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ABSTRACT

The J, value and J-R curve have been widely used to characterize elastic-
plastic fracture behavior in modern engineering practice.  Their
determination has been standardized. To determine the J, value and the J-R
curve using the ASTM standard test methods, three measurements, load,
displacement and crack length, must be obtained simultaneously from the
test. This may sometimes be difficult or even impossible due to the
restrictions of test equipment, adverse environments, test conditions or test

arrangements.

Recently, a method of normalization has been introduced by Landes and
his group as a convenient way for J-R curve determination. This method
uses the principle of load separation to relate the three variables, load,
displacement and crack length, during the fracture process. A functional
form, named the LMN function, has been successfully used to relate the
normalized load to the plastic deformation. It gives an unique relationship
between load, displacement and crack length. The method of normalization
provides an analytical basis to predict any one of the three variables from the

other two.

In this study the method of normalization was further developed for J-R
curve determination under some difficult conditions. Four subjects were

included. They are:
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* J-R curve determination from load versus displacement records without

crack length measurements.

* J-R curve determination from load versus crack length records without

displacement measurements.

¢ J-R curve determination under the conditions when load is difficult to

measure.

* J-R curve determination under dynamic loading conditions.

For each subject, the new features and problems needed to be solved were
described. A major problem solved for all the subjects was how to determine
the LMN function accurately and efficiently under the different conditions. A
large number of experimental data sets were collected to support this study.
Based on the analysis results of these test data, new approaches were
developed for each subject. Each approach was examined under the condition
assumed for corresponding application. Results of the analysis were

presented to show its adequacy on each subject.

It has been demonstrated that the approaches developed in this study
could greatly simplify the J-R curve test procedure, and improve the resulting
J-R curve accuracy. The results are more reliable, especially under the specific
difficult test conditions. These methods will likely have extensive

applicability in engineering practice.
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Chapter 1

Introduction and Background

1.1 Introduction

The essential task of engineering design is to determine the load level, the
geometry and dimensions of structural elements and to select materials in
such a way that the elements perform their operating functions in an
efficient, safe and economic manner. The determination of a safe load level
is usually based on some appropriate failure criteria. When a structural
component contains some crack-like flaws, it could fail at a stress level which
is considerably lower than the ultimate strength of the material. The
traditional failure criteria cannot adequately account for flaws in developing a
safe design. Since the existence of crack-like flaws cannot be precluded in any
engineering structure, methods to deal with them must be incorporated into
the failure criteria. Defects can appear in a structure in the following different
ways: first, they can exist in a material due to its composition, as second-phase
particles, debonds in composites, etc.; second, they can be introduced into a
structure during fabrication, as in welding, forging, casting and machining;
and, third, they can be created during the service life of a structural
component due to the conditions that include fatigue loading, severe
environment, and creep behavior. Some extreme conditions like
environmental conditions, fluctuating loads, and accidental overload, can

accelerate the initiation and growth of the cracks. To deal with the
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determination of design loads in structure components, fracture mechanics
technology has been developed. Today, it is playing an increasingly
important role in modern engineering practice.

Fracture mechanics is an engineering discipline that quantifies the
conditions under which a load-bearing structural component can fail due to
the enlargement of a dominant crack contained in that component. Fracture
mechanics research develops parameters which characterize the propensity of
a crack to extend and ultimately cause failure. Such parameters should be
able to relate laboratory test results to structural performance, so that the
response of a structure with cracks can be predicted from laboratory test data.
These parameters are determined as a function of material behavior, crack
size, structure geometry and load conditions. The critical value of such
fracture parameters is known as fracture toughness. Fracture toughness is
assumed to be a property of a material which can be determined from
laboratory tests. Fracture toughness expresses the ability of a material to carry
load or deform plastically and resist fracture in the presence of cracks. It can
be used to rank a material's ability to resist fracture within the framework of
fracture mechanics, in the same way that the yield or ultimate strength can be
used to rank a material's resistance to yielding in the conventional
engineering design. By equating a fracture parameter to its critical value a
relation is obtained between applied load, crack size and structural geometry
that gives the necessary information for structural design.

During the 20th century, but mostly in the last four decades, many
significant research efforts have been devoted to the study of fracture
mechanics technology. The first analysis of fracture behavior of components

that contained crack-like flaws was developed by Griffith in 1921 [1]. The
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analysis was based on the assumption that a crack will begin to propagate if
the elastic energy released by its growth is equal to or greater than the energy
required to create the fracture surface. The basic content of modern fracture
mechanics — or more strictly, the linear elastic fracture mechanics (LEFM) —
was developed in the 1946 to 1966 period. After many year growth, LEFM has
matured and become popular. The stress intensity factor, K, and energy
release rate, (, have been widely employed in engineering design as fracture
toughness parameters for characterizing the crack tip conditions to prevent
sudden fracture and optimize material selection. It is generally accepted that
LEFM is applicable only when the plastic zone developed at the crack tip is
very small during the fracture process compared with other planar
dimensions of the structure. This is usually the case in materials where
fracture occurs appreciably below the yield stress. With the increasing
progress in the technology and materials, modern structural components are
constructed of materials which exhibit considerable plasticity before failure
occurs. At the same time, the world-wide demands for energy and material
conservation are dictating that structures be designed with smaller safety
margins. The limits of LEFM preclude the use of this technology for most
modern structural materials. Thus since the 1960's, several attempts have
been made to develop new approaches that are not limited to linear behavior
but can be applied to the elastic-plastic behavior, now known as the elastic-
plastic fracture mechanics (EPFM). Among them methods based on the
J-integral and the crack tip opening displacement (CTOD) have been the two

most successful.



1.2 Elastic-Plastic Fracture Mechanics (EPFM) and the J-Integral Method

The J-integral method was introduced by Rice [2] in 1968. By idealizing
elastic-plastic deformation as nonlinear elastic, Rice provided the theoretical
basis for extending fracture mechanics methodology well beyond the validity
limits of LEFM. In the same year, Hutchinson [3-4] and Rice et al. [5] related
the J-integral to crack tip stress fields in nonlinear materials and showed that ]
can be regarded as a nonlinear stress intensity parameter as well as an energy
release rate. This method has been viewed as a direct extension of linear
elastic fracture mechanics into the elastic-plastic regime. Its physical and
analytical basis are as powerful as LEFM. The significance, the role and the

application of J-Integral can be summarized as follows.

(1). The value of J is the numerical result of a line integral from the lower to
the upper surface of a crack, independent of the particular path of integration.

Consider an arbitrary counter-clockwise path T, as illustrated in Fig. 1.1%,
surrounding the crack tip and lying completely inside a body which is
homogeneous and presents an elastic (linear or nonlinear) behavior. The

J-integral is defined by

J= j(WJy—T,ﬂd.s) (1.1)
. o

* All figures may be found in the Appendix



where
%% = loading work per unit volume or, for elastic bodies, strain
energy density,
ds = increment of the contour path,
T = outward traction vector on the contour path,
u, = displacement vector on the contour path,
. % ds = the rate of work input from the stress field into the area

enclosed by T".

Rice has shown [2] that the value of the J-integral is independent of the path
of integration around the crack, hence the integral taken along any path I
gives a unique value. The only restriction in the definition of J is that W be
the strain energy density for linear or nonlinear elastic behavior. However,
when plasticity is treated by deformation theory, there is no difference
between an elastic-plastic behavior and a purely nonlinear elastic behavior.
Incremental plasticity can be treated in a similar manner, provided no
unloading occurs. In other words, assume that both the nonlinear elastic and
the elastic-plastic stress-strain curves are identical for monotonically
increasing load, the only difference between them is their response to
unloading, as illustrated in Fig. 1.2. Thus an analysis that assumes nonlinear
elastic behavior could be applied to an elastic-plastic material, provided no
unloading occurs.

The path-independence of the integral implies that J] can be a crack tip
characterizing parameter for elastic-plastic materials. That is, the crack tip is
the only point enclosed by all I' contours, and thus J is related to the stress

state at or near the crack tip, and to the intensity of the stress-strain
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singularity. At the same time, its value can be determined on a large contour

from conditions far from the crack tip.

(2). ] can be interpreted as the potential energy release rate per unit crack
extension for the nonlinear elastic counterpart of an elastic-plastic material.

A more physical meaning of ] can be obtained from the J-integral
definition of Eq. (1.1) by considering Fig. 1.3, where let I' be an arbitrary
contour around the crack tip and assume crack grows by da carrying the

contour with it to new position T'*. Then:

Jda=[(Wdyda- i%dsda) (12)
r X

The first term on right-hand side is the strain energy gained by moving the
contour with the crack tip, and the second term is the work done by traction
in moving. Thus Jda is the total energy coming across the contour for a

cracked area da (per unit thickness).

_dU

T (1.3)

J=

This provides an alternative interpretation: J can be interpreted as the
potential energy release rate per unit crack extension for an elastic-plastic
material, which was also suggested by Rice [6].

On a load versus load-line displacement P-v plot of two identical
specimens with slightly different crack lengths, Fig. 1.4, the area between two

P-v curves is Jda. The value of Jda can be evaluated in load control (load is
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held constant) or in displacement control (displacement is held constant).
There is a difference of a small triangular area between two methods. This
small area is a second order term and may then be neglected. Therefore, an

alternative, equally valid definition of ] can be

g = ]:(%'

J = —
da

dP (1.4)

»

_dv _].{9.5
da o du

v 0

This result allowed Begley and Landes to do the first experimental evaluation
of J [7-8]. After their critical experiments, significant effort was devoted to
evaluate ] as a function of applied load, displacement and crack length. From

this, various approaches for | determination were developed.

(3). ] is the strength of the crack tip elastic-plastic stress-strain field singularity,
thus J could be the governing parameter of that field.
Work done by Hutchinson [3-4] and Rice and Rosengren [5] showed that

the crack tip elastic-plastic stress-strain field can be related to ] by

!

\n+1
0,(r.0) = 0'0( J J c,(n,0) (1.5a)
CyEyr \
|
J et ‘
£,(r.0) = g £,(n,0) (1.5b)
where
o, = reference stress, is usually equal to the yield stress,

o,/ E,

M
i



n = the strain hardening exponent
r,6 = the position coordinates of a point ahead of the crack tip

with the origin at the crack tip,

dimensionless functions of » and 6.

O
1
Il

v €ij

The Egs. (1.5a) and (1.5b) are called the HRR (Hutchinson, Rice and
Rosengren) singularity. ] defines the amplitude of the HRR singularity, just
as the stress intensity factor, K, characterizes the amplitude of the linear
elastic singularity. Therefore, ] completely describes the conditions within the

plastic field.

(4). J can be used as a fracture initiation criterion, defined as J, .

It is clearly implied by Egs. (1.5a) and (1.5b) that for a given material, equal ]
values mean equal intensities of geometrically identical surrounding crack-
tip stress-strain fields. Thus, crack growth begins when a critical value of the
strength of that field is attained.

Eq. (1.4) relates the ] to the load versus displacement diagrams. Begley and

Landes [7-8] used this concept to evaluate ] at the point of initiation of crack
growth (J, ) for different materials and geometries, as well as specimen sizes.
They found that the value of J, obtained from small specimens, where large
amounts of yielding had occurred, was the same (for the same material) as
that for big specimens where the plastic zone was very small compared with
other planar dimensions. That is

J, (plastic tests) = J, (elastic tests) = % (1.6)
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This result provided the possibility of using ] as a more general fracture
toughness parameter than G or K. Indeed ] coincides with G for LEFM and it

has been proven to be an adequate characterizing parameter for EPFM too.

(5). J can be used for constructing the material property J-R curve to
characterize the resistance response of materials to stable crack growth, as an
extension of the G-R curve of LEFM.

The J-R curve can be used as an index of material toughness for
engineering design, material selection, and quality assurance. It applies even
for significant amounts of crack growth under certain restrictions [9-11]. The

J-R curve can also be used to analyze conditions for ductile instability [12-13].

(6). ] can be uniquely relate to CTOD
An analysis provided by Shih [14] demonstrated that there is a unique

linear relationship between | and CTOD for a given material

J =06 (1.7)
where

o, = vyield stress,

) = CTOD.

Thus, both parameters are equally valid for characterizing elastic-plastic
fracture. This gives an analytical basis to use CTOD as an elastic-plastic
fracture parameter and leads to the J-based material testing and structural

design approach developed in the U. S. and the British CTOD methodology
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begin to merge, with advantages of each approach combined to yield

improved analysis.

Up to this point it has been clearly seen that ] is a powerful characterizing

parameter and can be used to construct a complete picture of EPFM.

1.3 Elastic-Plastic Fracture Toughness Determination

Elastic-plastic fracture behavior has been well characterized. The J, and
J-R curve have been widely used to measure the fracture toughness for
ductile materials, and their determination has been standardized. When a
ductile fracture occurs, structural components do not fail by sudden unstable
crack propagation. The complete failure usually occurs after some stable crack
growth. J, measures only the initiation of the stable crack growth process.
Therefore, it may represent a very conservative fracture criterion. A more
complete elastic-plastic fracture analysis will characterize the entire stable

crack growth by a J-R curve.

1.3.1 Ji Value and J-R Curve Determination Using ASTM Standard Methods

The first experimental evaluation of ] was done by Begley and Landes in
1972 [7-8], based on the potential energy release rate definition of J, Eq. (1.4).

After that, many other significant evaluations of ] and J-R curves were done
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by Bucci et al. [15], Rice et al. [16], Landes and Begley [9], Clarke et al. [17],
McCabe and Heyer [10-11], Ernst et al. [18], Hudak and Saxena [19] and others
[20]. Based on these works, two ASTM standard test methods, E813 and E1152
[21-22], have been developed and published for ] testing. Both produce a J-R
curve, a plot of J versus crack extension. The E1152-87 standard determines
the entire J-R curve, while E813-87 is concerned only with J, , a single point
near the initiation of slow stable crack growth on the R curve. A given
fracture toughness test could be analyzed in terms of either or both standards.
Due to the similarities between these two test methods, a new combined ]
testing standard has been developed which combines the testing and analysis
procedures of E813 and E1152.

The determination of J, values and J-R curves using the ASTM standard
test methods requires three simultaneous measurements, that of load, P,
load-line displacement, v and crack length, a. They are obtained by testing a
fatigue precracked fracture toughness specimen. The suggested specimen is
the standard compact specimen [C(T)], which is pin-loaded in tension with an
initial normalized crack length, ag/W of 0.5 to 0.7. An alternate specimen is
the three-point bend specimen [SE(B)], which is a single edge-cracked beam
and also has an initial normalized crack length, ag/W, of 0.5 to 0.7. In general,
load versus load-line displacement can be recorded directly either digitally for
processing by a computer or autographically with an "x-y" plotter via the load
transducer and displacement gage. Crack length, on the other hand, cannot
usually be measured directly during the test. Either a multiple specimen or a
single specimen technique can be used to determine the crack length
measurements. The single specimen technique is preferred (only the single

specimen technique is allowed by the E1152 standard test method for the J-R
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curve determination). With the multiple specimen technique, a series of
nominally identical specimens are loaded to various levels and then
unloaded. Some stable crack grewth occurs in most specimens. This crack
growth is marked by heat tinting or fatigue cracking after the test. Each
specimen is then broken open and the crack extension is measured on the
crack surface. When the single specimen technique is used, the crack length
is measured during the test through an indirect method. The most common
single specimen technique is the elastic unloading compliance method,
which is illustrated in Fig. 1.5. It monitors the crack extension through the
change in test specimen compliance. As the crack grows, the specimen
becomes more compliant (less stiff). The compliance measurements are
taken on a series of partially unloading-reloading segments spaced along the
load versus displacement record [17, 23]. The crack length is then determined

from these elastic compliance measurements. For C(T) specimens, they are

related by [19]
C = Elé:( vvg:‘ Y 12.1630+12.219 (a, / W) = 20.065(a, | W)’ 08
~0.9925(a, / W)’ +20.609(a, / W) =9.9314(a, | W)*]
where
E = the modulus of elasticity,
%% = the specimen width,
B = the specimen thickness,
B, = B-(B-B, Y/ B , the effective specimen thickness,
B, = the net thickness of side grooved specimen,
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C = Av, /AP , the specimen elastic compliance on an unloading/

reloading sequence.

For the SE(B) specimens, they are related by [24]

C = —l_( S )’ [1.193-1.980 (a / W)+ 4.478(a, | W)?
EB, W-a (1.9)

—4.443(a, I WY +1.739(a, | W)*]

where

S = specimen span, the distance between specimen supports.

An alternative single specimen technique is the electrical potential drop
method in which the crack growth is monitored through the difference in
electrical resistance that accompanies a loss in cross-sectional area. It has
become more popular as the electronic equipment used has been improved.
After many years of development, these two methods are now used routinely
and with very good success in many laboratories. However, both techniques
are practical only when used in conjunction with a computer data acquisition
and analysis system. Some advanced testing skills are also required to make
them work successfully.

Once the measurements of applied load, load-line displacement and crack
length are obtained, the | value can be evaluated at any point by using the

method provided by Ernst et al. [18]. That is

o= Jaio (1.10)

!
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where
Joiir = the elastic component of ],
i = the plastic component of J.

The J,,,, is determined from

K'(1-v
‘]b[(ir = '(F ) (111)
where
1% = the Poisson ratio.

The K, is the crack tip stress intensity factor. It can be determined from
ASTM standard test method E399. For C(T) specimens it is given by

P X
K, = Wf(a,/w) (1.12)
N

with

2+a I W

(—-a /W)™ [0.886+4.64(a, / W) —13.32(a, / W)’
.—.(1 - -

fla IW) =

+14.72(a, | W) = 5.6(a, | W)*]

For SE(B) specimens

P.S

K’ = Wf((l'/w) (1.13)
N



with

15

3a, | WY{L99—(a [ WY(I—a, | W)[2.15=3.93(a, / W)+2.7(a | W)']}

fla, I W) = ; 7
204+ 2a, I W)(l—a, /W)™

On the other hand, the J, ,, is determined by

Py

_ n, A dtin A;znwn : ((1(- =d,_,)
Jmm - Upiu-n + (—’?T)_L__RT}__] (1- Yi M‘E—“_]
where
b, = W -gq, the remaining uncracked ligament,
for the C(T) specimens
n = 2.0+0.522h /W,

Y, 1.0+0.76 b / W,

for the SE(B) specimens
n, = 2.0,

i

¥ 1.0,

A, can be calculate from the equation
Ap((:’: = Ap[(iwl) + [Pr + P:fl][vp!(iﬂl + V;n’\‘a’-l;»] /2
where

V/’IU}

(1.14)

(1.15)

= v - PC , the plastic part of the load-line displacement
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The J-R curve can be plotted from the J-integral values and the corresponding
crack extension values, provided the validity requirements of ASTM standard
test method E1152 are satisfied. A typical J-R curve from the compliance
method is given in Fig. 1.6. According to the ASTM standard test method
E813, the J, value can be determined from a J-R curve by using at least four
qualifying data points which lie within two specified exclusion lines. These
data reflect the material resistance to crack growth. The ] versus crack growth
behavior is approximated with a best-fit power law relationship. A blunting
line is drawn, approximating crack tip stretch effects. The blunting line is

calculated from material flow properties, using the expression

Jy = 20 Aa (1.16)
where

o = (0,+0,)/2,the flow stress

J, = the J value from blunting line

An offset line parallel to the blunting line but offset by 0.2 mm (0.008 in) is

drawn. The intersection of this line and the power law fit defines J,,
provided the validity requirement of ASTM standard test method, E813, are

satisfied.
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1.3.2 Potential Problems for J,. and J-R Curve Determination

There may exist some special cases for which the simultaneous
measurements of load, load-line displacement and crack length are extremely
difficult or impossible to obtain. Then the determination of J, or the J-R
curve using ASTM standard methods under such conditions may be a

problem. Some examples of these difficult cases are described below.

(1). Difficulty in measuring crack length
The crack length may be difficult to measure due to equipment or material
restrictions. It has been mentioned in last section that the preferred single
specimen techniques require sophisticated equipment and advanced test skills
to monitor the crack extension. Not all laboratories have the required
equipment and skills. Moreover, it has been found that the elastic unloading
compliance method does not work well for the materials such as most
plastics, that
show viscoelastic behavior. Each unloading-reloading cycle for these
materials results in a hysteresis loop instead of a straight elastic line. It is
difficult to estimate the compliance and hence the crack length from such a
curved loop. It has also been found that the elastic unloading compliance
method works well to monitor the crack extension only when the specimen
is side-grooved. Sometimes the side-grooving technique is not applicable
such as for thin sheet metals or other materials. For most plastics side-

grooving may cause crazing and trigger unexpected brittle fracture.
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(2). Difficulty in measuring displacement

For some fracture toughness test situations, displacement may be difficult
to measure. Examples of this could be for high-temperature testing where a
conventional strain gauged displacement transducer cannot operate or a test
in a hot cell where the mounting of a gage may be difficult. For the latter case,
this may be especially true for nuclear surveillance specimens that are small
and do not have the correct design to accommodate the load-line

displacement gage suggested by the standard test method.

(3). Difficulty in measuring load

For testing a crack-line-wedge-loaded specimen C(W), the loading
arrangement does not permit load measurement; but the displacement can be
measured easily. Also the crack length cannot be measured by using the
elastic unloading compliance technique without load measurement.
However, it could be measured by an electrical potential drop system. If the
J-R curves can be developed from displacement versus crack length with no
load measurement, this could provide a convenient way to test fracture

toughness for ductile materials.

(4). Dynamic tests

The Charpy impact test has been widely used for assessing the brittle-
ductile fracture characteristics of structural materials under dynamic loading
conditions. The advantage of this test method is that it is simple and
inexpensive, easy to conduct and backed by a wealth of interpretive
experience on conventional materials. Previously the Charpy impact test was

used to determine the energy absorbed to fracture a specimen, which provides
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only a qualitative indication of material toughness. By using some empirical
correlations the static fracture toughness, Kj., and the dynamic fracture
toughness, Kjq, could be estimated from impact test results. When the striker
of a Charpy machine is instrumented a load versus time record can be
obtained from the test. This load-time curve is not difficult to convert into a
load-displacement curve. It has been found that considerable plastic
deformation is involved in Charpy impact fracture except at very low
temperatures [25]. This situation would require the use of an elastic-plastic
fracture parameter like ] for better characterizing the fracture behavior under
impact test conditions. If the on-line crack length measurements can be
predicted from the load versus displacement records, J-R curve can then be
developed from a Charpy impact test. It would provide a useful method for
elastic-plastic fracture toughness determination under dynamic loading

conditions.

Recently, a method of normalization has been introduced by Landes et al.
[26-29] as a convenient way to determine the ]J-R curves when the crack length
measurement or the displacement measurement is difficult to obtain from
the test. It employs the principle of load separation, which was originally
suggested by Ernst et al. [18, 30] and developed by Sharobeam and Landes [31],
to functionally relate three variables: load, displacement and crack length. If a
suitable functional form is determined, it can be used to predict any one of the
three variables given the other two. The most successful version of the
method of normalization uses a three-parameter LMN function to relate the
three variables. With this function the J-R curves can be successfully

developed from load versus displacement without crack length [28] and from
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the load versus crack length without displacement measurement [29].
However, the method suggested seems too complicated to be used widely by
the engineering public. A further improvement is needed. Also some new
applications of the method of normalization could be developed to determine

J-R curves under some other of the difficult conditions mentioned above.

1.4 Objectives

As the title states, the goal of this work is to develop some approaches that
can be used to determine the elastic-plastic fracture toughness under some

difficult conditions. Four primary objectives are included in this work.

(1). Improve the current approach for J-R curve determination from load
versus displacement records without crack length measurements using the

method of normalization.

(2). Improve the current approach for J-R curve determination from load
versus crack length records without displacement measurements using the

method of normalization.

(3). Develop two new approaches for J-R curve determination from
displacement versus crack length records without load measurements and
from only displacement data by predicting both load and crack length

measurements using the method of normalization.
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(4). Develop a new approach for J-R curve determination under dynamic

loading conditions using Charpy impact tests.

Obviously, these topics are important in development of elastic-plastic
fracture mechanics and in the determination of fracture toughness. The
methods to be developed here will likely have extensive applicability to

engineering practice.



Chapter 2

Review of Method of Normalization

2.1 The Principle of Load Separation

The principle of load separation is an important concept in elastic-plastic
fracture mechanics. This concept was first used by Rice et al. [34] to evaluate ]
from a single load-displacement record for a deeply cracked bend type
specimen. Later, it was used by Merkle and Corten [35] to develop another
single specimen ] determination approach for the compact type specimen.
More recently, a method of normalization was developed by Landes et al. [26-
29]; based on this principle J-R curve can be determined when crack length or
displacement measurements are difficult to obtain from the test. The
following is a brief introduction of the principle of load separation.

During the loading of a cracked body, the load, displacement and crack
length can change continuously. Since these are the only interacting
variables for the fracture procedure, they could be related by an arbitrary

function F with an arbitrary constant factor &

P = kF(alW, v/ W) (2.1)

where the crack length, ¢, and displacement, v, are normalized with the
specimen width, W. An important development in study of the relationship

between the load, displacement and crack length was made by Ernst et al.
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(18, 30], who showed analytically that the load can be separated into two
multiplicative functions, one of crack length, «, and the other of plastic

displacement, v,, when the total displacement is represented as a sum of its

elastic and plastic components. That is

P = Gla/W) H(v, /W) (2.2)

and
Vo= vt (2.3)

where both variables, ¢ and v, are normalized by the specimen width

dimension, W. The elastic component of displacement, v,, is given by the

et

load and a compliance function C(a/ W)
vo= PCalW) (2.4)

The principle of separation has been experimentally confirmed and
demonstrated to work for all types of specimen geometry by Sharobeam and
Landes [31-33]. If both functions, G and H, in Eq. (2.2) are known, a unique
relationship between the load, displacement and crack length is determined.
The function G(a/W) is dependent upon the particular specimen
geometry. It has been suggested [32, 33] that for the specimen geometries used

commonly G(a/ W) could be expressed as

GalW) = W B(b/W)™ (2.5)



where
B = specimen thickness
b = uncracked ligament, W -«
n,, 1s a constant for a specific specimen configuration for example

n, = 2.15 for a compact specimen

n, = 2 for a three-point bend specimen.

The determination of the function H(v, /W), the deformation function, will

be given in next section.

2.2 The Method of Normalization

The method of normalization was developed using the principle of load
separation described in last section. When the load is divided by the

geometry function G(a/W), a normalized load P, is defined.

P, = PIGa/W) = H{v, /W) (2.6)

;
i

H(v,/ W) represents the plastic flow character of the material and specimen
geometry. If P, is plotted versus (v,/W) a graphical form of H(v,/W)
function is defined. The deformation function H(v /W) should be material
dependent. It depends on flow strength, hardening character and other
material features. The method of normalization assumes that a functional

form could be inferred for H(v, /W) that is general for many materials. The

functional form would have unknown constants that could be determined
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from calibration points for which the load, displacement and crack length are
known simultaneously.

In studying most test records it was found that the deformation behavior
showed a power law character at the early range of plastic displacement and
changed to a straight line character later [27-28]. Fig. 2.1 shows a typical plastic
deformation curve for an A508 steel. The latest version of the method of
normalization uses a three-parameter LMN function modeled after a

functional form originally suggested by Orange [36]. It is given by

(L+M v, I W) (v, | W)

Py = Hv /W) = T

where L, M and N are the unknown fitting constants. This function

resembles a power law (or polynomial) when (v, /W) is the order of N and a
straight line when (v, /W) >> N. It gives the best representation of the
material deformation behavior observed from the tests of commonly used
materials.

The determination of three constants L, M and N in equation (2.7)
requires at least three calibration points. The previous application of
normalization used three types of point as the LMN function fitting
calibration points [28, 29]. They are illustrated in Fig. 2.2 and briefly described

as follows.

(1). Point A is taken at final load, displacement and crack length where the
final crack length is measured on the fracture surface of a broken specimen

half after the test is completed. When the J-R curve is developed from load,
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P, versus crack extension, A«, a final plastic displacement can be measured
from the permanent plastic deformation at the end of the test. The

corresponding final displacement can be found from

v, = PCla, I W)+v, (2.8)

(2). Points B are a set of points taken at the initial part of the test record
before the maximum load is reached or before measurable crack extension
occurs.

For the case where the J-R curve is developed from the P versus v record,
a forced blunting assumption is used for evaluating the crack lengths for

points B [28]

Aa = J/20, (2.9)

where o, is the flow stress. If the J-R curve is developed from the P versus
Aua record, a power law fit works well for estimating plastic displacements in

this range [29].

Py = u(v, /W) (2.10)

where the exponent « is taken to be a constant equal to 0.13. The factor p is

related to flow stress by

p = 107.37-2.1766, +0.0197 &} (2.11)
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(3). Points C are an intermediate set of points taken at

1/3 (2.12)

v, = i P max)J

r }pfmax] +[vpj -V
where the subscript (max) refers to the maximum load point and " f" to the

final point. The values of P, vary between P,

Nimax)

and P,,, and are used to

optimize the fit of the LMN function.

Each set of points A, B; and Cj could determine a set of L, M and N
constants. For the first fitting step points B; (i=1,2,...Ihax) are taken with point
A and point C;, which is usually chosen at the lowest value of P, on points
C, to determine a set of L, M and N fitting constants. The standard deviation
for L, M and N in this sequence is then computed. In the second step a new
point of C, Co, is chosen by slightly increasing the P, value from C;. The
procedure in the first step is repeated for points A, B; and C; and L, M and N
are again determined along with their standard deviations. This process is
repeated until the fitting is complete; that is when the minimum standard
deviation sum of L, M, N is reached. The optimum fitting constants in
equation (2.7) are found from the average values of L, M and N at the point
C; which gives the smallest standard deviation for L, M, N and also satisfies
the criterion that the average value of N is greater than 0.0005.

Once the L, M and N are determined, equation (2.7) can be combined with
equations (2.3-2.6) to predict any one of the three parameters, load,
displacement and crack length, knowing the other two. These can then be

used to determine the J-R curves using the ASTM standard E1152 formula.
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Chapter 3

Application I of Method of Normalization:
J-R Curve Determination from Load versus Displacement

Records without Crack Length Measurements

3.1 Introduction

Originally, the method of normalization was introduced as an alternative
way to determine J-R curves from the experimental load versus displacement
data by predicting crack length analytically from the plastic character of the
material. It has been demonstrated [28, 37] that with a three-parameter LMN
function to relate load, displacement and crack length, Eq. (2.7), the crack
length can be predicted and the ]J-R curve can be developed accurately. The
accuracy of the prediction is as good as or even better than the traditional
elastic unloading compliance method. Obviously, this technique has many

advantages compared with the compliance method and other techniques.

* [t can eliminate the need for an on-line crack length monitoring system,
and therefore simplify the test procedure for J-R curve determination

significantly.

e It is more reliable. This is particularly clear when the compliance method
fails to measure the crack length for some reason, such as when the side-

grooving technique cannot be used.
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e The normalization method works well for a wide range of materials,
including polymeric materials, whereas the elastic unloading compliance

method and electrical potential drop technique only work for most metals.

However, in applying the normalization method the LMN function needs
to be determined individually for each specimen. The LMN function has
three constants which need to be determined using at least three calibration
points. The previous approach uses three kinds of calibration point, the final
calibration point, the initial calibration points from a forced blunting line and
the intermediate calibration points, to fit the three constants, as illustrated in
chapter 2. The first and second calibration points have been defined
definitely, while the third calibration points are not defined so clearly. They
are adjustable and used to optimize the fitting result. The determination of
the LMN function then involves a complicated fitting procedure that is not
easy to understand, nor convenient to use. Therefore, a new approach is
developed here to improve the previous approach and simplify the

procedure.

3.2 An Improved Approach for J-R Curve Determination from Load versus

Displacement Records

As has been mentioned before, the LMN function has a power law
character at the initial range of plastic displacement and changes to a straight
line character later. The constant N is usually a very small number (around

0.001). When the (vp,/W) >> N, Eq. 2.7 reduces to a straight line
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Py =L+ Mv /W (3.1)

where, graphically L is the y-intercept and M is the slope. When the load is
normalized with the initial crack length ¢, the normalized load value at

maximum load point, labeled L,, appears to be approximately equal to L.

L ~ ll() —_ max { (3‘2 )

This concept is illustrated schematically in Fig. 3.1. A more accurate

relationship between L and L, could be given by introducing a factor into

Eq. (3.2). Thatis

L = kL, =k — - (3.3)

This relationship can be used to determine the constant L first. The
remaining two constants, M and N, can be then determined using only first
and second calibration points. In this way the third type of calibration point,
the intermediate calibration points C, are not needed anymore. Discarding
them eliminates the complicated part of the fitting procedure. Meanwhile,
since the L is determined from the test information itself, it is more reliable
than the previous approach and could improve the accuracy of the whole
LMN function.

To find an optimum way to determine the LMN function using the
maximum load point, a deformation behavior study has been conducted on a
large experimental data base. This data base contains a total of two hundred

and twenty-two test specimens in eighteen material groups including two
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polymeric materials. They were tested under different conditions and
measurements of all three parameters, load, displacement and crack length,
were taken for J-R curve determination (for the specimens of polymeric
materials, only load versus displacement were measured). All these data sets
were collected from the literature [38-45] and no new tests were conducted in
this work. Tables 3.1 summarizes the relative information about this data
base. These data sets represent a wide range of materials, different specimen
sizes and various specimen geometries. Therefore, conclusions from the
analysis of this data base could be reasonably general. The LMN function has
been used to fit all the specimen deformation curves included in this data
base. It has been found that the successful fitting values of the constant L for
all specimens studied distribute within a range of (1.0 L,) to (1.12 L),
depending on the material used. It has also been found that the value of the
constant N controls the location on the deformation curve where there is a
significant slope change (i. e. where the deformation curve changes from the
power law character into the straight line character) and the curvature around
this location. This can be seen from the Fig. 3.2. The study showed that the
value of the constant N could be used to help determine a suitable constant L
during the fitting procedure. The procedure is first to assume that the
constant L has a value of L = L;,. Using this with calibration point A, the
final calibration point, and the calibration points B, the initial calibration
points from the forced blunting line, the remaining constants M and N are
determined. If the resulting constant N = 0.0006 (the N is taken at the
average value of all the N, determined), this value of L is suitable to give an
accurate LMN function fit. On the other hand if the resulting N < 0.0006, the

assumed value of L = L is lower than a suitable one. By increasing the L



Table 3.1 A Summary of the J-R Curve Data Base Used in This Study

Oys OuTs Number of
Materials Mpa (ksi) Mpa (ksi) Specimens Notes Sources
Metallic Materials:
2024 Aluminum 315.1 (45.7) 462.0 (67.0) 3 All CT without side-grooving [38])
A106 Steel 324.1 (47.0) 558.5 (81.0) 3 All CT with side-grooving [39]
A508 Steel 386.1 (56.0) 544.7 (79.0) 34 CT in 1/2T,1T, 2T, 4T, 10T w. side-grooving [40]
HSST Weld 426.1 (61.8) 512.3 (74.3) 8 All CT with side-grooving [41]
A533B Steel 441.3 (64.0) 599.8 (87.0) 20 CT, CCT, DEN, SEN are included (39]
HSLA-80 Stecl 482.6 (70.0) 572.3 (83.0) 16 CT with/ without side-grooving [42]
HSLA-710 Steel-Heat 1 510.2 (74.0) 599.8 (87.0) 4 All CT with side-grooving [39]
HSLA-710 Steel-Heat 2 570.8 (82.8) 675.0 (97.9) 3 All CT with side-grooving [43]
HSLA-710 Steel-Heat 3 551.6 (80.0) 620.5 (90) 5 All 3-PB without side-grooving (43)
7075 Steel 530.9 (77.0) 586.1 (85.0) 3 All CT without side-grooving (38}
HY80-Ni Steel 613.6 (89.0) 730.8 (106.0) 3 All CT with side-grooving [39]
HY130 Steel 930.8 (135.0) 1034.2 (150.0) 22 CTin 1T, 2T, 4T (42]
4340 Steel 1041.1 (151.0) 1123.9 (163.0) 27 All CT without side-grooving
A304 Stainless Steel 293.7 (42.6) 610.9 (88.6) 6 CT with/ without side-grooving [44]
1-1/4 Cr Steel at 1000°C 140.0 (20.3) 250.3 (36.3) 5 All CT with side-grooving
2-1/4 Cr Steel at 1100°C 104.8 (15.2) 188.9 (27.4) 6 All CT with side-grooving
Polymeric Materials:
ST801 Nylon 50.1 (7.3) 29 All 3-PB without side-grooving [45)
ST901 Nylon 68.7 (9.96) 25 All 3-PB without side-grooving [45]

[43
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value slightly and using it to determine the constants M and N again, the
constant N will increase with L. By repeating this procedure, the suitable
value of L can be found when N 20.0006 or L =1.12 L, is reached, whichever
comes first (when the case of L =1.12 L, occurs, the N may be smaller than
0.0006 for some materials).

The new approach for J-R curve determination from load versus
displacement can be summarized in two flow charts. For convenience the
equations used are repeated here [Same equations are given by Eq. (1.10),

(1.11), (1.14), (2.3) through (2.7) and (2.9)].

Vi = Veiy TV (3.4)

Ve, = P Cla, I W) (3.5)
P

P’ ) = : 3.6

N WB(b | W)™ (36)

L+Mv /W),  IW
Pyoy = H,, /W) = ( o L oy L) (37)
! N+, W)

J, = 20, Aq, (3.8)
K (1—-v*

Ji = —_l—(_—E‘_—_—“2 + Jp/(!) (3'9)

n, (P+P_)v .~V .. (a,—a,_,)
Jp/(l) = [Jp[(iAl)+(b[ ]B/N) ] 2]() P ] [l_'}/T“] (3'10)

The flow chart given by Fig. 3.3 illustrates the LMN function determination
procedures using the new approach while the flow chart given by Fig. 3.4

describes the crack length prediction procedure using the LMN function
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determined. A computer code in FORTRAN language has been developed
for determining the J-R curve automatically using the new approach. It is

given in Appendix B of this dissertation.

3.3 Results from the Application of the New Approach

To evaluate the proposed approach, it has been applied to all of the J-R
curve test specimens collected in the data base. Because most of these
specimens were tested previously using elastic compliance method, load,
displacement and crack length for the J-R curve determination were all
recorded. When the new method was applied, the crack length was assumed
to be missing and J-R curves were determined from only load and
displacement measurements with the crack length being predicted from the
new method. A total of thirty-one examples are reported here and compared
with the corresponding J-R curve results determined from the compliance
method as well as the previous three-point fitting normalization method.
They could be divided into five groups to see how well the new method
works for five areas of concern including different metallic materials,
different specimen sizes, specimens without side-grooving, different
specimen geometries and polymeric materials. The results for these five areas

of concern are discussed separately below.

(1). J-R curve results for different metallic materials
The first group of results includes fifteen compact specimen J-R curves
from fifteen different metallic materials, one for each type of metallic

material listed in Table 3.1. The results are shown in Fig. 3.5 through Fig. 3.19
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in terms of J versus crack extension, Aa. The materials involved have very
different properties, from low strength, low toughness materials like 2024
aluminum to high strength, high toughness materials like HSLA-710 steel,
and from high strength, low toughness materials like HY130 steel to low
strength, high toughness materials like 1-1/4 Cr at high temperature. Also a
very ductile material, A304 stainless steel, is included. Therefore, these
results represent a wide range of materials. It can be seen from these results
that the new approach worked very well for all the materials studied. When
compared with the traditional elastic compliance method and the previous
three-point fitting approach, the new approach showed the following

features.

* When the final physical crack length was correctly or near correctly
estimated by the elastic compliance method, the J-R curves determined from
three methods are almost identical, especially for the side-grooved specimens.
This could be seen from the Fig. 3.6 through Fig. 3.11 for A106 steel, A508
steel, HSST weld, A533B steel, HSLA-80 steel and HSLA-710 steel-heat 1
respectively and the Fig. 3.14 for HY80-Ni steel, the Fig 3.15 for HY130 steel.

* When the elastic compliance method sometimes cannot estimate the
final physical crack length correctly for some reason, the method of
normalization (including both previous three-point fitting approach and the
new approach) always gives better J-R curve results. This can be seen from
the Fig. 3.16 for 4340 steel, Fig. 3.17 for A304 stainless steel, Fig. 3.18 and Fig.
3.19 for 1-1/4 Cr steel and 2-1/4 Cr Steel at high temperature. For all of these
cases the final physical crack lengths were underestimated by the elastic

compliance method. The main reasons for the underestimation of the final
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physical crack length could be that the specimens were not side-grooved, the
cases in the Fig. 3.16 and Fig. 3.17, and the tests were conducted at high
temperature, the cases in the Fig. 3.18 and Fig. 3.19. However, for all these
cases the normalization method corrected the crack length values to fit the
final physical crack lengths. The final physical crack length is measured on
the fracture surface after the test is completed by breaking the specimen into
two. It should be viewed as the actual physical crack length. The J-R curve
determined from method of normalization is based on the final physical
crack length and fits it exactly. Therefore, it more correctly represents the
actual crack extension.

Note that the A304 stainless steel is a difficult material case for applying
the method of normalization. Since it is a very ductile material, its plastic
displacement component is much larger than its elastic component. A little
error in the plastic displacement component prediction will lead to a large
error in the elastic displacement component prediction in terms of
percentage, and therefore cause a large error in the prediction of crack length.
Reference [44] suggests that the blunting line for this material should be
J = 40,Aa. This was used in this study when the normalization method

was applied. The result shown in Fig. 3.17 looks good.

¢ Sometimes the elastic compliance method could accidentally estimate
the crack length incorrectly. An example of this can be seen from Fig. 3.12 for
HSLA-710 steel-heat 2. In this case the compliance method predicted the crack
length incorrectly at the initial part of the crack growth but worked very well
at the later part. Again, however, the normalization method predicted the

crack length correctly and gave a much better J-R curve result.
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* The results in this group show that the new approach worked as well as
or even better than the previous three-point fitting approach. The cases
where it works better can be seen in Fig. 3.5, Fig. 3.8 and Fig. 3.14. This is
expected for the case where the constant L is determined from the test

information itself.

(2). J-R curve results for different specimen sizes

The second group of J-R curve results consists of Fig. 3.7 and Fig. 3.20
through Fig. 3.25. They are presented to show how well the new approach
works for different specimen sizes. Seven specimens of different sizes are
included in this group. Among them, five are standard compact specimens
in sizes from 10T to 1/2T and two are non-standard compact specimens, one
is in a very small thickness and the other is in very deep initial crack length.
All specimens were made from A508 steel with 20% side grooving. The
specimen information included in this group is listed in Table 3.2.
Table 3.2 A Group of A508 Steel Specimens in Different Sizes

Used in this Study

4 B ag
Figs. Size Name in, {mm) in, (mm) in, (mm) Notes
Fig. 3.20 10T 20, (508) 10, (254) | 11.77, (299.0) Standard
Fig. 3.21 4T 8, (203.2) 4, (101.6) 4.08, (103.6) Standard
Fig. 3.22 2T 4, (101.6) 2, (50.8) 2.114, (53.7) Standard
Fig. 3.7 1T 2, (50.8) 1, (25.4) 1.031, (26.2) Standard
Fig. 3.23 1/2T 1, (25.4) 1/2 (12.7) 0.525, (13.3) Standard
Fig. 3.24 10T 20, (508) 1. (25.4) 11.054, (280.8) [Small Thickness
Fig. 3.25 47 8, (203.2) 2, (50.8) 7.074, (179.7) Deep a,
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The size range covered by this group of specimens is large and general
enough for size effect evaluation. It is obvious that the new approach worked
quite well for all specimen sizes included in this group. For three out of
seven cases including the 2T specimen in Fig. 3.22, the 1T specimen in Fig. 3.7
and the 10T small thickness specimen in Fig. 3.24, where the compliance
method estimated the final physical crack length accurately, the new
approach gave the almost same results as the compliance method did. For
other four cases, where the compliance method underestimated the final
physical crack length, the new approach improved the results to fit the final

physical crack length.

(3). J-R curve results for different specimen geometries

The new approach not only worked very well for compact specimen as
shown above, but also work very well for other specimen geometries. This
can be seen from the third group of J-R curve results. Four specimen
geometries are included in this group. These results are shown in Fig. 3.26 for
three point bend specimens (3PB/SE(B)), in Fig. 3.27 for single edge notched
tension specimens (SENT), in Fig. 3.28 for double edge notched tension
specimens (DENT) and in Fig. 3.2% for center cracked tension (CCT)
specimens. Each figure contains two J-R curve results determined by the new
approach for each specimen type, these results were compared with the
results from the elastic compliance method. The information for the

specimens used in this group is given in Table 3.3.
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Table 3.3 The Information of Specimens in Different Geometries

Used in this Study

Figures and Specimen w B ag
Materials Specimens Geometry in, (mm) in, (mm) in, (mm)
Fig. 3.26, HSLA-710 | Specimen #1 3PB 2, (50.8) 96, (24.384)(1.106, (28.09)
Steel-Heat 3 Specimen #2 3PB 2, (50.8) .96, (24.384)|1.0775, (27.37)
Fig. 3.27 Specimen #1 SENT 20, (508) 0.1, (2.54) 6 ,(152.4)
A533B Steel Specimen #2 SENT 20, (508) 0.1, (2.54) 8, (203.2)
Fig. 3.28 Specimen #1 BENT 16, (406.4) | 0.1, (2.54) [3.97, (100.84)
AS533B Steel Specimen #2 BENT 8, (203.2) | 0.1, (2.54) [1.945, (4%.403)
Fig. 3.29 Specimen #1 CCT 16, (406.4) | 0.1, (2.54) 4, (101.6)
AS533B Steel Specimen #2 CCT 8, (203.2) | 0.1, (2.54) 2, (50.8)

The new approach to the method of normalization showed its superiority

here again for all geometries studied.

* For most specimens reported in this group, the elastic compliance method
worked quite well. Each J-R curve from the new approach was very close
to the corresponding one from the compliance method for these

specimens.

* For the cases where the compliance method did not measure the crack
length correctly, the new approach can predict the crack length more
accurately and give the better J-R curve results. This can be clearly seen
from the result for the 3PB specimen #2, Fig. 3.26, for which the
compliance underestimated the final physical crack length considerably

and from the result for the CCT specimen #2, Fig. 3.29, for which the
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incorrect crack length measurements and unexpected crack jumps were
found at some points from compliance method. All these problems were

corrected by the new approach.

* Therefore, all the cases in this group showed that the J-R curve results

from the new approach were more consistent for each specimen geometry.

e For the specimen geometries studied in this group, only the 3PB/SE(B)
specimen is a standard specimen type used in ASTM test methods. The
results reported here show that ]J-R curve tests can be conducted
successfully for non-standard specimen types, especially when the new

method is used.

(4). J-R curve results for specimens without side-grooving

Experience from previous practice showed that difficulty often occurred
when the elastic compliance method was used to measure the crack length for
specimens without side-grooving during the J-R curve tests. An important
advantage for the method of normalization is that it can be used to determine
I-R curves without any difficulty for non-side-grooved specimens. The
fourth group of J-R curve results contains 7 specimens without side-grooving,
Fig. 3.5 for 2024 aluminum, Fig. 3.13 for 7075 steel, Fig. 3.15 for HY130 steel,
Fig. 3.16 for 4340 steel, Fig. 3.17 for A304 stainless steel and Fig. 3.30 and 3.31
for two identical specimens of a HSLA-80 steel. They are used to evaluate
how well the new approach works for J-R curve determination when non-

side-grooved specimens are used.
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Results from this group showed that the new approach worked as well as
or even better than the previous three point-fitting approach for the
specimens without side-grooving. The same features discussed above were
found here again under the condition of non-side-grooving. That is, for the
three cases of low toughness materials, 2024 aluminum in Fig. 3.5, 7075 steel
in Fig. 3.13 and HY130 steel in Fig. 3.15, the compliance method measured the
final physical crack length correctly, but some incorrect crack length
measurements were found for the case of the 7075 steel. The results from the
new approach were very close to those from compliance method and the
incorrect points were improved for the case of 7075 steel. For other two cases,
4340 steel in Fig. 3.16 and A304 stainless steel in Fig. 3.17, the final crack
lengths were underestimated by the compliance method. The new approach
fitted the final physical crack length. The results shown in Fig. 3.30 and Fig.
3.31 were the cases for which the elastic compliance method failed to work.
They were from two identical compact 2T specimens in a HSLA-80 steel. The
J-R curves determined should be the same for both of them. However, each
of the resulting J-R curves from the compliance method appeared to be a set
of scattered points, that were totally different from each other. This is clearer
when they were plotted together, Fig. 3.32. In contrast, the new approach
determined the J-R curves for these two specimens successfully. The two
resulting J-R curves were almost the same, Fig. 3.32, as was expected for the

two identical specimens.

(5). The J-R curve results for polymeric materials
It has been mentioned before that the standard test method for J-R curve

determination cannot be applied to polymeric materials. This is because the
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traditional elastic compliance method and electrical potential drop method do
not work for these materials. With the development of the method of
normalization, the J-R curves could be determined using the single specimen
technique. The polymeric material test data collected for this study were
originally developed for determining J-R curves using the multiple specimen
method [45]). Four multiple specimen sets were included. Their specimen

information was listed in Table 3.4.

Table 3.4 The Specimen Information of the Polymeric Materials

Used in this Study

Material and Number of Specimen W B ap
Specimen Sets  [Mult-Specimens| Geometry in, (mm) in, (mm) in, (mm)
ST801 Nylon, Set 1 18 3-Point Bend [ 0.25, (6.35) [0.125, (3.175)[0.125, (3.175)
ST801 Nylon, Set 2 11 3-Point Bend 1, (25.4) 0.5, (12.7) | 0.5, (12.7)
ST901 Nylon, Set 1 15 3-Point Bend | 0.25, (6.35) {0.125, (3.175)[0.125, (3.175)
57901 Nvlon, Set 2 10 3-Point Bend 1, (25.4) 0.5, (12.7) | 05, (12.7)

Only load versus displacement measurements as well as the final physical
crack length were determined for each specimen. The traditional multiple
specimen test method can use the data from each specimen to determine only
one point on J-R curve. However, with the method of normalization, the
whole J-R curve could be determined from the same data for each specimen,
if the specimen had stable crack growth.

The fifth group of results reports the J-R curves developed by the new
approach from the above multiple specimen data for polymeric materials.

They were shown in Fig. 3.33 and Fig. 3.34 for a ST801 nylon and in Fig. 3.35
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and Fig. 3.36 for a ST901 nylon. Each figure reports three J-R curves from
three identical specimens in each multiple specimen set. Results were
compared with the corresponding J-R curve determined from multiple
specimen method. All results showed that the J-R curves determined by the
new approach agreed very well with the results from the multiple specimen
method when the crack extension was small, but showed the increased
difference in ] values when the crack length was greater. This is because the
multiple specimen method does not include the crack extension correction
for the J calculation. As the crack extension gets larger, more error is
introduced into J. Therefore, the J-R curves from new approach are more

accurate.

3.4 Summary

A new approach to the method of normalization has been suggested in
this chapter for J-R curve determination from load versus displacement
without crack length measurements. It uses the maximum load point to
determine the constant L in the LMN function. Therefore, the LMN
function determination procedure can be greatly simplified. A large J-R curve
test data base was collected and evaluated for this study. The new approach
has been demonstrated to work for a wide range of materials including
polymeric materials, different specimen sizes, various specimen geometries
and non-side-grooved specimens. Actually, the new approach has all the
advantages of the previous three-point fitting approach, and the following

additional advantages.
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e The new approach is simpler, easier to understand and more convenient

to apply when compared to the previous three-point approach.

* The new approach can improve the J-R curve determination accuracy.
This is because the new approach determines the constant L from the test

data itself and the accuracy of LMN function is improved.

Therefore, the method of normalization with the new approach suggested
here can be used as an alternative method for J-R curve determination,
especially under conditions when the crack length is difficult to determine

during the test.
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Chapter 4

Application II of Method of Normalization:
J-R Curve Determination From Load versus Crack Length

Records without Displacement Measurements

4,1 Introduction

Another important application of the method of normalization is the J-R
curve determination from test records which contain only load versus crack
length values with no measure of displacement. This technique could be
useful when the test conditions are such that it is difficult to measure the
displacement. In modern engineering practice this could happen as described
in Chapter 1. The method of normalization uses the principle of load
separation to relate the three variables load displacement and crack length in
fracture problems. Therefore, it provides a theoretical basis to predict
displacement from load versus crack length measurements. Then, the J-R
curve could be determined from such a data set. An approach has already
been developed with good success for this application [29]. It used the LMN
function to relate the normalized load and plastic displacement. The same
three types of calibration points and three-point fitting procedure were used
as used in the previous approach for application I to construct the LMN
functions, but a power law fit, Eq. (2.10), was used to give the initial
calibration points. The advantage of the three point fitting technique is it can

determine the LMN function correctly for each test specimen. Therefore, the
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displacement values can be predicted with good accuracy from the LMN
function determined. The disadvantage is that the fitting procedure is too
complicated since an adjustable intermediate calibration point is used. This
has been pointed out in chapter 3 and it is the same here. A new approach

which results in an easier procedure is then developed in this chapter.

4.2 A New Approach for J-R Curve Determination from Only Load versus

Crack Length Pairs Using the Method of Normalization

It has been shown in last chapter that the maximum load point can be
used to determine the constant L in LMN function when the method of
normalization is used to determine the J-R curves from load versus
displacement records without crack length measurements. In this way the
LMN function determination procedure is considerably simplified and the
prediction accuracy from the method of normalization is improved. For the
case considered here this idea could also be adopted to eliminate the
complicated fitting procedure in the previous approach.

A study has been conducted to use the maximum load point to determine
the constant L when the J-R curve is determined from the load versus crack
length without displacement measurements. The specimens made from
nine metallic materials were included in this study. They were 1-1/4 Cr steel
at 1000 °C, 2-1/4 Cr steel at 1100 °C, A106 steel, A508 steel, A533 steel, HSLA-80
steel, HSLA-710 steel, HY80 steel and HY130 steel. Also the specimen sizes
from 1/2 T (W=1, B=0.5 in) to 10T (W=20, B=10 in) were covered. The

relevant material property and specimen size information have been
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reported in the Table 3.1 and 3.2. It was found that the LMN function could
be determined successfully by using the maximum load point combined with
final calibration point as well as the initial calibration points estimated from
the power law fit given by Eq. (2.10). The evaluation procedure is almost the
same as the one developed in last chapter.

The new approach then can be described clearly by two flow charts, Fig. 4.1
for the LMN function determination and Fig. 4.2 for the plastic displacement

prediction, with the equations involved listed below.

Vo= Vg Vo (4.1)
v, = P Cla, I W) (4.2)
Py, = m—’-)}-—w)n— (4.3)
Py = p(v, | W) (4.5)
J = f-il}iil - (4.6)
T = Wy, +( :);’Q(P" i P"‘)(‘;’“’ ~ )y yﬁ‘iih-‘f—ﬁ (4.7)
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P
LU = Wma\ - (48)
WB( —ao)
W
P
L =kL =k W“‘“X - (4.9)
WB( _“0)

Note that in the new approach the exponent constant x for the Eq. (4.5) is
taken to be the value of 0.25 and the factor g is determined from the material

flow stress using the following equation.

U = 24.836 — 0.3820,+ 2.773x107 0; - 1.0652x107 o, (4.10)

They are different from those used in previous approach. The study
conducted showed that these changes could better relate the factor u to the
material flow property and extend the range of application for the new

approach to more materials.

4.3 J-R Curve Results Determined from Load versus Crack Length Pairs by

Applying the New Approach

To demonstrate the new approach, it was used to analyze the J-R curve test
data for two groups of specimens. The first group of specimens originally had
the full load, displacement and crack length measurements available. The
assumption was made that the displacement was missing when the new

approach was applied. The second group of specimen test data was supplied
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by Dr. Randy Nanstad of Oak Ridge National Laboratory for an A533B nuclear
grade pressure vessel steel in the form of only load versus crack length pairs.
Also the initial and final crack lengths as measured on the fracture surface
and the final plastic displacement were provided. The analysis was done as
described in the flow charts of Fig. 4.1 and 4.2. The final load, final plastic
displacement and final physical measured crack length were first used to get
the calibration point A and Eq. (4.5) was used to determine the calibration
points B at the initial part of the load versus displacement curve up to
maximum load point. Then the maximum load point was used to determine
the constant L,. It was found in last chapter that a suitable value of the
constant L is between (1.0 L;) and (1.12L,). The constant N was used to help
determine the actual value of constant L. Namely, a value of constant L
between (1.0 L,) and (1.12 L)) was assumed, then starting from L = L, and the
value of L was increased slightly in increments (in the flow chart 4.1 the
increment of L is suggested as 0.02 L, each increment), using calibration point
A and each of the calibration points B, a set of constants of M and N was
determined for each increment of L. Then the average values of constants M

and N in each set were calculated. The suitable values of constants L, M and

N were found when N 2 0.0005 or L = 1.12 L, was reached, whatever which
one came first. The load versus crack length pairs were then subjected to the
method of normalization using the LMN function determined so that the
plastic displacements could be predicted for each load and crack length pair.
Also, the elastic displacement values could be found from the load and crack
length pairs using the compliance formula, Eq. 4.2, and then the full

displacement could be determined. Once displacement was known, the
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values of J could be calculated at each data point and J-R curves could then be

plotted.

(1). Results for first group of specimens

Some example results from the first group of specimens are reported here
to illustrate how well the new approach works. Fig. 4.3a through Fig. 4.13a
report the P-v curves predicted from the new approach; these are compared
with the test results in each figure. Fig. 4.3b through Fig. 4.13b report the
corresponding J-R curve results determined form the load versus crack length
pairs with the predicted displacement values. These are also compared with
the J-R curves developed from the test data. The specimen information for

each case is listed in Table 4.1.

Table 4.1 A Summary of Specimens Reported in Fig. 4.3 through Fig. 4.13

Specimen 4% B ay
Figs. Materials  [Geometry Type in, (mm) in, (mm) in, (mm)
Fig. 4.3a, b A106 Steel Compact 2, (50.8) 1, (25.4) 1.228, (31.19)
Fig. 4.4a, b A508 Steel Compact 2, (50.8) 1, (25.4) 1.031, (26.2)
Fig. 4.5a, b A508 Steel Compact 20, (508) 10, (254) | 11.77, (299.0)
Fig. 4.6a, b A508 Steel Compact 8, (203.2) 4, (101.6) | 4.08, (103.6)
Fig. 4.7a, b A508 Steel Compact 4, (101.6) 2, (50.8) 3.628, (92.15)
Fig. 4.8a, b A508 Steel Compact 1, (25.4) 1/2 (12.7) | 0.525, (13.3)
Fig. 4.9a, b A533 Steel Compact 2, (50.8) 1, (25.4) 1.214, (30.84)
Fig. 4.10a, b | HSLA-80 Steel Compact 1.99, (5055) | 0.99, (25.15) | 1.322, (33.58)
Fig. 4.11a, b [HSLA-710 Steell  Compact 2, (50.8) 1, (25.4) 1.245, (31.62)
Fig. 4.12a, b HY80 Steel Compact 2, (50.8) 1, (25.4) 1.21, (30.73)
Fig. 4.13a, b HY130 Steel Compact 1.99, (50.55) 1, (25.4) 1.434, (36.42)
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The materials represented by these examples have very different properties.
Also a large enough size range is covered. It can be clearly seen from these
results that the new approach worked very well for all the cases reported. All
the P-v curves reported show that the displacement values were accurately
predicted by the new approach. All the J-R curves determined from the new
approach agree very well with the J-R curves determined from the test data.
This could be expected since the displacement values were predicted

accurately by this method.

(2). Results for second group of specimens

The second group contains eight specimens. They are all 1T size compact
specimens with 20% side grooves. Two example of raw data, as supplied
originally by Dr. Nanstad, are given in Fig. 4.14 and 4.15, where the solid dots
are the points of the final load versus final physical crack extension
measurements. Four examples of the resulting J-R curves determined by the
new approach are reported here. They are shown in Fig. 4.16 through Fig 4.19.
The J-R curves were first determined from the original test data. They are
show in each figure by the square symbol. The first two cases , Fig. 4.16 and
4.17, the J-R curve results look correct. For these two cases the final physical
crack extensions were accurately estimated by the elastic compliance
measurements. The errors were within 2.5%. However, for the last two
cases, Fig. 4.18 and 19, the J-R curves look incorrect near the end. This is
probably caused by the greater mismatch between the final physical crack
extension measurement and the final compliance crack extension prediction.

The errors for the mismatch were larger than 5%. A correction scheme has
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been suggested to change the ]J-R curve trend near the end when the

mismatch happens [29]. That is

Aa. — Aa
i 11X 4-11
(“———_A ) ( )

v /WYy = (v /W
(v, W), = (v, /W) P

max + {(V‘n / u/)f - (1'1;>/"1V)nmx}

max

This correction scheme was used to adjust the predicted plastic displacement
values to fit the final physical crack length measurement. It was based on an
empirical relationship between crack extension and normalized plastic
displacement which was observed to be nearly linear after the maximum load
point was passed. In this study it was used to correct the plastic displacement
and crack length values simultaneously for the points after the maximum
load was passed and the ]J-R curves were determined again. They are also
given in the same figures, Fig. 4.16 though Fig. 4.19, by the triangle symbol to
compare with the unadjusted ]J-R curves. Results show that the incorrect part

was removed for all the ]J-R curves reported.
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Chapter 5

Application III of Method of Normalization:
J-R Curve Determination under the Conditions When the Load Is

Difficult to Measure

5.1 Introduction

An additional new application of the method of normalization is to
determine the J-R curves from displacement versus crack length data sets by
predicting the load values. In practice this could be used to provide a
convenient method for J-R determination by testing the crack-line-wedge-
loaded compact specimens, C(W). Fig. 5.1 illustrates a scheme of a C(W)
specimen test. Such a test arrangement does not allow direct measurement of
the opening loads applied to the specimen. However, the load-line
displacement can be easily measured. Since the elastic unloading compliance
technique can not be applied without the load measurement, an electrical
potential drop system can be used to monitor the crack length during the test.
Currently the C(W) specimen is only used to determine the elastic fracture
toughness parameter K [46-47], because the technique used to evaluate the
load applied to the specimen is from the combined measurements of
displacement and crack length, and is limited to the elastic range of loading
behavior. The method of normalization uses the principle of load separation
to functionally relate the three variables, load, displacement and crack length

in the elastic-plastic fracture range. The LMN function has been successfully
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used to represent this functional relationship. It can be used to predict any
one of the three variables when the other two are known. This includes
predicting the load when displacement and crack length are known.

In this chapter the method of normalization was studied to predict the
load values for J-R curve determination when load was not measured from
the test. The study was performed by analyzing the test data from the pin
loaded compact specimens, but the methods developed could be applied to
analyze the wedge loaded specimen, C(W), test data. It was conducted in two
steps. First, a new approach was developed so that the method of
normalization could be used to evaluate J-R curves from displacement versus
crack length data by predicting the load values. In the second step an
approach for J-R curve determination from only displacement data without
load and crack length measurements was investigated. The study
concentrated on the second step since this approach could further eliminate
the need of an on-line crack length monitoring system for the J-R curve test.

Details for the two new approaches are described in the following sections.

5.2 A New Approach for J-R Curve Determination from Displacement versus

Crack Length Data without Load Measurements

Theoretically, the method of normalization can be used to predict the load
values from load-line displacement versus crack length data for elastic-plastic
fracture problems, provided the LMN function can be correctly determined.
Since it has been assumed that the load cannot be measured during the test

for this application, the technique using the maximum load to determine the



55

constant L cannot be used for LMN function determination. The three
calibration point fitting technique described in Chapter 2 is adopted here to
determine LMN function. It has been proven to be an effective technique for
the LMN function determination [28-29], although the fitting procedure used
is more complicated. When it is used in this application, the three types of
calibration points are defined as before in Fig. 2.2. However, since the load is
not measured, the final calibration point can not be obtained directly from the
test. In the new approach the final calibration point is determined by
measuring the final plastic displacement after the test is completed. Then the

following relationship could be used to determine the final load value.

yV, = v

vy = PoCla, 1W) (5.1)
In this way, the final calibration point could be defined. It has been found that
the power law fit given by equation (2.10) works well for determining
calibration points B for this application. In this case the load P is embedded in

the following equations and cannot be solved for explicitly.

Vo = Ve TV, (5.2)

v, = P Cla, I W) (5.3)

PM;\ = "P—fn (54)
' WB(b, | W)™

Py, = (v, I W) (5.5)
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An iterative method was used for solving the value of load P at each point.
This is illustrated by a flow chart given in Fig 52. The calibration points C
work in the same way as before and are used to optimize the fit. The three
constants were then determined from three types of calibration points, A, B
and C by using the same fitting procedure described in Chapter 2. Once the
LMN function is determined, it can be used to predict load P from the
displacement versus crack length pairs so that the ]J-R curve could be
developed.

To evaluate this new approach it was used to determine J-R curves for the
five steels, A106, A508, A533B, HSLA-80 and HY80-Ni steels. Fourteen test
specimens were included. These are all compact specimens with 50.8 mm
width and 25.4 mm thickness and 20% side grooves. These data were obtained
from previous tests and had been used to determine J-R curves with the elastic
unloading compliance method and regular normalization method for
measuring crack length. For more details refer to the Table 3.1. When the
new approach was applied, the test records were assumed to have only
displacement and crack length measurements; the load was predicted by the
new approach and J-R curves were then developed from measured
displacement versus crack length and predicted load. Results are given in
both load versus displacement and J-R curve formats. Five examples are
reported here, one for each steel. In Figs. 5.3a through 5.7a plots of predicted
load versus measured displacement are compared with corresponding test
data. All the cases show the loads were predicted fairly accurately. The error
between the predicted load and test data is less than 5% for all the cases. Figs.
5.3b through 5.7b show the J-R curves determined by the new approach using

the predicted load values, which are compared with both corresponding J-R
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curves developed from load versus displacement test data with the
compliance measured crack length and the crack length predicted from regular
normalization. A good agreement was found for all cases shown. The

difference between three corresponding sets of J-R curves is also within 5%.

5.3 A Further Development of Method of Normalization - J-R Curve
Determination from Only Displacement without Both Load and Crack Length

Measurements

The method introduced in the previous section provides a way to develop
J-R curves by testing specimens like the C(W) geometry where the need for
measuring the load is eliminated but the crack length must be measured
during the test. To measure the crack length during a C(W) specimen test, a
sophisticated electrical potential drop system or other advanced system is
required. This could be a problem for some laboratories. A method which
can be used to predict both load and crack length values is desirable. This
would provide a very easy test method for J-R curve determination where
only the displacement would have to be measured from the C(W) specimen
test. A further development of method of normalization is investigated in
this section for  |-R curve determination from only displacement by
predicting the load and crack length values.

To determine the J-R curves from only displacement, two variables, load,
P, and crack length, a, must be predicted. Therefore more functional
relationships between load, displacement and crack length must be

established. An idea for developing such relationships can be taken from the
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normalized load definition in equation (2.6) and the evaluation of the elastic
component of displacement in equation (2.4). The equations (2.4) and (2.6)
give both the elastic component of displacement and normalized load as a
function of load and crack length. A certain functional relationship should
exist between normalized load and the elastic component of displacement.
After conducting a careful study on the five steels mentioned in the last
section, a good linear relationship was found between the normalized load
and the elastic component of front face displacement. Two examples are
given in Fig. 5.8 for an A508 steel and Fig. 5.9 for an HSLA-80 steel; both show
this linear relationship. An additional idea can also be developed from the
normalized load definition. The normalized load is defined as load divided
by the geometry function G(a/W). It actually is a combined function of load
and crack length as well as plastic displacement. Since crack extension is a
function of plastic displacement, the normalized load P, versus crack
extension, Aa/W, can be plotted and it shows a relationship similar to the
one for normalized load P, versus plastic displacement v, /W. This can be
seen from Fig. 5.10 for an A508 steel and Fig. 5.11 for an HSLA-80 steel. It can
also be fit best by the LMN type of function form with the constants not
necessary being related to the ones for normalized load versus plastic
displacement. The analysis to predict load and crack length from only
displacement is based on these two relationships, one where normalized load
is related to the elastic component of front face displacement and the other
where the LMN function is used to relate the normalized load versus crack

extension.
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By combining these two relationships with four additional ones used in
the previous normalization method the load and crack length could be

predicted. The six relationships used are given in the following six equations.

vo= vty (5.6)

v, = PC(alW) (5.7)

v,, = PCylalW) (5.8)

(L+Myv IW)(v |W

PN = P " = lll ]‘/7 )(‘]7 ) (5.9)
WB(b | W)™ N, + (v, I W)

p, = P _ - (L, +M,Aal W)(Aal W) (5.10)
WB(b 1 W)™ N, +(Aal W)

P, = K (v,,/ W) + K, (5.11)

Where v, v, v are the load line displacement and its elastic and plastic

p
components; v, is the elastic component of front face displacement; C and C,
are the load line and front face compliance respectively, the relationships
between C, C,and a/W can be found in reference [48]; L, M,, N,, L,, M,, N,
and K|, K, are fitting constants. Six unknowns, P, Aa, v,, Vo Vo and P,, are
contained in six equations (5.6) through (5.11) and therefore could be uniquely

determined. By introducing a relationship between v,,, the component of

front face displacement, and P, a new relationship can be established to
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determine these six unknowns that would not be available from only the
load line displacement relationships.

Equations (5.6) through (5.11) constitute the basis of the new approach. To
use these equations to predict load and crack length and then to develop J-R
curves, some information from the test is first needed. This includes the load
line displacement measured during the test and the initial and final crack
length measured physically from the fracture surface as well as the final
plastic displacement measured from the permanent plastic deformation after
the test is complete. It is easy to get all this information by testing a C(W)
specimen. The next step is to determine the eight fitting constants in
equations (5.6-11). Because there are not enough calibration points, the new
approach uses some material properties and the information obtained from
the test to determine all the fitting constants. The steps involved are

described as follows.

(1) A calibration point could be defined at the final crack length. This is by
solving equations (5.6) and (5.7) for elastic displacement and the load using
final displacement and its plastic component as well as the final crack length

measured from the fracture surface.

(2) In studying the relationships between the constants in the equations it
was found the constant L, in equation (5.9) and constant L, in equation (5.10)
depend up on material flow stress and material toughness. A study based on
the same five steels mentioned in the previous section showed that the

values of L, and L, could be related to the normalized limit load through a
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factor determined from a material toughness parameter, TP, defined later.

They are given by

P, Jor TP > 0.6

L =
= 1.08P,,  for TP < 0.6

and
. [1.06 + (TP—1)/20]P,, for TP > 1.0
N Lo6P,, for TP < 1.0
with
Pa‘ P:’

LN

Gla, /W) WB, | W)™

(5.12)

(5.13)

(5.14)

Where P,y is the limit load normalized by the G(a/ W) function evaluated at

initial crack length a,. For a compact or C(W) specimen the limit load

solution in the GE-EPRI Handbook [49] can be used to find P,.

following form
P, = afBbo,B,
where

B = [(2a,1b) + 4a, /by +2] =2(a, /b)) ~ |

It has the

(5.15)

(5.16)



1.455  for plane strain
© 071 for plane stress

and
Oy = (Oy + O.p5)/ 2, the flow stress
a, = the initial crack length
b, = W-—aq,
B, = the net thickness of the specimen

The term TP is a material toughness parameter. It is defined as follows

P, - P,
P = X (5.17)
o, Aaf /W)
where
P,, = normalized final load from the calibration point

Aa, = final crack extension.

The high toughness materials such as HSLA-80 steel have TP 2 2.0 and the
low toughness, high strength materials such as HY80 steel have TP < 0.6.
The relationships in equations 5.12 through 5.17 were all derived empirically

from the results of this study.

(3) The values of N, and N, are found to be approximately constant for all

of the metals studied. The following N,, N, were used in this study.
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N, = 0.0006

I~J2
Il

0.0004

(4) The values of M, and M, are then determined from equations (5.9) and
(5.10) respectively by using the final calibration point, P,, Aa,, v, and v,.
(5) The values of constants K, and K, could be determined by taking some
points in the initial elastic range of the deformation and combining these
with the final calibration point. The points in the initial elastic range of the
deformation could be assumed to have zero plastic displacement and zero

crack extension. This gives

Then the load, P, and front face elastic displacement, v,,, can be determined
by using equations (5.7) and (5.8) for these points. Each initial elastic point
combined with the final calibration point can determine a set of K, and K,.

An average of K,'s and K,'s gives the fitting constants in equation (5.11).

Once all fitting constants are known, equations (5.6) through (5.11) can be
used to predict the load and crack length from the displacement. The J-R
curve is then developed from the predicted load and crack length values with

the displacement measurement from the test by following the procedures of
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ASTM standard method E1152. A flow chart is given in Fig. 5.12 to illustrate

the procedures of applying the new approach.

To illustrate how well this new approach works, it was applied to the same
fourteen specimens from the five steels used in the last section. When the
new approach was applied, the test records were assumed to have only
displacement measurements. Five examples, from analyzing the same test
specimens used before, are reported here. Fig. 13a through Fig. 17a show the
predicted load P versus v curves compared with the actual test data. Results
show the predicted values of load, P, are within 10% of the test data. Fig. 13b
through Fig. 17b show the J-R curves determined from the new approach
compared with the ones from standard test method (crack length was
measured by the compliance method) and from the regular normalized
method (crack length was predicted from P-v). A good agreement was found
between the three methods. It is interesting to note that the errors in this
method introduced into the P-v curves are not as great as in the J-R curves.

This is probably due to offsetting errors in predicted load and crack length.

The method just described can be used to develop ]J-R curves from only a
calibration point defined at the final crack length, because the determination
of the eight fitting constants only involves the final calibration point and
some material properties. The displacement can be chosen arbitrarily at
increments based on the final displacement. Two examples are given in Fig.
18a, b for an A508 steel and Fig. 19a, b for an A533 steel to show the results of
the P-v curves and J-R curves determined from only a final calibration point.

The displacement was divided into fifty equal steps between zero and the
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final point. The result was found to be as good as the one developed by using

the displacement measurement from the test.

5.4 Summary

(1). The method of normalization can be used to develop J-R curves from
the test where only displacement and crack length measurements are made

and from tests where the displacement alone is measured.

(2). When the method of normalization is used to develop J-R curves
from the displacement versus crack length without the load measurement, a
power law fit worked well to give some calibration points which are needed
for the LMN function determination. The detailed procedure has been
developed for this application of the method of normalization. Results are in
good agreement with the test data which had the full measurements of load,

displacement and crack length.

(3). When the J-R curves are determined from only displacement without
the load and crack length measurement by using the method of
normalization, some further functional relationships between load,
displacement and crack length need to be developed. Two new equations,
one relating the normalized load and front face elastic displacement and
another relating the normalized load and crack length, are used in this study.
These two new equations taken together with the other equations from the

method of normalization work well for predicting load and crack length from
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only displacement, and then for developing J-R curves. The error in all

predictions is within £10%.

(4). The latter method could be used to determine J-R curves from only a
displacement measured at final crack length. The result is as good as the one

developed by using the displacement measured during the test.

(5). The development of the methods to predict J-R curves from
displacement and crack length measurements and from displacement
measurements alone was done here for five steels that are ferritic and
generally in the same strength range. The relationships developed to
generate the six basic equations used in the method were shown to work only
for this limited range of steels. It remains to be shown that the same
equations can be used for other metals and that the method applies to a larger

range of metals. This is suggested as a topic for future work.
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Chapter 6

Application IV of Method of Normalization:
J-R Curve Determination under Dynamic Loading Conditions

Using Charpy Impact Tests

6.1 Introduction

In modern engineering practice, structural components are often
dynamically loaded well into the plastic range. The components serving
under such circumstances demand that their design be based on dynamic
material properties which are valid in the elastic-plastic range. However, so
far there is no standard test method for elastic-plastic fracture toughness
determination under dynamic loading conditions. This is due to the fact that
the crack length cannot be measured simultaneously with load and
displacement under dynamic loading conditions during the test. To fill in
this gap, a new approach is investigated in this chapter for J-R curve
determination under dynamic loading conditions. The new approach will
use the method of normalization to predict crack length from the
experimental data obtained in an instrumented Charpy impact test.

The Charpy impact test is essentially a high rate loading, three-point bend
test of a notched specimen. It has been widely accepted as a useful tool for
evaluating the dynamic response of a wide range of materials. When the
striker of a Charpy machine is instrumented, a load versus time curve (P-t

curve) can be measured from a Charpy impact test. This P-t curve cannot be
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used to determine the J-R curve directly. It must be converted to a load
versus displacement curve first. This could be done by applying an
incremental calculation method based on the conventional dynamics theory
[50]. The load versus displacement record can then be analyzed to determine
the J-R curve by first predicting the crack length using the method of
normalization.

The method of normalization has been successfully applied to the
standard fracture toughness test data where only load and displacement pairs
are measured for J-R curve determination. This has been demonstrated in
Chapter 3. For the standard test case an initial and final value of crack length
can be measured physically on the fracture surface corresponding to an initial
and final set of load and displacement pairs in the test record. They are
necessary information to define the final calibration point for the LMN
function determination. However, for the Charpy impact test case there is no
point similar to the final point in the standard test case where the crack
length can be measured physically after test is complete, since the test is run to
full separation of the specimen. This leaves the analysis of the test results
without an important parameter. An empirical scheme will be invented to
predict a provisional final crack length at an arbitrarily defined value of
displacement after the maximum load is passed.

In the following sections the new approach will be described in detail for

the J-R curve determination from Charpy impact load versus time record.
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6.2 The Charpy Impact Test Record Conversion from Load versus Time to

Load versus Displacement

During a Charpy impact test, the energy lost by the hammer can be

expressed as

AE = E+Eg,+E,+E, +L,, (6.1)

where
AE = the energy lost by the hammer,
E, = the increment of energy required to accelerate the specimen from

rest to the velocity of the hammer,

E,, = the energy absorbed to fracture the specimen,

E, = the energy consumed by Brinell-type deformation at the specimen
load point,

E,. = the energy absorbed by the test machine through vibrations after

initial contact with the specimen,
E,, = stored elastic energy absorbed by the test machine system as a
result of the interactions at the specimen load point,
E,, is usually quite small compared with AE and can be ignored. For elastic-
plastic fracture E, and E, are usually negligible contributions to the AE.
Therefore, the energy absorbed to fracture the specimen can be estimated by

Egy = AE = E, = p[Pdi - 1PC, (6.2)

S
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where

the average speed of the hammer,

p =
C,, = the test machine system elastic compliance.

At any specified time , after the initial contact of the tup and specimen, the

reduction in hammer energy can be represented by the change in kinetic

energy

the initial hammer energy,

o
I

E, = the hammer energy at time ¢,
p, = the initial hammer speed,

the instantaneous hammer speed at the time 7,

o
I

the mass of the hammer.

m

Also the load versus time record can be related to the hammer speed by the

statement of the equivalence between linear impulse and change in linear
momentum

_[(; Pdt = m(p,—p,) (6.4)

By combining Eq. (6.3) and (6.4), it can be shown that the AE at the time ¢, can

be estimated by
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E
AE = Ey - E = E,[1 - =2 (6.5)
‘ 4K,
where the E, , is defined as
’Em.",l = pGJ.()( Pd{ (66)

Then AE, is used to determine the instantaneous hammer speed at the time 1,

\,/2
AE,
Y L 6.7
p{ p(( EOJ ( )

The load-line displacement then can be determined from

= V.
wtal il

+ p;‘ ’*";O,—l ({’ - I{m!) (68)

s

'
;

p— 5

(6.9)

,
"Lp(’( imen ’Ilm«[ Haiuchine

To accurately convert a load versus time curve to a load versus load-line
displacement curve, the compliance of the test machine must be determined.

This is known as the test machine compliance correction. A test machine

compliance correction curve can be obtained by conducting a low-blow test.

Then the v, can be determined from the test machine correction curve at

machine

any specified load Pj. Fig. 6.1a, b and Fig. 6.2a, b show two examples of P-t
curves obtained from the instrumented Charpy impact test for an A533B steel

and their corresponding P-v curves converted using above approach.
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6.3 A New Approach for a Provisional Final Calibration Point Prediction

After the load versus time record from a Charpy impact test is converted
to load versus displacement data, the problem for the J-R curve
determination under dynamic loading conditions is reduced to a J-R curve
determination from load versus displacement pairs using the method of
normalization. A successful approach for crack length prediction has been
developed in Chapter 3. There the required data is obtained from the
standard J-R curve test procedure. This approach uses the three-parameter
LMN function to relate three variables, load displacement and crack length,
therefore, the crack length values can be predicted from load versus
displacement pairs. However, in applying the approach suggested the three
constants in the LMN function need to be determined first individually for
each specimen. The approach uses the maximum load point in the load
versus displacement record to determine the constant L first. The remaining
constants M and N are then determined using two types of calibration points,
the final calibration point obtained from the test and the initial calibration
points obtained from a forced blunting assumption. When the method of
normalization is applied to determine the J-R curve from the Charpy impact
test data, the maximum load point and the initial calibration points are
available, but the final calibration point cannot be obtained. This is because
the specimen is completely broken in two in a Charpy impact test. For this
type of test, there is actually no a point similar to the final point in the
standard J-R curve test. The technique used before by measuring the final
crack length or the final permanent plastic deformation at the end of the test

to define the final calibration point cannot be used here. To make the
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method of normalization work for the J-R curve determination from Charpy
impact test data, a new approach must be developed to predict a provisional
final calibration point.

In a study of the relationship between load, displacement and crack length,
it was found that the displacement v versus its elastic component v, show a
linear relation after maximum load point was passed. This can be seen from
two examples given in Fig. 6.3 and Fig. 6.4 for a compact specimen of an A508
steel and a three-point bend specimen of an HSLA-710 steel respectively.
Once this linear relationship is known, it can be used to predict a provisional
final calibration point at any specific value of displacement after maximum
load point is passed. It has been found that an empirical scheme can be used
to determine this linear relationship between the v and v,. It was derived
based on the analysis of eight specimen test data groups. The materials
involved were A106, A508, HSST weld, A533, HSLA-80, HSLA-710 and HY80-
Ni steels. Compact specimens with sizes of 1/2T, 1T, 4T and three-point bend
specimens with a size of W = 2, B = 1 inch were included. These specimen
test data sets have been used in the studies reported in previous sections.
More information on these specimens can be found from the Table 3.1. The

suggested scheme for computation can be summarized by the following

equations
’ P'm1x
(Pyp)imax = T . (6.10)
WB ("i: 4 j
W
- P! Max (6‘11 )

(P/‘v’)mmx - 7.
WB ( W _ aimax )
W
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(P)iwe = 10612(P,,). . +0.25236 (6.12)

Voimeo = Pinac Ol 00 (6.13)

o rr = Vetrmanr] = 0.51(v, =v, . ) +0.0003W (6.14a)
for the compact specimens,

(v = Veman] = 051y, =y, )=0.0025W (6.14b)

for three-point bend specimens,

Vo = P Clay) (6.15)

where the subscript "imax” refers to the value at the maximum load point
and "t" refers to the value at the (provisional) final point. The empirical
relationship given by Eq. (6.12) is used first to determine the normalized load
at the maximum load point. The crack length at the maximum load point
can then be determined from this value using the normalized load
definition. Up to this step a calibration point has been defined at the
maximum load value. This point can then be used to determine the linear
relationship between the displacement, v, and its elastic component, v,, for
each specimen using Eq. (6.14a) for the compact specimens and Eq. (6.14b) for
the three-point bend specimens. The (provisional) final crack length can then
be determined from the compliance relationship, Eq. (6.15), by first finding the
final elastic component of displacement from Eq. (6.14a) or (6.14b) at any

specific value of displacement after the maximum load point is passed.
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Once the (provisional) final calibration point is defined, the method of
normalization can be applied to the load versus displacement data converted
from the Charpy impact test record to determine the J-R curve using the new

approach suggested in Chapter 3.

6.4 J-R Results by Applying the New Approach

In previous sections of this chapter a new approach has been fully
developed for J-R curve determination from an instrumented Charpy impact
test record. In this section the new approach is applied to the experimental
data to examine the suggested method. The examination is performed in two
steps. In the first step, data from standard elastic unloading compliance tests
are used. These data have the standard set of measurements: load,
displacement and crack length. When the new approach is applied, the data
sets are assumed to have only load and displacement measurements. Also
the final calibration point is assumed to be not available. After the analysis is
completed, J-R curves determined from the complete test data (where the
crack length was measured by the elastic compliance method) and from the
regular normalization method (where the J-R curve was determined from
only P-v by predicting the crack length with the known final calibration
point) are used for comparison. In this way the success of the new approach
could be evaluated. This step is mainly used to examine the suggested
scheme for the final calibration point prediction, since the approach
developed in Chapter 3 is used. It has been demonstrated to be reliable for J-R

curve determination from only a P-v record when the final calibration point
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is known and measured correctly. In the second step the new approach is
applied to the real data obtained from the instrumented Charpy impact tests.
The J-R curve results could not be compared with any other results, since the
J-R curve could not be determined previously under dynamic loading
conditions. However, their reliability could be illustrated indirectly by the

results obtained in the first step.

6.4.1 J-R Curve Results by Applying the New Approach to the Standard J-R

Curve Test Data

The first step in examining the new approach was to apply the method to
the eight groups of standard J-R curve test data which has been used in the
previous sections. The analysis was done by inputting only load versus
displacement pairs from the test record (all other information was assumed to
be not available). The final calibration point was predicted first from the
empirical scheme using the P-v values at the maximum load point. Once it
was known, the approach developed in Chapter 3 could be applied to
determine the LMN function. That is, the constant L was determined first
from the maximum load point and the remaining constants M and N were
then determined using the calibration point A and calibration points B, Fig.
2.2. For the case considered here, the predicted final calibration point was
used as the calibration point A and the forced blunting assumption was used
to obtain the calibration points B as before. More detail about LMN function
determination procedure can be found in Chapter 3. The LMN function
determined was then used to predict the crack length at each load versus

displacement pair. Up to this point, the information for ] calculation was
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completely determined. The values of J can be can be calculated at each
measured point by following the ASTM standard E1152 procedures, and then
the J-R curve can be plotted.

Twelve examples of J-R curve predictions are reported here. They are

shown in Fig. 6.5 through Fig. 6.16. The specimens used are summarized in

Table 6.1 with their material, size and geometry information.

Table 6.1 A Summary of Specimen Information Reported

in Fig. 6.5 through Fig. 6.16

Specimen w B
Figs. Materials Geometry in, (mm) in, (mm) Notes

Fig. 6.5 A106 Steel Compact 2, (50.8) 1, (25.4)

Fig. 6.6 A508 Steel Compact 2, (50.8) 1, (254)

Fig. 6.7 HSST Weld Compact 2, (50.8) 1, (25.4)

Fig. 6.8 AS533 Steel Compact 2, (50.8) 1, (254)

Fig. 6.9 HSLA-80 Steel Compact 1.99, (50.55)] 0.99, (25.15)

Fig. 6.10 | HSLA-710 Steel-Heat 1 Compact 2, (50.8) 1, (25.4)

Fig. 6.11 HY80-Ni Steel Compact 2, (50.8) 1, (25.4)

Fig. 6.12 A508 Steel Compact 1, (25.4) 1/2 (12.7)

Fig. 6.13 A508 Steel Compact 8, (203.2) 4, (101.6)

Fig. 6.14 HSLA-80 Steel Compact 9.99, (253.75) 5, (127)

Fig. 6.15|HSLA-710 Steel-Heat 3 | 3-Point Bend 2, (50.8) 0.96, (24.38)} Span =8in
Fig. 6.16 |HSLA-710 Steel-Heat 3 [ 3-Point Bend 2, (50.8) 0.96, (24.38)|Span =15.9 in

These examples represent eight metal material groups analyzed. Compact
specimens in 1/2 T, 1T, 4T, 5T sizes and three-point bend specimens with
different spans are included. For each specimen reported, J-R curves are

compared between three methods, namely the new method, the standard J-R
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curve test method with the elastic compliance technique and the regular

normalization method with the physically measured final calibration point.

From these results it can be seen that:

[ ]

The empirical scheme suggested worked quite well for the provisional
final calibration point prediction. For eight out of twelve cases, the final
calibration point prediction was as good as the final physical
measurement. For other four cases, A508 steel 1T compact specimen in
Fig. 6.6, A533 steel 1T compact specimen in Fig. 6.8, A508 steel 4T compact
specimen in Fig. 6.13 and HSLA-710 steel-heat 3 three-point bend
specimen with large span in Fig. 6.16, the predicted values had some error
when compared with the physical measurements, but the accuracy of the
prediction was still comparable with elastic compliance measurements.
Based on these predicted provisional final calibration points, the ]J-R

curves were then successfully developed.

Results showed that the new method worked for different materials,

specimen sizes and both compact and three-point bend geometries.

In the new approach the information from the test data (the maximum
load point) is used for both the final calibration point prediction and the
LMN function determination. This is the main reason why the new
approach can work so well for J-R curve determination without crack
length measurements and missing a final calibration point. For the same

reason, it should work when it is applied to the Chary impact test data.
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Based on above, it could be concluded that the suggested approach could be

applied to the Charpy impact test data for J-R curve determination.

6.4.2 The J-R Results Developed from Charpy Impact Test Data

In last section the new approach has been successfully applied to the
standard J-R curve test data for J-R curve determination by assuming the
crack length measurements and the final calibration point were not available.
It has been concluded that the new approach could work for J-R curve
determination from the Charpy impact test data since the provisional final
calibration point and the LMN function are determined from the test

information itself.

The next step in the examination of the new approach is to analyze the
actual Charpy impact test data. The data used were supplied by Dr. Randy
Nanstad of Oak Ridge National Laboratory. The original data were supplied
in the form of voltage versus time traces with the maximum load
measurements and the time measurements from the impact to the
maximum load. They were obtained from instrumented Charpy impact tests.
Five three-point bend specimens in W = 10, B = 10 mm were included. The
specimens were only notched as in a standard Charpy impact test and were
not precracked. They were made from an A533B nuclear grade pressure
vessel steel. These specimens could be divided into two groups, since the
A533B steel used had two different sets of material properties. The first group

had three specimens, specimen J103, J104, and K106. The material for this
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group had a yield stress of 76.3 ksi and an ultimate strength of 99.12 ksi. The
second group included specimen ]J109 and K107 with a material yield stress of
60 ksi and an ultimate strength of 80 ksi. The original voltage versus time
traces were first converted to the load versus time data by using the
proportional relationship between the load and voltage. Two examples of
such P-t curves have been given in Fig. 6.1a and 6.2a. The analysis was begun
by converting the P-t data to P-v data using the approach described in Section
6.2. After P-v pairs were obtained, the empirical scheme was applied to
predict the provisional final calibration point for each specimen. Typically,
the standard J-R curve test is conducted until the final load drops to 40-50% of
the maximum load obtained. For this reason the provisional final calibration
point was picked at the point where the maximum load dropped by 50%
(P, 2 0.5P,,) for each specimen analyzed here. Also, for comparison, the
point where maximum load dropped only by 40% was used for some
specimens. The remaining analysis was conducted using the procedures
described in last section.

The analysis results for the five specimens are reported here in both P-v
curve and J-R curve forms. They are given in Fig. 6.17a through Fig 6.21a for
P-v curves and Fig. 6.17b through Fig. 6.21b for J-R curves. Results show that
J-R curves were successfully developed for all the specimens studied. Also in
Fig. 6.17b, the J-R curves for specimen J103 determined from two different
provisional final calibration points are reported, one is at the point where the
load has dropped by 50% from the maximum load and the other by 40%.
Results show that the two J-R curves are almost identical. This demonstrates
that the location of the provisional final calibration point has little effect on

the J-R curve determination for the new approach. It should be mentioned
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that the value of ] in the R curves reported here is relatively high when
compared with other A533B steel results. The reason for this is that the
impact specimens were not fatigue precracked, they were only notched as in a
standard Charpy impact test. The notched specimens usually exhibit a much

higher initiation value of ] than the precracked specimens.

6.5 Summary

An approach has been developed in this chapter for J-R curve
determination under dynamic loading conditions using the method of
normalization. The test data are obtained from a Charpy impact test. In these
tests load versus time can be measured as an instrumented hammer strikes a
standard Charpy specimen. An incremental calculation approach has been
suggested in this study to convert the load versus time, P-t, pairs to the load
versus displacement, P-v, pairs. The load versus displacement record can be
analyzed to determine a J-R curve using the method of normalization. This
has been done with good success for J-R curve determination from standard
fracture toughness test data where the crack length values are not measured.
However, when it is applied to the Charpy impact test data, a problem arises.
That is, the final calibration point, which is important for the LMN function
determination, cannot be obtained from a Charpy impact test since the test is
run to complete separation of the specimen. An empirical scheme was then
developed for predicting a provisional final calibration point using the

maximum load point of the P-v pairs. After the final calibration point is
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known, the approach developed in Chapter 3 could be applied to determine
the J-R curve from the P-v pairs.

To examine the new method, it was applied to the standard J-R curve test
data by assuming the crack length measurements and the final calibration
point were not available. Results showed that the final calibration point was
predicted fairly accurately from the empirical scheme for each specimen
studied. The prediction of a final crack length value was found to be close to
the final physical crack length measurement and comparable with the elastic
compliance measurement. Also, the new method was found to work quite
well for different materials, a large range of specimen sizes and for both
compact and three-point bend specimen geometries. Since the method uses
the maximum load point from the test data for the provisional final
calibration point determination and the LMN function determination, these
features could be applied in the same way to the Charpy impact test data for
the J-R curve determination. The new method was then applied to the actual
Charpy impact test data. Results showed that the J-R curve was developed for
all the specimen analyzed.

This method then provides a way to easily determine the J-R curve under

dynamic loading conditions.
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Chapter 7

Summary and Discussion

As the title states, the overall objective of this study is to further develop
the method of normalization for elastic-plastic fracture toughness
determination under some difficult conditions. Currently, the determination
of a material's elastic-plastic fracture toughness, J, value and J-R curve, in
the laboratory using the ASTM standard test methods requires a
simultaneous measure of the load, displacement and crack length from the
test. The current standard test methods have many limitations, such as the
need for a sophisticated equipment and advanced test skills to monitor the
crack extension, application only to metallic materials and working well only
when the specimen is side-grooved, etc. Also, it can be difficult to measure
the load or displacement during the test for some special cases.

The method of normalization uses the principle of load separation to
relate the three variables, load, displacement and crack length, during the
fracture process. This relationship is expressed by an LMN functional form
which could be determined from some calibration points, material properties
or other test information. It provides an analytical basis for predicting any
one of the three variables from the other two.

The following four different applications of method of normalization

have been investigated in this study.
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* Application I: J-R curve determination from load versus displacement

records without crack length measurements.

* Application II: J-R curve determination from load versus crack length

records without displacement measurements.

* Application III: J-R curve determination under conditions where load is

difficult to measure.

* Application IV: J-R curve determination under dynamic loading

conditions.

Theoretically speaking, the method of normalization can be applied to all the
cases studied to accomplish the required predictions. However, before the
method of normalization can be applied, the LMN function need to be
determined for each specimen. This is an important step in applying the
method of normalization, since the success of the method and the prediction
accuracy are mainly dependent on the LMN function determined. Different
problems arise in attempting a determination of the LMN function for each
specific subject. Four approaches have been then developed for each
application.

A large number of specimen test data were collected to support this study.
Based on the analysis results of these experimental data sets the four new
approaches could then be developed. Also these test data sets have been used
to examine the new approach developed for each application.

The summary and discussion for each area are given in the following

sections.
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7.1 J-R Curve Determination without Crack Length Measurements

The method developed to predict the ]J-R curve without a crack length
measurement is very useful in engineering practice. It can eliminate the
need for a sophisticated on-line crack length monitoring system, and
therefore, greatly simplify the J-R curve test procedure. Also, It has been
demonstrated that this method can work for both metallic and non-metallic
materials, for both side-grooved and non-side-grooves specimens.

Several attempts have been made and several versions of the method of
normalization have been developed on this subject. Among them, the LMN
function approach with the three-point fitting procedure is a most successful
version of the method. However, this approach was found to be too
complicated, not easy to understand, nor convenient to use.

A new approach has been developed in this study to improve the
previous approach. In the suggested approach, a new concept was developed
which relates the maximum load point to the constant L for the LMN
function determination. It has been found that this value of L taken with the
calibration point A from the final point and the calibration points B from the
forced blunting assumption can determine the LMN function accurately.
This improvement can remove the complicated part in the LMN function
determination procedure. The LMN function determination is then
completely based on the test information and the material properties.

The new approach has been examined with a large experimental data base,
taken from the literature, which contains in total two hundred and twenty-
two test specimens in eighteen material groups including polymeric

materials. These test data represent a wide range of materials, different
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specimen geometries, a large range of specimen sizes and both side-grooved
and non-side-grooved specimens. Results demonstrate that the new
approach worked successfully for both crack length prediction and J-R curve
determination. The overall prediction accuracy has been found to be as good
as or even better than the standard J-R curve test method and the best
previous version of the method of the normalization.

Based on these results, it could be concluded that the new version of the
method of normalization developed in this work has reached a mature level.
It could be offered as a candidate for incorporating into the present standard
test methods to provide an alternative method for J-R curve determination,
especially under the conditions when the crack length is difficult to measure

during the test.

7.2 J-R Curve Determination without Displacement Measurements

The technique developed for predicting J-R curves without displacement
measurement has an advantage for determining J-R curve tests in adverse
environments such as a test at high temperature or in a hot cell. Previously,
an approach has been developed for this subject. It also uses the LMN
function approach with the three-point fitting procedure in the method, but a
power law fitting assumption was used to obtain the calibration points B at
the early range the deformation. The same problem, that is the complicated
nature of the LMN function fitting procedure, was found to be a deterrent to

use of this approach.
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A new improved approach has been developed for this case. The idea of
relating the maximum load point to the constant L is also adopted here to
eliminate the complicated part of the LMN function fitting procedure. In the
new approach this concept is suggested to be used with the final calibration
point (used as the calibration point A) and the calibration points determined
from the power law fitting at the early range of the deformation (used as the
calibration points B) to determine the LMN function.

The new method has been evaluated by using two groups of experimental
data. The first group of test data actually had the complete measurements of
load, displacement and crack length for each specimen. When the new
approach was applied, only the load and crack length measurements were
used. J-R curves were developed by predicting the displacement values from
the new approach. Results could be then compared with the test data. The
second group of the test data were used to simulate the actual conditions
assumed for this subject. Only load and crack length measurements were
available for each specimen in this group. Results showed that the
displacement values were predicted accurately and then the J-R curves were
determined successfully by the new approach for each case analyzed. It has
been found that a correction should be placed on values of the input crack
length and the predicted plastic displacement when the mismatch error
between the compliance measurement and the final physical measurement of
crack length is larger than the 5%. A correction scheme has been suggested
with the new approach.

The method suggested here provides a easy way to determine ]J-R curves
when the displacement is difficult to measure from the test. However, since

an empirical formula is used to determine the constant in the power law
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fitting which is for obtaining the calibration points B in the LMN function
determination, and this empirical formula is based only on the analysis
results of the nine metallic materials studied in this work, its range of
application may be limited to metallic materials in the similar range. It
remains to be shown that the same formula is applicable to a large range of
materials or needs to be further developed for other materials. This is

suggested as a topic for future study.

7.3 J-R Curve Determination without the Load Measurements

The techniques developed for the J-R curve determination without load
measurement could provide a convenient way to determine the J-R curves by
testing crack-line-wedge-loaded compact specimens. The study on this subject

was performed in two steps.

(1). In the first step, the method of normalization was studied so that it could
be applied for J-R curve determination from displacement and crack length
pairs without load measurements. A new approach has been developed for
this using the LMN function and the three-point fitting procedure.

The new approach has been successfully applied to five metallic materials
for load prediction and J-R curve determination. Results were found in good
agreement with the test data. The prediction error was found within 5% for

both load and J-R curve.
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(2). In the second step, an attempt has been made on this subject to further
eliminate the need of monitoring of the crack length from the test. An
additional approach has been developed for J-R curve determination from
only displacement without both load and crack length measurements. Two
new functional relationships were suggested in this study to work with the
method of normalization for both load and crack length prediction.

The evaluation based on five metallic material groups of specimens
showed that the new approach worked well to predict the load and crack
length from only displacement measurements for all the specimens studied.
The prediction was found within 10% for both load and crack length when
compared with the test data. The ]J-R curve could be then determined using
only the displacement data from the test where the load and crack length
values were predicted for each specimen. Results were found to be in good

agreement with the ones determined from the full test data.

It has been found that the approach developed in second step could be
used to determine the J-R curve from only a calibration point defined at the
final crack length. Results were found to be as good as the ones determined

using the actual displacement test data.

The later method introduced in this study has great significance in
engineering practice. It provides a very simple and convenient way for J-R
curve determination. Only displacement or even only a calibration point
needs to be measured from the test. This would greatly simplify theJ-R curve
test procedure and the test equipment. However, this technique is in the

early stage of development. The two new functional relationships suggested
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in this study were derived based on empirical observations of the test data.
Their theoretical basis should be further studied. Also, since only five
metallic materials and 1T size specimens were covered in this study, further
study is suggested for a larger range of materials and specimen sizes to see if

the method has a wider range of applicability.

7.4 J-R Curve Determination under Dynamic Loading Conditions

The method of normalization has been further developed in this study for
J-R curve determination under dynamic loading conditions using the Charpy
impact test. In the new approach, load versus time, P-t, measurements are
first converted to load versus displacement, P-v, values. Before the method
of normalization can be applied to the dynamic P-v data, a final calibration
point needs to be determined. An empirical scheme has been developed to
predict a provisional final calibration point using the maximum load point of
the P-v data. The method suggested in Chapter 3 is then used to determine
the J-R curve from the dynamic P-v data with the provisional final
calibration point.

The new approach was examined first using the experimental data from
the standard J-R curve test. To simulate the dynamic test data, the crack
length measurements and the final calibration points were assumed to be
unavailable for these test data. The analysis was done by inputting only P-v
pairs for each specimen studied. It has been demonstrated that the new
method worked well to determine the J-R curves for different materials, a

large range of specimen sizes, and both compact and three-point bend
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specimen geometries. The prediction accuracy for the provisional final
calibration points was found to be close to the final physical measurements or
comparable with the compliance measurements.

The new method was then applied to the real dynamic test data obtained
from the Charpy impact tests to determine the J-R curves. The J-R curve

results were found to be reasonable for the material used.

The method suggested here provides a convenient way to determine the
J-R curves under dynamic loading conditions. It is only the first step toward
this goal. More details should be further evaluated for this method of

evaluating dynamic loading J-R curves. These include the following:

* Some formulas, such as the compliance relationship to relate the elastic
displacement and the crack length, were developed originally for use
under standard test conditions. These formulas have been used in the
new method. It remains to be shown whether these formulas could be

used under dynamic loading conditions or should be modified.

* Further study could be done based on a larger range of materials, including

the metallic and non-metallic materials.

* Further study could be needed to assess the accuracy of the J-R curves
determined from the real dynamic test data. For this some alternate
method of developing the dynamic loading J-R curve would be needed for

comparison.
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Fig. 1.1 Arbitrary J-Integral Contour around the Crack Tip

A Nonlinear Elastic Material
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Elastic-Plastic Material

-

Strain

Fig. 1.2 Schematic Comparison of the Stress-Strain Behaviors
of Elastic-Plastic and Nolinear Elastic Materials
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Fig. 1.3 Schematic of J-Integral Countor Around Crack Tip with
Crack Extension Showing Physical Meaning of J-Integral
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Fig. 1.5 The Elastic Unloading-Reloading Compliance
Method for Mornitoring Crack Growth
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Fig.4.5a Load versus Predicted Displacement by Normalization Method
from P-Aa Compared with the Test Data, A508 Steel, 10T Compact Specimen
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Fig. 4.6a Load versus Predicted Displacement by Normalization Method
from P-Aa Compared with the Test Data, A508 Steel, 4T Compact Specimen
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Fig. 4.7a Load versus Predicted Displacement by Normalization Method
from P-Aa Compared with the Test Data, A508 Steel, 2T Compact Specimen
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Fig. 4.8a Load versus Predicted Displacement by Normalization Method
from P-Aa Compared with the Test Data, A508 Steel, 1/2T Compact Specimen
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from P-Aa Compared with the Test Data, A533B Steel, Compact Specimen
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Fig. 4.12a Load versus Predicted Displacement by Normalization Method
from P-Aa Compared with the Test Data, HY80 Steel, Compact Specimen
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Comparing Crack Length Adjusted versus Unadjusted,

A533B Steel, Compact Specimen K53Cof W=2,B =1in
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Displacement versus Crack Length Using Power Law Assumption
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Fig.5.13a Load versus Displacement Predicted by Normalization Method
from Only v Compared with the Test Data, A106 Steel, Compact Specimen
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from Only v Compared with the Test Data, A508 Steel, Compact Specimen
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Fig. 5.18b ]J-R Curve Developed from Final Calibration Point by Method of
Normalization Compared with J-R Curve Results from Standard Test
Method and from Regular Normalization Method, A508 Steel, CT Specimen
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Fig. 5.19a Load versus Displacement Predicted by Normalization Method
from Final Point Compared with the Test Data, A533B Steel, CT Specimen
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APPENDIX B

A Program for J-R Curve Determination from
Load versus Displacement Using the Method of Normalization

PROGRAM JRPV1

THIS PROGKAM COMPUTES THE J-R CURVE FROM P-V TEST RECORD BY
PREDICTING CRACK LENGTE USTNG NORMALTZATION METHOD WTTH LMN
FUNCTION WHERE L IS DETERMINED FROM Pmax FOR COMPACT SPECTMEN

Aa ADJUSTMENT IS UUSED AT THE INTTIAL PART BEFORE Pmax TS REACHED
IF NECESSARY

FOR COMPARISON, THE J-R CURVE TS ALSO DETERMINED FROM P-V-Aa
WHERE THE CRACK LENGTH WAS MEASURED BY THE ELASTIC COMPLTANCE
METHOD

khkhkhkhkkhkhkhkhkhkhkhhkhkhkhkhkhkhkhhkhkhhkhkhkrhkhkhkhkhkdkhAhkhkhkhhkhkhkhkhkhhhkhkhhkhkhkhhhkhkhkhrhkhkhkhkhrhkhkhkhhxhk*

AD: INITIAL CRACK LENGTH

AF: FINAL CRACK LENGTH

B: SPECIMEN TEICKNESS

BN: NET SPECIMEN THICKNESS

BE: EFFECTIVE SPECIMEN THICXNESS

W SPECIMEN WIDTH

EEF: EFFECTIVE MODULUS

NU: POISON KATIO

NJ: TOTAL MEASURED POINTS

¥S: YIELD STRESS

UTS: ULTIMATE STRESS

SIGO FLOW STRESS

P{I): LOAD

V(T) LOAD LANE DTSPLACEMENT

VE(I): ELASTTC COMPONENT OF DISPLACEMENT FROM NORMALIZATION
METEOD

VP(I): PLASTIC COMPONEINT OF DISPLACEMENT FROM NORMALIZATION
METHOD

AlD): CRACX LENGTH FROM NORMALIZATION METHOD

D& (I): CRACK GROWIH FROM NORMAI.IZATION METHOD

EB(1}: UNCRACKED LIGAMENT BASED ON A(T)

C(I): COMPLIANCE BASED ON &A(I:

AY(I): CRACK GROWTH CORRECTION BASED ON ENFORCED BLUNTING

PN(I): NORMALIZED LOAD FROM NORMALIZATION METHOD

K{I): STRESS INTENSITY FACTOR FROM NORMALIZATION METHOD

J(I): J INTEGRAL FROM NORMALIZATION METHOD

JE(T): ELASTIC COMPONENT OF J(I)

JE(I): PLASTIC COMPONENT OF J(I;

VVE (I): ELASTIC COMPONENT OF DISPLACEMENT [FROM COMPLIANCE METHOD
VVP(I): PLASTIC COMPONWENT OF DISPLACEMENT FROM COMPLIANCE METHOD
2V (I): CRACK LENGTH FROM COMPLIANCE METHOD

DAV{I): CRACK GROWTH FROM COMPLIANCE METHOD

RBV{I): UNCRACKED LIGAMENT BASED ON AV (I)

CV(Ij: COMPLIANCE BASED ON AV({I)

E e T T T T T T T S e e S S S S S S S S S S S vy
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* % % X

PNV (I): NORMALIZED LOAD FROM COMPLIANCE METHOD
KV(I): STRESS INTENSITY FACTOR FROM COMPLTANCE METHOD
JV(I): J INTEGRAILL FROM COMPLIAMNMCE METHOD
JEV(I): ELASTIC COMPONENT OF JV(I)
JEV (I) : PLASTIC COMPOWENT OF JVI(TI)
INTEGER I,NJ,N, IMAX,NX,KK
PARAMETER (N=100)
REAL V(N),PNI(N), PNV (N} ,DA{C: \T} DA"(N} L, VE(N) ,VVE(N) ,JE{N),JEV(N
REAL VP(O:N),P(0:N},A(C:N) (O L, JIP(0:NY,vvR{0:N),JPV(C:N)
REAL J{N},JV(N),AY(N),C(N), C\/(I\.) ,RQ M), RBVIN},K(N),KV(N)
REAL AAZ (N} ,AA3 (N
REAL AC,B,BN,BE,W,EEF,NU,AZ,YS,UTS, PMAX, SIGC, AL, AZ
REAL ETAP, GAMA, HH,HL, SUMZ ,SUM?, L, L0, DET, AAA, BBB, CCC
CHARACTER*:4 IFIL.,@FIL.1,CFILZ
CHARACTER YN1*Z,YHN2*2,0FM*2,YN3*2
INPUT THE TEST DATA
WRITE (*,*) INPUT THE NAME OF TFE INPUT FILE?
READ 10, IFIL
WEITE (*,*) 'NEED ROTATION CORRECTION? [Y/N]'
R=z2D 10, YNL
FORMAT (A)
OPEN (7, FIL ﬂ::FIL,Sr:.?\TIJJ————'O D)
READ (7,*) AD,B,®N,BE,W,EEF,NU,AF,NJ,YS5,UTS
PMAY.=0
Do I=1,NJ
READ (7,*) P{IY,V(I),DAVI(I)
READ (7,*) P(I},V(I)
IF (P(I) .GT. PMAX) THEN
PMA}‘—?(I)
IMAK=I
END IE
WRITE (*,*) I,B{I),V{L1},DAV(I},V(,6 V2
END DO
CLOSE (7}
DETERMINE THE CALIBRATION POINT B USING THE FORCED BLUNTING
ASSUMPTION
SIG0=(YS+UTS) /2
WRITE ,11) 'SPECIMEN NAME:', IFIL
WRITE (*,12) 'INITIAL CRACK LE”\IG”’}_ , A0, 'FINAL CRACK LI: GTH: ' ,AF
WRITE (*,132) 'SPECIMEN THICKNESS:',B, 'SPECIMEN WIDTH:',W
WRITE (*,14) 'FLOW STRESS:',SIGO, 'EFFECTIVE MODULUS: ', EEF
WRITE (*,*; {‘'=',I=1,7&)}
WRITE (*,15) "I','DAV{I)"','AY (L)', '"VP{I}', "VVP(I)*, "PN(I)",
TPNV(I
WRITE (*,*) ('-',I=1,78)
1 FORMAT (///20X,215,%,A12)
Z FORMAT (2X,AZ2,%X,F6.3,14X,A22,%X,F¢E.3)
3 FNORMAT (2X,A22,2¥,F5.2,14X,A22,2X,F5.2)
4 FORMAT ({2X,A22,2X,F7.3,12X,A22,2X,F8.2)



2

@)

Ty

@)

)

5 FORMAT (2X,A3,45(5%,A0))
ETAP=2.15
GAMA=1.15
A{0)=A0
AV (01 =AC
VE(C) =0
VVP{0) =0
NX=0
DO I=1,IMAX
AV(I) = OT‘DA‘\/{I)
REV(I)=W-AV (I}
PNV (I) =F (l),’(W BE* (RBYV (1) /W) **ETAP)
CALl, FINDC(I,aAV,V,CV,BE,W,EEF,YN1)
VVP(I)=V{T)-F(I1}*CVv{I)
A1=A0
AZ=AF
FO=-1
1 A(T)={A1+A2)/2
AW=A(I) /W
CALI, FINDC(I,A,V,C,EBE,W,FEEF,YNL)
WRITE (*,*; 1, Cy(Ty=", ,V(I}
VP(I)=V(I)-P(I)*C (I}
CALL FINDK(T,?P,K,AW,B, BN,W)
WRITE (*,*) I,' K(Iy=",KI{I}
LALL FINDC(I,P,K,A,W,BN,NU,EEF, ETAP,CAMA , VP, JE,JF, J)
BJ=2.0*3SIGC* (A{L) - x@)
F—WB«J -J(I)
WRITE (*,*) I,' F=',F," BJ=',BJ," J(I)=",J{(1)," A{I)=",A(T)
IF (ARS(F) .L7T. .0001}y GO TO 22
IF (F .GT. 0) THEN
AZ=A(I)
GO TO 21
ELSE
Al=A{T)
GO TO 21
END IF
2 AY{I)=A(I)-A0
BO=W-A(TI)
GO=EXP(.522*B0O/W)
PN(I)=P{T)/ (W*BE* (RO/W) **ETAP)
Iv (VP{I) .I.B. 0) NX=I
WRITE (*,25%) I,DAV(I),AY(I),VE(I),vvP(I),PN(I),ENV(I)
END DO
DO -l,IhA}\
VP{T)=VPIT) /W
END ’\f_/
IF 2T .EQ.IMAX) GO TO 22
THE FINAI, CALIBRATION POINT DETERMINATI®N
ISNJ
5{I)=
D%(L)-h( 320
CALL FINDC(I,A,V, C,B , W, EEF,YN1}
VP(I)=V(I)-P(I)*C{I
RRITI)=V-A(I)
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PN{(I)=P(I}/ (N*Bh*’“%fk) W) **ETAP)
WRITE (*,25) DAV {T:,DA(T),VP(I}, VWP (I} (I),PNVI(I;
VE{T)=VP (1) /W
23 WRITE (*,*) {'-',I=1,78)
WRITE (*,28)
25 FORMAT (2X,I3,4(4X,F7.5),2(4X,F7.4))
26 FORMAT (///)
28 FORMAT (4X,A3,X,F8.5)
(e e o e et = e
C L¥MN FUNCTION DETERMINATION
(e e e e e
L=1.0*PMAY/ (W*BE* ( (W-AQ) /W) **ETAF}
L0=L
HL=L/50

WRITE (*,28) 'L =',L
SUMZ2=0
3UM5=0
KK=0
D0 I=NX+1, IMAX
IF (I JEQ. IMAX) GO TO 25
DET=PN(I) *VP{}NJ)**2-PN(NJ} *VP({1) **2
AR3{I) = (L-PN(I) ) *VP(I)*VB(NJ) **2- {L-PN(NJ) ) *VP (NJ) *VP(I)**2
AAS (I)=AA3(I)/DET
AAZ2 (1) =PN(NJ) * (L-BNiI1) )} *VP(I) -PN(I)* (L-PN{NJ) } *VF (NJ)
AA2{I)=AA2(1)/DET
WRITE (*,J“) T, 'ARZ{

(&%}
(&)

I) = '",AR2(I), "AA3(I) = ', AAM(T)
) T0 3

"UMQY._QUM?‘-%AAQ (1)
SUM3=5UM3+AA3 (1)
END DO
WRITE (*
FORMAT (5
FOEMAT (
FORMAT {
AAA=L
BBB=SUM2 /KK
CCC=SUM3 /KK
IF { L .GE. 1.115*L0D) GO TO 40
IF {CCC .GT. .0005) GO TO 40
IF {CCC .EQ. 1.14*L0) THEN
L=L+HL/2
GO TO 30
ELSE
L=L+HL
GO TO 30
END IF
40 WRITE (*,*) ' THE QUG SEST “,L,V ARE:
WRITE(*,38) 'L = ',ARA,'M = ',BBER,'N = ',CCC
WRITE(*,*y ' DO YOU WQRT TO CHANGE THE L,M,N VALUES 27 {Y/N]'
READ {*,'(A)') Y13
IF (YN3Z .EQ. 'Y') THEN
WRITE(*,*) ‘'INPUT THE NEW VALUES OF L, M & N'
KEAD (*,*) AAA,BBB,CCC
END IF

e
g
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USED
WRITE (*,41) '***** JT-R CURVE CALCULATION RESULT FOR SPECIMEN: '
1 JIFTIL, ' xxxxsx
WRITE (*,12) ‘'INITIAL CRACK LENGTH:', AO, 'FINAL CRACK LENGTH:',6AF
WRITE (*,13) 'SPECIMEN THICKNESS:',B, 'SPECIMEN WIDTH:'
WRITE (*,14) 'FLOW STRE3S:',6SIGO, 'EFFECTIVE MODULUS: ', EEF
(

WRITE (*,42) 'PN: [',AAA,' + ',BBB, ' (VPL/W)] (VPL/W) / [',
1 ccc,' + (VPL/W)

WRITE (*,*) ('=',I=1,78)

WRITE (*,43) I‘ r(I»','V(I)‘,' AV (I)', 'DA(I) "', "JV(I)",

1 'J(I)',"'PN(I) P(I})/W', "VVP(I) /W'

WRITE (*,*) ('- I -1,78)
41 FORMAT (///2X,A32,X,A4~,X,A5/)
42 FORMAT (8X,AS5,X,F8.4,A3,F10.4,%,A20,X,F8.7,211)
43 FORMAT (2X,A2,8(3%,A7),2X,A8)

DO I=1,NJ

HH= (AF-2A0) /10

AV (I)=A0+DAV(I)

RBV(I)=W-AV(I)

CALL FINDC(I,AV,V,CV,BE,W,EEF,YNI)

VVE(I)=P(I)*CV(I)

VVP(I)=V(I)-VVE(I)
PNV(I)=P(I)/(W*BE*(RBV(I)/W)**ETAP)

CALL FINDA(I,P,AO0,A,DA,AY,RB,V,VE,VP,PN,W,BE, EEF,YN],

1 ETAP, AAA,BBB,CCC, HH, IMAX)
WRITE(*,*) DAV(I),DA(I),VVP(I),VP(I)
AW=AV (1) /W

CALL FINDK(I,P,KV,AW,B,BN,W)
CALL FINDJ(I,P,KV,AV,W,BN,NU, EEF, ETAP, GAMA, VVP, JEV,JPV, JV)
AW=A(T) /W
CALL FINDK(I,P
CALL FINDJ(I,F,
WRITE(*,44) I,P
1 VP(I)/W,VVP(T)/W
END DO
WRITE (*,*) ('-',1=1,78)
WRITE (*,26)
CALL ADJA(NX, IMAX,J,DA,AY)
WRITE (*,*) 'INPUT THE NAME OF THE OUTPUT FILE?'
READ 10, OFM
OFILl='JR'//OFM//' .BATL"
OFIL2='JR'//OF//'.OUTL"
WRITE (*,*) 'OUTPUT FILE NAME IS :',OFILl
OBPEN (8, FILE= OFIL2)
WRITE (8,41) '***** J-R CURVE CALCULATION RESULT FOR SPECIMEN:'
T IFIL, ' *****:

.K,AW, B, BN, W)
F.K, A W, BN,NU, EEF, ETAP, GAMA, VP ,JE,JP,J)
(I),V(I),DAV(T),DA(T),JV(I),J(I),PN(I),

'

WRITE (8,12) 'INITIAL CRACK LENGTH:',AO, 'FINAL CRACK LENGTH:', AF
WRITE (8,13) 'SPECIMEN THICKNESS:',B, 'SPECIMEN WIDTH:'

WRITE (8,14) 'FLOW STRESS:',6SIGO, 'EFFECTIVE MODULUS: ', EEF

WRITE (8,42) 'PN= [',AAA,' + ',BBB,'(VPL/W)] (VPL/W) / [',

1 CCC,' + (VPL/W)]!
WRITE (8,48) oo ———=—=—=—==—======—=—=—=—=-=—==—=——=——————=—============"',
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RITE (8,46) "I, 'P{I) Iy, 'DAV(I) , tDA(I) ¢, PaVI(I) Y,
LD RNVIT) L ENGD) ¢ BT e, T
WRITE (8, 48) == oo o s oo v

[

&

DO I=1,NJ
WRITE(E,47) T,P(I
1 OBN(I),VE(I)/W,VVE(
END DO
WRITE (8,4B8) === mmmm oo oo oo ’

),me,,D AVII),DACTY,IVL), (1), PNV(I),
7

CLOSE ({8)

OPEN (%, FILE= OFIL1)

WRITE (9,43) "I','P{I)*,'V{I)', 'DAV(I)', 'DA(I}', ' J(I)}",
10 "IV{I) U PN{IY Y, VELD) AW, VVR{T ) SW

”'O E {9)
WRITE (*,*) 'DO YOU NEED TO CONTINUE? [Y/N '
READ 10, ¥YNZ
WRITE (*,49)

IF (YNZ .EQ.'Y") GOTO 5
{

4 FORMAT (2X,T2,X,F7.3,3{(X, 7.5}, 3(X,F7.4),2(X,F7.5))
5 FORMAT 2A,L ! ',2X,F7.3f‘ CL3(2XK,FT7.5,0 ")
1 4(2X,F7.4, T)LE2X,FTLS, CL2X,FTLE)
46 FORMAT ‘LX,A2,9{X,A7),2X,A8}
47 FORMAT (2X,I2,X,F7.3,3(X, F7.5}),2(X,F7.4),2{X,F7.3)

1 Z{X,F7.5))

48 FORMAT (X,2A45,A
49 FORMAT (//)
STCP

END

SUERGUTINE FINDK(IL,P,K,AW,B, BN,wF

THIS SUBROUTINE DETERMINE K{I) FOR COMPACT SPECIMEN
INTEGER I

PARAMETER (N=100}

REAL P{0:N),K(N),KL,K2,AW,B,BN,W

. * 2 W**2‘?‘1—1. A"AT**‘*_S.E*AV\!**/J)

(1

£+4. '4*Ah 13.32
I)/ (B*BN*W) ** . &5
%) KL,¥(1),P(I),5,BN,W
RETURN

ERD
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SUBRCUTINE FINDC(I,A,Y,C,BE,W,EEF,YNL)
(e e e e e e o e e o e et o et o o e et e e
C TEIS SUBROUTIKE DETERMINE THE ELASTIC COMPLIANCE C(I) FOR
C COMPACT SPECIMEN
(T o e o ke e o o o e e e o ot o e et e e o ot o o o e et o o e
INTEGER I
PARAMETER (N=1U0)
REAL A(O:N),V(N),CIN),BE,W,EEF, AW, H,D,R,CL,C2,C3,C4
REAL X1,X2,SITA
CHARACTER YN1*2
C
1= (1/(EEF*BE) ) * ({(W=A{T) )/ {W-A(I)))**2
AW=A (1) /W
C2=2.163+12.219*AW-20.065*AW**2 - [ SURB*AW** 3,20 600 2W**4
CZ:C2*9.311’.*AW**‘3
C{I}=Ci*C2
C WRITE (*,*) YNL,C{(I}
I7 {YN1 .EQ.'N') THEN
TO 100
FMD IF
Hz . 355*W
=, 0B *W
R (W+A (1)) /2
Z1={V{I) / +D) S (DFD+R*R) **
X2=D/R
SITA=ASIN(X1)-ATAN(X2)
C3=H*SIN(SITA) /R-COS{5ITA)
Ca=D*SIN{(SITA) /R-COS{EITA)
C(T)=C{I)/{C3*C4)
C WRI TE (%, *) TERFAx O AWt AW, C(I)=',C(I)," A(I JA(T)
100 RETURN
D
C
SUBROUTINE FINDJ(I,P,X,A,W,BN, I\‘U,EE%,HM&P GAMA, VP,JEWP T)
[ G v e e e e o o o s e e o e v e e e e e e s o o o o epe e o e o e e o e o e o e o e
C THIS SUBROUTINE DETERMINE J(I)
C _______________________________________________________________________________________
INTEGER I
PARAMETER (N=10()
C DIMENSION VP(O:N),P(0:N),A(C: h),JP(O:N)
REAL JE(N) ,J (N}, K (I} ,\'P(f“:N),:<O:N) A{D:N) , TP (0:N)
REAL ETAP,GAMA, NU,FEF,BN,W
~
Jei{0) =0
JE(_I):K(I)**2*(1—1‘&7**2)/’}3?3}7‘
JP{(I)=.5*ETAP* (P({I)+P(I-1) )X (VP(I)-VP{I-1})/ ({(W-A{I))*BN)
JE{I)=(JB(I-2)+JP(1})) (1~-,:\47* (B{T)-A{I-1))/(W-A(1)})
J(IY=0E(I)+JP (1)
C WRITE (*,*) I,K{(Iy,JE(D),JB(2),J(I),A(D),VP(I)
RETURN
END
C
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SUBROUTINE FINDA(I,P,AO0,A,DA,AY,RB,V,VE,VP,PN,W,BE, EEF, YNI,
1 ETAP,AAA,BBB,CCC,HH, IMAX)

Crmmmm
@ THIS SUBROUTINE DETERMINE A(I) AND VP(I} VIA LMN FUNCTION
C PN=P(I)/ (W*BE* (b(I)/W)**ETAP) = [L+M* (VP (I)/W)] (VP(I)/W)/IN+(VP(I)/W]
C ________________________________________________________________________
INTEGER I, IMAX
PARAMETER (N=100)
C DIMENSION VP(O:N),P(0:N),A(0:N)
REAL VP(O:N),P(0:N),A(0:N),RB(N),DA(0O:N),VE(N),V(N),PN(N),C(N)
REAL AY (N)
REAL ETAP, EEF,BE,W,ARA, BBB,CCC, PNIA, PNIB,DFPN, VP11, HH
CHARACTER*S YNI
C
A(T)=A0
121 RB(I)=W-A{I)
CaLL FINDC(I,A,V,C,BE,W,EEF, YN1)
VE(I)=P(I)*C(I)
VP1=(V(I)-VE(I))/W

PNIA=P(I)/ (W*BE* (RB(Il)/W)**ETAP)

PNIB=(AAA+BBB*VP1) *VP1/ (CCC+VP1)

DFPN=PNIB-PNIA

IF (ABS(DFPN) .LT. .001) THEN
GO TO 122

ELSE IF (DFPN .GT. 0) THEN
A(I)=A(I)+HH

Ge® TO 121
ELSE IF (A(I) .LE. AQ) THEN
GO TO 122
ELSE
A(I)=A(I)-HH
HH=HH/10
A(I)=A(I)+HH
Ce TO 121
END IF

122 VP (T)=VP1*W
D&(I)=A(I)-A0
PN(I)=PNIA
IF (VP(I) .LT. G) THEN
VP(I)=0
DA(T) =AY (I)
A(I)=A0+DA(I)
END IF
IF (I .GT. IMAX) THEN
GO TO 123
ELSE IF (DA(I) .GT. 0) THEN
Ge® TO 123
ET
A(I)=AY(T)
A( ):AO+DA( )
B(I)=W-A(I)
CALL rINDC(I,A,V,C,BE,W,EEF,YNI)
VE(I)=P(I)*C(I)
VP(I)=V(I)-VE(I)
PN(I)=P(I)/(W*BE* (RB(I)/W)**ETAP)
END IF
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123 RETURN

END
C
C
SUBROUTINE ADJA (NX, IMAX,J, DA, AY)
C ...................................... e
C THIS SUBROUTINE ADJUSTS DA(I) USING ENFORCED BLUNTING ASSUMPTION
C FOk THE SEGMENT BEFORE PMAX IS REACHED WHEN NECESSARY
C _______________________________________________________________________
INTEGER I,JJ,NX,IMAX,KK1,IDACH
PARAMETER (N=100)
REAL MM, LBATA, BATA, SUMP, SUMX, SUMXX, SUMY, SUMXY
REAL J(N),DA(O:N),AY(N),LJ(40),LDA(40)
C
KK1=1
IDACH=1

131 DO I=NX+1,IMAX
IF (DA(I) .LT. DA(I-1)) IDACH=I
END DO
WRITE(*,*) ' NxX=",NX, ' IDACH=", IDACH
IF (IDACH .EQ. KK1) GO TO 132
DO I=1,IDACH
DA(I) =AY (I)
END DO
KK1=IDACH
GO TO 131
132 SUMP=0
SUMX=0
SUMXX=0
SuMY=0
SUMXY=0
DO I=NX+1, IMAX
LJ(I)=LOG(J (1))
LDA(I)=LOG(DA(I))
SUMP=SUMP+1
SUMX=SUMX+LDA (I)
SUMKX=SUMXX+LDA (I)*LDA(T)
SUMY=SUMY+LJ (I)
SUMXY=SUMXY+ZDA (I)*LJ(I)
END DO
MM= (SUMP*SUMXKY -SUMX*SUMY) / (SUMP* SUMXX-SUMX* *2)
LBATA= (SUMXX*SUMY -SUMXY*SUMX) / ( SUMP* SUMXX~SUMX**2)
BATA=EXP (LBATA)
133 DO I=NX+1, KKl
DA(I)=(J(I)/BATA)** {1/MM)
END DO
IF (DA(KKI1+1) .LT. DA(KK1)) THEN
KK1=KK1+1
GO TO 133
END IF
134 RETURN
END
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