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ABSTRACT

The recent evaluation of the material fracture toughness
parameter J is based on load separation. Load separation is the
assumption that the load can be represented as a multiplication of
two separate functions: a crack geometry function and a material
deformation function. Until recently, the main experimental basis for
such assumption was the approximate agreement between the
experimental results of the single specimen J form and the energy
rate interpretation of J for blunt notched bending geometries.
However, load separation has also been implied in precracked
specimen test records in order to develop the R-curve analysis for

bending geometries.

In this study, the assumption of load separation was examined
in the test records of specimens with different crack sizes,
geometries, constraints, and materials, for both stationary and
growing crack cases. The study proved that load separation is a
dominant criterion in material ductile fracture behavior that exists in
both bending and tension _geometries. Also, it illustrated the material
basis for such criterion. In addition, the study developed a
generalized form for the geometry function as a power law function.
Also, the deformation function for the different test records' was

constructed. Moreover, the study proposed an approach to develop a



unified deformation function that is independent of constraint and

displacement measurement.

A new reliable method for the evaluation of the n-factor was
proposed. The n-factor is the multiplication factor in the single
specimen J form. This method avoids most of the approximation

errors in other methods.

The study proved that the geometry and deformation functions
maintain their form as the crack grows far beyond the J-controlled
crack growth limit, which validates using J analysis for growing

cracks in different geometries.

Through the experimental development of the geometry and
deformation functions, an advanced ductile fracture methodology
was established that could provide accurate predictions of the

fracture behavior of defective materials and structures.
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CHAPTER 1

AN INTRODUCTION TO
DUCTILE FRACTURE MECHANICS AND
METHODOLOGIES

1.1 Introduction

The conventional engineering design of a structure is often
based on the failure strength of the structural material. This
approach is insufficient in many real applications, particularly when
the structure contains some material defects and/or manufacturing
flaws. The presence of such defects and flaws increases the
probability of crack initiation and growth under normal service
conditions. Environmental conditions, fluctuating loads, or accidental
overloads may accelerate the initiation and growth of the cracks. The
catastrophic failure of many vital structures, early in this century,
illustrated a need to develop a quantitative approach that can
characterize  the failure in structures containing crack-like defects.
The early approaches were more interested in the fracture as an
. event but, later on, the fracture as a process captured much interest.
Different disciplines have been adopted in this matter which gave
more understanding of the material's fracture behavior for different
combinations of cracks, geometries, constraints, and loading
conditions. These extensive studies yielded the modern approach of
fracture mechanics. Fracture mechanics provides the mathematical
descriptions of the relationships between the parameters which
control the fracture process. These parameters are mainly the load or
stress, the crack size, and the material properties. Fracture mechanics
provides also the necessary tools to predict the failure behavior of
defective structures. Many analytical and numerical techniques have
been developed that can model the real structures and provide an




approximate prediction of their fracture behavior. Recently, a new
methodology based on experimental data has been introduced. This
methodology provides more accurate and reliable predictions. A
primary objective of this thesis is to develop this methodology by
providing mathematical descriptions of the functions that model
most defective structures' ductile fracture behavior. First, however, a
description will be given of the developments in fracture mechanics
which led to the introduction of this new methodology.

1.2 Linear Elastic Fracture Mechanics (LEFM)

In 1921, Griffith (1)* approached the fracture problem by using
the first law of thermodynamics. He introduced the first analytical
approach of the linear theory of crack propagation. He postulated
that an existing crack would grow by some increment if the
necessary additional surface energy were supplied by the system.
Using the stress analysis of Inglis for the case of an infinitely large
plate containing an elliptical crack, he obtained the necessary
condition for a sharp crack to grow as

2Eys
o= \/ [1.1]
na

where o is the applied stress, a is one half the crack length, E is
modulus of elasticity, and ¥, is specific surface energy.

Irwin (2) chose another energy term G to replace 2y, in Eq [1.1].

This new term was defined as the elastic energy release rate. He (3)
also used Westergaard-Airy stress functions (4) to obtain the crack
tip elastic stress-strain field associated with the different modes of

* Numbers between ( ) denote references.



loading. Generally, the stress at any point (r,0) in the vicinity of a
crack tip, Fig. 1.1**, can be written as

K
Oij r_-Zn:r fij(8) [1.2]

where K is the stress intensity factor. This factor uniquely
characterizes the singularity at the crack tip. In case of elastic
loading of an infinite cracked plate, K takes the form

K=cova | [1.3]
where ¢ is a constant.

Many analytical and numerical studies (5) have been
conducted to account for finite sizes and different geometries. In
most cases, K can be written (6) as

K=oVayY [1.4]

where Y is a geometry factor. K and G represent the stress and
energy parameters in the elastic theory of crack propagation, and
they are related as

G=K2/FE [1.5]
where -

E'=E for plane stress, and
E' = El(1-V2) for plane strain.

* %

All the figures are in the Appendix.




According to the elastic theory of crack propagation, a crack in
a perfectly elastic plate will not grow unless K reaches a critical value
K¢ or, in other words, G reaches G.. K;jc and G, are material
constants, and they represent a lower limiting value of fracture
toughness. An ASTM standard test method (7) has been established
to determine Kj; of metallic materials for different geometries. The
K¢ is technically defined as the material plane-strain fracture
toughness. The validity of the test and the determined K. value
depend on the existence of a sharp crack in a specimen of adequate
size to assure severe tensile constraint at the crack tip.

The elastic stress field solutions in Eq [1.2] assume a stress
singularity at the crack tip. In other words, the stress becomes
infinite when r—0. In practice, materials yield at specific stress
values, then deform plastically. Figure 1.2 shows the stress variation
at the crack tip for both linear-elastic and elastic-plastic materials. A
portion of the work done is consumed in creating a plastic zone at the
crack tip. Therefore, the behavior of a cracked structure is not
perfectly elastic but contains some plastic contribution. This may not
be ideally modeled by LEFM; however, some approximate elastic
solutions with plasticity adjustments have been developed to handle
such cases. These solutions can only be used for cases of contained
plasticity (low-scale yielding) where the plastic region size is very
small compared to the geometric dimensions and the ratio of the net
section applied stress to the yield stress is much lower than 1.0.

Irwin (8) stated that plasticity makes the crack behave as if it
were longer than its physical length, and he suggested the use of an
effective crack length equal to the physical length plus a correction
of the order of the plastic zone size. The plastic zone size, rp, can be
estimated using Eq [1.2] as




rp = > for plane stress [1.6a]

and

rp = % for plane strain [1.6b]

61ray

where oy is yield stress. In a different approach, Dugdale (9)
proposed that the correction should be chosen such that the stress

singularity disappears at a crack tip which has a plastic zone
addition. His solution yielded the plastic zone correction  as

a no
P cos 20y [1.7]

In both solutions, there are two main assumptions: the material is
linear-elastic, perfect-plastic and the plasticity correction depends on
K which is a linear-elastic parameter.

In case of plane stress where the plastic zone is large but still
small when compared to the uncracked ligament, an energy balance
criterion called the R-curve method is usually used. It assumes that
there is a continuous balance between the crack driving force and
the fracture resistance associated with both crack growth and
plasticity zone formation. Both energies are calculated using linear
analysis with a plastic zone correction. The R-curve characterizes the
material's resistance to fracture during stable crack growth,
Instability occurs when the released energy exceeds the material's
resisting energy. This can be written mathematically as

Gmaterial 2 Gapplied
and

dGmaterial . dG ;
>
da = da




The values of G and K corresponding to the instability point are G,
and K.. The value K. is defined as the plane stress fracture
toughness. An ASTM standard practice (10) for R-curve
determination has been issued under the designation E561. The
practice states that "...materials tested for R-curve are not limited by
strength, thickness, or toughness, so long as specimens are of
sufficient size to remain predoniinantly elastic throughout the
duration of the test." This means that K. values obtained from the R-
curve are limited to structures with the same thickness and
geometry as the test specimen.

1.3 Elastic-Plastic Fracture Mechanics (EPFM)

After the increasing progress in metallurgy and manufacturing,
modern structures can be loaded above the elastic limit without
failure and they fail after a considerable amount of plasticity.
However, most of the previously mentioned approaches to extend the
linear-elastic fracture mechanics solutions into the elastic-plastic
regime showed limited success, especially for large-scale yielding
cases. Several attempts were made to develop new approaches that
are not limited to linear behavior but can be extended to non-linear
behavior without any violation of their analytical basis. These
approaches introduced new parameters that can uniquely
characterize the crack singularity and successfully predict the failure
in both elastic and plastic regions. The two most successful methods

are the J-integral method and the crack tip openming displacement
(CTOD) method.



1.3.1 J-Integral

Formulation and Development of the J-Integral

The J-integral was formulated by Rice (11,12) in 1967. It is a
path-independent integral which has the advantage that it can be
evaluated sufficiently far from the crack tip and still characterize the
singularity at the crack tip. The J-integral can be written as

ou;

J= I(Wdy -T; pw ds) o [1.8]
r

where W is strain energy density, T;is traction on the contour, and u;
is displacement in the direction of T;, Fig. 1.3. The only restriction in
the definition of J is that W be the strain energy density for linear or
non-linear elastic behavior. Within the plastic region, this fits any
stress-strain (o-¢) behavior in the loading process but only the
"deformation theory of plasticity” in the unloading process. In
practice, most materials follow the "incremental theory of plasticity”
during unloading. In order to avoid any unloading, J is evaluated for
stationary cracks only. J reaches its critical value Jj. when the crack
initiates. The crack tip stress-strain field can be uniquely
characterized by J for both elastic and plastic regions as long as there
is no unloading. )

Hutchinson (13) and Rice and Rosengren (14) indicated that for
a hardening material, the product of stress and strain at the crack tip
is a singularity of order I/r. McClintock (15) developed this fact to
obtain the stress-strain field for a power law hardening material as



i
J n+l
oifr.6) = Go {—-—-6080,} Gij(6.n) | [1.9]
B
n+l
e,-,fr,e)=eo{%80,} Eij(0.n) [1.9b]

where
- ol
= gl
Eo Oo

and (0,r) are position coordinates of a point in the crack tip vicinity
with the crack tip as the origin. o, is yield stress, &, is yield strain, «
is a material constant, and n is the strain-hardening exponent.
0ij(6,n)and £j(6,n) are dimensionless functions. These equations describe
the stress-strain field in the plastic region (which is known as the
HRR field) except for the intensively deformed non-linear zone ahead -
of the crack tip (16). The different crack tip fields are shown in Fig.
1.4. Equation [1.9a] is completely analogous to Eq [1.2], which
represents the linear-elastic field.

Rice (11,12) obtained another alternative form to represent J as
the potential energy difference between two identically loaded
cracked bodies with an incremental crack size difference. This can be
written as

J= & [1.10]

where U is the potential energy, and B is the thickness. This energy
rate interpretation of J allowed Landes and Begley (17,18) to develop
their multi-specimen experimental technique to evaluate J from the



load displacement records of identical specimens with different crack
lengths. They calculated the potential energy by estimating the area
under the test record. Then, they generated the U-a relationship for
different displacement values. The tangent of the U-a curve
represents J for the corresponding crack length and displacement.
Figure 1.5 shows a schematic flow chart of their technique.

The energy rate interpretation of J, Eq [1.8], also yielded the
most applied J form as

n
J=3g [Pdv [1.11]

where b is uncracked ligament, P is load, v is displacement, and 7 is a
factor that may depend on the geometry, material, and/or loading
conditions. This form provides the possibility of evaluating J from a
single test record, Fig. 1.6. It is based on the assumption that the load
can be represented as a multiplication of two separate functions (19):
a crack geometry function, and a material deformation function. This
single-specimen form was first introduced by Rice, Paris, and Merkle
(20) for deeply cracked bend specimens. They proposed that the
load-displacement relationship can be represented as

6 = fiM/Ib2) [1.12a]

where 0 is the rotation due to the presence of the crack, and M is the
applied moment. This form can be rearranged in a separable form as

M = B2 F(6)
or ' [1.12b]
M = G(a) F(6)

where G(a)=b2, G(a) and F(0) are the geometry and deformation
functions. Using this separable form, they wrote J as




2
J=pp |Mde [1.12c]

where IM dO represents the area under the load-displacement (M-6)

record. Merkle and Corten (21) developed another analysis to find J
for the compact geometry which is also a bending configuration but
with a small tension component. Their analysis is based on a
separable load form derived using limit load analysis. The simplest J
form obtained from their analysis was

_2(1+a) [pav
" 1+a2 Bb

[1.13a]

where
2a ¥ 2a 112 2a
a=[(7) + 2(7) + 2] - [—5— + I] [1.13b]

Through Eqs [1.12c] and [1.13a], the n—factor is given as

n=2 for bend specimen [1.14a)]
and
2(l+a) .
=12 for compact specimen.[1.14b]

Landes, et al. (22) conducted an experimental evaluation of J-
for compact specimen using both the multi-specimen technique and
the single-specimen technique. They found a reasonable agreement
between both techniques. Landes, et al. (23) suggested also the
approximation of the n expression for the compact specimen to be

n=2 +0.522% [1.15]
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where W is specimen width. This form is the linear fit of the Merkle-
Corten expression, Eq [1.14b].

Rice, et al. (20) proposed representing J as the sum of an elastic
part, J¢i, and a plastic part, Jp;. This was later generalized by Sumpter
and Turner (24) into a new form that utilizes the single-specimen
form in the elastic and plastic regions separately. This form can be
written as

el [1.16]

where A.; and Ap; are the elastic and plastic parts of the area under
the load displacement record.

Ji1c Determination

The main interest, during the early development of EPFM, was
to determine the J value at crack initiation, J;., as a measure of
fracture toughness. In 1981, the ASTM issued a standard test
method (E813-81) for Jj; determination (25) for bending geometries.
The method suggests J evaluation using the single-specimen
technique as

J=n 5 [1.17a]

where for bend specimen
n=2
for compact specimen [1.17b]

n=2 +0.522%,Q
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and b, is the initial uncracked ligament. The method requires testing
many identical precracked specimens. The specimens should be
loaded until a crack initiates, stable tearing develops, and small crack
extension occurs. The crack extension is assumed to be too small to
affect the area, 77, and b values. An approximate linear fit can be
constructed between J values and the corresponding crack
extensions, Aa. Aa is defined as the difference between the final
physical crack length and the original physical crack length. The
intersection of the fit line and the blunting line defines J;.. The
blunting line is an approximate estimate of the crack's artificial
growth as the crack tip stretches before any tearing takes place. The
blunting line can be obtained from the flow properties of the
material as

Iblunting = 20y (Aa)blunting

Figure 1.7 shows a schematic drawing of the crack growth
mechanism in both Jpiunting and Jieqring regions.

In 1987, the ASTM proposed some modifications in the test
method (26). The J can be evaluated as the sum of J,; and Jp; where
Jei can be obtained from LEFM as

K2(1-¥2)
Jeo="F [1.17c]
and Jp; is evaluated using the single-specimen form as
CApy )
- Zpe
Ipt =1, By, [1.17¢]

where "pl is considered the same as the overall n, Eq [1.17b]. Also,

the method suggested using a power law fit for J versus Aa instead of
a linear fit, and J;. became the intersection point between the power
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law fit and a line drawn parallel to the blunting line with an offset of
Aa = 0.2 mm.

J-R Curve

In ductile fracture, structures do not fail by crack initiation.
The complete failure usually occurs after some stable crack growth.
Therefore, J; may represent a very conservative limit for ductile
failure. Complete fracture analysis will require a crack growth
resistance curve while J-integral analysis is limited to stationary
cracks. However, crack growth usually involves elastic unloading and
non-proportional plastic deformation near the crack tip which may
not be accurately modeled by the "deformation theory of plasticity."
Nevertheless, Hutchinson and Paris (27) argued some theoretical
basis for using the "deformation theory of plasticity" J-integral in
crack growth analysis. They stated that a J-controlled crack growth
can exist if nearly proportional plastic deformation occurs
everywhere but in a small neighborhood of the crack tip. Then, the
necessary conditions for J-controlled crack growth are as follows.

1- The crack growth, Aa, must be of the order of the non-
proportional plastic region, which is very small compared to the
proportional plastic region, R, as shown in Fig. 1.8. This can be
written as

Aa « R _ [1.18a]

2- The proportional part in the incremental strain must be
dominant compared to the non-proportional part (de;jj ~ €ij). Using Eq
[1.9b], one can write this condition as

d" .
E»% [1.18b]




where r is the polar coordinate of any point in the proportional
region (b>p>r). Therefore condition [1.18b] can be rewritten as

b»p»d.]/da [1.18c]

where p is the size of the intensive deformation zone where the
"deformation theory of plasticity” is not applicable.

Shih, et al. (28) conducted some numerical studies to check the
validity . of the "deformation theory" J-integral as the crack grows,
using the contour integral form, Eq [1.8]). They found that the J-
integral maintains its path independence for crack growth up to 6%
of the original uncracked ligament.

Both theoretical and numerical studies suggested the possibility
of using the "deformation theory” J as a crack growth parameter
within certain limits. Ernst, Paris, and Landes (29) developed a
technique to construct a Jg-Aa curve with J updated for crack growth.

Their analysis is primarily based on the assumption of load
separation. They suggested that the load for a predominant bending
configuration can be represented as

b2
P =1 8l) Hyr) | [1.19]

where g(a/W) is a weak function of the crack length. The factors

b2
V_V_g(%) and H (vw) are the crack geometry and material deformation

functions, respectively. Substituting Eq [1.19] in the single-specimen
J form, they obtained an incremental J expression as
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v
b
dJ = {(—y) 1 dev}da + {"W g H}d v [1.20]
0
where
bn’

r=n-l-%,

and
. __dn
T=d(aiw)

Then, for a stationary crack, Eq [1.20] can be written as

v+Ay

_ [ ne ”dl
Al = w & v

a=const.
v

v+A4y
=> | pav [1.21a]
v

and for a crack growth at constant displacement

a+Aa
AJ = j— y-bj-da =—7£Aa [1.21Db]
a

Using Eqs [1.21a] and [1.21b], one can write a continuous
incremental evaluation of J for a growing crack load-displacement
record. As shown in Fig. 1.9, J for the growing crack record OAC can
be obtained as the sum of J at point A and A J evaluated on the path
ABC. '

Jc=Ja+A4JAB + AJBC
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o
= JA +3 (Area ABDE) - y 2 4a

n V4
~ |:JA + b (Area ABDE)] [1 - % Aa] [1.22a]

Area ABDE is almgst equal to area ACDE for small Aa and Av, so that
Eq [1.22a] can be/rewritten as

Jc= [JA,,'+' %(Arca ACDE)] [1 - blAa] [1.22b]
“b

Following this process, one can update J over the whole test record
and construct a complete J-R curve.

Recently the ASTM published a J-Resistance test method
(E1152) based on this technique (30). The test method suggests a
crack growth limit of 10% of the original uncracked ligament. Crack
growth can be calculated using the elastic unloading compliance
method which requires unloading and reloading the specimen at
fixed intervals during the test. Also, the method suggests some size
requirements to maintain "deformation theory" J-controlled crack
growth conditions and to provide thickness independence. The J-R
curve is constructed from a power law fit of the data points (J versus
Aa).

As mentioned before, The crack grows first in the form of crack
tip blunting until conditions of crack initiation develop (J = Jjc), then
stable tearing extension proceeds until a sudden instability may
occur. Instability for ductile fracture can be defined on the J-R curve
by the following two conditions:

J applied 2 Imaterial

and [1.23]
Tapplied < Tmaterial

e
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where T is the tearing modulus proposed by Paris, et al. (31,32) as

dJ

E
T=—= 5 [1.24]
02 da

o

Imaterial A0d T pygseriqr can be evaluated from the J-R curve for any
specific crack extension. T,gterigr is the normalized form of the
tangent to the J-R curve. Jgppiied and Tgpplieda can be evaluated
experimentally or numerically for the defective structure being
analyzed as will be shown later. Then, the stable and unstable
regions of the defective structure's fracture behavior can be
determined from a J-T diagram as shown in Fig. 1.10.

The J-R curve, with a crack extension limit of 10% of the
original uncracked ligament, may not provide the complete fracture
behavior of many materials, especially if the instability occurs after
this limit. In this case, the use of the "deformation theory" J may not
be appropriate. A new modified J form, J,, has been introduced by
Ernst (33) as

da [1.25]

where a, is the original crack length. This form is based on
subtracting the crack growth dependence from ‘the "deformation
theory" J. A Jn-R curve (34,35) may show better geometry and
thickness independence than a "deformation theory" J-R curve up to
30% of the original uncracked ligament, but it shows worse
dependence after that. The geometry and thickness independence in
J-R curve and J,;-R curve are the subject of many recent studies on




fracture behavior and instability beyond the J-controlled crack
growth limit.

1.3.2 Fracture Toughness Measurement Using Crack
Tip Opening Displacement (CTOD) Method

The CTOD (6) represents an average measure of the strain field
in the vicinity of the crack tip. It is based on the plasticity model
proposed by Dugdale. It was first used as a fracture parameter by
Wells (36) in 1961. Since then, it has been widely used
experimentally to characterize the fracture behavior of metals and
weldments. After the J development, numerical and analytical
studies showed that there is a linear relationship between CTOD and
J. This gives an analytical basis to use the CTOD as a fracture
parameter. The British Standard Institution issued a CTOD test
method (37) in 1979, and then published a document PD6493 as a
CTOD practice code (38) in 1980. Also, in 1989, ASTM issued a
standard, CTOD fracture toughness measurement (39), under the
designation E1290. The main objective of this method (as well as the
British test method) is to determine critical CTOD values at different
crack extension events. These values are: 6., the CTOD value at the
onset of unstable crack extension (cleavage) with Aa < 0.2 mm; §;, the
CTOD value at crack initiation and onset of stable tearing (4a = 0.2
mm); Jy, the CTOD value at the onset of unstable crack growth after
stable tearing; and J,,, the CTOD value at the maximum load. There
_ are many controversial approaches for CTOD (40) evaluations and
measurements, especially, for growing cracks. The ASTM
recommends using

0 = Oel + Spy [1.26a]

where

S
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K2(1-2)
¢1=——20y E [1.26b]
rp (W—ao) VP
R T S — [1.26¢]
Y P
= 2
K BNW [1.26d]

P is the applied load, oy is the yield or 0.2% offset yield strength, v,
is the plastic component of crack mouth opening displacement
measured as close as possible to the front face, z is the distance of
the displacement measurement point from the front face on a single-
edge notched bend (SENB) specimen or from load line in compact (CT)
specimen, and rp is a plastic rotation factor given as

rp = 04 (I+a) [1.27a]

where for SENB .
a=0.1 - [1.27b]
and for CT

1/2
ws|f 4209 2| [ ] (1270

The test method recommends using only SENB or CT specimens. Also,
the original crack length should be within the range

045 > %{} > 055

There is no thickness requirement in the test method; however, there
are some recommended geometric proportions for the specimens.
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While the values &., 6y, and 8,, can be determined from a single
load-CTOD record, &; determination may require a CTOD-Aa curve.
The CTOD-Aa curve can be developed by either of two methods. The
first is to test several identical specimens up to different stable crack
extensions, then heat tint or fatigue crack them to mark the crack
growth before breaking them. The second method is to test a single
specimen with periodic unloading and reloading cycles, and obtain
the crack length using the compliance method. The CTOD-Aa curve

can be constructed using the following fit

5=Cy(Cy + 4a )3 [1.28]

where Aa is the physical crack growth. The method suggests that
only the data points with Aa < 1.5 mm can be included in the fit. §; is
the intersection point of the fit curve and the vertical offset line at
Aa = 0.2 mm. The critical CTOD values &, 6;, and 8, are valid if they
are equal or less than &p,.

The CTOD critical values can be used in fracture analysis of
defective structures using the CTOD design curve proposed by
Burdekin (41). This curve can be represented mathematically (42,43)
as

_(£Y for —<0.5 1.29
¢_(€>’J . eys ' [1.29a]
. . )
o=—- 025  for —>05 [1.29b]

€y €y




& is any of the critical CTOD values. &€ is the strain value at the
defective location to be analyzed, and can be obtained using any

analytical approach. For example, using mechanics of materials, one
can write € at a crack tip as

€= k"d_egim [1.30]

where k is a concentration factor and Odesign is the design stress for
this area. By substituting for £ in Eq [1.29a] or [1.29b], ¢ can be
obtained, and hence the critical crack length values corresponding to
the critical CTOD values can be calculated. Similarly, for a given crack
length, the design stress (or load) values corresponding to the
different critical CTOD values can be calculated.

The design curve can not provide a continuous estimation of
the ductile fracture behavior of a defective structure but only very
approximate design values at certain events in the failure process.
Also, there is (44) a built-in safety factor in the CTOD design curve of
about 1 to 5, which sometimes makes the predicted values
unrealistic. There is currently much interest in using the CTOD-Aa as
an R-curve, in analogy to the J-R curve, to obtain more details about
the ductile failure behavior of a defective structure.

1.4 Failure Predictions in Ductile Fracture

The primary objective of ductile fracture mechanics is to
predict the behavior of defective structures: how the structure
responds to an applied load, when a crack may initiate, and how long
it may grow in a stable manner before its growth becomes unstable.
Apparently, if a defective structure's original crack length, geometry,
thickness, and material are the same as those of an already tested
specimen, the structure's fracture behavior is expected to be similar




to that of the tested specimen. But if the structure is different in any
of these parameters, its fracture behavior can not be directly
predicted. In this case, a successful ductile fracture methodology
should be applied to obtain the predicted fracture behavior without
testing the structure itself.

1.4.1 General Approach

There are two basic sets of information that must be available
to conduct any failure prediction methodology: the applied input
behavior (calibration functions) and the material's fracture behavior.
These two sets should be combined to predict the required defective
structure’'s behavior. It is useful to discuss first the sources of both
sets, and the difficulties associated with conducting any fracture
methodology, before introducing some of the available
methodologies.

Calibration Functions

Calibration functions represent the applied input to the cracked
loaded structure. They can be defined as the mathematical
relationships that exist between the main parameters associated with
any failure, namely, load P, displacement v, crack length a, and J-
integral (or CTOD). They can be written as

v=v(P,a)
and

J=J(P,a) [1.31]
or

0=06(P,a)




The calibration functions can be developed by either estimation
methods or experimental methods. Estimation methods, such as the
finite element method, or limit load analysis, may provide numerical
or analytical expressions for the calibration functions. However, the
accuracy of such expressions is dependent on the analytical
assumptions used to model the specimen or defective structure. The
calibration functions can also be developed experimentally by testing
several identical specimens with different stationary crack sizes. But
the developed functions, in this-case, are limited to the tested crack
size range, constraint, geometry, and material, that is, to specimen-
like structures.

Fracture Behavior

Fracture behavior can be provided as either a J-R curve or a
CTOD-R curve. The R-curves represent the material output or
response to the loading conditions. Both must be developed
experimentally, and it is believed that they are independent of crack
length, geometry, and thickness within certain crack extension limits.
However, these limits are sometimes inadequate to handle cases of
moderate or large crack extension. Moreover, the R-curves may show
geometry and thickness dependence even before such proposed
limits.

The final product of any fracture methodology should be
complete information about the crack initiation and -instability points.
If possible, the method should also produce the expected load-
displacement record of the structure, or at least some specific points
on this record such as the maximum load point. Figure 1.11 shows a
schematic flow chart of a typical fracture methodology. The
procedure is simple if both the calibration curves and the J-R curve
(or CTOD-R curve) match the required structure, which is not likely
the case. Ductile fracture methodology has to deal with two main
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problems: first, how to provide accurate estimated calibration curves
for the structure or how to use the available experimental calibration
curves to develop those of the structure (which will be of main
concern in this thesis); and second, how to handle the thickness and
geometry dependence of the R-curves after (and sometimes before)
the proposed limit if the structure is expected to fail beyond this
limit. '

1.4.2 Failure Prediction Methods

Different approaches have been proposed to predict the
fracture behavior of defective structures. These approaches are
based on different assumptions, such as that the material is elastic-
perfectly plastic in the limit load analysis approach, or that the post-
yield stress-strain behavior is a power law in the engineering
treatment model. Such assumptions may limit these approaches to
specific applications. The following is a discussion of the main failure
prediction approaches, their theoretical bases, and their limitations.

Limit Load Analysis

For an elastic-perfectly (non-hardening) plastic material, the
applied input in the plastic region can be given as

Pr = A P(a) - [1.32]

where P is the limit load, P(a) is a function of the crack length, and
A is a constant that depends on the geometry, structure proportions,
and material flow stress. A and P(a) can be obtained using slip line

field analysis. As an example, the limit load for a three point bend
a
|14

specimen (with 2 0.32) can be given (45) as




1.4 o, B b2

PL = 5 C[1.33]

where S is the span and o, is the flow stress. The flow stress, 0,, can
be taken as yield stress, ultimate stress, or an average of both,
depending on the material's work-hardening behavior.

Jpt can be obtained from Eq [1.32] using either the single-
specimen form or the energy rate interpretation form, and can be
written as

Jpl =C Vpl f(a) [1.34]

where C is a constant and f(a) is a function of the crack length. J.; can
be obtained from the linear-elastic solutions.

The material's fracture behavior can be represented by either
the CTOD-R curve or the J-R curve. Combining Eq [1.32] with the
CTOD-R curve provides the predicted load-CTOD fracture behavior of
the required structure. Also, Eq [1.34] can be used with the J-R curve
to obtain the load and displacement at the crack initiation point, Jy,
and instability point, Jins. The J-R curve can be used also to obtain
the predicted P-vp; record for the required structure.

Despite the simplicity of the limit load analysis, the solutions
are very approximate, especially for highly work-hardening
materials.

Engineering Treatment Model (ETM)

The ETM (46,47,48) is based on the assumption that the post
yield behavior of a material can be represented by a power law as



< _ (i [1.35]

Oy \&

where N is the inverse of the strain hardening exponent, n.(0oy,&y)
represents a reference point in the stress-strain curve, and can be
taken as the 0.2% offset yield strength (oy = 0¢.2). In analogy to this,
the post yield behavior of a cracked body can be represented as

P _(%
Py'(ay [1.36]

where Py is the load at which the net section reaches the yield
conditions at each point, §s is the CTOD measured over a gage length
of 5 mm, and Jy is equal to J5 at the net section yield condition, P=Py.
Both Eqs [1.35], and [1.36] can be represented as straight lines on
logarithmic coordinates with (oy,ey) and (Py,dy) as the origin and n as
the slope. The net section yield load, Py can be obtained by the limit
load analysis. For the purpose of this approach, the following P,
expressions (49) have been chosen:

BW2 ?
Py=Acy “g (1 - %) [1.37a)

for single-edge notched bend (SENB) geometry, and

for compact (CT) geometry. A is a function of a/W that depends on
geometric proportions and the constraints. For center-cracked
tension (CCT) and double-edge notched tension (DENT) geometries, Py
is represented by the simple form

Py = B oy (W-2a) ' [1.37¢c]
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and &y can be obtained using the small-scale yielding solution

5= at P = P, [1.38]

where K can be calculated using the linear-elastic solution but with
some modifications to adjust the solution for plasticity. In the
method, the following K solution adjustments are suggested:

K = K(a,) for tension configurations,
and [1.39]

K =2'1- [K(a) + K(a.)] for bqnding configurations.

Using Eq [1.36] and the 8s5-R curve as the material's fracture

behavior, one can obtain a full prediction of the required structure.
The load at the crack initiation point (6; or 8p2) can be written as

0.2\
Po2 = Py (g) . [1.40]

Also, the load-controlled instability point can be obtained by
constructing different &s5-a curves for different load values. The
curve that is tangent to the 8s-R curve defines the maximum load
and the tangential point defines the corresponding &5 value. Some

approximate expressions are proposed to obtain the different
displacements values using &s for CCT geometry.

The ETM is a more advanced procedure than the limit load
analysis, but many difficulties have been found using it: many
materials do not follow a hardening power law, especially after the
early hardening; some materials show a different hardening
exponent in cracked body fracture behavior than in the regular

o



tensile specimen; also it is often difficult to relate the CTOD to the
global displacement of the structure.

The EPRI Handbook

The EPRI handbook (50,51) provides load-displacement and J-
integral solutions for five different geometries: compact specimen,
center-cracked plate in tension, single-edge cracked plate in three
point bending, single-edge cracked plate in uniform tension, double-
edge cracked plate in tension. These solutions have been developed
using the finite element method (two-dimensional code) for
materials that follow a Ramberg-Osgood stress-strain relationship

n
é=f+a(§) [1.41]
(1] (1

where &, is yield strain, o, is yield stress, a is a material constant,
and n is the strain-hardening exponent. The J-integral and load line
displacement solutions are given as the sum of an effective elastic
part and a fully plastic part by

J = Jei (ag) + Jpi (a,n) [1.42a]
v = 4 € [1.42b]
ve = V) (ae) + vy (am) [1.42c]

c . . . ,
where v~ is load line displacement due to the crack's presence, and
nc . . . . .
v~ is load line displacement if there is no crack. For the compact
specimen, v is usually measured on the crack surfaces, so that v=v°

nc . nc .
and v = 0. For other geometries, v can be obtained from



analytical or numerical solutions of uncracked bodies. The effective
crack length a, is given as

ae=a+¢ry [1.43a]

where
_1

ry = ﬁ?r n+1 )Z [1.43b]

9=71:PIP, [1.43¢]
and

B=2 for plane stress

| [1.43d]
B=6 for plane strain

where P is the applied load per unit thickness. P, is a limit or
reference load per unit thickness and can be given as

P,=Aboa, [1.43¢]

where A is a constraint factor which may depend on geometry,
structure proportions, and constraints (plane stress or plane strain).

The effective elastic part in the solutions, Eqs [1.42a,c], can be
obtained from small-scale yielding solutions (available in several
LEFM handbooks) using the given adjusted crack length expression,
Eq [1.43a], instead of the physical crack length. On the other hand,
the EPRI handbook provides the fully plastic region solutions. As an
example, the fully plastic solutions for single-edge cracked plate in
three-point bending are given as '

pin+l
Jpi=0a 0,6 b hi(alW,n) {P_} [1.44a]
()
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c P\n
Vpi (an) = aag a hz(alW,n) {IT'} [1.440b]
X [/}

The handbook provides tables for h; and h3 values for different a/W,
and n values for different geometries, and both plane stress and
plane strain constraints. The handbook also provides similar
solutions for other displacement forms such as: crack tip opening
displacement (CTOD), and crack mouth opening displacement (CMOD).
These displacements, CTOD and CMOD, are due to the crack's presence
only and there is no non-crack contribution in their values.

The EPRI handbook suggests using the J-R curve as the
material's fracture behavior. The crack initiation point can be
obtained from  handbook solutions using Jj. value given by the
material J-R curve. The instability can be represented by the
tangential point of the J-integral solutions to the J-R curve for the
specific loading conditions.

Many difficulties and deficiencies have been found using the
handbook solutions. These include the following.

1- The solutions are good only for either plane stress or plane strain
case.

2- It is difficult for the average engineer to use the handbook.

3- Many materials do not follow a Ramberg-Osgood relationship.

4- The J-integral calculations using both the J expression and the
energy rate interpretation of J obtained by area integration in the
load-displacement expression are not compatible.

5- The solutions do not fit the experimental data (52) in many cases.
The experimental load-displacement record usually lies between the
plane stress and plane strain solutions.




1.4.3 An Advanced Ductile Fracture Methodology

As mentioned before, the single-specimen J form is based on
the assumption that the load can be represented as a multiplication
of two separate functions: a crack geometry function and a material
deformation function. Mathematically, the load for a certain
geometry, thickness, and material can be written as

P= G(%) H(%) [1.45]

where G(a/W) and H(v/W) are the crack geometry and material
deformation functions, respectively. In linear-elastic behavior, the
geometry and deformation functions are simply the compliance
inverse [I/C(a/W)] and the elastic displacement [v¢;], respectively. In
the plastic region, they are much different because they are related
to the non-linear region in the material's behavior. However, defining
both functions for different geometries and materials may yield the
most reliable ductile fracture methodology.

Based on some analytical and experimental studies,
approximate G(a/W) expressions for different geometries have been
introduced as

G (%J = (%Jz for SENB
2 _..b
a b 0.522—
G (W) = (W) e L4 for CT [1.46]

and

b
G (%) =25 for CCT and DENT



Knowing the geometry function for different geometries, one can
write a normalized load-plastic displacement P-vp; form as

Py = H(vpi/W) [1.47a]
where :
P/BW
P/BW
PN:(b/W)2 e0.522b/W for CT [1.47b]
P/BW .
Py =2b/ W for CCT and DENT

Then, the relation Py-vp;, which is an alternative expression to the
deformation function, can be obtained by testing one stationary crack
specimen of the required geometry, material, and thickness. Using
the J-R curve, together with the geometry and deformation functions
of the defective structure, one can obtain its fracturé behavior.

The proposed method is simple and reliable and can be further
developed, especially if the deformation function of the defective
structure can be obtained by testing a specimen other than a
structure-like specimen which is sometimes difficult to obtain. This
specimen may be of different geometry, thickness, or material (of
similar mechanical properties as the required material) than the
defective structure-like specimen. '

It had been thought that the deformation function could be a
power law function with an exponent equal to the material tensile
strain hardening exponent but experimental studies (53) showed
that, even if the deformation function is a power law function, it has
a different exponent than the material hardening exponent.
Moreover, the deformation function may follow a power law
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behavior in the early plastic regime, but it changes to a more
flattened behavior as plasticity increases. Recently, another fit (LMN
function) has been used (54) and it showed better representation of
the deformation function.

Defining a generalized form for the deformation function is of
primary interest, especially if the effect of geometry, material
properties, and thickness can be included in the coefficients and
constants of this form. In this case, knowing the material, geometry,
and thickness of the defective structure, one can obtain both the
geometry and deformation functions and, consequently, construct the
structure's calibration curves.

1.5 Objectives

There are four main objectives in this thesis. The first objective
is to study the assumption of load separation. Load separation has
been previously proposed in bending geometries after the
approximate agreement in J values between the single-specimen J
form and the energy rate interpretation of J form. In this study, a
new approach, not based on the J results agreement, is adopted in
studying the load separation assumption in both bending and tension
geometries. Load separation is studied in many load versus load line
displacement test records of specimens of different crack lengths,
geometries, materials, and constraints. It is also studied in both
stationary and growing cracks records. The study -investigates load
separation in other forms of test records such as load versus crack
mouth opening displacement test records. Also, a brief discussion
about the material basis for the separable behavior is given.

The second objective is to develop the crack geometry function
for the different geometries. The effect of the geometry, material,
and constraint on the developed functions is discussed in detail. Also,




the study compares the developed forms with those proposed in the
literature, when they are available. The geometry functions are also
developed from the load versus crack mouth opening displacement
records, then compared to those obtained from load versus load line
displacement records of the same specimens. The study investigates
the agreement of the numerical solutions provided in the EPRI
handbook with the developed forms. The study also develops the
geometry functions in precracked specimen test records and studies
whether they are the same as those obtained from the stationary
crack test records of specimens of the same geometry, material, and
constraint. '

The third objective is a direct result of the first and second
objectives' implementation. New experimental methods for My

development, one using stationary crack test records and the other

using growing crack test records, are proposed. These methods are
based on load separation. The developed M values in the different

geometries are discussed in detail, and also compared to those
proposed in the literature and obtained using theoretical analyses or
experimental methods.

Fourth, the material deformation functions for the different
materials involved in the study are constructed. The effects of the
geometry and constraint on the constructed function will be
discussed. The study discusses whether the deformation function
maintains its form as the crack grows.

These objectives are of great importance in ductile fracture
mechanics and, especially, in the development of an advanced ductile
fracture methodology. The impact of the study's results on the
development of such advanced methodology is discussed, and some
additional steps to improve the methodology are proposed.



CHAPTER 11

LOAD SEPARATION

2.1 Introduction

Load separation is the assumption that the load can be
represented as a multiplication of two separate functions: a crack
geometry function and a material deformation function. This
assumption was first introduced by Rice (20) for the deeply cracked
bend specimen in order to evaluate the J-integral using a single
specimen. Then, it was used in the Merkle-Corten analysis (21) to
obtain another single-specimen J form that can be applied to compact
geometry. Since then, the load separation assumption and the single-
specimen J form developed for both bend and compact geometries
have been widely used, especially after the reasonable agreement
found (22) between the energy rate interpretation of J and the
single-specimen J form. Although this agreement was found in
stationary crack experimental results only, the assumption of load
separation was also extended to growing crack analysis. Hence it is
the basis for the incremental evaluation of the J-R and J,,-R curves.
Thus, as a result, these R-curves are limited only to bend and
compact geometries.

In ASTM standard test methods for both J;. and J-R curve
determinations in compact and bend geometries, load separation is
assumed to be valid over the whole plastic region and for a
recommended range of crack length.

In this chapter, load separation is investigated experimentally
in different geometries, materials, and constraints. The study
examines the load separation assumption itself, not the developed J
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values, in order to verify the validity and to obtain the limitations of
such assumption. Also, the study investigates the extension of load
separation to precracked specimen test records. Eighty different test
records in sixteen different sets will be used in this study. The sets
will be grouped on the basis of the specimen geometry and the crack
type (a stationary crack or a growing crack).

2.2 Load Separation in Stationary
Crack Test Records

In this section, load separation is discussed in the stationary
crack test records. First, a load separation analysis is developed; then
it is used to study load separation in the experimental test records.

2.2.1 Load Separation Analysis

If the load, for given material, geometry, and constraint, can be
represented in a separable form as

P = G(a/W) H(vpyW) [2.1]

then, for two test records (P-vp;) of different stationary crack lengths
a; and aj, as those shown in Fig. 2.1, a parameter S;; defined as the
ratio P(a;)/P(a;j) at a constant vp; will have -a constant value over the
whole domain of the plastic displacement. This- can be written
mathematically as

P(a;
Sij = F?E,‘f [2.2]

Vp[
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G(aiW) H(vpl/ W)
= AW) H(vp)l W
G(aj ) H(vpi/ W) Vpl

Q(EI'I_W) [2.3]

= G(a,/W) = constam

This also implies that if §;; maintains a constant value all over the
plastic region, then the load can be represented by a separable form,
Eq [2.1].

2.2.2 Experimental Results

In this section, the separation parameter is used to investigate
load separation in the four main geometries shown in Fig. 2.2:
compact (CT), single-edge notched bend (SENB), center-cracked
tension (CCT), and single-edge notched tension (SENT) geometries.
The SENB is a pure bending geometry while the CCT is a pure tension
geometry. The CT is basically a bending geometry but with a small
tension component that depends on the ratio a/W, and the SENT is
basically a tension geometry with a bending component that
depends, also, on the ratio a/W.

Compact Geometry (CT)

Five sets of test records for five different materials are used in
studying load separation in compact geometry. The first set includes
ten blunt-notched specimens with a crack length to width ratio
varying from 0.4 to 0.85. The specimens were machined from HY130
steel with 22.86 mm (0.9 in.) thickness and 50.8 mm (2.0 in.) width.
The tests had been conducted by Westinghouse, and the test records
were originally reported in Ref. (22). Figure 2.3 shows the different



load versus load line displacement test records. These records were
obtained by digitizing those published in the mentioned reference.
The elastic displacement, at any point of the test record, can be
evaluated as

Veil=CP [2.4a]

where C is the effective compliance measured from the initial linear
part of the test record. Table 2.1 lists the compliance measured
values for the different test records in this set. The plastic
displacement at any point of the record can be obtained as

Vpl = Viotal — C P _ [2.4b]

where voeq1 is the total load line displacement. Thus the load versus
load line plastic displacement can be developed and, consequently,
the separation parameter §;; for any record a;/W with respect to any
other record aj/W can be calculated at the different plastic
displacement values as discussed in section 2.2.1. A simple computer
program was developed to implement the whole procedure and
calculate the separation parameters for the different combinations of

Table 2.1: Measured compliance values for the HY130 CT set.

a Compliance a Compliance

W | o-3inKips) (103mm/kN) | W | (10-3in/Kips) (10-3mm/KN)
040 |  1.030 5.881 0.65 3.360 19.19
0.45 1.510 8.622 0.70 4.930 28.15
0.50 1.540 8.793 0.75 7.460 42.6
0.55 1.955 11.16 0.80 12.50 71.38

0.60 2.490 14.22 0.85 22.20 126.8
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a;/W and aj/W records. Figures 2.4a and 2.4b show the separation
parameters of the different test records with respect to two
reference records, aj/W=0.55 and 0.70. The separation parameters
maintain almost constant values over the whole range of the plastic
displacement except for a limited region at the early plastic behavior.
This indicates that load separation is a valid assumption in compact
geometry for such wide range of crack length (/W = 0.40 to 0.85)
and over the whole plastic region except for this limited region at the
beginning.

HY130 steel is a high strength, low work-hardening material
and it might be interesting to explore the existence of such load
separation in the test records of other materials with different
combinations of strength and - work-hardening. This can be
implemented by studying the test records of other four sets of
different materials: A533B, HSLA80, A106, and HY80 steels. The
mechanical properties of all the materials used in this study are
given in Table 2.2. The hardening exponents- of the different
materials listed in this table are obtained using an approximate
formula proposed by Bloom (55) and based on the engineering &y, oy,
and o, values. All the specimens in these sets are of 50.8 mm (2.0
in.) width and 25.4 mm (1.0 in.) thickness with 20% side grooving.
Each set includes three specimens. The crack length to width ratio,
a/W, is varying between 0.641 to 0.806 in the different sets. These
tests records were originally reported in Ref. (56) and were provided
for this study as data records on diskettes. The different load versus
load line displacement test records for the different sets are shown
in Figs. 2.5, 2.6, 2.7, and 2.8. A computer program was developed to
obtain the compliance of the initial linear part of the records and the
displacement measurement offset at zero load. A least square fit
method (57) was used to construct the best linear fit for the data
points of the initial linear part. Table 2.3 lists the compliance values
and the displacement offsets for the different test records. The
program also develops the P versus vp; record and calculates the




Table 2.2: Mechanical properties of studied materials.

40

Material Yield Strength Ultimate Strength n
(Ksi) (MPa) (Ksi) (MPa)
HY130 141 972 151 1040 18.4
A533B1 65 448 90.1 621 7.6
HSLAS80 75 517 87.7 604 12.4
Al106 44 303 80 551 5.1
HYS80 82 565 91 627 15.8
A533B2 68 469 90 620 8.4
A710 82.7 570 97 669 12.04

1- The yield and ultimate strength values were reported for the CT set material
2- The yield and ultimate strength values were reported for the SENT set

material
Table 2.3: Computed compliance and displacement offset values.
Material a Compliance Disp. Offset
W (10-3in/Kips) (10-3mm/KN) | (10-4in)  (10-2mm)
0.6410 3.221 18.39 2.24 0.569
A533B 0.6965 4.649 26.55 8.22 2.088
0.7290 6.225 35.54 10.6 2.692
0.6500 3.393 19.37 4.78 1.214
HSLAS0 0.7035 5.048 28.82 23.3 5.918
0.7580 8.354 47.70 64.1 16.28
0.7000 4.817 27.51 "-8.39 -2.131
Al106 0.7530 8.095 46.22 -12.6 -3.200
0.8055 12.204 69.68 -20.8 -5.283
0.6565 3.526 20.13 7.89 2.004
HYS80 0.7055 4938 28.20 8.09 2.055
0.7565 7.858 44.87 -16.7 -4.242




separation parameters. Figures 2.9, 2.10, 2.11, and 2.12 show the
separation results for the different sets. The results demonstrate,
again, the validity of the load separation assumption in compact
geometry and also indicate that such separation is not limited to any
specific material.

Single-Edge Notched Bend Geometry (SENB)

A set of ten blunt-notched specimens with a crack length to
width ratio, a/W, varying from 0.40 to 0.85 is used in studying load
separation in bend geometry. This set is similar to the first set used
in the compact geometry study and it was also reported in the same
reference. The - specimens were machined from HY130 steel with
22.86 mm (0.9 in.) thickness, 50.8 mm (2.0 in.) width, and span to
width ratio of 4.0. Figure 2.13 shows the different load versus load
line displacement test records obtained by digitizing those published
in Ref. (22). Also, Table 2.4 lists the compliance measured values for
the different test records. The separation parameters for the
different combinations of ay/W and aj/W records were calculated
using the same computer program previously used for the HY130 CT
set. Figures 2.14a and 2.14b show the separation parameters of the

Table 2.4: Measured compliance values for the HY130 SENB set.

% Compliance ﬁ,— Compliance
(10-3in/Kips) (10-3mm/KN) (10-3in/Kips) (10-3mm/KN)
0.40 1.367 7.806 0.65 5.000 28.55
0.45 1.483 8.468 0.70 6.628 37.85
0.50 2.140 12.22 0.75 9.320 A 53.22
0.55 2,486 14.20 0.80 15.81 90.28
0.60 3.290 18.79 0.85 26.41 150.8
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different test records with respect to two reference records, aj/W =
0.55 and 0.75. These results verify that load separation exists also in
SENB specimen test records for such wide range of crack length (0.45
< a/W < 0.85) and over the whole plastic region except for a limited

region at the early plastic behavior.

Center-Cracked Tension Geometry (CCT)

Another HY130 set of ten blunt-notched specimens is used in
studying load separation in center-cracked tension geometry. The
specimens are 22.86 mm (0.9 in.) thick, 50.8 mm (2.0 in) wide and
prepared with a crack length to width ratio, 2a/W, varying from 0.40
to 0.85. Figure 2.15 shows the load versus load line displacement test
records obtained by digitizing those originally reported in Ref. (22).
Table 2.5 lists the compliance measured values for the different test
records. Also, Figs 2.16a, 2.16b show load separation results for this
set. The separation parameters maintain constant values over the
whole plastic region except, again, for a limited region at the early
plastic behavior. This simply means that load separation is not
limited to bending (SENB and CT) geometries only but may also exist
in tension geometries.

Table 2.5: Measured compliance values for the HY130 CCT set.

2W_a Compliance %V-a- Compliance
(10-4in/Kips) (104mm/KN) (10-4in/Kips) (104mm/KN)
0.40 1.019 5.818 0.65 1.389 7.931
0.45 1.111 6.344 0.70 1.484 8.474
0.50 1.176 6.715 0.75 1.586 9.056
0.55 1.243 7.098 0.80 1.786 10.20
0.60 1.314 7.503 0.85 2.039 11.64
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Load separation in the CCT geometry yields the interesting
result that the single-specimen J form can be used in tension
geometries as well as bending geometries.

Single-Edge Notched Tension Geometry (SENT)

Five different sets of two different materials, A533B steel and
A710 steel, were used to study load separation in single-edge
notched tension geometry. These five sets, which include twenty two
blunt-notched specimen test records, were provided by
Westinghouse. They were originally used in calibration curves and J-
evaluation studies in Refs. (58) and (59). For the purpose of this
study, the original test- records were digitized to develop the data
points required to implement the load separation study.

The first set includes seven specimens with crack length to
width ratio, a/W, varying from 0.2 to 0.8. The specimens were
machined from AS533B steel with 2.5 mm (0.1 in.) thickness and 76
mm (3.0 in.) width. Figure 2.17 shows the digitized load versus load
line displacement test records for the different test specimens while
Table 2.6 lists the compliance measured values for the different test

Table 2.6: Measured compliance values for the A533B SENT set.

% Compliance % Compliance
(10-4in/Kips) (10-3mm/KN) (10-4in/Kips) (10-3mm/KN)
0.20 2.9150 1.664 0.60 24.540 14.01
0.30 4.0130 2.291 0.70 59.524 33.99
0.40 6.5810 3.758 0.80 193.80 110.66
0.50 12.195 6.963
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records. Figures 2.18a and 2.18b show two examples of the load
separation results for this set.

The second set includes six specimens with crack length to
width ratio, a/W, varying from 0.2 to 0.7. The specimens were
machined from A710 steel with 2.5 mm (0.1 in.) thickness and 152
mm (6.0 in.) width. Figures 2.19, 2.20a, and 2.20b show the digitized
load versus load line displacement test records and two examples of
the separation results in this set. The compliance measured values
for the different test records are given in Table 2.7.

The separation results in both sets indicate the existence of
load separation in single-edge notched tension specimen test records
no matter how much bending component is included in the specimen
loading. Theoretically, the bending component increases as the ratio
a/W increases. Also, the results show that load separation dominates
the whole plastic region except for a limited region in the early
plastic behavior which is typical of what was previously found in
other geometries.

Table 2.7: Measured compliance values for the thin A710 SENT set.

Compliance Compliance
% (in P-vy records)! (in P-vgr records)2
(104in/Kips) - (10-3mm/KN) (104 in/Kips) (10-3mm/KN)

0.20 3.68 2.101 4.30 -7 2455
0.30 4.60 2.627 8.69 4.962
0.40 7.00 3.997 15.4 8.793
0.50 13.5 7.709 33.3 19.01
0.60 27.5 15.70 69.3 39.57
0.70 53.0 30.26 148.0 84.51

1- vj;: load line displacement
2- vyt crack mouth opening displacement -
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The specimens in the previous two sets were very thin section
specimens with thickness of 2.5 mm (0.1 in.) and no side grooving
which may represent a pure plane stress case. The other three sets
include nine specimens (three specimens in each set) that are
machined also from A710 steel with 152 mm (6.0 in) -width but with
25.4 mm (1.0 in) thickness and even with a 20% or 50% side grooving
which intensifies the plane strain conditions. The crack length to
width ratio, a/W, in the nine specimens is varying from 0.3 to 0.7.
Figures 2.21, 2.22, and 2.23 show the digitized load versus load line
displacement records for the three sets; no side-grooved specimens
set, 20% side-grooved specimens set, and 50% side-grooved
specimens set, respectively. The load versus load line displacement
test record for one of the specimens with no side grooves is missing,
but its load versus crack mouth opening displacement test record is
available and will be used, later on, in another load separation study.
Table 2.8 lists the compliance measured values for the load versus
load line displacement test records in these sets. Figures 2.24, 2.25,
and 2.26 show the load separation results in the different sets. These
results, together with those of the other two sets, not only verify that
the load is separable in this geometry, but also indicate that load
separation exists in plane stress cases as well as plane strain cases.

In most test records, load line displacement is the common
type of displacement to be measured because it is the one that is
always used in J evaluation. However, the load versus crack mouth
opening displacement test records for the four A710 steel sets are
also provided which allows studying load separation in different
form of plastic displacement other than the load line plastic
displacement.

Figures 2.27, 2.28, 2.29, and 2.30 show the digitized load
versus crack mouth opening displacement test records for the
different four sets, and the corresponding compliance measured
values are given in Tables 2.7 and 2.8. The load versus crack mouth
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Table 2.8: Measured compliance values for the thick A710 SENT sets.

Compliance Compliance
Set %— (in P-vy records)! (in P-vfy records)2
(10-4in/Kips) (10-4mm/KN)|(10-4in/Kips) (10-4mm/KN)

50% side- 0.30 0.495 2.826 1.177 6.721
grooved | 0.50 1.390 7.937 4.30 24.55
0.70 6.710 38.31 19.70 112.49

20% side- | 0.40 0.62 3.540 1.66 9.479
grooved 0.50 1.11 6.338 3.676 20.99
0.70 5.97 34.09 16.32 93.19

Non side- 0.50 1.35 7.709 - 3.57 20.38
Grooved 0.60 2.18 12.45 7.30 41.68
0.70 (missing) 16.16 92.27

1- vj;: load line displacement

2- vyt crack mouth opening displacement

opening plastic displacement record can be developed using same
procedure explained in section 2.2.1. Then, the separation
parameters can be evaluated at the different crack mouth opening
plastic displacement values. Figures 2.31, 2.32, 2.33, and 2.34 show
the load separation results for the “different sets. The separation
parameters maintain constant values over the whole range of the
crack mouth opening plastic displacement except for a limited region
at the early plastic behavior. This is exactly what was previously
found in the load versus load line plastic displacerhent records. This
indicates that load separation may also exist in other forms of load-
plastic displacément records such as load versus. crack mouth
opening plastic displacement records.
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2.3 Load Separation in Precracked
Specimen Test Records

In this section, load separation is studied in precracked
specimen test records. A new approach is developed first, then an
experimental verification follows.

2.3.1 Load Separation Analysis

_ For precracked specimen test records, we can begin the
analysis by assuming that, for same material, geometry, and
constraint, the load may be represented as

P = Gp(bp/W) Hp(vp W) [2.5]

where G p(bp/W) and Hp(vp)/W) are proposed geometry and
- deformation functions for precracked specimen test records. These
proposed functions are assumed to be different than those
previously proposed for stationary crack specimen test records. The
load form in Eq [2.5] can be normalized by the load separable form
proposed for stationary crack case assuming that the specimens in
both cases have same material, geometry, and constraint. This
normalized form can be written as

Pp  Gp(bp/W) Hp(vpi/W)
Py ~Go(bs/W) Hp(vpi W) (261
where the subscripts p, b denote precracked specimen and blunt-
notched specimen, respectively. Gp(bp/W) is constant because the
crack is stationary. The ratio Pp/Pp at constant plastic displacement
represents - a proposed separation parameter for the precracked
specimen test record with respect to the blunt-notched specimen test
record as
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P
Spb =y [2.7]
\4

pl
Hence

Hp(vpi/ W)
—plpr "/
Vp[

where A is a constant equal to 1/Gp(bp/W), and hp p(vp)/W) is a
function of plastic displacement. The proposed separation parameter,
Sp.b, can be evaluated for different growing crack test records with
respect to the same blunt-notched specimen test record as

i i i

where i=1,....,n denotes precracked specimens. The different

precracked specimen Spl,b -bp/W records can be constructed together
on one graph to check the plastic displacement contribution in the
separation parameters. If the data show a wide scatter, this indicates
that the separation parameters are dependent on the plastic

i
displacement. Rather, if all the records S, p-bp/W collapse together
into one record so that

1 2 n
Sp.b=S8p,b= .cne. =Sp,b at same bp/W value

then Spp is a function of by/W only and the plastic displacement has
no contribution in the separation parameter, hence the plastic
displacement corresponding term hp p(vp/W) can be dropped, and
Eq [2.8] can be rewritten as




An experimental verification of Eq [2.10] indicates that the load in
precracked specimen test records is separable and can be
represented as a multiplication of two separate functions: a crack
geometry function and a material deformation function. A more
detailed discussion will be presented in chapter three and four about
these functions and whether they are the same as those for
stationary crack test records.

Much caution is required in studying load separation in
precracked specimen records. There are two regions in crack growth
mechanism in precracked specimen: blunting region and stable
tearing region. Also, there are two regions in load separation: non-
separable region and separable region. All these regions must be
identified before interpreting the results. It is also worth noting that
the current crack length in precracked specimens is estimated,
usually using the compliance method, while the stationary crack is
usually measured. This may slightly affect load separation results.

2.3.2 Experimental Results

Four sets of test records for four different materials (A533B,
HSLAS80, A106, and HYS80 steels) will be studied in this section. Each
set includes three or four precracked specimen test records. The
specimens are of the compact geometry  with 50.8 mm (2.0 in.) width
and 25.4 mm (1.0 in.) thickness with 20% side grooving. These test
records have been originally used in Ref. (56), and -they are provided
as data records on diskettes. The specimens in these four sets are of
similar geometry, constraint, and machined from same materials as
four compact tension sets previously used in studying load
separation in compact geometry. One of the blunt-notched specimen
test records of each material will be used as a reference record in
studying the load separation in the precracked specimen test records.
The current crack length in the precracked specimens was estimated
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using the compliance method while the initial and final crack lengths
were both estimated and physically measured. Also, the crack
lengths in the blunt-notched specimens were both measured and
estimated. Table 2.9 lists a summary of the crack lengths measured
and estimated values for the different specimens. Figures 2.35, 2.36,
2.37, and 2.38 show the test records of the different precracked
specimens and the reference blunt-notched specimen in the different
sets. The elastic displacement at any point of the record can be
evaluated using current compliance. Then, the load-plastic
displacement can be developed. The separation parameters can be
obtained using Eq [2.7]. Figure 2.39 shows the variation of the
separation parameter, Spp, of an AS533B precracked specimen with
respect to the plastic displacement. Also, the figure shows the
variation of the uncracked ligament, bp,/W, for the same record with
respect to the plastic displacement. In the Sp p-vp record, there is a
small region at the early plastic behavior where Spp varies
significantly and this can be regarded as the non-separable region as
discussed before in stationary crack test records. After this region,
the separation parameter maintains almost a constant value for a
while, then it starts to decrease. During both the non-separable
region and the constant separation parameter region, the crack
length shows little or almost no change if compared to the measured
initial crack length value. Hence this region in bp/W-vp; record can
be considered as the crack blunting region. The blunting region is
followed by the stable tearing region. Figures 2.40, 2.41, and 2.42
show a similar behavior in HSLA80, A106, and HYS80 precracked
specimens. In vp;-R curve study using same records, Joyce (60)
described the slow crack growth region as initial blunting which
agrees with the observation found by this study using load
separation.

The nearly constant separation parameter in the crack blunting
region indicates that load separation is maintained for this region in
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Table 2.9: Measured and estimated crack length values.
Material Specimen Estimated Measured
ao/W af/W ao/W afl W
Precrack E71 0.6045 0.6560 0.6080 0.6673
A533B Precrack E75 0.6045 0.7060 0.6070 0.7115
Steel Precrack E76 0.6030 0.7360 0.6070 0.7440
Blunt E73 0.7410 0.7290
Precrack GFFJI11 0.6075 0.6590 0.6150 0.6650
HSLAS80 Precrack GFFJ10 0.6045 0.7065 0.6150 0.7185
Steel Precrack GFFJ9 0.6140 0.7500 0.6240 0.7730
Precrack GFFJ5 0.6125 0.7920 0.6225 0.8160
Blunt GFFJ12 0.7730 0.7580
Precrack GAF34 0.6000 0.6530 0.6135 0.6673
A106 Precrack GAF19 0.6003 0.6740 0.6182 0.6955
Steel Precrack GAF17 0.5990 0.7300 0.6120 0.7510
Precrack GAF18 0.6065 0.7835 0.6140 0.7980
Blunt GAF22 0.753 (average) 0.7530
Precrack FYBA12 0.6030 0.6550 0.6030 0.6565
HY80 Precrack FYBAL1l 0.6005 0.7015 0.6020 0.7055
S_teel Precrack FYBA10 0.6005 0.7515 0.6050 0.7565
Blunt FYBA12 0.7140 0.7055
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the precracked specimen test records as if it were a stationary crack
case, despite the difference in the crack nature in both cases.

To check explicitly the load separation in the entire test records
for the different materials sets, the different Sp 5-bp/W records for
the different precracked specimens of each material set will be
constructed together on one graph. If these records collapse together
into almost one record, this indicates that the load is separable.

- Figures 2.43, 2.44, 2.45, and 2.46 show the different Sp,b-bpl W

records for A533B, HSLAS80, A106, and HY80 sets, respectively. It is
clear that the records collapse together in the stable tearing region
no matter what plastic displacement is associated with the crack
length at this point of the test. This indicates that the load in
precracked specimen test records is separable and can be
represented as a multiplication of two separate functions as proposed
by Eq [2.5]. It is also clear in the figures that load separation is
maintained over the whole crack extension which is sometimes far
beyond the J-controlled crack growth limit. Also, the trend of the
Sp,b-bp/W record for large crack extension records is the same as
that for short crack extension records. The blunting region can also
be distinguished in these figures. The data points in the blunting
region of an Sp p-bp/W record show almost vertical line in the non-
separable region, then a cluster of points when load separation starts.

The load separation results in precracked specimen test records
imply that using the single-specimen J form in J-R curve analysis is
very appropriate. -

2.4 Summary and Discussion

This experimental study shows that load separation exists in
both pure bending and pure tension geometries, and also in those
geometries with varied tension to bending ratio. Also, load separation
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is not limited to a specific crack size, material, or constraint. Different
test records of blunt-notched specimens that are machined from
different materials with wide range of crack lengths and different
variety of thickness and side grooving were studied and all of them,
with no exception, shows load separation. Table 2.10 lists a summary
of all the geometries, materials, constraints, crack length ranges
involved in this study. It is also found that load separation may exist
in other test records in which other forms of displacement, such as
crack mouth opening displacement, are used instead of the
commonly used load line displacement. Finally; load separation also
exists in growing crack test records and this separation is maintained
far beyond the J-controlled crack growth limit. Generally, it can be
concluded that load separation is a dominant criterion in ductile
fracture of cracked bodies. This provides a solid basis for the single-
specimen J form which can be, then, considered as a generalized form
for J-integral evaluation in ductile fracture mechanics.

Another important observation in all of the studied test records
is that there is always a limited non-separable region at the early
plastic behavior. The existence of such non-separable region before
load separation may have a special significance. In an experimental
study, Green and Hundy (45) noticed that a unique plastic pattern
develops all over the uncracked ligament of slowly tested blunt-
notched bend specimens just slightly past the yield point. They also
found that as loading increases, yielded areas grow; yet the overall
developed plastic region maintains roughly the same pattern. This
observation was found in four-point bending, slow Izod and slow
Charpy tests. Fig. 2.47 shows schematic drawings of the plastic
pattern they noticed in V-notched plate under pure bending slightly
past the yield point and well past the yield point.

On the other hand, in a numerical study, Sumpter (61, 62)
evaluated the yielded regions that develop in a three-point bending
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Table 2.10: Summary of the different cases involved in the load
separation study.

Crack | Dimensions and |No. of a test
Geom.| Mat. Type Constraints Specs w record
cr HY130 Blunt B=1 in., W=2 in, 10 0.40 to P-vyl
No_side grooves 0.85
AS533B Blunt B=1 in., W=2 in. 3 0.641 to P-vj;
20%_side grooves 0.729
Precrack B=1 in., W=2 in. 3 0.607 to P-vq;
20%_side grooves 0.744
HSLA80 | Blunt B=1 in., W=2 in. 3 0.65 to P-vy;
20% _side grooves 0.758
Precrack B=1 in., W=2 in. 4 0.615 to P-vyy
20% _side grooves 0.816
A106 Blunt B=1 in.,, W=2 in. 3 0.70 to P-vp
20%_side grooves 0.806
Precrack B=1 in., W=2 in. 4 0.612 to P-vy
20%_side grooves 0.798
HY80 Blunt B=1 in., W=2 in. 3 0.657 to P-vy
20% _side grooves 0.757
Precrack B=1 in., W=2 in. 3 0.602 to P-vy
20% _side grooves 0.757
SENB | HY130 Blunt B=1 in.,, W=2 in., 10 0.40 to P-vy;
S=4W 0.85
No side grooves
(0040 HY130 Blunt B=1 in., W=2 in. 10 0.40 to P-vy
No_side grooves 0.85 :
SENT | AS33B Blunt =0.1 in., W=3 in. 7 0.20 to P-vy
No_side grooves 0.80
A710 Blunt B=0.1 in., W=6 in. 6 020t0 | P-vy
No side grooves 0.70 and
P-vy?
Blunt B=1 in., W=6 in. 3 0.50 to P-vy
No side grooves 0.70 and
- P-v¢r
Blunt B=1 in., W=6 in. 3 0.40 to P-vy;
20% side grooves 0.70 and
. P-ver
Blunt B=1 in., W=6 in. 3 0.30 o P-vy
50% side grooves 0.70 and
P-ver

1- P-vj;: load versus load line displacement test record

2- P-vg: load versus crack mouth opening displacement test record
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specimen. His results indicated that yield usually spreads across the
uncracked ligament within the "elbow" region of the load-deflection
record. Figure 2.48 shows schematic drawings of the yielded areas in
the bend specimen and the corresponding points of loading on the
load versus load line displacement record. This agrees with Green
and Hundy's experimental observations.

Through the load separation study in this chapter, it seems that
the position at which the behavior changes from non-separable to
separable is also slightly past the yield point and almost within the
elbow region. Figure 2.49 shows where load separation starts in
three different test records of the HY130 SENB set. This indicates that
load separation exists as soon as the plastic pattern develops across
the uncracked ligament. Also, the non-separable region is the region
where yielded areas start to develop and spread but are not yet fully
connected across the uncracked ligament.

Within the non-separable region, J evaluation using the single-
specimen form may not be appropriate; however, a recent study by
Sharobeam and Landes (63) showed that the percentage errors due
to the inclusion of such limited region in J evaluation are small,
especially in bending geometries. The study also showed that these
errors become much smaller when a considerable plastic behavior is
included in the evaluation.



CHAPTER III

CRACK GEOMETRY FUNCTION
AND

PLASTIC ETA (My) DEVELOPMENT

3.1 Introduction

It is demonstrated in chapter two that, in the test records of
specimens of the same geometry, material, and constraint, the load
can be represented as a multiplication of two functions: a crack
geometry function and a material deformation function. The crack
geometry function represents the effect of the crack length on the
load value. Some expressions have been already proposed in the
literature for the geometry function in compact, single-edge notched
bend, and center-cracked tension geometries. These expressions
were generally developed using limit load analysis.

In this chapter, the geometry function is constructed for the
different test record sets using the load separation parameters
developed in Chapter II. Then, the constructed functions are
compared to those reported in the literature. Also, we discuss
whether the geometry functions developed for growing crack test
records are the same as those developed for stationary crack test
records for specimens machined of the same material with the same
geometry and constraint.

We also discuss the development of the multiplication factor in
the single-specimen J form, namely npl. This factor only exists if the

load is separable, and it is directly related to the geometry function.
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Therefore, if the geometry function can be developed, n, can be

obtained.

3.2 The Geometry Functions in Stationary
Crack Test Records

The separation parameter S;; for any test record a;/W with
respect to another test record aj/W was written before as

. _G(ai/W)
Sij = G(ajw) [3.1]

Then, for a set of n test records, a;/W to a,/W, the different S; ;
values for the different test records, a;/W, with respect to a certain
reference record, aj/W, can be written as

Sij(aiW) = A G(ail W) . - [3.2]
or
Sij(bi/lW) = A G(bi/W) [3.3]

where i varies from I to n and j is fixed. A is a constant that is equal
to 1/G(aj/W). Therefore, b;/W is the only variable in Eq [3.3]. Based
on Eq [3.3], as the relationship S§;j-bi/W 1is constructed for the
different test records in each set, the corresponding geometry
function G(bi/W) can be developed.

Compact Geometry

Figure 3.1 shows the variation of the separation parameter S; ;
versus bi/W for the HY130 compact specimens set on logarithmic
coordinates. All the test records have been alternately used as
reference records in order to construct all the possible Sij-bil W
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records. It is obvious that the power law fit is the best candidate for
the S;j-bi/W relationship. Figure 3.2 shows the power law fit for all
the S;j-bi/W records on logarithmic coordinates and Fig. 3.3 shows a
sample of the power law fit for one of these records on linear
coordinates. Hence §;; can be written as

Sij = A1 (bi/lW)m [3.4]

where m is the power law exponent and A; is a constant. Table 3.1
lists the values of the power law exponent m and the constant A; for
the power law fit of the different S;j-by/W records. The power law
exponent is almost the same (m = 2.13) for all records. This also can
be seen in Fig. 3.2, where all the fit lines are parallel. This indicates
that the power law fit is consistent no matter which record is used as
a reference record.

Table 3.1: Power law fit results in the HY130 CT set.

bil W - Al Ag.(bjiW)m
0.60 2.135 3.038 1.021
0.55 2.134 3.587 1.002
0.50 2.129 4.341 0.992
0.45 2.127 5.445 0.996
0.40 2.126 6.972 - 0.994
0.35 2.117 9.241 1.001
0.30 2.118 12.763 0.997
0.25 2.125 19.112 1.005
0.20 2.124 30.534 1.001
0.15 2.146 58.047 0.991
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Comparing Eq [3.4] to Eq [3.3], one can obtain

G(bi/lW) = ¢ (bi/W)m [3.5]
and
A=Ajlc [3.6]

where ¢ is a constant. Thus (A;/c) is equal to 1/G(bj/W). Based on Eq
[3.5], G(bj/W) is also a power law function of b;j/W; therefore A; must
be equal to I/(bj/W)m or, in other words, {A].(bj/W)m} must be
equal to 1.0. Table 3.1 lists the {A;.(bj/W)m} values for the different
records. They are very close to 1.0 which emphasizes the validity of
the power law form as the best candidate for the geometry function.

In the four other compact specimen sets, the power law fit
shows reasonable results despite the fact that the crack length range
is relatively small in these sets, which may not help in constructing a

. very reliable fit. Figures 3.4, 3.5, 3.6, and 3.7 show the power law fit

of the §;;-bi/W records for the different sets. Also, Table 3.2 lists a
summary of the power law fit results (m, A;, and {A;.(bj/W)m}) in
the different sets. The fit results are reasonable in the different sets
except in the A106 steel set. One of the three test records in this set
might have been over- or under-estimated.

In the literature, the geometry function for the compact
geometry is presented as

b -
o) (5] < | 3.7

This form is based on the 7n-expression given in Eq [1.15] which is a
linear approximation of the Merkle-Corten n-expression, Eq [1.14b],
obtained also through an approximate theoretical analysis (limit load
analysis). Limit load analysis is based on the assumption that the



Table 3.2: Power law fit results in the other four CT sets.

Set bjl W m Ajp Aj.(bjiw)m
A533B 0.271 2.187 17.534 1.0088
HSLA80 0.242 2.316 26.772 1.0014
Al106 0.247 2.106 20.050 1.055
HYS80 0.2435 2.251 24.025 0.9991

material is non-hardening (elastic-perfectly plastic). Therefore, the
geometry function expression in Eq [3.7] is developed through a
series of theoretical and numerical approximations.

Using the G -expression given in the literature, Eq [3.7], may
result a significant error in load estimation which is of main concern
in any ductile fracture methodology. This can be explained through
the following procedure.

Based on load separation, Eq [3.1] can be written as

P(a;) G(bilW)
P(aj) - = G(bjlW)

Then, if the load P(aj) value at certain plastic displacement is given
from experimental data, P(a;) value at the same plastic displacement
can be estimated as

G(by/W
(P(ai)}es. = E{E’Wﬁ (P(@)}exp.
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By dividing both sides by {P(ai)}exp. at the same plastic displacement,
one gets

(Pleien| _G(biW) | (Plailers
{P(ai)}exp.|,  ~ G(bjiW) [ {P(aj)]exp.
pl Vpl
G(biIW
=5§3;/TV§ [ (Sisexs. [3.82]

The right side of Eq [3.8a] is constant for stationary cracks over the
whole plastic region except for the limited non-separable region at
the early plastic behavior. Thus the ratio of the load’s estimated
value to the load’s experimental value for a certain test record a;/ W
is the same for almost the whole plastic region, then Eq [3.8a] can be
rewritten as

{P(aj)lest, G(bilW) -
{P(ai)}exp. ~ G(bjiW) / {Sijfexp. [3.8b]

Using any proposed geometry function expression in Eq [3.8], one can
calculate the error in the load estimation for the different test
records. Figure 3.8 shows the errors in the estimated load values for
the different test records with respect to a reference record in the
HY130 steel set when the geometry function expression in Eq [3.7] is
used. The errors are varying from 0% to 10% and they are bigger
when the difference between -by/W and bj/W is bigger. The figure
shows also how small the errors are when the power law geometry
function is used.

The validity of the power law geometry function expression in
the compact geometry can also be verified through the numerical
solutions provided in the EPRI handbook (50). The handbook
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suggests a separable form to represent the load versus load line
plastic displacement relationship in the compact geometry for a
Ramberg-Osgood material as

Vpl = @ €, a h3(a/lW,n) (PIP,)» [3.9]

and
P, = 1455 ubo, for plane strain, and
P, =1071 ubo, for plane stress.

where o, is yield stress, g, is yield strain, & is a material constant, n is
strain-hardening exponent in Ramberg-Osgood relationship, Eq [1.41],
u is the a-expression given in Eq [1.13b], and A3 is a function of a/W
and n. The handbook provides numerical tables for h3(a/W,n) values
at specific a/W and n values for both plane stress and plane strain
cases. Equation [3.9] can be rewritten as

P = {fl(a/Wrn) fZ(aro'o,Eo)} (Vpl/W)“n [3'10]
which, for same material, yields
P = {G(bIW)}up (vpi/W)Iin [3.11]

where {G(b/W)}up can be regarded as a geometry function that is
proposed by the handbook. The handbook does not provide a specific
form for h3(a/W,n) function, therefore [G(b/W)]yp can only be
calculated at certain a/W and n values. An [S; /yp-bi/W record for a
certain material (n = constant) can be constructed, then checked
whether it agrees with a power law fit. The parameter [S;;/yp can be
defined as the ratio of the handbook geometry function for the
different crack lengths, a;/W, to that for a reference crack length,
aj/W, and it is material independent except for n because the term
f2(a,0,,65) is dropped in this case. Figures 3.9 and 3.10 show the
[Sijlu-bi/W records for both .plane stress and plane strain
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constraints on logarithmic coordinates for a material with n=10 . The
figures show how the records agree very well with the power law fit
except for the shallow crack case (a/W=0.25) in plane strain
constraint. The power law exponent, m, values for the plane stress
and plane strain cases for the given n value are found to be 2.234
and 2.280, respectively. Other n values (n=3 to 20) showed m values
very close to these.

Briefly, one can conclude that the power law function is an
appropriate form for the geometry function in compact geometry.

Single-Edge Notched Bend Geometry

The geometry function in the single-edge notched bend
geometry can be similarly developed by constructing the appropriate
fit of the experimental §;j-b;/W records. Figure 3.11 show the
different S;j-bi/ W records developed for the different b;/ W
reference records on logarithmic coordinates. It is clear that the
power law fit, again, is the best candidate for these records for the
different b;/W values except for two test records: b;/W=0.20 and
bi/W=0.15. The data of these records are a little bit higher than the
fit lines of all the other data as shown in Fig. 3.12. These two records
might have been over-estimated. Table 3.3 lists the different power
law exponent m, constant Aj, and {A;.(bj/W)m} values associated
with the different reference records except the two bad records,
bi/W=0.20 and b;/W=0.15. The power law exponent maintains
almost the same value (m = 1.94). Also, {A;.(bj/W)m} is almost equal
to (1.0) no matter what reference record is used. Hence the geometry
function in single-edge notched bend geometry is a power law
function and can be written as shown in Eq [3.5].
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Table 3.3: Power law fit results in the HY130 SENB set.

bjl W m Aj Ap.(bjiW)m
0.60 1.940 2.725 1.011
0.55 1.943 3.178 0.995
0.50 1.941 3.833 0.998
0.45 1.937 4.654 0.991
0.40 1.942 5.936 1.002
0.35 1.939 7.737 1.010
0.30 1.946 10346 1.003
0.25 1.943 14.836 1.003

The widely used geometry function form for this geometry in
the literature is also a power law form but with a power law
exponent equal to 2.0. This form is based on limit load analysis with
the assumption that the material is non-hardening (elastic-perfectly
plastic). The HY130 steel is not an elastic-perfectly plastic material
which may be the reason that the power law exponent obtained from
the experimental results fit is slightly different from 2.0.
Unfortunately, there are no other data sets to examine such
assumption and investigate the power law exponent variation (if
there is any) with the material mechanical properties and also to
check whether it converges to 2.0 for non-hardening materials, as
proposed by limit load analysis.

Center-Cracked Tension Geometry

Figure 3.13 show the different S;;-by/W records developed for
the different reference bj/W records in the HY130 CCT set on
logarithmic coordinates. The figure shows also the power law fit lines
of the different records, and Table 3.4 lists the different power law



Table 3.4: Power law fit results in the HY130 CCT set.

bj/ W m Aj Aj.(bjiw)m
0.60 0.963 1.640 1.003
0.55 0.963 1.772 0.996
0.50 0.964 1.954 1.002
0.45 0.962 2.148 0.996
0.40 0.962 2.436 1.009
0.35 0.963 2.729 0.993
- 0.30 0.963 3.200 1.004
0.25 0.963 3.794 0.998
0.20 0.962 4.686 0.996
0.15 0.962 6.225 1.004

exponent m, constant Ay, and {A;.(bj/W)m} values associated with
the different reference records. These results show that the power
law fit is also the best candidate for the geometry function in the
center-cracked tension geometry. The power law exponent in this set
almost maintains a constant value of 0.963 for the different
reference records.

The CCT geometry function proposed in the literature is based
on limit load analysis and can be written as

G(2bIW) = 2b/IW [3.12]

This G -expression is also a power law function with a power law
exponent of 1.0. As previously discussed, the difference in the power
law exponent between the limit load analysis form and the
experimental form might result from the fact that the HY130 steel is



not an elastic-perfectly plastic material as proposed by limit load
analysis.

Single-Edge Notched Tension Geometry

No specific geometry function expression has been proposed in
the literature for the single-edge notched tension geometry. This
geometry is basically a tension geometry but with a bending
component; therefore it may be interesting to investigate the
possibility that the geometry function in such case is also a power
law function as in the other studied cases.

Figure 3.14 shows the power law fit of the different Sij-bil W
records of the A533B SENT set on logarithmic coordinates. The power
law fit agrees very well with the data in this set. Table 3.5 lists the

~ different power law exponent m, constant A;, and {A 1.(bjiW)m}

values associated with the different reference records. The power
law exponent almost maintains a constant value of 2.44 for all the
reference records.

Another example of the power law fit in single-edge notched
tension geometry is shown in Fig. 3.15 for the A710 SENT set. Table
3.6 lists a summary of the corresponding power law fit results. The
power law fit in the A710 set is not as good as in the AS533B set;
however, the fit results are reasonably consistent. The problem of
this set is that the specimens were very wide (6.0 in. wide) and very
thin (0.1 in thick) at the same time, which may create some problems
in maintaining the stability of the specimens during the test.

The other A710 thick specimens (1.0 in thick) sets show a nice
power law fit as shown in Figs. 3.16 and 3.17 for sets with 20% and
50% side grooving. In the no side-grooved specimens set, there are
only two load versus load line displacement records, which is not




Table 3.5: Power law fit results in the A533B SENT set.

bj/ W m Aj Ap.(bjiw)m
0.80 2.441 1.756 1.019
0.70 2.451 2.385 0.995
0.60 2.442 3.473 0.997
0.50 2.434 5.272 0.975
0.40 2.442 9.430 1.006
0.30 2.439 19.213 1.019
0.20 2.449 51.092 0.992

Table 3.6: Power law fit results in the thin A710 SENT set.

bjl W m Aj Ap.(bjiW)m
0.80 2.363 1.768 1.043
0.70 2.368 2.352 1.011
0.60 2.366 3.182 0.950
0.50 2.370 4.958 - 0.960
0.40 2.360 8.888 1.023
0.30 - 2.378 17.743 1.013
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sufficient for constructing the fit. Table 3.7 lists a summary of the
power law fit results for the sets with 20% and 50% side grooving.

The different A710 sets have also shown load separation in the
load versus crack mouth opening displacement records. Therefore,
the geometry functions for these sets can also be developed using the
Sij-bil W records obtained from the load versus crack mouth
opening displacement test records. Figures 3.18, 3.19, 3.20, and 3.21
show the power law fit of the different S;j-bi/W records developed
in each set and Table 3.8 lists a summary of the fit results. The
power law exponents obtained for the load versus crack mouth
opening displacement records are almost the same as those obtained
for the load versus load line displacement records.

The EPRI handbook solutions for the load versus crack mouth
opening displacement relationships are represented in a separable
forms that can be written as Eq [3.11]. This allows the development
of the [S;jlup-bi/W record for the SENT geometry for any specific
material (n=constant). This record can be checked for whether it
agrees with the power law fit. Figures 3.22 and 3.23 show the
[Sijlup-bi/W records on logarithmic coordinates for a material with
n=10 for both plane stress and plane strain constraints. The power
law fit is the best candidate for these records except for the very
shallow crack case (a/W=1/8) in the plane strain constraint. The
power law exponents for the given n value are found to be 2.345 and
2.359 for plane stress and plane strain cases, respectively.

Briefly, the power law fit is an appropriate candidate for the
geometry function in the single-edge notched tension geometry. Also,
the power law exponent maintains almost the same value when
another displacement form is used in the test record instead of the
load line displacement. The results also show that the constraint,
provided by thickness and side grooving, may have a slight effect on
the power law exponent values.
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Table 3.7: Power law fit results in the 1.0 in. thick A710 SENT sets.

Set bjl W m Aj Ajp.(bj/w)m
0.60 2.317 3.277 1.003
20% side groove 0.50 2.316 4.952 0.994
0.30 2.316 16.269 1.001
0.70 2.437 2.394 1.004
50% side groove 0.50 2.392 5.255 1.001
0.30 2.432 18.587 0.995

Table 3.8: Power law fit results in the different A710 SENT sets for
the load versus crack mouth opening displacement records.

Set bjil W m Aj Aj.(bjiw)m
0.80 2.402 1.754 1.026
0.70 2.399 2.406 1.022
B=0.1 in., W=6.0 in 0.60 2.393 3.250 0.957
No side groove 0.50 2.389 5.057 0.966
0.40 2.389 9.134 1.023
0.30 2.404 18.198 1.006
B=1.0 in., W=6.0 in 0.50 2.324 4.996 0.998
No side groove 0.40 2.325 8.452 1.004
0.30 2.319 16.285 . 0.999
B=1.0 in.,, W=6.0 in 0.60 2.325 3.263 - 0.995
20% side groove 0.50 2.341 5.100 1.007
0.30 2.328 16.451 0.998
B=1.0 in., W=6.0 in 0.70 2.382 2.345 1.003
50% side groove 0.50 2.374 5.164 0.997
| 0.30 2.383 17.644 1.001
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3.3 The Geometry Function in Precracked
Specimen Test Records

In precracked specimen test records, the geometry function can
be obtained by constructing the best fit for the S, ,-bp/W data in
the stable tearing region. In the load separation study of the four
precracked compact specimen sets in section 2.3, the stable tearing
region in the different Sp p-bp/W records of each set collapsed
together into one record creating almost a line on logarithmic
coordinates (see Figs. 2.43, 2.44, 2.45, and 2.46). This implies that the
power law fit is the best candidate for the stable tearing region in
these Sp p-bp/W records. The power law fit in the stable tearing
region is shown again, but more explicitly, in Figs. 3.24, 3.25, 3.26,
and 3.27 on linear coordinates. Therefore, Sp, can be written as

Sp.b = A1 (bp/W)m [3.13]

where A; is the fit constant and m is the power law exponent.
Comparing Eq [3.13] with Eq [2.10], one gets

G(bp/W) = ¢ (bp/W)m [3.14]
and
A= Ajlc [3.15]

Table 3.9 lists a summary of the power law exponent m and the
constant A; values in the different sets. The table lists also the
{A1.(bp/W)m} values, in analogy to the stationary crack case,
however the estimated bp/W values are used instead of the
measured values because the power law fit was developed using the
bp/W estimated values. The power law exponent, m, values for the
precracked specimen sets are very close to those obtained for the
corresponding blunt-notched specimen sets for the A533B and HYS80
sets. Also, the {A.(bp/W)m} values are very close to 1.0 in these two
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Table 3.9: Power law fit results in the precracked specimen sets.

Set bp/ W m Aj Ap.(bp/W)m
AS533B 0.259 2.12 . 17.37 0.991
HSLAS0 0.227 1.87 18.58 1,161
A106 0.247 2.38 27.85 0.999
HYS80 0.286 2.28 16.97 0.978

sets. This indicates that the geometry function, in such cases,
maintains its form and power law exponent value as the crack grows.
The power law exponent values in the A106 and HSLA80 precracked
specimen sets are different than those obtained from the blunt-
notched specimen sets; however, the {A;.(bp/W)m)} value for the
A106 precracked specimens set is very close to (1.0). On the other
hand, the A106 blunt-notched specimens set showed an unreliable
fit. This may imply that the geometry function for the A106 steel
showed a different power law exponent in the precracked specimens
than in the blunt-notched specimens only because one of the blunt-
notched specimen records (most probably that of the specimen with
a/W=0.8055) was under-estimated, or its crack length value was not
carefully measured. The value of the power law exponent in the
HSLAB80 precracked specimens is relatively surprising because the
power law fit in compact geometries is expected to be higher than
2.0. '

The effect of the crack length measurment (or estimations) on
the geometry function fit can be shown by studying the constant Aj.
The crack length of the reference blunt-notched specimen can be
evaluated from the constant A; as |

—In(A .
by/W = % [3.16]




Using Eq [3.16] with m as the power law exponent obtained from the
precracked specimens' fit, one obtains the estimated crack length
values for the A533B, HY80, and A106 blunt-notched specimens
used in the precracked specimen study as: 1.48, 1.422, and 1.506,
respectively. These values are between the physically measured
values and the estimated values using the compliance method, see
Table 2.9. This may indicate that if there was no difference between
the crack length measured and estimated values, we might get the
the same power law exponent in both cases.

The blunting region in the precracked specimen test records
may be also handled as a stationary crack case. Using Eqs [3.1] and
[3.5], one can obtain the power law exponent m for the blunting
region in each precracked specimen as

_ {Gp(bb/w)} blunt. region

Sp.b = G(bp/w)
= [{bb} blunt. region ! bp]™
then
m = ln(sp,b) ! In[{bb} bunt. region /bb] [3.17]

where bp can be considered as the average estimated uncracked
ligament in the precracked specimen during the blunting region and
bpis the estimated uncracked ligament of the reference blunt-
notched specimen. Table 3.10 shows the different m values obtained
using Eq [3.17] for the different precracked specimens in each set.
The m values are very close to those obtained from the stable tearing
region, and consequently to the blunt-notched specimen results,
except in the HSLAS8SO steel set. The calculated m values for the
HSLA80 set are between the blunt-notched specimens and the
precracked specimens results. This may imply that either the
geometry function for the HSLAB80 steel changes its power law
exponent as the crack grows or there are some measurement errors
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Table 3.10: Power law exponent values in the blunting region of the
precracked specimen records.

Blunting region
Set Specimen} bp/W Sp,b m

| E71 0.395 2.424 2.10

; A533B E75 0.393 2.391 2.09
E76 0.396 2.436 2.10 ‘
GFFI11 0.391 3.132 2.10 ‘

HSLAS0 GFFJ10 0.389 3.072 2.086

GFFJ9 0.384 3.064 2.127

GFFIS 0.384 3.013 2.103

GAF34 0.396 3.005 2.33

A106 GAF19 0.394 2.980 2.338

GAF17 0.400 3.140 2.374

GAF18 0.390 3.047 2.44

FYBA12 0.393 2.063 2.28

HYS$0 FYBAL11 0.392 2.063 2.293

FYBAI0 0.395 2074 | 227




involved in the precracked specimen test records. However, we can
generally conclude that the geometry function in the growing crack
test records is a power law function and is identical, in most cases, to
the one obtained in the stationary crack test records.

3.4 Plastic Eta (Np1) Development

The use of a separable form to represent the load, in the early
1970's, created a new factor 7. This factor appears in the single-
specimen J form and exists only if the load is separable. It represents
a coefficient that modifies the area under the load versus load line
displacement record per unit length of the uncracked ligament to
represent J, Eq [1.11]. The present n-expressions evolved through
series of approximate analyses and experimental results, and they
are available for single-edge notched bend and compact geometries
only, Eqs [1.14a] and [1.15].

As previously mentioned, the single-specimen J form is more
appropriate for the experimental evaluation of the plastic part of J
(Jp1) only and not the overall J, where J pl can be written as

Api
Jpl =1, 35 [3.18]

This form is a direct result of the load separation in the plastic
region. The npl-factor in Eq [3.18] is assumed to maintain the same
expressions used for the overall 7. Such assumption may require
additional study. On the other hand, a numerical study showed that
M is independent of the plastic displacement for only a small range

of configurations, such as deeply notched bending configurations or
similar cases, while the overall n is independent of the plastic
displacement for a much wider range of cases. This may suggest that




using the overall n and, consequently the overall J, is more
appropriate. To settle this dispute about Mop it may be very useful to

find a reliable method to develop M experimentally, then discuss
the effect of the different variables on npl values.

If m, ocan be evaluated experimentally by comparing the

single-specimen Jp; form, Eq [3.18] with the energy rate
interpretation form written for the plastic region as

dUp|

[

[3.19]

|~

Jp[=—

where Up; is the plastic potential energy, and if it can be represented

as the area Ap; under the load versus load line plastic displacement
record, then np ; can be written as

_{-3Upilda]
Tp1 = {Ap/b}

[3.20]
For a separable behavior, Up; (or Ap;) can be written as
Api= [G(aIW) H(vpyW) dvpy
= G(@W) [H(vpuW) dvp;
= Upi
Thus Eq [3.20] can be written as

dG(aIW)lda
G(alW) [3.21]

TIPI =-b
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The first derivative of G(a/W) with respect to @ can be written as
dG(a/lW) 1 dG(a/W)
da W d(alW)
1 dG(b/W)
STW d(bIW) [3.22]
Substituting Eq [3.22] into Eq [3.21], we get
_ b dG(bIW)Id(bIW)
"W=W  G(bIW) [3.23]

Equation [3.23] represents the direct relationship between My and
the crack geometry function, G(b/W). Then, if G(b/W) is defined, np !

can be obtained. Based on the results of the previous two sections
that the geometry function is a power law function, then My is equal

to the power law exponent and can be written as

My =m ‘ [3.24]

Table 3.11 lists a summary of My values for all the studied sets. In
this study, M for the compact geometry is not dependent on the

crack length as predicted by Eq [3.17]. On the other hand, it shows a
slight material dependence. Also, My is neither equal to two for the

studied SENB set nor equal to 1.0 for the CCT set which may point,
again, to the material dependence. The nplvalues developed in this

study for the CCT and SENT geometries are the first experimental
values ever obtained for these geometries.

Equation [3.24] indicates that "pl is entirely independent of the

plastic displacement. This does not agree with the previously
mentioned numerical study which showed that Mp1 is dependent on




Table 3.11: Summary of Mol values in the different studied cases.

Geom.| Mat. Crack |Dimensions and -;—'V- test Npi
Type Constraints record (m)
cr HY130 Blunt B=1 in., W=2 in. 040 to | p-yyl 2.13
No_side grooves 0.85
A533B Blunt B=1 in., W=2 in. 0.641 t0o | P-vyy 2.19
20% _side grooves | 0.729
Precrack| B=l in., W=2 in. 0607 to | P-vyy 2.12
20% _side grooves 0.744
HSLA80 | Blunt B=1 in., W=2 in. 0.65 to P-vy; 2.32
20% _side grooves 0.758 A
Precrack| B=l1 in., W=2 in. 0615to | P-vyy 1.87
20% _side grooves 0.816 low_value
Al106 Blunt B=1 in., W=2 in. 0.70 to P-vy 2.11
20% _side grooves 0.806 bad_fit
Precrack| B=1 in., W=2 in. 0.612to | P-vyy 2.38
20% side grooves | 0.798
HYS80 Blunt B=1 in., W=2 in. 0.657T to | P-vyy 2.25
20%_side grooves | 0.757
Precrack| B=l in., W=2 in. 0.602 to | P-vyy 2.28
20%_side grooves 0.757
SENB | HY130 Blunt B=1 in., W=2 in,, 0.40 to P-vy 1.94
S=AW 0.85
No _side grooves
16.04) HY130 Blunt B=1 in.,, W=2 in. 0.40 to P-vj; 0.963
No_side grooves 0.85
SENT | AS33B Blunt B=0.1 in, W=3 in. | 0.20 to P-vp 2.44
No_side grooves 0.80
A710 Blunt B=0.1 in.,, W=6 in. | 0.20 to P-vy; 2.368
No side grooves 0.70 P-vg 2.396
Blunt B=1 in., W=6 in. 0.50 to P-vi; | 2.403
No side grooves 0.70 P-vsr 2.324
Blunt B=1 in., W=6 in. 0.40 to P-vy; 2.316
20% side grooves 0.70 | P-v¢r 2.331
Blunt B=1 in.,, W=6 in. 0.30 to P-vy; 2.42
50% side grooves 0.70 P-v¢f 2.38

1- P-vj: load versus load line displacement test record
2- P-vgy. load versus crack mouth opening displacement test record
3- This value is obtained assuming that the geometry function is a power law

function.
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the plastic displacement for a wide range of configurations. My

dependence on Vp; might result from the inclusion of the non-
separable region in the evaluation process. Any analysis that does
not distinguish between the separable region and the non-separable
region in the plastic regime, such as the one used to develop Eq
[2.20], may lead to such an incorrect conclusion. For example, the

classical method for M1 experimental evaluation is based on Eq

[3.20], and the developed values usually show My dependence on vp;.

In the classical method, the areas A pl under the test records of
many identical specimens with different crack lengths are evaluated
at different plastic displacement, and the Api-a (or Upj-a) fit is
developed. Hence the slopes dUpi/da at different crack lengths and

plastic displacements can be calculated. Then, by substituting the
slopes and the corresponding areas into Eq [3.20], one can obtain M,

values at the different crack lengths and displacements. The
development of dUpj/da is based on Landes and Begley’s multi-
specimen technique (see Fig. 1.5). The classical method includes the
whole plastic regime, both the separable and non-separable regions,
which results in some errors in the developed values.

A computer program has been developed to evaluate My using

the classical method for the different studied sets of blunt-notched
specimens. Figures 3.28 and 3.29 show, as examples of the results,
the variation of M1 with the plastic displacement for two test records

of the HY130 CT and CCT sets. Also, the figures -show the Sij-Vpl
records for these test records. M varies considerably with vp; at the

beginning of the plastic behavior before it converges slowly to a

constant value far beyond the start of the load separation. This
variation is the reason of the misinterpretation of My dependence on

vpl, and results solely from the inclusion of the non-separable region




in the area calculation. As the ratio of the separable region to the
non-separable region increases, 7 p1 COnVerges.

It may be also interesting to look at the converged My values

developed by the classical method and compare them with those

obtained using the load separation method proposed here. Figures
3.30, 3.31, 3.32 and 3.33 show the classical method converged M,

values for the different test records of the three HY130 sets and the
A533B set as examples of the different geometries. The values
obtained by the classical method are not consistent, as are those
obtained by load separation because, in addition to the error evolved
from the non-separable region, there are some errors resulting from
the successive approximation of the areas. Also, fitting the data to
evaluate the slope and dividing by the area again may add additional
errors.

The classical method can only be used for stationary crack
specimen test records, while the new method can also be used for
precracked specimen test records as long as there is an additional
stationary crack test record of a similar specimen. In the new
method, three blunt-notched specimens (sometimes only two if the
geometry function is assumed to be a power law function) or one
precracked specimen together with a blunt-notched specimen are

required to evaluate Moo
3.5 Summary and Conclusions

The following observations can be made in evaluating the crack
geometry function and the related Mol factor.
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+ Generally the power law fit is the best candidate for the crack
geometry function in the different studied geometries, materials, and
constraints.

« The power law exponent in the power law geometry function
(within the same geometry) may show a little material dependence.

+ The constraints show very little effect on the power law exponent
value.

+ The geometry function developed from load versus load line
displacement records is almost the same as that developed from load
versus crack mouth opening displacement records.

+ In most cases, the geometry function maintains its form and power
law exponent value as the crack grows and up to a crack growth
even far beyond J or J, limits. However, the nature of the crack
length measurment or estimation may result in a little difference in
the developed power law exponent value. These differences can be
minimized if both measurment and estimation methods provide the
same crack length value.

+ A new method for experimentally determining the M factor based

on load separation is proposed. The method can be applied for both
blunt-notched or precracked specimen test records. By evaluating
the different §;; for set of blunt-notched specimen test records and

then constructing the S;;- b/ W record, the geometry function can be
developed and m, can be obtained. Also, using a set of (or only one)

precracked specimen test records with the test record of a similar
blunt-notched specimen, one can develop the Sp,b-bp/W fit for the

stable tearing region and, consequently, obtain the geometry function
and M- If the geometry function is a power law function, which
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seems very likely from these results, then My is equal to the power

law exponent.

+ The developed Mt values are consistent and accurate because the

new method avoids most of the errors associated with the classical
method.

» The study shows that M1 is independent of the plastic displacement

and the previous misinterpretation of its dependence on the plastic
displacement resulted solely from the inclusion of the non-separable
region in the calculation.

+ The new My method can be used with any geometry and n,, can be

developed using either three (or two if the geometry function is
assumed to be a power law) blunt-notched specimen test records or
one blunt-notched specimen test record together with a precracked
specimen test record. The later is very appropriate for use with J-R
determination because only one additional specimen test record is
required; however, a longer crack growth may be required in the
precracked specimen test record to assure a reasonable fit.
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CHAPTER IV
MATERIAL DEFORMATION FUNCTION

4.1 Introduction

The material deformation function can be written as a
normalized function of plastic displacement, and, based on the load
separation principle, it is completely independent of crack length. In
this chapter, the deformation functions for all the different sets are
constructed by normalizing the different test records in each set by
the corresponding geometry function developed before for this set.
Hence it can be written as .

H(vpiW) = [4.1]

_P__
G(bIW)

The geometry function was found to be well represented as a power
law function in the different studied cases, therefore Eq [4.1] can be
rewritten as

P

HOwW) = T orwym]

[4.2]

The constant ¢ is independent of both the crack length and the plastic
displacement; however, it may differ from one set-to another based
on the material, constraint, and geometry of the set.

An alternative expression for Eq [4.2] can be given as

Py=a—t—o 4.3
N=BW(bIw)m . - [4.3]



Py is the normalized load. It represents an alternative form for the
deformation function but in stress dimensions. The constant c is
included in the Py term. B is the specimen thickness and, for side-
grooved specimens, B can be taken as the net thickness as
recommended by the ASTM standard test methods for the plastic
region evaluation; however, the whole thickness or an effective
thickness value can be also used as long as all the specimens in a
given set have the same side grooving. Equation [4.3] will be used to
construct the deformation function for the different sets. Based on
the assumption of load separation, the different Py versus Vpl
records in each set should collapse together into one curve that is the
deformation function for this set.

The study also discusses the normalization using the geometry
functions given in the literature and compares the scatters in the
developed deformation functions to those obtained using the
geometry functions from the separation analysis.

There are some implications in the literature, especially the
EPRI handbook, that the deformation function is an analogous form
to the stress versus strain relationship. This may imply that the
deformation function is independent of the geometry and constraints.
This study discusses the effects of the geometry, constraints, also the
type of displacement measurement on the developed deformation
functions. The study also discusses whether the deformation function
maintains its form as crack grows and the limitations, if there are
any, on such behavior. This can be done by comparing the
constructed deformation functions for the precracked specimens with
those obtained from the blunt-notched specimens of same geometry,
constraint, and material.

The data collapse, as a unique observation in the development
of the deformation function, is also utilized to obtain both the
geometry and deformation functions for sets with only precracked




specimen test records and no blunt-notched specimen test record. An
additional blunt-notched specimen record is usually required to
conduct the separation analysis for precracked specimen records.

4.2 Development of Material
Deformation Function

Because the material deformation function is a material based
function that depends mainly on the flow properties of the material,
the constructed functions will be studied on a material basis. Hence,
the different sets of specimens machined from the same material will
be grouped together in order to study the geometry and constraint
effects on the developed deformation functions.

HY130 Steel

Three different sets of three different geometries have been
studied in Chapters II and III. The specimens in the three sets have
the same thickness and width, which may imply that they have the
same constraint. Using Eq [4.3] with m as the power law exponent
developed for these geometries and given in Table 3.11, one can
construct the Py versus vp; records for the different test records in
each set. Figures 4.1, 4.2, and 4.3 show how the data points collapse
into one record in each set creating almost solid curves with a very
limited scatter. The data points represent ten test records in each of
the CT and CCT sets and eight test records in the SENB set. When the
geometry functions given in the literature for these geometries are
used to develop the deformation functions for these sets, the data
points show much wider scatter as shown in Figs 4.4, 4.5, and 4.6.
 The geometry function expression given in the literature for the CT
geometry was previously given in Eq [3.7], while those for the CCT
and SENB geometries are power law functions developed using the
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separation analysis but with power law exponents of 1.0 and 2.0,
respectively.

The deformation function curves for both the CT and SENB sets
are similar and by using proper scaling factors for omne or both
coordinates, a unified deformation function may be obtained. The
deformation function for the CCT set is different and coordinate
scaling may not help to unify it with those for the bending
geometries. This may not agree with the EPRI handbook implications
that the deformation function is analogous to the stress versus strain
relationship in the plastic region because this requires the
deformation function to be geometry independent which has not
been yet proved in this study.

AS533B Steel

A SENT set and two CT sets; one with stationary cracks and the
other with growing cracks, are studied in this thesis. The material
properties are slightly different in the two geometries because the
specimens’ records for each geometry were obtained from different
sources. Also the constraint is different because the SENT specimens
are of thickness 0.1 inch (2.54 mm) while the the CT specimens are

of thickness 1.0 inch (25.4 mm) and with 20% side grooving.

The deformation function, obtained by load normalization, for
both the SENT set and the CT set with stationary crack test records
are shown in Figs. 4.7 and 4.8. The power law exponents are 2.44 for
the SENT set and 2.19 for the CT set. The data points collapse very
well in both cases with a small scatter. Despite the difference in the
geometry and constraint in both sets, the developed functions show
similar trends.
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The geometry function for the AS33B CT set with growing
crack test records is also a power law function with a power law
exponent value of 2.12, which is very close to that of the stationary
crack CT set. As the different test records in both sets are normalized
by a power law geometry function with a power law exponent of
2.12, the data points collapsed together  into one curve. This indicates
that the deformation function in both sets is the same. In other
words, the deformation function maintains its form as the crack
grows and up to a considerable crack growth of about 35% of the
initially uncracked ligament, which is far beyond the J-controlled
10% crack growth limit.

A106 Steel

Figure 4.10 shows the normalized test records of the A106 CT
set with stationary crack specimens. The data points of two test
records collapsed together into one curve while the data points of the
third test record, a/W=0.753, created a new curve that is almost
identical to the first one but slightly shifted down. This may indicate
that either there was load-offset error during the test or the crack
length was not accurately measured.

On the other hand, the data points of the different normalized
test records of the precracked specimens set collapsed very well into
one record together with the normalized blunt-notched specimen
record used before in the separation analysis of this set, see Fig. 4.11.
This, again, indicates that the deformation function is the same for
both the stationary crack and growing crack sets for the whole region
of the crack growth, which is about 45% of the initial uncracked
ligament. |




HY80 Steel

Figure 4.12 shows the normalized test records for the
stationary crack CT set while Fig. 4.13 shows the normalized test
records for the growing crack CT set, together with one of the
stationary crack normalized records. The power law exponents used
in load normalization, Eq [4.3], are very close: 2.25 and 2.28,
respectively. The data points collapsed very well into one curve in
both cases, also with agreement between the growing cracks and the
stationary crack data points, as shown in Fig. 4.13. The crack growth
in this set is about 38% of the initially uncracked ligament.

General observation in the deformation functions developed for
the different precracked specimen sets is that there is no
discontinuity in the initial part of the records where the crack
growth changes its mechanism from blunting into tearing. This
supports the hypothesis that the deformation function maintain its
form as the crack grows.

HSLAS0O Steel

The data points collapse together very well into one curve in
the stationary crack specimens set as shown in Fig. 4.14. Also, the
data points of the growing crack test records collapse together into
one curve, Fig. 4.15, but it does not agree with the data points of the
blunt-notched specimen test record normalized with- the same power
law geometry function. However, the trend of the deformation
function for the precracked specimens set in Fig. 4.15, is similar to
that of the blunt-notched specimens set in Fig. 4.14. Figure 4.16
shows how both functions coincide with each other when different y-
axes are used. This may indicate that the deformation function as a
function of the plastic displacement for both sets is the same and the
difference resulted from a multiplication error in Pp. The ratio
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between Py for the precracked specimens set to Py for blunt-notched
specimens set is equal to 0.692. This may result from an error in
recording the load or from inaccurate estimation of the crack growth
~during the test.

A710 Steel

In the four different A710 SENT sets, the data points collapse
very well together for both the load versus load line displacement
and load versus crack mouth opening displacement records as shown
in Figs. 4.17 to 4.24. There is some scatter for the 0.1 inch thickness
set, especially for load versus load line displacement record. This is
expected because this set did not show as good a fit for the
separation parameters as all of the other sets.

The interesting observation in all the developed deformation
curves is that they are very similar. This means that they can be
scaled together into one curve that represents a unified deformation
function for the different cases. This will be discussed in detail in
Section 4.4.

4.3 Development of the Geometry and Deformation

Functions for Precracked Specimen Test

Records Using Normalization Technique

The geometry function for the precracked specimen test
records has been evaluated in Chapter III using load separation
analysis, which requires an additional test record of blunt-notched
specimen of same geometry, material, and constraint. In this section
a new approach will be used to develop the geometry function and,
consequently, the deformation function using the precracked
specimen test records only. This approach is based on three
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assumptions: first, the load is separable; second, the geometry
function is well represented by a power law function; third, using the
right geometry function yields the least scatter in the developed
deformation function. Hence, by varying the power law exponent in
Eq [4.3] until the normalized precracked specimen test records show
the least scatter, the most appropriate power law geometry can be
obtained. The deformation function is the corresponding normalized
records.

Two new sets of precracked specimen test records will be used
to demonstrate the approach suggested above. These test records
were originally reported in Refs (58, 65). The specimens in both sets
are compact specimens of 2.0 inches (50.8 mm) width and 1.0 inch
(25.4 mm) thickness with 20% side grooving. The specimens in the
first set (3 specimens) were machined from AS508 steel while the
specimens in the other set (4 specimens) were machined from A710
steel. Table 4.1 lists the mechanical properties reported for these
materials and Table 4.2 lists the specimens codes and both initial and
final crack lengths. The crack growth was monitored using the
compliance method. Figures 4.25 and 4.26 show the data scatters
obtained by normalizing the test records in both sets by the CT
geometry function given in the literature, Eq [3.7]. Figures 4.27 and
4.28 show, again, the scatter in both sets but using a power law
geometry function after a few trials to obtain the best power law
exponent values. The scatter has been much improved by using the
power law geometry function. The corresponding power law exponent

Table 4.1: Mechanical properties of A508 and A710 steels.

Material Yield Strength Ultimate Strength

AS508 : 56 Ksi (386 MPa) 79 Ksi (545 MPa)
~A710 80 Ksi (552 MPa) 97 Ksi (669 MPa)
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Table 4.2: Initial and final crack lengths in the different specimens.

Material Specimen Initial a/ W Final a/W
A508-24 0.5155 0.6520
A508 AS508-25 0.5200 0.6115
A508-28 0.7680 0.8170
A710-4 0.5310 0.5835
A710 A710-5 0.5420 0.6125
A710-9 0.6240 0.7730
A710-10 0.6150 0.7185

values for the A508 and A710 sets are 2.22- and 2.4, respectively.

This demonstrates how simple this approach is and how easily
it can be applied to precracked test records to obtain both the
geometry and deformation functions in one process. However, in
some cases, the scatter in the normalized data points may not
converge by varying the power law exponent of the geometry
function. This may result from non-separable behavior, inaccurate
crack measurement, or shifted test records. In this case, it is better to
use the separation analysis to find out the reason for such non-
convergent scatter.

4.4 Unified Deformation Function -

One of the main objectives of fracture mechanics is to provide
accurate predictions of the fracture behavior of materials and
structures in service. These structures can not, of course, be
destructively tested, but they can be approximately modeled by
specimens that can be tested. Howevef, these specimens may be



91

different in their geometry, crack length, crack tip, constraint, and
displacement measurement point. Also, the mechanical properties of
the specimen material could be different than those of the structure
material even if both materials have the same composition and have
been prepared with the same process. Therefore, the specimen
results may not be directly used to obtain the expected fracture
behavior of the modeled structure. A modified analysis has to be
used to correlate the specimen fracture behavior to the structure's
fracture behavior. Load separation represents a very promising and
simple analysis that can provide such correlation. The geometry
function handles the differences in the crack length between the
structure and the specimen. Constraints and displacement
measurement have little effect on the geometry function as shown
in the different A710 sets. Therefore, each geometry should have a
specific power law geometry function no matter what constraint is
applied or where the displacement is measured. Even slight
differences in material properties are not likely to show any effect
on the geometry function. The crack tip type, blunt or sharp, has not
shown any effect on either the geometry or deformation functions.
Although the developed deformation functions showed a dependence
on constraint and displacement measurement, the trends of the
constructed curves are very similar so that these curves can be
brought together into one curve by linearly scaling the coordinates.
In this case, test records for specimens of the same material and
geometry but with different constraints and displacement point
measurements are represented by a unified deformation curve (key
curve). For example, the three one inch thickness -A710 SENT sets
have almost the same power law geometry function An average
power law exponent of 2.36 can be used for all of three sets for both
load versus load line displacement and load versus crack mouth
opening displacement test records. Hence a unified deformation
function (key curve) can be constructed as Py versus Vpi /Lefs where
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PN=B =W G(bIW) [4.4]

and B.fr and L.fr are the coordinates’ scaling factors and can be
defined as effective thickness and effective gage length, respectively.
Befr is a function of the constraint, net thickness and whole thickness
and L.f is function of the width and gage length. Figure 4.29 shows
the six deformation functions given in Figs. 4.19 to 4.24 after scaling
them together into a unified deformation function. The corresponding
Befr and Legr values are listed in Table 4.3. The 0.1 inch A710 SENT
set can be also scaled into this curve with specific B and L.sf
values; however, the wide scatter in this set may confuse the unique
trend shown in the developed curve. This key curve uniquely
represents any A710 SENT specimen and, by providing the right B,
and L.f values, one can develop the specimen's expected
deformation function. Consequently, for any specific crack length, the
expected test record can then be developed.

The key curve analysis can be further improved if the
geometric effects are included. For example, if an appropriate
function can be used to fit deformation functions developed for
different geometries by changing only the coefficients and not the
form, a more generalized key curve can be developed.

Table 4.3: Coordinates scaling factors for the A710 sets.

Set Type of Displacement Befr - Lesr

No side-grooved | Load line displacement 1.0 w/2.4
Crack _mouth open. disp. 1.0 W

20% side-grooved | Load line displacement 0.944 w/2.4
Crack mouth open. disp. 0.944 W

50% side-grooved | Load line displacement 0.708 w/2.4
: Crack mouth open. disp. 0.708 W
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4.5 Summary and Conclusions

Following is a summary of the different observations found in
studying the material deformation function.

* A deformation function can be developed by normalizing the test
records with the geometry function. This developed function can be
represented as Py versus vp relationship.

* The deformation function maintains its form as the crack grows up
to about 45% of initial uncracked ligament, which is far beyond the J-
controlled 10% crack growth limit.

* A new method to develop the geometry and deformation function
for precracked specimen test records has been introduced. This
method does not require an additional blunt-notched specimen test
record.

* The deformation function is dependent on the material, geometry,
and constraint. It also depends on the type of the measured
displacement. However, the developed functions show the same
trend for sets of the same material and geometry but different
constraints and displacement measurement. These functions can be
scaled together into a key curve that uniquely represents the
deformation function for any specimen of the same material and
geometry.

* The dependence of the material deformation function on the tested
specimen geometry may not agree with the EPRI handbook
assumption that the deformation function is a curve analogous to the
material's stress-strain curve because, based on this assumption, the
developed deformation functions for the different geometry should
be the same.



CHAPTER V

SUMMARY OF RESULTS

5.1 Load Separation

Load separation is the assumption that the load can be
represented as a multiplication of two separate functions: a crack
geometry function and a material deformation function, Eq [2.1].
Through the study of the test records of 78 specimens of different
crack sizes, geometries, materials, and constraints, such assumption is
proved to be a predominantly valid criterion in fracture mechanics.
The different test records show load separation over all of the plastic
region except for a limited region at the early plastic behavior. It is
also proved that this criterion exists in stationary crack test records
as well as growing crack test records and such load separation is
maintained up to crack growth of 45% of the uncracked ligament,
which is far beyond the J-controlled crack growth limit (10% of the
uncracked ligament). The study also shows that load separation may
exist in test records other than the load versus load line
displacement record such as the load versus crack mouth opening
displacement record.

The limited non-separable region at the early plastic behavior
is the region associated with the plasticity's spreading over the
uncracked ligament. As the yielded areas become fully connected
across the uncracked ligament, the load separation in the plastic
region of the test record starts. Such yielded areas are usually
developed in a unique pattern that grows as the load increases but
maintains its form, which leads us to believe that such plastic pattern
is the reason for load separation in the material ductile fracture
behavior.
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5.2 Crack Geometry Function

The crack geometry function G(b/W) for the different sets of
test records are developed using the load separation analysis. The
power law form well represents the geometry function in all the
studied cases. This is a rather unexpected result for the compact (CT)
geometry. The CT geometry function's form in the literature is a
multiplication of a power law term and an exponential term, Eq[3.7].
Also, the power law exponent in the developed CT geometry
functions shows a little material dependence which does not agree
with the material-independent geometry function's form found in
the literature. The geometry functions for the center-cracked tension
(CCT) and single-edge notched bend (SENB) geometries are also found
to be power law functions and this agrees with those proposed in the
literature. However, the developed power law exponents are
different than those proposed in the literature. The reason is that the
literature forms are based on limit load analysis which assumes
elastic-perfectly plastic material's behavior. Also, the developed
geometry functions for -different single-edge notched tension sets are
power law functions.

The study also shows that the geometry function maintains its
form as the crack grows over the entire range of crack growth
records which is far beyond the J-controlled crack growth limit.

Constraint shows very little effect on the power law exponent
values. Also, the geometry functions developed from load versus load
line displacement records are almost the same as those developed
from load versus crack mouth opening displacement records for
specimens in the same set.
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5.3 Plastic Eta (n,,)

My exists only if the load is separable and there is a unique
relationship between 7 i and‘ the crack geometry function, Eq[3.23].
Therefore, if the geometry function can be developed M, can be
obtained. . For example, for a power law geometry function, My is

equal to the power law exponent. Using load separation analysis to
develop the geometry function provides a simple and reliable

method for determining My This new method avoids most of the
errors in the classical approaches for My evaluation. It also avoids
the inclusion of the non-separable region in U evaluation. Including

this region contradicts the basis of My existence. Such contradiction

was ignored in the classical approaches and resulted in significant
errors, especially in the early region of the plastic behavior.

Based on the new method, M, can be evaluated either using the

test records of three (or more) identical blunt-notched specimens
with different crack lengths or one (or more) precracked specimen
test record together with a test record of a blunt-notched specimen
of the same geometry, material, and constraint.

5.4 Material Deformation Function

The material deformation function, H(vp)/W), for any set of test
records can be developed by normalizing the test records by the
corresponding geometry function. The normalized test records should
collapse into one curve which is the material deformation function.
For the different studied sets, the data points of the normalized test
records in each set collapse very well into one record that represents
the deformation function for this set.
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The study shows that the deformation function depends on the
material, geometry, -and constraint. It also depends on the
displacement point measurement. However, the developed
deformation functions for specimens of the same material and
geometry but different constraints and displacement measurements
show similar trends. But it is possible to bring them together into one
curve by linearly scaling the coordinates. This curve can be defined
as a key curve that uniquely represents such material's fracture
behavior, and the test records of any specimen of the same material
and geometry can be developed using this curve.

Also, the study shows that the deformation function maintains
its form as the crack grows over the entire range of crack growth
records included in this study (about 45% of the uncracked ligament).

5.5 Ductile Fracture Methodology

The optimum objective of any ductile fracture methodology is
to provide accurate predictions of the fracture behavior of a
defective structure. These predictions, as discussed in Chapter I, are
based on two sets of information: the calibration functions, and the
material's fracture behavior (J-R). Load separation provides a unique
approach that represents the calibration functions in a generalized
form. A key curve (or a unified deformation function) can simply
represent the calibration curves of all specimens and structures that
have the same geometry and are manufactured. from the same
material. Such a key curve can be developed experimentally by
testing a few specimens. On the other hand, defining the proper
scaling factors to develop a constraint independent key curve can
also be utilized in the development of a constraint independent J-R
curve.



98

Ductile fracture methodology can be further developed if the
key curves for specimens of the same material but different
geometries can be represented by a single generalized function.

5.6 Suggested Future Studies

The methodology presented in this dissertation has been
completely developed in principle; however, there are some details
which can be improved by future studies. '

The effects of the different parameters on the values of the
scaling factors, used before to develop a key curve independent of
constraint and displacement measurement, require additional
studies. Also, as implied by the previous section, it is of main interest
to develop a key curve form that represents the deformation
function and handles geometric effects. These may require testing
more specimens of different combinations of crack sizes, constraints,
and geometries. Or rat_her, a computational finite element model can
be developed to provide such information. But a few specimens, still,
have to be tested to verify the computational results.

Load separation and the development of geometry and
deformation functions and, also, n, can be explored in other

geometries such as double-edge notched tension, disk compact, arc
tension, arc bend, and others. N, sensitivity to material properties

can also be studied.

Load separation and the geometry and deformation functions
are proved to be of global nature, that is, they are independent of the
crack tip vicinity details. This may qualify this approach to be used
with man-made materials such as polymers and composite materials.
However, experimental study is required to verify such assumption.
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A study to modify the load separation approach to handle
fatigue and creep problems will be of great importance. Also,
extending the methodology to 3-D cases will provide a simple
approach that can handle very complicated problems.
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APPENDIX
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Fig. 1.1 - Crack tip field.
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Fig. 1.2 - Stress variation in the crack vicinity.




Fig. 1.3 - J-integral contour.
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Fig. 1.4 - Different fields in the crack vicinity.
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Fig. 1.5 - J-integral evaluation using energy rate interpretation form.
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Fig. 1.6 - J-integral evaluation using single specimen form.
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Fig. 1.8 - Proportional and non-proportional regions in the crack tip
field. '
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Fig. 2.1 - Load separation in blunt notched specimens test records.
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sizes.
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HY130 compact specimens set with respect to two reference test
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Fig. 2.14 - Separation parameters of the different test records in the
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reference test records: (a) a;/W=0.55, and (b) aj/W=0.75.
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Fig. 2.16 - Separation parameters of the different test records in the
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Fig. 2.19 - Load versus load line displacement test records of six
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different crack sizes.
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Fig. 2.21 - Load-load line displacement test records of two A710
single edge notched tension specimens of thickness 1.0 inch.
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Fig. 2.31 - Separation parameters of the different ioad-crack mouth
opening displacement test records of the A710 SENT thin specimens.
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Fig. 2.32 - Separation parameters of the different load-crack mouth
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Fig. 2.35 - Load versus load line displacement test records of three
precracked and one blunt notched AS533B compact specimens.
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Fig. 2.36 - Load versus load line displacement test records of four
precracked and one blunt notched HSLA80 compact specimens.
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Fig. 2.37 - Load versus load line displacement test records of four
precracked and one blunt notched A106 compact specimens.
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precracked and one blunt notched HY80 compact specimens.
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Fig. 2.39 - Variation of separation parameter and uncracked ligament
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displacement.
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Fig. 2.40 - Variation of separation parameter and uncracked ligament
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Fig. 3.20 - Power law fit of the Sij versus b;j/W _records obtained
using the load versus crack mouth opening displacement records for
the A710 SENT 1.0 in. thick specimens with 20% side grooving.
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Fig. 3.21 - Power law fit of the Sij versus b/ W ;ecords obtained
using the load versus crack mouth opening displacement records for
the A710 SENT 1.0 in. thick specimens with 50% side grooving.
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Fig. 3.22 - Power law fit of the S;; versus b;/W record obtained
using the Handbook numerical solutions of the load versus crack
mouth opening displacement relationship for the SENT geometry
with plane stress constraint.
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Fig. 3.23 - Power law fit of the § i,j vérsus bilW —record obtained
using the Handbook numerical solutions of the load versus crack
mouth opening displacement relationship for the SENT geometry

with plane strain constraint.
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Fig. 3.24 - Power law fit of the S;; versus b;/W records for the
A533B CT precracked specimens set.
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Fig. 3.25 - Power law fit of the Sij versus b;/ w records for the
HSLA80 CT precracked specimens set.
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Fig. 3.26 - Power law fit of the §;; versus b;/ W_rcco}ds for the A106
CT precracked specimens set.
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Fig. 3.27 - Power law fit of the §; Jj versus by/W reco;'ds for the HYS80
CT precracked specimens set.
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Fig. 3.28 - Variation of Mpi obtained using classical method versus

plastic displacement for one of the HY130 CT test records.
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Fig. 3.29 - Variation of M obtained using classical method versus

plastic displacement for one of the HY130 CCT test records.
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Fig. 3.30 - M1 values obtained using both classical and new methods
for the HY130 CT set.
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Fig. 3.31 - My values obtained using both classical and new methods
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Fig. 3.32 - M values obtained using both classical and new methods

for the HY130 CCT set.
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Fig. 3.33 - My 'values obtained using both classical and new methods
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Fig. 4.1 - Deformation function for the HY130 CT set developed by
load normalization using a power law geometry function with a

power law exponent of 2.13,
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Fig. 4.2 - Deformation function for the HY130 SENB set developed by
load normalization using a power law geometry function with a

power law exponent of 1.96,
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load normalization using a power law geometry function with a
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load normalization using a power law geometry function with a
power law exponent of 1.0.
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specimens developed by load normalization using a power law
geometry function with a power law exponent of 2.19.
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normalization using a power law geometry function with a power law
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Fig. 4.10 - Deformation function for the A106 blunt notched CT.
specimens developed by load normalization using a power law
geometry function with a power law exponent of 2.11.
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Fig. 4.11 - Deformation function for one blunt —r—xotched and four
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Fig. 4.12 - Deformation function for the HYS80 blunt notched CT
specimens developed by load normalization using a power law
geometry function with a power law exponent of 2.25.
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Fig. 4.13 - Deformation function for one blunt notched and three
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2.28.
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Fig. 4.18 - Deformation function for the load versus crack mouth
opening displacement test records of the A710 SENT thin specimens.
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Fig. 4.20 - Deformation function for the load versus crack mouth
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in. thickness with no side grooving.
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Fig. 4.21 - Deformation function for the load versus load line

displacement test records of the A710 SENT specimens of 1.0 in.

thickness with 20% side grooving.
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Fig. 4.22 - Deformation function for the load versus crack mouth

opening displacement test records of the A710 SENT specimens of 1.0
in. thickness with 20% side grooving.
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Fig. 4.24 - Deformation function for the load versus crack mouth

opening displacement test records of the A710 SENT specimens of 1.0
in. thickness with 50% side grooving. '
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Fig. 4.25 - Load normalization in the AS508 precracked specimens
using the literature geometry function expression, Eq [3.7].
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using the literature geometry function expression, Eq [3.7].
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