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ARTICLE INFO ABSTRACT

Keywords: This work addresses the development of a fracture toughness test procedure using standard and
Fracture toughness test non-standard SE(B) specimens, including non-standard 4-point bend configurations. In the pre-
3'P0%m bend Spec?meﬂs sent study, extensive plane-strain finite element analyses are conducted on non-standard bend
4-point bend specimens geometries with varying specimen span over width ratio (S/W) and loaded under 3-point and 4-
J-integral . . L1 . . L
CTOD point bending. The potential influence of specimen geometry and loading on fracture behavior in

terms of J—Q descriptions to quantify constraint effects is characterized first. Next, a large new
set of plastic n-factors applicable to these non-standard bend geometries which serve to estimate
the experimentally measured toughness values in terms of load-displacement records, including
the J-integral and the crack tip opening displacement (CTOD), is provided. To facilitate contact
with other test protocols, a new set of rotational factors, r,, to determine the CTOD based on the
plastic hinge model is also described. The extensive numerical analyses conducted here provide a
large set of fracture toughness test parameters, which not only validate the existing relationships
available in current standards, but also provide support to standardization efforts for fracture
toughness testing using non-standard bend geometries.

Plastic area
Plastic hinge model

1. Introduction

Standardized testing programs to measure cleavage fracture toughness in metallic alloys, including ferritic steels in the ductile-to-
brittle transition (DBT) region, routinely employ three-point bend, SE(B), or compact tension, C(T), specimens containing deep,
through cracks (a/W 2 0.45-0.5) to insure predominantly plane-strain, small-scale yielding (SSY) conditions at the crack tip coupled
with a highly constrained bending field acting on the remaining crack ligament. Under such conditions, a single parameter described
by the J-integral (or, equivalently, the crack tip opening displacement, CTOD or &, and elastic-plastic stress intensity factor, Kj),
uniquely scales the elastic-plastic near-tip fields thereby providing a fully characterization of the local conditions leading to unstable
(cleavage) fracture (see, e.g., the review by Hutchinson [1]). Fracture toughness testing standards, such as ASTM E1820 [2] and
ASTM E1921 [3], thus guarantee that the corresponding critical values of these fracture parameters, such as the J-integral at cleavage
instability, J,, or K., define lower bound, geometry independent measures of cleavage fracture toughness. Simplified engineering
approaches for defect assessments, including BS7910 [4] and API579 [5], also referred to as engineering critical assessment (ECA)
procedures, rely on the direct application of these toughness measures to provide conservative predictions of structural integrity for
in-service components containing crack-like flaws. Very similar arguments also hold in the case of experimental measurements of
crack growth resistance properties, as characterized by the increase in J-integral over the first few mm of stable crack extension (Aa),
for ductile materials. Here, testing standards for resistance curves (such as ASTM E1820 [2]) also employ deeply cracked specimens
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such as the near-tip region of elastic unloading and nonproportional loading is well contained within the J-dominance zone thereby
insuring stable crack growth under J-controlled conditions [1].

Paralleling these concepts, there has been renewed interest in the use of small (subsize) specimens to measure fracture toughness
properties for safety and material degradation assessments of critical structural components. The primary impetus to this activity has
been the need of the commercial fusion reactor industry to assess effects of neutron irradiation on material toughness degradation on
reactor pressure vessel (RPV) steels and the associated primary pressure boundary system. In routine RPV surveillance programs to
measure the transition temperature shift, three-point bend testing of precracked Charpy-type (PCVN) specimens becomes necessary in
macroscopic measurements of cleavage fracture toughness (J,, or the corresponding Kj.-value) due to severe limitations on material
availability. Similarly, a number of recent applications also involve the use of small-scale fracture specimens to measure fracture
toughness properties when limited material availability and test machine capacity are of major concern. These applications include,
for example, fracture toughness measurements of specific microstructures in the heat affected zone of girth welds for relatively thin-
walled pipelines.

However, the measuring capacity of small-scale specimens for fracture toughness prior to constraint loss may be insufficient for
moderate strength pressure vessel and structural steels. Here, extensive plastic deformation precedes unstable cleavage fracture. In
such conditions, the evolving crack-tip plastic zones developing from the free surfaces affect strongly the levels of near-tip stress
triaxiality (constraint) with increased loading. Such constraint variations ahead of crack tip most often produce significant elevations
in the measured elastic-plastic fracture toughness for these small-scale configurations tested in the low-to-mid range of the DBT
region. Moreover, these changes in the crack-tip stress fields, over a relatively small thickness, coupled with a smaller sampling
volume for cleavage fracture underlie an absolute thickness effect on measured toughness values, including their statistical scatter
and average value (either the mean and the median values). There is clearly a synergistic effect of constraint loss and random
variations of microfeatures along the crack front, including microstructural flaws, which greatly complicate the interpretation of
measured fracture toughness results to define meaningful values which can effectively provide accurate assessments of structural
integrity and material degradation. For example, a recently developed procedure to characterize fracture toughness data over the
DBT region, often known as the Master Curve approach [6-9] and standardized in the form of ASTM E1921 [3], makes extensive use
in practice of PCVN specimens to determine a reference temperature, Ty, and the associated median fracture toughness applicable to a
wide range of structural ferritic steels. While some studies [10,11] suggest that use of subsize fracture specimens, including the PCVN
configuration, provides acceptable, albeit slightly nonconservative, estimates of Ty, others (see, for example, [12]) indicate rather
large differences in Ty-values estimated from PCVN specimens when compared to Tj-values measured using larger specimens. Cur-
rently, the issue of crack front constraint and its implications on small specimen toughness values continue to raise concerns in defect
assessment and regulatory procedures.

Much recent research has focused on the utilization of alternative specimen geometries in fracture toughness measurements for
specific applications including, for example, flaw acceptance criteria for surface cracks that form during fabrication or during in-
service operation of pipeline girth welds. Testing of these specimen configurations has evolved primarily along the development of
low constraint specimens (see [13-18] for representative experimental studies) containing shallow cracks or subjected to pre-
dominantly tensile loading to measure less conservative, higher apparent fracture toughness values. In this work, however, we
explore another line of investigation in which a different bend specimen design is utilized to produce increased levels of crack-tip
constraint (relative to the standard three-point bend specimen) which may be expected to alleviate some of the toughness mea-
surement issues associated with the PCVN specimen just observed. Among the various types of crack-notch specimens used in fracture
toughness testing of structural materials and metallic alloys, the single edge-notched geometry loaded in three-point bending was one
of the earliest fracture toughness test specimens [19]. In retrospect, the standard single edge-notched, three-point (3P) bend specimen
having a span, S, over width, W, ratio of S/W = 4 was introduced at the 1966 meeting of ASTM Committee E-24 on Fracture Testing
of Metals [20] as one of the recommended geometries for plane strain fracture toughness measurements. The 3P bend geometry
undoubtedly represents since then one of the most common specimen configurations currently adopted by several standardized test
procedures, including ASTM E1820 [2], ASTM E1921 [3], ISO 12135 [21] and ISO 15653 [22], among others. While the ratio
S/W = 4 was chosen to minimize specimen dimensions as much as possible, thereby making most effective use of available test
material and testing machine loading capacity, the specimen span can advantageously be increased (while keeping other dimensions
fixed) to alter its measuring capacity. Specifically in the case of small specimens, including the PCVN geometry, this approach may
bring cleavage fracture toughness data from different specimen configurations into better correspondence as required by the Master
Curve methodology.

Motivated by these observations, this work addresses the development of a fracture toughness test procedure using standard and
non-standard SE(B) specimens, including non-standard 4-point bend configurations, and applications to investigate the cleavage
fracture behavior of a high strength, low alloy structural steel. Our presentation will be given in two parts. In the present study,
extensive plane-strain finite element analyses are conducted on non-standard bend geometries with varying specimen span over
width ratio (S/W) and loaded under 3-point and 4-point bending. First, we characterize the potential influence of specimen geometry
and loading on fracture behavior in terms of J—Q descriptions to quantify constraint effects. Next, we provide a large new set of
plastic n-factors applicable to these non-standard bend geometries which serve to estimate the experimentally measured toughness
values in terms of load-displacement records, including the J-integral and the crack tip opening displacement (CTOD). To facilitate
contact with other test protocols, such as BS 7448 [23] and ISO 12135 [21], a new set of rotational factors, r,,, to determine the CTOD
based on the plastic hinge model is also provided. The extensive numerical analyses conducted here provide a large set of fracture
toughness test parameters, which not only validate the existing relationships available in current standards, but also provide support
to standardization efforts for fracture toughness testing using non-standard bend geometries. Fracture toughness testing conducted on
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various non-standard bend specimen geometries made of a low alloy A572 Grade 50 steel plate to measure the cleavage fracture
resistance data in terms of the J-integral at cleavage instability, J., and an exploratory application to determine the reference tem-
perature, Ty, derived from the Master Curve methodology are considered in Part II of this study.

2. Estimation procedure of experimental fracture toughness

This section provides the essential features of the analytical framework needed to determine J and CTOD for the non-standard
fracture bend specimens based upon experimental measurements of load-displacement records. We begin by considering the esti-
mation procedure for J derived from the plastic area under the load-displacement curve and then take up the CTOD evaluation
method. The presentation begins with the J-integral analysis for a cracked body based upon the plastic work measured from load-
displacement records in terms of crack mouth opening displacement (CMOD or V) and load-load line displacement (LLD or A).
Subsequent development focuses on a related procedure to evaluate CTOD from J. The description that follows also includes a CTOD
evaluation scheme using a plastic hinge model.

2.1. J-integral based on plastic area

The experimental investigation of specimen geometry and loading mode effects on cleavage fracture toughness values described
in Part II covers fracture tests performed on standard and non-standard bend specimens. Since the experimental evaluation of
Je-values represents a key step in the testing program to determine the reference temperature, T, we briefly comment on the test
method aspects that have a direct bearing on the measured cleavage toughness data. Readers are referred to Ruggieri and co-workers
[24-26] for a more complete discussion.

Evaluation of the J-integral from laboratory measurements of load-displacement records is most often accomplished by con-
sidering the elastic and plastic contributions to the strain energy for a cracked body under Mode I deformation [27] as follows

J=k+J (D)
where the elastic component, J,, is given by
_K
T F @
in which E' = E or E’' = E/(1-v?) whether plane stress or plane strain conditions are assumed with E and v representing the
(longitudinal) elastic modulus and Poisson’s ratio. In the above, K; is the (Mode I) elastic stress intensity factor for a 3P SE(B)
specimen given by [27], Tada et al. [28] and ASTM E1820 [2]. The Appendix provides an improved solution to determine parameter

K; for a 4P bend specimen.
The plastic component, J,, is conveniently evaluated from the plastic area under the load-displacement curve as

T

__ A
P By(W—ay) 3)

where q, is the original crack size (fatigue precrack notch size), By defines the net specimen thickness at the side groove roots
(By = B if the specimen has no side grooves where B is the specimen gross thickness), W is the width of the cracked configuration, A,
represents the plastic area under the load-displacement curve and factor 7, is a nondimensional parameter which describes the effect
of plastic strain energy on the applied J. The previous definition for J derives from the assumption of nonlinear elastic material
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Fig. 1. (a) Schematic illustration of the evaluation procedure for the J-integral based on load-displacement records. (b) Specimen rotation for a bend
loading and location of the hinge point along the crack ligament assuming straight crack profile.
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response thereby providing a deformation plasticity quantity. Fig. 1(a) illustrates the procedure to determine the plastic area to
calculate J from a typical load-CMOD (V') curve. While A, (and consequently 7;) can be defined in terms of load-load line dis-
placement (LLD) data, current testing protocols to measure fracture toughness values employing bend specimens favor the use of
load-crack mouth opening displacement (CMOD) data; here, this quantity is denoted nJCMOD . However, factor 7, corresponding to LLD,
here denoted n]LLD , may be required when, for example, conducting a crack growth resistance test using bend specimens to correct J
for crack growth [29]. Section 5.2 provides wide range 7),-factor solutions for standard and non-standard bend specimens based on

CMOD and LLD data.

2.2. Crack tip opening displacement

2.2.1. CTOD derived from plastic area: J-CTOD relationship

The previous framework also applies when the CTOD is adopted to characterize the crack-tip driving force. Under conditions of
large-scale yielding, a strong relationship between J and CTOD holds along a wide range of applied loading such that the connection
between J and the crack-tip opening displacement (§) under large scale yielding [30,31] can be approximated by

§=_"_

maoy (4)
in which m is a proportionality coefficient and oy represents the flow stress defined by oy = (0,5 + 0y5)/2, in which o, is the yield stress
and o,,; denotes the tensile strength, to incorporate the effects of strain hardening on the J vs CTOD relation. Here, we note that
parameter m relates to total value of J to the total value of CTOD and is strongly dependent on strain hardening [30,2]. The above
expression has also been adopted earlier by Kirk and Dodds [30] and Kirk and Wang [32] to develop improved CTOD estimation
formulas for standard 3P bend fracture specimens. Section 5.3 addresses the J-CTOD relationships for the non-standard bend spe-
cimens considered in the present work and provides a set of m-parameters applicable to determine the CTOD from J for 3P and 4P
bend geometries with varying crack sizes and S/W -ratios.

2.2.2. The plastic hinge model
Current standards to estimate the crack tip opening displacement from measured load-CMOD records for homogeneous fracture
specimens, such as BS 7448 [23], also evaluate the CTOD parameter in terms of its elastic, J,, and plastic, §,, components yielding
K? rp,(W=ag)V,
20E" r(W—ag) + ap + 2 5)

5§=6,+8,=

in which V,, represents the plastic component of the CMOD (V), z is the knife edge height (z = 0 if the clip gage is attached directly in
the specimen) and r, is the plastic rotational factor which defines the relative position of the (apparent) hinge point on the crack
ligament [27].

Within this methodology, the plastic component of CTOD is derived from considering that the test specimen rotates about a plastic
hinge located in the crack ligament as illustrated schematically in Fig. 1(b). Since the approach relies on the assumption of a rigid
specimen rotation about a hinge point, it can be extended in a straightforward manner to 3P bend geometries with increased span as
well as 4P bend configurations. Section 5.4 provides an extensive set of r,, for standard and non-standard bend specimens with varying
crack sizes and different material properties.

3. Description of crack-front constraint: the J—Q approach

The assessment of specimen geometry and loading mode (bending vs. tension) effects on fracture behavior for structural steels in
the ductile-to-brittle (DBT) transition has received considerable attention in recent years. At increased loads in a finite body, such as a
cracked specimen or structure, the initially strong high constraint fields under well-contained plasticity gradually change to fields
under large scale yielding (LSY) as crack-tip plastic zones increasingly merge with the global bending yielding on the nearby traction
free boundaries. This phenomenon, often termed loss of constraint, contributes to the apparent increased toughness observed in
fracture testing of shallow cracked and tension loaded geometries [33,34]. While a number of approaches have been proposed to
describe effects of constraint changes on fracture behavior, the present work focuses on a widely adopted methodology to quantify
the evolving level of stress triaxiality ahead of the crack front under increased remote loading based upon the J—Q framework. This
section introduces the essential features of the methodology needed to assess effects on crack front stress triaxiality in the analyzed
fracture specimens.

Development of a two-parameter characterization of the elastic-plastic crack-tip fields begins by considering a cracked body
subjected to a remote stress in which crack-tip deformation scales with J/g, where J denotes Rice’s J-integral [35] and oy is a
reference (yield) stress. At load levels sufficiently small so that crack-tip plasticity is limited, it can be shown that the mode I plane-
strain elastic-plastic near-tip fields can be described by a single family of crack-tip fields with varying stress triaxiality. These ar-
guments motivated O’Dowd and Shih (OS) [36,37] to propose an approximate two-parameter description for the elastic-plastic crack
tip fields based upon a triaxiality parameter more applicable under large scale yielding (LSY) conditions for materials with elastic-
plastic response described by a power hardening law given by €/¢, « (g/0,)". Here, n denotes the strain hardening exponent, o, and €,
are the reference (yield) stress and strain, respectively. Guided by detailed numerical analyses employing a modified boundary layer

282



V.S. Barbosa, C. Ruggieri Engineering Fracture Mechanics 195 (2018) 279-296

(MBL) model, originally proposed by Rice [38], OS [36,37] identified a family of self-similar fields in the form

r

gjj = O—Ofij (]/0076’ Q) (6)
where the dimensionless second parameter Q defines the amount by which oj in fracture specimens differ from the adopted reference
SSY solution with the T-stress term [39-42] set to zero. In the above Eq. (6), r and 6 are polar coordinates centered at the crack tip
with 6 = 0 corresponding to a line ahead of the crack.

Limiting attention to the forward sector ahead of the crack tip between the SSY and the fracture specimen fields, OS showed that
Qo corresponds effectively to a spatially uniform hydrostatic stress, i.e., the difference field relative to a high triaxiality reference
stress state

(0y)rs = (0y)ssy + Qaydy ()

where the dimensionless second parameter Q defines the amount by which o in fracture specimens, (oj)rs, differ from the adopted
high triaxiality reference SSY solution, (;)ssy. Consequently, Q is often defined as

(O'yy )FB—(CTyy )ssy

Q= % (8)

where the difference field described in terms of the opening (Mode I) stresses, o,,, is conventionally evaluated at the normalized
crack-tip distance 7 = r/(J/0y) = 2, which represents a microstructurally significant distance ahead of crack tip related to the op-
erative fracture mechanism. OS [36,37], Dodds et al. [43] and Cravero and Ruggieri [44] have also shown that Q is relatively
independent of 7 in the range 1 < 7 < 5. Construction of J—Q trajectories for structural components and fracture specimens then
follows by evaluation of Eq. (8) at each stage of loading in the finite body.

4. Geometric models and finite element procedures
4.1. Standard and non-standard SE(B) specimens

Development of a fracture toughness test procedure described here covers standard and non-standard fracture test specimens
loaded under 3-point (3P) and 4-point (4P) bending with different crack sizes and varying specimen span. Single edge notch bend SE
(B) specimens are extensively used in fracture toughness testing of various structural materials. The prevailing geometry is the 3-point
bend configuration shown in Fig. 2(a) in which S is the specimen span (distance between the roller supports). Most fracture test
standards, including ASTM E1820 [2], BS 7448 [23] and ISO 12135 [21], adopt a conventional 3-point SE(B) geometry with S = 4W.
The present study enlarges on the current test protocols to include J and CTOD estimation procedures for 3P SE(B) geometries with
increased specimen span in the range 4 < S/W < 8.

Another convenient bend test configuration, albeit not yet standardized in fracture toughness test procedures, which has gained
increased interest [45-48] is the 4-point bend geometry displayed in Fig. 2(b) in which D represents the inner span. Here, the flexural
bend test fixture produces a uniform moment between the two inner loading rollers in the specimen (and associated zero shear stress)
as can be easily verified by using simple beam flexure theory [49,50]. To support standardization efforts for fracture toughness testing
using this specimen geometry, the present analyses also cover specimen configurations in the range 4 < S/W < 8.

D

P/2 P/2

f f

S S
<
() (b)

Fig. 2. Conventional bending loading geometries adopted in the present work: (a) 3-point SE(B) specimen. (b) 4-point bend specimen.
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Near Tip Model

(b)

S/2

A

(@)

Fig. 3. Typical plane strain, finite element model for the 3-point SE(B) specimen with a/W = 0.5 utilized in the analyses.

4.2. Finite element models

Extensive finite element analyses are performed on plane-strain models for the 3P and 4P bend configurations described pre-
viously covering a wide range of specimen geometries and varying crack sizes. The analysis matrix builds upon a 1T reference
thickness (B = 25.4 mm) to define a conventional specimen width of W = 2B = 50.8 mm for all models and includes: (1) 3-point
geometries with S/W = 4, 6 and 8 and (2) 4-point SE(B) specimens with S/W = 4, 6 and 8 having a inner span D = S/2. The finite
element models for all analyzed specimen geometries cover a range of a/W from 0.1 to 0.8 with increments of 0.1.

Fig. 3(a) shows the finite element model constructed for the plane-strain analysis of the 3P SE(B) specimen having a/W = 0.5. All
other crack models, including the 4P bend geometry, have very similar features and are not shown here in interest of space. Special
attention in terms of crack tip mesh details and very fine mesh refinement in the crack tip region was given to the finite element
computations reported in the present study. We follow similar arrangement already used in our previous analyses [51,24,52,26] and
adopt a conventional mesh configuration having a focused ring of elements surrounding the crack front with a small key-hole of a
radius, p, = 0.0025 mm, at the crack tip as shown in Fig. 3(b). Symmetry conditions permit modeling of only one-half of the fracture
specimens with appropriate constraints imposed on the remaining crack ligament (u = 0) and plane-strain constraints imposed
(w = 0) on each node. A typical half-symmetric model has one thickness layer with B=1mm (unit thickness) and contains
~ 1200-1400 8-node, 3-D elements (=~ 2700-3000 nodes) for all specimen geometries. These finite element models are loaded by
displacement increments imposed on the top nodes for the plane defining the applied load as shown in Fig. 3. An analogous scheme is
also employed in case of the 4P bend specimen. Our previous numerical experience reveals that such displacement control loading
procedure provides results which are essentially similar to those derived from loading the finite element model by a rigid roller pin
using a contact procedure.

4.3. Material model and solution procedures

The elastic-plastic constitutive model employed in the numerical analyses reported here follows a flow theory with conventional
Mises plasticity in small geometry change (SGC) setting representative of small strain behavior. The numerical solutions utilize a
simple power-hardening model to characterize the uniaxial true stress () vs. logarithmic strain (€) in the form

g

n
€ € o

— = ES €y —=|—|, €> €y

ys  Oys €ys Oys (C))

where oy, and €, are the reference (yield) stress and strain, and n is the strain hardening exponent. The finite element analyses
consider material flow properties covering typical structural, pressure vessel and pipeline grade steels with E = 206 GPaand v = 0.3:
n=>5 and E/o, =800 (high hardening material), n =10 and E/oy, = 500 (moderate hardening material) and n =20 and
E/oys = 300 (low hardening material).

Evaluation of the J—CTOD relations described in Section 5.3 requires specification of the ultimate tensile strength, o, to de-
termine the flow stress already defined previously. For each material property set, g, is estimated using a convenient relationship
between the flow properties and n as [53,54]
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Guss _ [(soo/n)“"]

Oys exp(1/n) (10)

which agrees well with other estimation expressions reported in the literature (see, for example, Bannister et al. [55] and API 579
[5D.

The adopted material model deserves further consideration since it is at the heart of the numerical solutions generated for the
crack-tip stress fields, including the J—Q trajectories, presented next. Ideally, accurate descriptions of fields near the zone of finite
strains would be desirable in some applications, in which case large geometry change (LGC) analysis (which is representative of large
strain behavior) is required to describe the intense strain concentration directly ahead of the crack tip. However, outside the crack-tip
blunting zone, the LGC and SGC stresses converge to very similar values as demonstrated by several previous works (see, e.g., Dodds
et al. [56]). As will be shown later, the crack-tip stresses and parameter Q are extracted at the normalized crack-tip distance,
r/(J/oo) = 2, which corresponds approximately to 4 x CTOD for this material [27,31]; hence, it is sufficiently far from the crack tip to
avoid the strong blunting effects on the crack-tip stress fields. Consequently, the SGC analyses prove highly adequate for the present
study while, at the same time, eliminating potential numerical difficulties related to convergence of the highly refined numerical
models employed. It is also of interest to note that, since parameter Q quantifies the relative difference field between the finite cracked
body and a high triaxiality reference stress state, differences between the SGC and LGC solutions remain small.

The finite element code WARP3D [57] provides the numerical solutions for the 3-D analyses reported here. These analyses employ
fracture models constructed with three-dimensional, 8-node tri-linear hexahedral elements and reduced integration. Use of the so-
called B formulation (see [57] for details) precludes mesh lock-ups that arise as the deformation progresses into fully plastic, in-
compressible modes. Dilatational terms of the original strain-displacement matrix are replaced by a volume averaged set of dilata-
tional terms which yield uniform mean stress over the element and minimal locking. To achieve plane-strain models for the current
study, a single thickness layer of the 3-D elements is defined with out-of-plane displacements constrained to vanish.

The local value of the mechanical energy release rate at a point along the crack front is given by [58]

J = lim [Wnl—cr;j%nj}dl"

r—o YT o an
where I" denotes a contour defined in a plane normal to the front on the undeformed configuration beginning at the bottom crack face
and ending on the top face, n; is the outward normal to I, W denotes the stress-work density per unit of undeformed volume, o;; and u;
are Cartesian components of stress and displacement in the crack front coordinate system. The finite element computations employ a
domain integral procedure [58] for numerical evaluation of Eq. (11) to provide pointwise values of J across the crack front at each
loading level. These pointwise J-values are then averaged over the crack front to yield thickness average values for J retaining strong
path independence for domains defined outside the highly strained material near the crack tip. Such J-values also agree very well
with estimation schemes based upon 7-factors for deformation plasticity [27] so that they provide a convenient parameter to
characterize the average intensity of far field loading on the crack front.

The SSY reference fields required to construct the J—Q trajectories addressed in Sections 5.1 are derived from plane-strain, finite
element solutions of a modified boundary layer (MBL) model consisting of a (very large) circular region containing an edge crack
[33,34,38,59]. With the plastic region limited to a small fraction of the domain radius, R, < R/20 where R, is the radius (size) of the
crack-tip plastic zone, the general form of the asymptotic crack-tip stress fields well outside the plastic region is given by William’s
expansion [60] as

Kr
N 2mr

where K; is the elastic stress intensity factor, fij define the angular variations of in-plane stress components and (r,6) are polar

g =

5© (12)

coordinates centered at the crack tip. Numerical solutions for different levels of parameters K; = \/EJ/(1-v?) are generated by
imposing the corresponding displacements of the elastic, Mode I singular field on the outer circular boundary (r = R) which encloses
the crack [34].

5. Results and discussion

The following sections provide key results of the extensive numerical analyses conducted on the standard and non-standard SE(B)
specimens. The presentation begins with descriptions of constraint variations characterized in terms of J—Q trajectories to assess the
potential effects of increased span and loading mode on fracture behavior. This is followed by the development of a new set of
n-factors required to evaluate J and CTOD from measured experimental load-displacement data in fracture testing of non-standard SE
(B) specimens. The section concludes with results for the plastic rotational factor, r,, needed to evaluate the CTOD for non-standard
SE(B) specimens derived from the plastic hinge model.

5.1. Effects of specimen geometry and loading mode on J—Q trajectories
Figs. 4-6 display the general effects of specimen geometry, loading mode and flow properties on the J—Q trajectories for the
analyzed standard and non-standard bend specimens. In all plots, Q is defined by Eq. (8) at the normalized distance ahead of crack tip

given by ¥ = r/(J/0y) = 2 whereas J is normalized by (boy,) with b denoting the remaining crack ligament (W—a) (notice that we plot
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Fig. 4. J—Q trajectories for 3P SE(B) specimens with varying S/W -ratios and a moderate hardening material n = 10 material, including the J—Q
trajectory for a standard C(T) specimen with a/W = 0.6 and same hardening material derived from Cravero and Ruggieri [44]: (a) deep crack
specimen with a/W = 0.5; (b) shallow crack specimen with a/W = 0.2.
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Fig. 5. J—Q trajectories for deep crack, 3P SE(B) specimens with varying S/W-ratios and a/W = 0.5 material: (a) high hardening material with
n = 5; (b) low hardening material with n = 20.
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Fig. 6. J—Q trajectories for 4P SE(B) specimens with varying S/W -ratios and a moderate hardening material n = 10 material, including the J—Q
trajectory for a standard C(T) specimen with a/W = 0.6 and same hardening material derived from Cravero and Ruggieri [44]: (a) deep crack
specimen with a/W = 0.5; (b) shallow crack specimen with a/W = 0.2.

J/(boys) vs. —Q to maintain positive scales). The material properties for all specimens were described previously in Section 4.3: n = 5
with E/ays = 800; n = 10 with E/o,, = 500 and n = 20 with E/o,; = 300. The research code Fractus2D [61] is employed to compute
the J—Q trajectories for each fracture specimen.

Consider first Fig. 4(a) which shows the J—Q curves for the deep crack, 3P SE(B) specimen with increased S/W -ratios for the
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n = 10 material. To aid in assessing the effect of increased span on the evolution of Q with J for the SE(B) specimens, the plot also
includes the J—Q trajectory for a deeply-cracked, standard C(T) specimen with a/W = 0.6 and same hardening material derived from
Cravero and Ruggieri [44]. The trend is clear. Crack-tip constraint, here characterized by parameter Q, is increased with increased
specimen span as the J—Q curves shift entirely to the left. Consider now the J—Q curves for the shallow crack, 3P SE(B) specimen with
increased S/W -ratios for the n = 10 material shown in Fig. 4(b). Here, an increased specimen span appears to play a lesser role for
this specimen configuration as the J—Q trajectories are somewhat less sensitive to the S/W-ratio. Fig. 5 displays the effect of
S/W -ratio on the evolution of Q with J for the deeply-cracked SE(B) specimen under 3P loading for the high hardening (n = 5) and
(n = 20) materials. Not surprisingly, the general trends remain as crack-tip constraint is also increased with increased specimen span
for any flow properties considered.

Fig. 6 compares the J—Q trajectories for the 4P SE(B) specimen with increased S/W -ratios for the n = 10 material. The plots again
include the J—Q trajectory for a deeply-cracked, standard C(T) specimen with a/W = 0.6 and same hardening material derived from
Cravero and Ruggieri [44]. Analyses for other hardening levels (n = 5 and n = 20) do not provide additional insight and are omitted
to conserve space. These results show an interesting development in that the J—Q trajectories remain virtually unchanged as the
S/W -ratio increases for the deep and shallow crack specimen. Further observe that the levels of crack-tip constraint for the 4P
specimen are even higher than the corresponding levels of constraint for the 3P SE(B) specimen with S/W = 8 - recall from previous
Fig. 4 that this specimen configuration exhibits the highest crack-tip constraint for the analyzed 3P bend geometries.

The previous descriptions of crack-tip constraint for standard and non-standard geometries show a rather marked effect of
specimen span on fracture behavior for the 3P bend specimen, particularly for deep crack configurations. Moreover, these results also
show the influence of loading mode on increasing crack-tip constraint for the 4P bend specimen. This is suggestive of potential
mitigation effects of increased span and loading mode on constraint loss often observed in fracture testing of smaller bend specimens,
such as the PCVN configuration, thereby increasing their measuring capacity. While we have not investigated such behavior in more
details, we argue that the constraint response for the 3P and 4P bend specimen arises from their flexural response coupled with the
interaction of crack-tip plastic zones with global plastic zones. For the 3P bend specimen, relatively high shear stresses develop on the
plane containing the loading point, which may further contribute to the interaction between global bending plasticity and the crack-
tip fields. The 4P bend geometry, on the other hand, has constant bending moment and zero shear stresses on the plane containing the
loading point thereby suggesting a smaller interaction of crack-tip plastic zones with global plastic zones and, consequently, a less
pronounced constraint loss with increased plastic deformation. Moreover, it is important to keep in mind that the J—Q theory applies
essentially to a 2-D framework and does not reflect changes in the material sampling volume ahead of crack front as required in
analysis of the coupling between in-plane and through-thickness effects on crack-front fields. Part II of this study examines effects of
specimen geometry, including increased specimen span, and loading mode on experimentally measure cleavage fracture toughness
for a low alloy, structural steel tested in the DBT region.

5.2. Plastic 7 factors

This section describes the results of the extensive plane-strain analyses performed on numerical models of standard and non-
standard SE(B) specimens described previously. Evaluation of plastic n-factors for the analyzed SE(B) configurations follows from
solving Eq. (3) upon computation of the plastic area, A,, under the P-CMOD and P—LLD curves for the 3P and 4P bend geometries
with varying S/W -ratios and different material properties. Before presenting the n-factors required to evaluate the J-integral from
measured experimental load-displacement records, we briefly examine the numerical procedure to compute the 7-values.

At each load increment, the domain integral procedure yields a thickness average J-value from which the plastic component, J,, is
evaluated. The plastic work associated with J at each load increment also follows from direct evaluation of the plastic area under the
load-displacement curve. The J, and A, terms are normalized by simple manipulation of previous Eq. (3) to define a linear
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Fig. 7. Variation of normalized J, with normalized A, derived from CMOD records for plane-strain analyses of bend geometries with a/W = 0.5 and
n = 10 material having varying S/W -ratios: (a) 3P bend specimens; (b) 4P bend specimens.
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Fig. 8. Normalized load-CMOD response for the bend geometries with a/W = 0.5 and n = 10 material having varying S/W -ratios: (a) 3P bend
specimens; (b) 4P bend specimens.

relationship given by J,/(boys) and A,/(Bb?ay,) from which the plastic n-factors are evaluated. Fig. 7 shows the variation of normalized
J, with normalized A, derived from CMOD records for the 3P and 4P bend geometries with a/W = 0.5 and n = 10 material having
varying S/W -ratios. A strong linear relationship clearly holds across all configurations thereby allowing determination of factor
nJCMOD by the slope of the linear regression. Such strong linear relationship displayed in Fig. 7 also holds for all other crack con-
figurations and material properties - to conserve space, they are not shown here.

The evolution of applied load with displacement for the 3P and 4P bend configuration with different S/W -ratios is also of interest.
Fig. 8 displays the load-displacement response in terms of CMOD for the 3P and 4P bend geometries with a/W = 0.5 and n = 10
material having varying S/W -ratios. In these plots, the CMOD is normalized by the crack ligament whereas the load is normalized by
a convenient limit solution under plane-strain conditions for the bend specimens given by Miller [62] and expressed as

a4M
= c(1-a/W)?
ow? ~ cama/W) 13)

where M is the bending moment and ¢ = 1.398 for the 3P bend specimen and c = 1.456 for the 4P bend geometry. A simple ma-
nipulation of the above expression yields the limit load, P, for each specimen geometry shown in Fig. 8(a-b). Because the limit load
for the bend specimens depends explicitly on the specimen span, the evolution of normalized load with displacement is essentially
unchanged with increased S/W -ratio indicating that the applied load simply scales with specimen span. Moreover, also observe that
the load-displacement response for the 4P bend geometries lies below the corresponding response for the 3P bend specimens. Results
for other SE(B) configurations and material properties do not provide additional insight and are omitted to conserve space.

Figs. 9 and 10 provide the nondimensional 7-factors based on P-CMOD and P—LLD records for the 3P and 4P bend geometries
with varying S/W -ratios and different material properties. In these plots, the solid symbols correspond to the computed 5-values
whereas the lines represent fitting curves to the numerical data. Consider first the results displayed in Fig. 9 corresponding to
n-factors based on P-CMOD. Fig. 9(a) also includes the variation of factor 7 based on CMOD with a/W for the 3P bend specimen with

S/W = 4 given by ASTM E1820 [2] for reference. The nJCMOD-values for both 3P and 4P bend geometries and every S/W -ratio

considered are essentially independent of strain hardening for the entire range of a/W -ratio. Moreover, observe that the nJCMOD-value
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Fig. 9. Variation of plastic factor », with a/W -ratio derived from CMOD records for plane-strain analyses of bend geometries and varying S/W -ratios
and different material properties: (a) 3P bend specimens; (b) 4P bend specimens.
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Fig. 10. Variation of plastic factor 7, with a/W -ratio derived from LLD records for plane-strain analyses of bend geometries with varying S/W -ratios
and different material properties: (a) 3P bend specimens; (b) 4P bend specimens.

for a fixed a/W-ratio increases with increased S/W -ratio. Further observe that the 4P bend geometry gives rise to significantly
different nJCMOD-values when compared to the n-factors for the 3P bend specimen - here, the nJCMOD-Values for the 3P bend specimen
are ~ 1.8-2 higher than the corresponding values for the 4P bend geometry.

Now direct attention the results shown in Fig. 10 which describe the variation of n-factors based on P—LLD with a/W. Again,
Fig. 10(a) also includes the 7;"P-value for the deeply-cracked 3P bend specimen with S/W = 4 given by ASTM E1820 [2] for re-
ference. The behavior displayed by these "P-values contrasts rather sharply with the previous results in that the variation of 7"
with a/W is virtually independent of the S/W-ratio, particularly in the range 0.3 < a/W < 0.8. The n-factors exhibit a somewhat
larger sensitivity to the S/W-ratio in the case of shallow cracks (a/W < 0.2) but which are nevertheless reasonably close to each other,
indicating a high degree of similarity for practical applications in fracture test procedures. Similarly to the previous results, the
nP-values for the 3P bend specimen are ~ 1.9-2.5 higher than the corresponding values for the 4P bend geometry.

To provide a simpler manipulation of the previous results and using the plots displayed in Figs. 9 and 10 for guidance, a functional

dependence of nondimensional 7-factors for the 3P and 4P bend geometries with crack size is constructed in the form

MO = + aq(a/W) + ap(a/W)? 14)
and

P = By + By(alW) + B,(a/W)? + By(a/W)? (15)
where it is understood that a 2-nd order and 3-rd polynomial fittings are employed to describe the variation of factors n~°° and n-"

in the range 0.1 < a/W < 0.8 for any hardening exponent. In this regard, it deserves mention that, although it is evident from Fig. 10
that factor 7" shows some sensitivity to the hardening behavior for shallow cracks, the adopted polynomial fitting should be
accurate enough for most practical applications which generally involve fracture testing of moderate-to-deep cracks (a/W > 0.25-0.3).
Moreover, we also note that, while there is an almost linear relationship between 7°" and a/W displayed in Fig. 9, we follow
similar procedure given by ASTM E1820 [2] and adopt a 2-nd order polynomial fitting to describe the variation of factor n™°P with

crack size. Tables 1 and 2 provide the polynomial coefficients of Eqs. (14) and (15) derived from a standard least square fitting.
5.3. J-CTOD relationships

This section describes the results of the extensive plane-strain analyses performed on models for the non-standard SE(B) speci-
mens described previously. Before addressing the functional dependence of parameter m = J/(dcy) for the specimen geometries under
discussion, we briefly examine the variation of CTOD with increased values of the J-integral, which has a direct bearing on accurate
evaluation of meaningful m-values that are independent of loading. Fig. 11 provides the evolution of CTOD with J for the 3P and 4P

Table 1
Coefficients for the polynomial fitting of Eq. (14) defining the relationship between r)]CMOD and a/W for the 3P and 4P bend geometries.
Specimen Geometry ap a; ay
3-Point SE(B) S/IW =4 3.7096 —2.7822 1.0953
S/IW =6 5.1664 —2.5011 0.2350
S/W =8 6.8647 —2.4769 —0.6622
4-Point SE(B) S/IW =4 1.8165 —0.5182 —0.4340
S/IW =6 2.7494 —0.8673 -0.5779
S/W =8 3.6733 -1.1219 —0.8308
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Table 2
Coefficients for the polynomial fitting of Eq. (15) defining the relationship between nJLLD and a/W for the 3P and 4P bend geometries.
Specimen Geometry Bo B B2 Bs
3-Point SE(B) All S/W 5.6942 —10.3550 6.1979 0.6689
4-Point SE(B) All S/W —0.0705 5.0186 —7.7424 3.9104
CTOD (mm) CTOD (mm)
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Fig. 11. J-CTOD relation for the SE(B) geometries with varying a/W -ratio and n = 10 material; (a) 3P specimen with S/W = 4; (b) 3P specimen with
S/W = 8; (c) 4P specimen with S/W = 4 (d) 4P specimen with S/W = 8.

SE(B) specimens with varying S/W -ratio and selected a/W -ratios for the moderate strain hardening material (n = 10). Observe that,
apart from small differences, the J-CTOD relations are relatively independent of the S/W -ratio for a fixed loading mode and that the
evolution of CTOD with increased J follows a fairly straight line for almost the entire range of loading. Further observe that the 4P
bend geometry gives rise to J-CTOD relations which do not differ significantly from the corresponding relationships for the 3P bend
specimen. The trends and results described here are essentially similar for other strain hardening materials and S/W -ratio but are not
shown here in interest of space.

Fig. 12 shows the evolution of parameter m with increased loading, as characterized by increased values of J, for the 3P and 4P SE
(B) geometries with varying S/W -ratio and selected a/W -ratios for the moderate strain hardening material (n = 10). For reference,
the plane-strain m-value corresponding to a standard bend specimen with S/W = 4 and a/W = 0.5 derived from ASTM E1820 [2] is
also included in the plot of Fig. 12(a). The m-values display strong variation at small levels of loading (which are associated with
small J-values) for every case under consideration; such behavior derives directly from a strong nonlinear relationship between J and
CTOD early in the loading of the specimen. After this transitional behavior, the m-values increase slowly with increased J and attain
an essentially constant value for each of the a/W -ratios considered. Here, it can be easily seen that, apart from the very deep crack
specimen with a/W = 0.7, the loading level at which the m-values reach a “plateau” is conservatively given by J =~ 200 kJ/m?. For the
n = 10 material and specimen geometry with S/W = 4, these plateau values range from m = 1.9 for a/W = 0.7 to m = 1.5 for
a/W=0.1.

The above results, including others derived from additional analyses conducted on plane-strain models for different specimen
geometries and material properties to construct the J-CTOD relations, are used to determine the variation of parameter m with crack
size for the 3P and 4P SE(B) specimen displayed in Fig. 13. The results shown in these plots provide support to the following
observations: (1) The m-values for the 3P and 4P geometries are essentially independent of specimen span, as characterized by the
S/W -ratio; (2) The m-values display more sensitivity to the strain hardening exponent in the range 5 < n < 10 for both bend
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Fig. 12. Evolution of parameter m with increased load level for the bend specimens with varying a/W -ratio and n = 10 material.
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Fig. 13. Variation of parameter m with crack size for the bend specimens with different geometries and material properties.

geometries; (3) The m-values show similar trends irrespective of loading mode considered (3P vs. 4P).
To provide a simpler manipulation of the previous results displayed in Fig. 13, a functional dependence of parameter m with crack
size, a/W, and hardening exponent, n, for the bend geometries is obtained in the form

msp = 0.8603 + 0.9068(a/W)—0.1814(a/W)? + 5.1027n~! + 0.0052n (16)
and
map = 0.9781 + 1.6154(a/W)—0.9092(a/W)? + 4.3640n~1—0.0035n a7

where it is understood that the subscripts 3P and 4P correspond to the loading mode and a multivariate polynomial fitting [63] is
adopted to describe the coupled dependence of parameter m on the a/W -ratio and n. Here, the hardening exponent can be estimated
by [5]
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Fig. 14. Evolution of plastic rotational factor, r,,, with increased CMOD for selected 3P and 4P bend geometries with a/W = 0.5 and varying material
properties.

g L1249 + 11.0097Y;,—11.7464Y?
1 + 1.3495Y,—5.3117Y7 + 2.9643Y; (18)

in which Y; = oys/0,,. The above expressions are valid in the range 0.1 < a/W < 0.8 and 5 < n < 20 for any S/W -ratio. Moreover, the
polynomial fitting defined by previous Egs. (16) and (17) gives results in excellent agreement with the computed m-values displayed
in Fig. 13 in which differences between the fitted and numerical values are less than 5%.

5.4. Plastic rotational factors

The procedure to estimate the CTOD outlined in Section 2.2.2 relies on the assumption of a rigid specimen rotation about a hinge
point to evaluate the plastic component, &, from the measured crack mouth opening displacement. Here, we provide the r,-values
derived from detailed plane-strain analyses of the standard and non-standard SE(B) specimens with a wide range of crack sizes and
material properties.

Following similar previous developments, we first consider the variation of r, with increased specimen deformation as measured
by the CMOD for selected specimen geometries with different material properties. The plastic rotational factor for each analyzed SE
(B) specimen configuration is derived from evaluation of §, in Eq. (5) and then solving for r,,. Fig. 14 shows the variation of the plastic
rotational factor with the plastic component of CMOD, V), for the deeply cracked SE(B) specimen with a/W = 0.5 under 3P and 4P
bend loading having S/W = 4 and 8 with different flow properties, n = 5, 10 and 20. For every case considered in Fig. 14, the
rp-values varies strongly for low values of V, for which the plastic hinge model is highly inaccurate as elastic and plastic displacements
have similar order of magnitude. In contrast, with increased values of V), factor r, does reach a fairly constant value essentially
independent of V. In particular, r, approaches the value of 0.4 given by BS 7448 [23] for a standard SE(B) geometry with a/W = 0.5
and S/W = 4 as indicated in the plots. Indeed, these results show that the evolution of r, with V, exhibits almost not sensitivity to
specimen span and loading mode (3P vs. 4P) The response displayed in these plots enables an interesting interpretation with im-
portant implications in that the r,-value specified by BS 7448 [23] may serve equally well to determine the CTOD from measured
load-CMOD records for deeply cracked SE(B) specimens under either 3P or 4P bend loading and with any S/W -ratio in the range
4<S/WL8.

Fig. 15 provides the variation of factor r, with increased a/W -ratio for the 3P and 4P bend geometries having S/W = 4 and 8 with
different flow properties, n = 5, 10 and 20. As already introduced in the previous figure, these r,-factors represent the constant values
which develop in the r, vs. V, plot for each specimen configuration and hardening property (see Fig. 14). For deeply cracked bend
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Fig. 15. Variation of plastic rotational factor, r,, with a/W -ratio for selected 3P and 4P bend geometries with varying material properties.

specimens (a/W 2 0.45-0.5), the r, -values can be assumed relatively independent of crack size and hardening properties. Such
behavior contrasts sharply with the variation of r, with a/W -ratio for shallow cracks as factor 7, now depends strongly on crack size
and strain hardening behavior. Moreover, for a given bend loading mode (3P and 4P), the variation of factor r, with increased
a/W -ratio depends rather weakly on specimen span as characterized by the S/W -ratio.

To facilitate manipulation of the previous results to estimate the CTOD from measured records of crack mouth opening dis-
placement based on the plastic hinge model, a functional dependence of factor r, with crack size, a/W, and hardening exponent, n, for
the bend geometries is given in the form

r, = g(a/W)h(n) (19
where
gp(a/W) = —0.2951 + 3.3399(a/W)—8.4505(a/W)? + 9.0285(a/W)*-3.2219(a/W)* (20)
hsp(n) = 0.0492n—0.0297n (a/W)—0.001n2 (21
and
g,p(@/W) = —0.3085 + 3.8941(a/W)—11.1815(a/W)? + 14.0742(a/W)*~6.3308(a/W)* (22)
hap(n) = 0.03813n—0.0287n (a/W)—0.0005n> (23)

where it is again understood that the subscripts 3P and 4P correspond to the loading mode and a multivariate polynomial fitting [63]
is adopted to describe the coupled dependence of factor r, on the a/W-ratio and n. Similarly to the results described in previous
section, the above polynomial fitting gives results in good agreement with the computed r,-factor shown in Fig. 15 in which dif-
ferences between the fitted and numerical values are less than 5-10%.

6. Summary and conclusions

This work describes the development of a fracture toughness test methodology to evaluate the J-integral and CTOD using standard
and non-standard SE(B) specimens, including non-standard 4-point bend configurations. The analyses consider J and CTOD esti-
mation procedures for 3-point and 4-point bend specimens based upon plastic factors and plastic rotational n-factors and include: (i) J

and CTOD estimation from plastic work derived from experimentally measured load-displacement records and (ii) CTOD estimation
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from the plastic hinge model using a linear relationship between the experimentally measured CMOD and CTOD. Moreover, the
investigation also addresses the potential influence of specimen geometry and loading on fracture behavior in terms of J—Q de-
scriptions to quantify constraint effects. The extensive plane-strain finite element analyses conducted for 3-point and 4-point bend
specimens provide a large set of plastic 7-factors and r,-values applicable to evaluate J and CTOD in non-standard bend geometries for
a wide range of crack sizes (as characterized by the a/W-ratio), specimen span (as described by the S/W-ratio) and hardening
properties characteristic of structural, pressure vessel and pipeline steels.

Our results reveal that specimen span and loading mode affect rather strongly the fracture behavior of bend specimens, parti-
cularly for deep crack configurations, which suggests a potential mitigation effect of increased span and loading mode on constraint
loss often observed in fracture testing of smaller bend specimens, such as the PCVN configuration, thereby increasing their measuring
capacity. Further, the analyses show that the nJCMOD-values for both 3P and 4P bend geometries show a rather strong dependence on
the S/W-ratio but, at the same time, are essentially independent of strain hardening over a wide range of a/W-ratio for a given
S/W -ratio. In contrast, the variation of nJLLD with a/W displays much less sensitivity to the S/W -ratio, particularly for moderate to
deep cracks. Similarly, the analyses also show that the J-CTOD relationships for the 3P and 4P geometries are essentially independent
of specimen span, as characterized by the S/W-ratio. Another result of interest emerging from our analyses is that the plastic
rotational factor, r,, exhibits almost not sensitivity to specimen span and loading mode (3P vs. 4P), which has important implications
in that the r,-value specified by BS 7448 [23] may serve equally well to determine the CTOD from measured load-CMOD records for
deeply cracked SE(B) specimens under either 3P or 4P bend loading and with any S/W-ratio considered here. Overall, the present
study broadens the applicability of current standards adopting the 7-method and factor r, in laboratory measurements of fracture
toughness data using non-standard bend geometries. Part II [64] of this investigation builds upon the J evaluation procedure de-
veloped here to address an experimental investigation of the effects of geometry and loading mode on the cleavage fracture behavior
of a high strength, low alloy structural steel using standard and non-standard SE(B) specimens, including a non-standard PCVN
configuration.
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Appendix A. Stress intensity factor solutions for 4-point bend specimens

Evaluation of the J-integral for the 4-point SE(B) specimens requires accurate solutions for the (Mode I) elastic stress intensity
factor, Kj, to determine the elastic component of the J-integral given by Eq. (2) presented in Section 2.1. Tada et al. [28] provide the
stress intensity factors for a bend geometry loaded in pure bending. The present section provides the stress intensity factor solutions
for the 4-point bend specimen with varying specimen geometry (different a/W and S/W -ratios).

The stress intensity factor for a bend geometry is conveniently defined in the form [2]

Ki = —>F(a/W)

By W?3/2 (A1)
where F(a/W) defines a nondimensional stress intensity factor dependent upon specimen geometry and crack size. Here, P is the
applied load, By denotes the net specimen thickness at the side groove roots (By = B if the specimen has no side grooves where B is
the specimen gross thickness) and W is the specimen width.

An extensive series of linear finite element analyses for the 4P bend specimens considered in the present study was conducted to
evaluate the nondimensional stress intensity factor, F(a/W), for different a/W and S/W -ratios. The analysis matrix (see Fig. 2)
includes fracture specimens with crack sizes in the range 0.1-0.8 with increments of 0.1 and with specimen span to width ratio given
by S/W = 4, 6 and 8. The finite element code WARP3D [57] provides the numerical solutions for the linear elastic analysis described
here. For each model, evaluation of the elastic stress intensity factor follows from computational of the J-integral using the con-
ventional relationship given by previous Eq. (2) with v = 0.3 and E = 206 GPa in all analyses. The finite element models employed in
these computations have essentially similar mesh details as the numerical models previously described in Section 4.2.

Fig. A.1 provides the key results describing the variation of the nondimensional stress intensity factor, F (a/W), with a/W -ratio
for different S/W -ratios. As could be anticipated, the plot displayed in Fig. A.1 reveals that the variation of F (a/W') with S/W -ratio
remains unchanged for different a/W -ratios. Using these results for guidance, we construct the functional dependence of the non-
dimensional stress intensity factor and a/W -ratio as follows

a a\? a)? a\* ay
F(a/W) = —0.2353 + 11.8397*—69,7773(*) + 216.0468(*) —306.6905(*) + 170,5374(*)
w w w w w (A.2)

where it is understood that a 5-th order polynomial fitting [63] is employed. The solid lines displayed in the plot define the fitting
curve corresponding to Eq. (A.2).
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Fig. A.1. Nondimensional stress intensity factor with a/W -ratio for 4-point bend specimen with varying a/W -ratios.
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