/JO rauo dra = J finite body; 
J 0 = J infinite body) for biaxial 0.6 loading that was - 25% 
greater than that for uniaxial loading. This implies a greater 
constraint loss for biaxial 0.6 loading than for uniaxial loading, a 
result inconsistent with toughness determined from the 
experimental data. The results from the D-A approach, 
however, were obtained using an engineering model developed 
by Dodds et al. [12] that approximates the scaling factors 
(Jpg/Jo) of the original D-A model. In the original formulation 
[19], toughness data are adjusted to small-scale yielding (SSY) 
values based on ratios of areas (or volumes) within principal 
stress contours around the crack tip. The engineering model 
applied to the cruciform specimens approximates these ratios 
using the stress distribution in the crack plane directly ahead of 
the crack tip, using a J-Q description of the crack-tip fields. 
Thus, the engineering model assumes that the stressed areas are 

similarly shaped, allowing the comparison of distances ahead of 
the crack rather than areas (or volumes). In Ref. 6, the 
possibility was raised that the engineering model may not be 
suitable for the cruciform specimen that possesses 3-D stress 
fields that vary through the thickness of the test section. 

Because of these uncertainties concerning applications of the 
D-A engineering model in Ref. 6, the cruciform bend specimen 
was re-analyzed using the original formulation of the D-A 
scaling model based on stressed areas and volumes. Maximum 
principal stress contours in the range 2.5oo to 2.8 OQ (an = yield 
stress) enclose critical areas (or volumes) ahead of the crack tip, 
where cleavage fractures initiate. For the present study, 
maximum principal stress contours defined by o~i/Oo = 2.5 were 
obtained at several positions along the crack front for a number 
of load steps up to 190 kips longitudinal load, using the 
ABAQUS-POST [22] computer program. The contour areas 
were then determined and plotted against the ABAQUS 
computed J-values for the respective crack front location and 
load value. From these curves, J-values for uniaxial and biaxial 
loading that give the same stressed areas can be determined and 
plots of J B vs Ju can then be constructed (J B is J for the biaxially 
loaded specimen, and Jy is J for the uniaxially loaded 
specimen). 

The following results were obtained from application of the 
D-A scaling procedure to the 0.6 biaxial loading case: (1) self-
similar principal stress areas were obtained with increasing load 
for both uniaxial and biaxial loading; (2) both maximum 
principal stress areas and J were essentially constant for the 
center 1.5 in. of the specimen, and then both area and J 
decreased rapidly as the crack-slot juncture was approached; (3) 
on average, the fact that J B was somewhat greater than J u agrees 
with the "modified" procedure employed in Ref. 6 and implies 
greater constraint loss for 0.6 biaxial loading than for uniaxial 
loading. This result is contrary to the experiments to date. A 
comparison of the results for J B (0.6 biaxial loading) vs Ju is 
shown in Fig. 10. 

The D-A scaling procedure was also applied to the PJ /PL = 
1.0 biaxial loading test because of the significantly reduced 
toughness result obtained in one of the tests (BB-10). A 
comparison of the D-A scaling procedure for J B vs Jy is shown 
in Fig. 11 for the PT/PL = 1.0 biaxial loading case. Because the 
D-A methodology predicts a small biaxial effect on constraint, 
the predicted failure J for biaxial loading is essentially equal to 
the measured value for uniaxial loading. However, the 
predicted J value is substantially higher than the measured J 
from the lower-bound toughness of the P-I/PL = 1.0 biaxial 
loading experiments (see Fig. 7). 

The implication of the foregoing results, and those described 
in Ref. 6, is that the D-A and J-Q methodologies that are applied 
to in-plane stress fields at the crack tip do not adequately 
describe the effect of biaxial loading on fracture toughness. In 
an attempt to better understand these results, additional FEAs 
were performed on the cruciform specimen to clarify the 
relationship between biaxial loading ratio and development of 
the stress fields and plastic zone in the near crack-tip region. 
The stress components referenced in this discussion are 
calculated at the nodal location (N-5006), identified in Fig. 12, 
at a distance r = 2.5 mm (0.1 in.) from the crack tip; the 
coordinate system is given in the same figure. 

Analysis results indicate that the point located at r = 2.5 mm 
(0.1 in.) experiences yielding at different load levels, depending 
on the out-of-plahe loading ratio. According to the von Mises 



yield criterion, yielding occurs when the second deviatoric stress 
invariant, J 2 , reaches a critical value, 

4h=K, (1) 

where 

J 2 = (1/6)[(P! - P 2 ) 2 + (P 2 - P 3) 2+ (P3- Pi) 21 (2) 

Here, P1, P 2 , and P3 are the principal stresses. The above yield 
criterion can be written in terms of the effective stress, oeg, 
according to 

Oeff=V(3-J2)=V3-K. (3) 

The Mises effective stress and, consequently, the yield criterion 
are governed by the differences in the principal stresses. 

Relevant stress components (Cartesian normal stresses, 
hydrostatic stress, and Mises effective stress) are plotted in Figs. 
13-15 to provide a better understanding of plastic zone 
development in the cruciform specimen. In Figs. 13-15, the 
Cartesian normal stress components (an, a 2 2 , G33) represent 
good approximations to the magnitude of the principal stress 
values (the shear stress components are small). Applications of 
increasing ratios for out-of-plane to in-plane loading are 
accompanied by substantial elevations of the hydrostatic stress 
and the out-of-plane normal stress (an). In contrast, the in-
plane normal stress components (a^, 033) do not change a great 
deal as a function of load ratio, except at the highest load levels. 

Development of the plastic zone can be correlated with the 
applied biaxial loading ratio and resultant out-of-plane normal 
stress component (au). For the PT/PL = 0.0 (uniaxial) loading 
case (Fig. 13), the out-of-plane component is well below the two 
in-plane components, and the onset of yielding occurs at a 
relatively low applied load. When the out-of-plane load is 
increased to PJ/PL = 0.6 (Fig. 14), the out-of-plane component 
roughly tracks the lower in-plane component up to 578 kN (130 
kips) and then begins to increase at a substantially higher rate. 
The effect of the PT/PL = 0.6 load ratio is to delay the onset of 
yielding to a much higher load [-756 kN (170 kips)] than was 
observed in the PT/PL = 0.0 load case. 

For the PT/PL = 1-0 load case (Fig. 15), the out-of-plane 
component (an) turns up and essentially tracks the opening-
mode (maximum) stress component (a 3 3 ) beyond the 667-kN 
(150-kip) load level. Also, the normal stress components (an, 
033) and the hydrostatic stress are observed to increase at a 
greater rate beyond 667 kN (150 kips). [In this load range, 
observe that the hydrostatic and the out-of-plane stresses for the 
1.0 load case are substantially elevated above those of the 0.6 
case (see Fig. 14).] Near the 667-kN (150-kip) level, the plastic 
zone width progresses abruptly through N-5006, and the node 
exhibits significant strain hardening. An increase in differences 
between principal stress components is reflected in the 
increasing Mises effective stress. 

In summary, Figs. 13-15 illustrate that increasing the out-of-
plane to in-plane biaxial loading ratio from 0.0 to 1.0 results in a 
substantial increase of the out-of-plane normal stress 
component, while the two in-plane components remain 
relatively unchanged (except at the highest loads). Thus, far-
field biaxial stresses have little effect on in-plane stresses in the 

cruciform specimen. This effect is further illustrated in Fig. 16, 
which shows the variation of stress components at node 5006 as 
a function of the far-field biaxial stress ratio. As a consequence, 
conventional stress-based cleavage fracture methodologies 
formulated in terms of in-plane stress components cannot detect 
the biaxial toughness effect clearly demonstrated in the ORNL 
biaxial fracture toughness tests. This conclusion is supported by 
measured biaxial toughness data (Fig. 7) and results depicted in 
Figs. 10 and 11 from applications of the D-A scaling procedure 
to the biaxially loaded cruciform specimen. 

Stress-Strain-Based Methodologies 
Experimental and analytical investigations presented in the 

previous section show that out-of-plane biaxial loading has no 
significant effect on in-plane stresses ahead of the crack tip. 
However, biaxial loading does influence development of the 
crack-tip plastic zone in the direction of crack propagation. 
These results, as well as results from prior 
experimental/analytical studies (described below), suggest that a 
strain-based dual-parameter fracture-toughness correlation is 
appropriate for RPV steels in the transition temperature region. 
This section describes studies initiated within the HSST 
Program that attempt to characterize crack-tip conditions 
through development and application of strain-based dual-
parameter fracture toughness correlation methodologies. 

Fractographic data obtained from examinations of broken 
halves of uniaxially and biaxially loaded cruciform specimens 
[6] were found to be consistent with a strain-based fracture-
toughness correlation. Figure 17(a) shows the normalized 
opening-mode near-crack-tip stress distributions obtained from 
finite-strain analyses of cruciform specimens; the stress 
distributions are plotted vs normalized distance in front of the 
crack tip. The finite-strain SSY solution is shown for reference. 
In Fig. 17(6), initiation toughness data are plotted vs normalized 
distance from the initial crack-tip locations to the cleavage 
initiation sites. These data incorporate crack initiation sites 
located in the region of the crack-tip process zone where strain 
is increasing, but stress is decreasing (i.e., to the left of stress 
peak A) with increasing applied load. The expectation is that a 
cleavage initiation event will be governed by a criterion that 
exhibits a rising near-tip field at the initiation site under 
increasing applied load. 

Previous investigations of strain-based methodologies in the 
transition region include those of Tetleman and McEvily (T-M) 
[8], Clausing [9], Barsom [10], Merkle [11], Weiss [23], and 
Pennell [20-21]. Clausing [9] related the decrease in toughness 
associated with increased strength of structural steels to a 
decrease in plane-strain ductility. Barsom [10] and Merkle [11] 
developed expressions for Kjc based on plane-strain ductility, 
both of which compared well with measured toughness data in 
the transition temperature region. Weiss [23] developed an 
analytical relation for fracture toughness based on the material 
fracture strain. The scoping analysis of Ref. 20 adapted the 
Weiss relation to provide an estimate of biaxial loading effects 
on cleavage fracture toughness for RPV steels. In Ref. 20, the 
ratio of toughness values (Kt,/Ku) corresponding to equibiaxial 
and uniaxial loading conditions, respectively, is predicted to be 
0.47. This predicted value compares with the lower-bound 
Kj,/Ku ratio of 0.56 obtained from measured data for A 533 B 
steel. The agreement between analytical prediction and 
measured data provides further support for a strain-based dual-
parameter fracture-toughness correlation for transition-range 
fracture toughness. 



According to the T-M criterion [8] plastically induced 
fracture initiates in a ligament immediately adjacent to the 
blunted crack tip when the ligament strain reaches the fracture 
strain (6f) of the material. The T-M fracture criterion can be 
interpreted [8] as a limiting condition for absorption of energy 
by inelastic deformation of the crack-tip material. Using this 
interpretation, the effects of constraint on fracture toughness can 
be quantified by analyzing the response of the crack-tip material 
to increasing load and determining the radius of the blunted 
crack tip corresponding to the crack-tip ligament strain at 
fracture (6f). Direct application of the latter strain-based 
approach would require a finite-strain elastic-plastic finite 
element analysis to determine the crack-tip radius as a function 
of the ligament strain. To circumvent this computationally 
intensive approach, an alternative methodology has been 
proposed [21] that utilizes R, the plastic zone width in the plane 
of the crack, as a correlation parameter for fracture toughness. 
An important feature of this methodology is that the parameter 
R can be calculated accurately in a small strain analysis. 

The case for using R as the second parameter in a strain-based 
dual-parameter fracture toughness correlation derives from the 
observation [8] that the crack-tip radius p is a function of the 
plastic zone width (R). The T-M analysis gives a linear 
relationship between p and R for the case of plane-stress 
boundary conditions and contained yielding. Analysis and test 
results from the biaxial test program were used to determine the 
appropriate form of an p :R relationship for use in the domain of 
plane-strain and generalized plane strain boundary conditions, 
with both contained and uncontained yielding. 

Finite-strain elastic-plastic finite element analyses were 
performed to determine R and the center of rotation for each of 
the cruciform specimen tests. Estimates for the crack-tip-
opening-displacement (CTOD) at fracture were derived using 
the proportional relationship of equation 4. 

c r o D = C M O D , ( L c - a ) (4) 
Lc 

where L c is the distance of the center of rotation from the tensile 
surface of the test specimen, a is the crack depth determined 
from examination of the test specimen fracture surface, and 
CMOD is the measured crack-mouth-opening displacement at 
fracture. The crack-tip radius was taken as (CTOD)/2. Results 
from this interpretation of the test data did not conform with a 
linear p:R relationship. A quadratic expression with ln(R) as the 
independent variable produced a good fit to the test data. The 
data and the fitted curve are shown in Fig. 18. 

The minimum value of p obtained from analysis of the test 
data was 0.113 mm (4.4«10*3 in.). Cottrell [24] has studied the 
effect of notch radius on fracture toughness. His conclusion, 
based on data from very low temperature tests of notched-bar 
steel specimens, was that the trend of decreasing fracture 
toughness with decreasing crack-tip radius ceased when the 
crack-tip radius was less than 0.127 mm (5.0*10' in.). This 
minimum value of the effective notch radius is defined as p Q . 
The yield stress for the material used for the specimens studied 
by Cottrell was 1080 MPa (157 ksi). This compares with a yield 
stress of 440 MPa (64 ksi) for the HSST cruciform specimen 
material. In the absence of any other variable, one would 
anticipate that p would increase as the material yield stress 
decreases. The admissibility of the lowest data point in Fig. 18 

could be questioned because of the Cottrell result. Merkle [11], 
however, used a value of 0.05 mm (2.0«10'3 in.) for p to 
generate notch-strain-based predictions of fracture toughness for 
A 533 B steel which matched measured fracture toughness 
values in the transition temperature region. The Merkle result 
indicates that p considerations should not influence the curve 
of Fig. 18. 

Development of an HSST strain-based dual-parameter 
methodology is focusing on correlations of the cruciform test 
results with simple functions of the plastic zone width R. The 
investigation of biaxial loading effects on ligament conditions, 
described in the previous section, provides the variation of R 
with applied load shown in Fig. 19; curves are given in Fig. 19 
for each of the three biaxial load ratios that were investigated. 
The analyses revealed that increasing the PT/PL r a n 0 from 0.0 to 
0.6 effectively delays the onset of yielding to a much higher 
applied load. Further increase of the PT/PL ratio to 1.0 leads to a 
marked reduction in the plastic zone growth rate, followed by 
relatively abrupt uncontained yielding at an intermediate load 
level [at -667 kN (150 kips)]. Subsequent behavior is 
essentially like that of the uniaxial case for load levels beyond 
those shown in Fig. 19. Thus, a material point ahead of the 
crack tip experiences yielding at different load levels, depending 
on the out-of-plane loading. Studies have been initiated within 
the HSST Program to further clarify cause-and-effect 
relationships among the R-parameter, the load level, and the 
biaxiality ratio that lead to the results for the cruciform 
specimen depicted in Fig. 19. It has been suggested [21] that the 
abrupt development of uncontained yielding in the PJ /PL = 1-0 
case may explain why some researchers, using small test 
specimens in which uncontained yielding was unavoidable, have 
reported no effects of biaxial loading on fracture toughness. 

The ORNL/HSST strain-based constraint-effects model, 
incorporating R as a second parameter, was utilized to predict an 
effect of biaxial loading on fracture toughness. This approach is 
illustrated in Fig. 20 where the biaxial fracture-toughness data 
from Fig. 7 are plotted as a function of the natural logarithm of 
the plastic zone width [ln(R)]. The data conform essentially to a 
straight-line relationship when plotted as a function of ln(R). 
The ±22-MPa Vni uncertainty band in Fig. 20 represents the 
fracture-toughness locus for the A 533 B test material, 
corresponding to a single normalized temperature (T - NDT) of 
-10°C. A family of similar fracture-toughness loci would be 
required to span the full range of normalized temperatures that 
could be encountered in an RPV transient analysis. 

In Fig. 21, Kj vs ln(R) loading trajectories for three PT/PL 
load ratios applied to the cruciform specimen are superposed on 
the fracture-toughness locus of Fig. 20. These trajectories have 
three distinct phases that are characterized by the growth rate for 
R. The range of fracture-toughness values possible at T - NDT 
= -10°C, for a given loading condition, is predicted by the 
intersection of the Kj vs ln(R) loading trajectory with this 
fracture-toughness locus. In Fig. 21, unique K f c values are 
predicted for the uniaxial (PT/PL = 0.0) and biaxial (P-r/PL=°-6) 
loading cases. The intersection of the Kj vs ln(R) trajectory for 
equibiaxial (PT/PL = 1-0) loading with the toughness locus 
predicts both low and high Kjc values for this loading condition. 
In fact, these low and high toughness values were realized in 
tests of the biaxial (PT/PL = 1-0) loading case. These toughness 
data are shown in Fig. 7. Uncontained yielding that developed 
in two of the biaxial (PT/?L = 1-0) t e s t s S a v e high toughness 
values that were similar to those of the uniaxial loading tests. 



Implicit in the Kjc-ln(R) dual-parameter fracture toughness 
correlation is the assumption that fracture toughness in the 
transition temperature range is strain-controlled. Strain-
controlled fracture initiates when strains in ligaments adjacent to 
the blunted crack-tip reach the stress-state-dependent fracture 
strain (ef) for the material. Energy absorbed in the crack-tip 
material in straining the point of fracture is the product of the 
plastic work expended per unit volume (Wp) and the volume of 
material involved in the fracture process. A plane- strain stress-
state exists close to the tip of the blunted crack-tip, so e, remains 
constant for all blunted crack configurations. The fracture 
energy required to generate a unit area of new fracture surface 
(GJ is therefore directly proportional to the length of the crack-
tip ligament which is strained to e_ Cottrell [24] and Tetelman 
and McEvily [8] have proposed that the length of this ligament 
can be approximated as twice the radius of the blunted crack-tip. 
If the fracture toughness is strain controlled the fracture 
toughness should, therefore, vary as -^/p. 

The p vs ln(R) curve of Fig. 18 and the mean K f c vs ln(R) 
locus of Fig. 20 were normalized to K./K,_ and p/p R curves 
where suffix R denotes the reference value of K J c or p at ln(R) = 
-3.89. The normalized K J c/K J c R and p/p R curves are shown in 
Fig. 22, together with the curve of -^p/pR . The curves of 
K, /K, R and J p / p R are seen to be similar, substantiating the 
strain-controlled-fracture basis of the K, - ln(R) dual-parameter 
fracture toughness correlation. 

INTERIM CONCLUSIONS 
• The lower-bound fracture toughness for A 533 B plate and 

weld metal is similar for both shallow- and deep-flaw data sets. 

• Data scatter and mean values of fracture toughness are 
higher for shallow flaws than for deep flaws. 

• NDT appears to be a better normalizing parameter than 
R T N D T for shallow-flaw fracture toughness data. 

• The ORNL biaxial specimen permits the effects of biaxial 
loading on shallow-flaw fracture toughness to be isolated and 
measured. 

• Biaxial loading can produce reductions in the shallow-flaw 
fracture toughness that can be as high as 40% for equibiaxial 
loading. 

• Stress-based dual-parameter fracture toughness correlations 
cannot predict the observed effects of biaxial loading on 
shallow-flaw fracture toughness. 

• A strain-based dual-parameter fracture toughness 
correlation has been developed using Kj c and ln(R) as the 
parameters. 

• The Kj.-ln(R) fracture toughness correlation performed 
acceptably when applied to the uniaxial and biaxial shallow-
flaw fracture toughness data. 
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FIG. 1 THE 100-mm DEEP BEAMS WERE USED IN THE SHALLOW-FLAW TEST PROGRAM TO PERMIT FULL-SCALE 
TESTING OF SURFACE FLAWS HAVING DEPTHS IN THE RANGE THAT PTS ANALYSIS HAS SHOWN TO BE 
THE CONTROLLING RANGE FOR CRACK INITIATION. 

FIG. 2 A LIMITED NUMBER OF FULL-SCALE BEAM SPECIMENS USED IN SHALLOW-FLAW TEST PROGRAM WERE 
CUT FROM THE SHELL OF AN RPV FROM A CANCELED NUCLEAR PLANT. 
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FIG. 4 SHALLOW-FLAW FRACTURE TOUGHNESS 
DATA FOR A533B PLATE AND WELD 
MATERIAL FORM A SINGLE 
HOMOGENEOUS GROUP WHEN PLOTTED 
AS A FUNCTION OF THE NORMALIZING 
PARAMETER T-NDT. 

IN-PLANE 
STRESSES K K OUT-OF4>LANE 

STRESSES 
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CRUCIFORM SHALLOW-FLAW BIAXIAL 
FRACTURE TOUGHNESS TEST SPECIMEN. 
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FIG. 10 VALIDATION CHECK ON THE D-A 
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(0.6:1) AND UNIAXIAL (0:1) TESTS. 
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COMPARED WITH DATA FOR DEEP FLAWS. 

FIG. 11 VALIDATION CHECK ON THE D-A 
CONSTRAINT ADJUSTMENT FOR BIAXIAL 
(1:1) AND UNIAXIAL (0:1) TESTS. 
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