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ABSTRACT

The LMN normalization method introduced by Landes et al. has

been used successfully to develop J-R curves from load versus

displacement records without crack length measurement. This

method uses a so-called LMN function to describe the plastic

deformation curve, which gives an unique relationship between load,

plastic displacement and crack length. It not only eliminates the need

for crack length monitoring equipment, therefore providing a method

for more easily conducting and evaluating J-R curve tests; but it

could be useful for tests conducted under some special conditions

such as in hot cell testing or dynamic testing, or even in a facility

with limited instrumentation.

One proposed application of the LMN normalization method is for

developing J-R curves from load versus crack length records where

displacement measurements cannot be made. This could be

important, for example for conducting and analyzing a J-R curve test

in a hot cell. In order to do this some additional details of the method

must be developed. The key in such a case is how to determine the

LMN function for each test specimen. This study tries to use the

material flow properties to predict some calibration points on the

plastic deformation curve for the determination of the LMN function.

Three approaches are proposed. These are applied to different test

specimens which include a 10 to 1 difference in size and several

different metallic materials. These tests were conducted and

analyzed previously by the elastic compliance method and also
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analyzed by the LMN normalization method from records where both

load and displacement were available. The new results are compared

with those from both earlier analyses.

This study describes the development of the new features of the

three approaches and shows examples of how well they work. One

approach in particular, the power law approach, is found to work

best. The results from this approach are found to be consistent with

those from the earlier analyses which use the compliance and

complete normalization methods. Finally the use of the new

approaches for the ASTM J-R curve test is discussed.
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LIST OF SYMBOLS

a, Aa crack length and crack extension

ae Irwin's effective crack length modified to account for

strain hardening

ao, af initial and final crack length

A pi plastic component of the area under the load versus

displacement record

b  remaining uncracked ligament of the test specimen

B  thickness of a specimen

Be effective thickness of a side grooved specimen

Bn net thickness of a side grooved specimen

C  elastic compliance

E  Young's modulus

f(a/W) geometrical factor function used in K calibration

g(b/W) function of normalized remaining uncracked ligament

used for separable multiplicative functions of P

G(a/W) function of normalized crack length used for separable

mutiplicative functions of P

H(vpi/w) function of normalized plastic displacement used for

separable multiplicative functions of P

J  potential energy release rate per unit crack length

extension for ductile fracture

Jeh Jpi elastic and plastic component of J

K  crack tip stress intensity factor

L, M, N fitting constants in LMN function

Xll



a, n material strain hardening constants used in the Ramberg-

Osgood description

P  load

Pn normalized load

Po limited load per unit thickness based on the yield stress

S  distance between three-point loaded bend specimen

supports

Ti components of traction vector

Ui components of displacement vector

V  load-line displacement

Veh Vpi elastic and plastic component of v

w  strain energy density

W  specimen width

P, n, (I, K fitting constants in Eq. (3.11) and Eq. (3.12)

Eys yield strain

Eo effective yield strain

v  Poisson's ratio

Oy effective yield strength

Oys yield strength

Outs ultimate (tensile) strength
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1. INTRODUCTION

Since it was introduced by Rice[l], in 1968, the J-integral

method of analysis has been viewed as a direct extension of linear

elastic fracture mechanics (LEFM), into the elastic-plastic regime, and

its physical and analytical basis are as powerful as LEFM. Its role

was examined and its significance and application are shown 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 [1]. i.e.

J = (w dy - Ti ̂ -^ds) (1.1)
r

(2). J is the strength of the crack tip elastic-plastic stress-strain

field singularity, thus it may be regarded as the characteristic

parameter [2,3].

(3). J can be seen as the potential energy release rate per unit

crack extension for the non-linear elastic counterpart of an elastic-

plastic material [4], That is

V  p

du f ap . f I
^""Bda"'J aa'v'^^ " J aa 'p

0  0

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

Jic, by reasoning that for a given material equal J values mean equal
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intensities of geometrically identical surrounding crack tip stress-

strain fields. Thus, crack growth begins when a critical value of the

strength of the field is attained [5,6].

(5). J can be used for constructing the material property J-R

curve, as an extension of the G-R curve of LEFM. It applies even for

significant amounts of crack growth under certain restrictions [7,8,9].

The J-R curve can also be used to analyze conditions for ductile

instability [10,11].

As the essential fracture toughness property and criterion for

materials which fail in a ductile manner, the J-R curve and Jic value

can be measured using two standard ASTM test methods, E813 and

El 152 [12,13]. According to these standard methods, to develop Jic

values and J-R curves triplets of information are needed: load

displacement and crack length. They are obtained from tests of

fatigue precracked fracture toughness specimens. Traditionally, Jic

values from E813 have been developed using two techniques [12].

The first, called the multiple specimen method, uses a series of

specimens tested to different crack opening displacements, each

developing a single point of J versus crack extension. The second,

called single specimen method, uses instrumentation to develop

values of J versus crack extension from one specimen. The single

specimen method can also be used to develop the full J-R curves in

accordance with ASTM 1152.

Obviously, the single specimen technique has advantages. It

develops more information, namely the full J-R curve, requires fewer

specimens and gives a more satisfactory result.
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In general, to develop J-R curves from the single specimen

method, the load and displacement can be measured directly on the

test specimen while the crack extension measurement can be only

obtained by using an indirect measurement, such as the elastic

unloading compliance method or the electrical potential drop method.

This requires sophisticated equipment and advanced testing

techniques, which may be sometimes a problem to some laboratories.

In some special cases, such as hot cell testing of irradiated materials,

experimental measuring the displacement may even be difficult and

only the measurements of load, crack extension and final plastic

displacement can be obtained from the testing. To develop J-R curves

in such a case may present some difficulty.

Recently Dr. Landes and his group have introduced a new

method, labeled normalization, to develop the full J-R curve from

load versus displacement records with no crack extension monitoring

equipment [14,15,16,17]. This method was based on the " key curve "

approach introduced by Joyce [18]. Using the normalized plastic

deformation curve (i.e. key curve) assumption , the load,

displacement and crack length can be functionally related. If a

suitable functional form is assumed, the individual normalized plastic

deformation curve can be determined uniquely for each specimen .

Once known, it can be used to determine crack length directly from a

single specimen test record. This method gives all the information

needed to develop both the Jic value of E813 and the J-R curve of

E1152.



Several versions of this method have been proposed. The first

one used a power law with two unknown fitting parameters as the

functional form [14,15]. The two unknown fitting parameters could

be determined from the test details at the original and final crack

length. This functional form worked satisfactorily for the materials

which did not have extensive plastic deformation (Vpi/W < 0.05)

during the fracture process. The second version used a combination

of power law plus straight line as the assumed functional form [16].

This is based on the fact that the normalized plastic deformation

curve appears to have a straight line character for materials with

extensive plastic deformation (vpiAV > 0.05). The power law plus

straight line functional form gave better results than the pure power

law method because it more generally described the deformation

character observed in a test specimen. However, this functional form

was awkward to deal with, it needed a point of transition from

power law to straight line. This point had to be chosen and fitting

constants determined from points where crack length was not

known. The third version used the so-called LMN function as the

functional form assumed to relate normalized load and plastic

displacement [17]. It was taken from the work of Orange [19] and has

the general form

Hfv ,/W^ - 1 L + M ( y„i/W) 1 (Vni/W)H(Vp,AV)- N + (Vp,/W)

where H(vpiAV) is a plastic deformation function and L, M and N are

fitting constants. This function has the character of resembling a



power law for small VpiAV ( when Vpi/W « N ) and a straight line for

large Vpi/W (when Vpi/W » N). The transition between the two

behaviors is smooth. Therefore, it makes the normalization method

more generally applicable to ductile materials. The normalization

method with this function form, called LMN normalization method,

was applied to more than 60 specimens made from 6 different

metallic materials to develop J-R curves from load versus

displacement records [17]. It worked extremely well and the results

remarkably improved compared to those from the earlier two

functional forms.

The objective of this paper is to try to use LMN normalization

method to develop J-R curves from load versus crack length records

where displacement has not been measured. This could make it

possible for the single specimen technique to be used in some special

cases, such as high temperature or hot cell testing, where a

displacement measurement may be difficult. It is based on the idea

that the LMN function uniquely relates the load, plastic displacement

and crack length and once it is determined, it can be used with the

compliance calibration function to determine any one of the three

parameters provided the other two are known. The first step of this

work will give some background on the new method, including the

method of developing J-R curves from the ASTM ductile fracture test

standard using the elastic unloading compliance method and the LMN

normalization method. Then based on these, the LMN normalization

method will be used to demonstrate how to develop J-R curves from

load versus crack length records. The first step in this is to
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demonstrate how to determine the LMN function from the load

versus crack length record. Three approaches will be introduced for

determining the LMN function. Finally these approaches will be

applied to more than 20 specimens, which have an order of

magnitude difference in size (from 1/2T to lOT) and are made from

5 different metallic materials, to demonstrate how to develop the J-R

curves. The results will be compared with those analyzed previously

by elastic compliance method and by LMN normalization method

applied to load versus displacement records.



2. BACKGROUND ON THE NEW APPROACHES

The new approaches for developing J-R curves from load

versus crack length records will be derived based on the ASTM

ductile fracture standard test methods, E813 and E1152, and the

LMN normalization method. Before introducing the new approaches,

some background on the standard methods and the LMN

normalization method will be given.

2.1 The ASTM Standard Test Methods, E813 and E1152, for

Developing Jic Values and J-R Curves

As an alternate to the line integral definition, an equally valid

definition provided by Rice [4], for J is in the form of potential

energy release rate per unit crack area, given by

v  P

dU
J = -
•' Bda

ap , a_v
aa
-IpdP (1.2)

0  0

This form was used by Begley and Landes to do the first

experimental evaluation of J where they obtained J as a function of

crack length and level of applied deformation(v or P) for different

geometrical configurations in 1972 [5,19]. After their critical

experiments, many significant works on evaluating J and J-R curves

were done by Bucci et al. [20], Rice et al. [21], Landes and Begley [7],

Clarke et al. [22], McCabe and Heyer [8,9], Ernst et al. [23], Hudak and

Saxena [24] and others [25]. Based on these works, two standard



ductile fracture test methods, E813 and E1152, have been developed

and issued by ASTM for evaluating Jic values and J-R curves [12,13].

For developing Jic values and J-R curves by using ASTM

standard test method the standard compact specimen (CT) is used.

This is pin-loaded in tension and has an initial normalized crack

length (aoAV) of 0.5 to 0.7. An alternate specimen is the three-point

loaded bend specimen (SENB), which is a single edge-cracked beam

and also has an initial normalized crack length(ao/W) of 0.5 to 0.7. To

conduct the test, the single specimen method is preferred. The

measurements of applied load, P, load-line displacement, v, and crack

length, a, must be obtained from the test. 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. For the single

specimen test method, crack length can be measured by using the

elastic compliance method or DC potential drop method. The elastic

compliance method uses the elastic compliance measurements to

determine crack length and crack extension. These measurements

are taken on a series of unloading/reloading segments spaced along

the load versus displacement record [22,26]. The crack length

measurements then can be obtained from the elastic compliance

measurements. For CT specimen, they are given by [24]

aiAV = 1.00196 - 4.063 19Ull+ 11.242Ull- 106.043uJ^

464.335uJl - 650.677ufL (2.1)
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where

1

(BeEC)^/^+l

E  is the modulus of elasticity

Be is the effective thickness and Be = B - (B - Bn)^/ B

Ci is the specimen elastic compliance on an unloading/reloading

sequence and Ci= Avi/APi

For the SENB specimen they are given by [28]

aiAV=0.999748 - 3.9504 Ux + 2.9821 - 3.21408

+ 51.51564 - 113.031 (2.2)

where

1
Ux=(4BeWECi/S)^/2 + 1

Ciis the specimen elastic compliance on an unloading/reloading

sequence and Ci = Avx/ APi

Avx is the increment to crack mouth opening displacement

S  is the distance between specimen supports.

The DC potential drop method uses the changes in the electrical

resistance of a specimen to determine crack extension. It has become

more popular as the electronic equipment used has improved. After

many years of development, these two method are now used

routinely and with very good success in many laboratories. However,

they do require sophisticated equipment and advanced testing

techniques to make them work successfully.



Once the measurements of applied load, load-line displacement

and crack length are obtained, the J value can be evaluated at any

point by using the method provided by Ernst et al. [23]. That is

J = Jel+Jpl (2.3)

were

Jei is the elastic component of J

Jpi is the plastic component of J

and

jp.<i, = [ jpKi-i, + (^ [ 1 - (Y, 1
(2.4)

where

hi is the remaining uncracked ligament and hi = W - ai

for CT specimen

r|i = 2.0 -h 0.522 bi/W

Yi= 1.0 + 0.76 bi/W

for SENB specimen

rii = 2.0

Yi = 1-0

[ Api(i) - Api(i.i) ] is the increment of plastic area under the

load versus load-line displacement record between lines of constant

displacement at points (i - 1) and (i), and

Ap,<i) = ApKi.i) ^ [Pm-^Pfi-nUvpim-vpin-,)! ^^.5)
where

Vpi(i) is the plastic part of the load-line displacement and

Vpl(i) = V(i) - Vel(i) = V(i) - PiCi
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Ci is the compliance ( Avi/Api) required to give the current

crack length, ai. Also for the tests that do not utilize the elastic

compliance technique, Ci can be determined from the knowledge of

aiAV using the following equations [24], for the CT specimen

1  W + ai 2 2
Ci"EB^( W ai ̂  ^ 12.219(aiAV) - 20.065(ai/W)^

- 0.9925(ai/W)3 + 20.609 (ai/W)^ - 9.9314(ai/W)5 ] (2.6)

for the SENB specimen

1  sCi = ( f [ 1.193 - 1.980(aiAV) + 4.478(ai/W)^
EBg W - ai

- 4.443(ai/W)^ + 1.739(ai/W)'^] (2.7)
and the Jgi can be given by

(Ki)^ (1 - v^)
Jel = ' (2.8)

E

where

V  is the Poisson ratio

K i is the crack tip stress intensity factor and Kj can be

determined from ASTM standard test method E399. That is

for the CT specimen:

K| = f(aiAV) (2.9)
(BBnW)'"

With

f(ai/W) = + "i/W) j Q ^ 4.64(ai/W) - 13.32(ai/W)^
(1 - aj/W)'"

+14.72(ai/W)' - S.eCoi/W)" ] (2.10)
for the SENB specimen

1 1



Ki = f(a|AV) (2.11)

with

<1 - Si/W)'" { 1.99 - (aiAV) (l-aj/W)2(1 + 2ai/W)

[ 2.15 -3.93(aiAV) + 2.7(ai/W)^ ] } (2.12)
Also , the crack extension can be given by

Aai = aj - ao (2.13)

where ag is the initial crack length.

At this point, 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. El 152, are

satisfied. A typical J-R curve from compliance method is given in

Fig. 1. From this the Jic values can be determined by using at least

four qualifying data points which lie within the two specified

exclusion lines. These data reflect the material resistance to crack

growth. The J 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

J = 2ayAa (2.14)

where Oy is the effective yield strength and Oy = (Oys -i- Ctuis) / 2.

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 Jic, provided the validity requirement of ASTM standard

test method, E813, are satisfied.

12
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2.2 The LMN Normalization Method

The idea of using flow properties of material to determine

crack length for developing J-R curves directly from load versus

displacement records was first suggested by Ernst et al. [28,29] and

later given the label "key curve" method [18]. In this work, a

universal normalized plastic deformation curve ( i.e. key curve) was

assumed to exist for a given material. Once it was measured, it would

apply to similar specimens of the same material. Although the

technical basis of the method is sound, it never was widely used

because some of the details needed for applying the method had

never been satisfactorily developed until Landes et al. recently

proposed their method of normalization.

The method of normalization introduced by Landes et al.

[15,16,17] was derived from the key curve analysis. Rather than

assuming a universal normalized plastic deformation curve exists for

a material, they used the individual normalized plastic deformation

curve for each specimen. If a suitable functional form of the

normalized plastic deformation curve was assumed, the normalized

plastic deformation curve can be determined from the detail of the

load versus displacement record for each specimen. Then the

normalized plastic deformation curve related the load, displacement

and crack length uniquely and can be used to determine the crack

length for developing J-R curve.

To use the method of normalization it was assumed that during

a  test of a precracked specimen, the load, displacement and crack

length can change continuously. Since these are the only interacting

14



variables during the test, they must be related by an arbitrary

function F:

P = F (aAV, vAV) (2.15)

where crack length, a, and displacement, v, are nondimensionalized

by the specimen width, W. An important development in the analysis

of load, displacement and crack length relationship was made by

Ernst [28,29], who showed that the load P can be represented by

separable multiplicative functions of the normalized crack length

(a/W) and the normalized plastic displacement (Vpi/W) when

displacement is divided into elastic and plastic components

V = Vel + Vpi (2.16)

and

P = G (aAV) H (vpi/W) (2.17)

In fact, the load P, elastic displacement Vei and crack length a are

related by

vei = P C(a/W) (2.18)

where C(aAV) is the compliance function and can be determined by

Eq. (2.6) or (2.7) for compact specimen and three-point bend

specimen respectively. If both of G(a/W) function and H(vpi/W)

function are known, the load displacement and crack length have an

unique relationship.

The function G(aAV) is dependent on the particular specimen

geometry and can be determined for a specimen type if the J

calibration is known; this was demonstrated by Ernst et al. [23] and

Sharobeam and Landes [30,31], where the plastic eta function, T|pi,

was used to determine G(a/W)
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b ^ ^ G'(a/W) ̂
^Pi " ' ( W ) [ G(a/W) ̂ ^ ^

where

b is the remaining uncracked ligament and b = W - a

For the bend-type specimen, G(aAV) can be written in terms of b in

the form

Bb^
P = -^ g(b/W) H(vpi/W) (2.20)

and

- ^S-(b/W)
Opl-L'' + -vv g(b/W) ' '

It has been suggested [23] that for the compact specimen

Tlpi = 2 + 0.522( If) (2.22)
the function g(b/W) is then automatically implied by Eq.(2.21)

combined with Eq.(2.22)

g(bAV) = e«"2b/w (2.23)
for three-point bend specimen (with span/width radio = 4)

Tlpi = 2 (2.24)
with

g(bAV) = 1 (2.25)

The deformation function H(VpiAV) is material dependent and

varies from one material to another. It depends on flow strength,

hardening character and other material features and can be

evaluated most generally in a graphical format by separating

Eq.(2.20) into its crack length dependent form, defined as Pn, that is

Pn = f ̂  = H(Vpi/W) (2.26)
Bb g(b/W)
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Plotting Pn versus (Vpi/W) defines graphically the functional form of

H(Vpi/W); this is shown schematically in Fig. 2. The curve of P^ versus

(Vpi/W), called the normalized plastic deformation curve, contains all

the information relating P, Vpi and a. Therefore, given any two of the

three parameters, the third can be determined, provided the

normalized deformation function is known. This principle forms the

basis of the method of normalization. The basic idea of normalization

suggested that a functional form could be assumed that was general

for metals. This functional form would have unknown constants that

could be determined from details of the test.

The early normalization analyses [15,16] used a function

H(Vpi/W) which appeared to have a power law character when

(VpiAV) < 0.05 and a straight line character when (Vpi/W) > 0.1. The

latest suggestion for H(Vpi/W) function form was LMN function which

was adopted from the work of Orange [27]. The general form of LMN

function has been introduced in section 1, that is

H( ,;W) = [ L . M(v„/W) ] (v„/W)
"  N + (Vp,/W)

where L, M, N are fitting constants. This function has the character of

a power law when (VpjAV) « N and a straight line when (VpjAV) » N.

The transition between the two behaviors is smooth. This agrees

very well with those of the function H(Vpi/W) observed from the

early work of the normalization analysis. So it seems to be a very

suitable selection for the functional form of H(Vpi/W).

The LMN function has three constants and therefore also needs

three calibration points to determine them. The LMN normalization

17
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method provided by Landes et al. [17, 33] used an enforced blunting,

which gives several calibration points at the beginning of the plastic

deformation curve, an intermediate calibration point and a final

calibration point measured at the final value of crack length to

determine the LMN function. This idea was illustrated schematically

in Fig. 3.

The idea of using enforced blunting to get several beginning

calibration points was based on the fact that the blunting behavior

was observed in the results from other multiple specimen or single

specimen techniques. This should be reproduced when the

normalized deformation function is used. The LMN normalization

method used the ASTM E813 blunting equation

Aa = J / 20y (2.27)

combined with Eq.(2.3) through Eq.(2.13) and Eq(2.26) to obtain

these beginning calibration points.

The second part of the construction of the deformation function

requires an intermediate calibration point which cannot be

determined for a known crack length. The idea for this point came

from a careful study of the normalized deformation behavior of

many different steel specimens. It was observed that by dividing

the normalized load, P^, by flow stress, Oy, and dividing (Vpi/W) by

OCEo, where a is a material constant used in a power law hardening

stress-strain description and Eo is Oy/E, where E is the elastic

modulus, gives a fairly consistent normalized deformation curve for

all materials. This is illustrated in Fig. 4. In particular there is a point

near the transition between the power law region and straight line
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behavior where all of curves appeared to converge [32]. This was a

point of approximately Pn = 0.32 Oy and VpiAV = 4.5 aeo. This was

first adapted as a fixed point. However in using this point, slight

material variations caused scatter in results, because it was in a

sensitive region for J-R curve analysis. The LMN normalization

method then picked this as an intermediate calibration point which

can vary slightly in a range of Pn values but was fixed at

Vpi/W=4.5aeo . It was first picked below the correct value of Pn and

then varied while the LMN function were determined.

The final calibration point was obtained from the test record

and the final crack length which was measured from the surface of

the broken specimen.

The fitting of the LMN function then proceeded using the three

types of calibration points described, each one of the beginning

calibration points from the enforced blunting with the variable

intermediate calibration point and the final calibration point formed

a  set of calibration points. The variable intermediate point was

varied and fits were made for every set of calibration points and

several sets of fitting constants L, M, N were obtained each time. The

selection of the intermediate point was the one that gave the

minimum fitting deviation for all the sets of fitting constants L, M, N.

The values of constants L, M, N for specifying the LMN function then

can be taken from the averages of fitting values respectively from

the set that gave minimum fitting deviation.

The LMN function uniquely relates the load, the plastic

displacement and the crack length. Once it is determined, it can be
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used to determine crack length from the load versus displacement

record. That is, the combination of Eq.(1.3) and Eq. (2.6) gives

_  P W _ [ L + M (vpi/W) ] (vpi/W)
" Bb^g(b/W) ~ N + (Vpi/W)

where

b = W - a

Vpl = V - Vei

vei = P C(aAV)

and C(aAV), g(bAV) were given in Eq.(2.6) or (2.7) and Eq.(2.23) or

(2.25)

The unknown crack length, a, is embedded in Eq (2.27) and

(2.6) or (2.7) with Eq. (2.16), (2.18) and can best be solved iteratively

by using a computer.

Once the crack length values were determined, the J-R curve

can be developed from the measurements of crack length with the

load versus displacement record. This can be achieved either by

integrating the deformation function directly or by using the El 152

Eq.(2.3) through Eq.(2.13).

The LMN normalization method has been applied to a number

of specimens made from 6 different metallic materials to develop J-R

curves and Jic values. As previously mentioned the results were

excellent [17].
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3. DEVELOPING J-R CURVES FROM LOAD

VERSUS CRACK LENGTH RECORDS

3.1 Introduction

In some special cases, such as the high temperature testing or

the hot cell testing of irradiated materials, it may be difficulty to get

a displacement measurement. For these cases only load versus crack

length records can be measured during the test. Also the final plastic

displacement can be obtained after the test from the permanent set

of the specimen. The ASTM standard test methods, E813 and El 152,

cannot be used for analyzing J-R curves and Jic values in such a

condition. A new method must be developed.

The LMN normalization method introduced by Landes et

al.[15,16,17] has been successfully used to develop J-R curves from

load versus displacement records without crack length

measurements. In this method the normalized load versus plastic

displacement, expressed by the LMN function, relates the load,

plastic displacement and crack length uniquely. Once it is

determined, it can be used to predict any one of the three

parameters provided the other two are known. Therefore, the LMN

normalization method could be used to predict the plastic

displacement and then to develop J-R curve from load versus crack

length record.

To construct the LMN function

p _ P W _ [ L -H M(Vnl/W) ] (Vnl/W)
Bb2g(b/W) " N -H (Vpi/W)
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from the load versus crack length record, the normalization load Pn

can be evaluated from the test record directly. For determining the

LMN function three calibration points are needed. The final

calibration point can be obtained at the end of the test by

determining the final physical plastic displacement. The intermediate

calibration point can be determined in the process of fitting the LMN

function by varying the variable intermediate point in values of Pn

at constant VpiAV = 4.5aeo provided several beginning calibration

points are known. Therefore, the key determining the LMN function

for developing the J-R curve from the load versus crack length

record is in determining how to obtain several beginning calibration

points. This study tries to use some approximate techniques which

incorporate material flow properties to predict these points. Three

approaches are proposed here for determining these beginning

calibration points.

3.2 Using the "Handbook" Method to Obtain the Beginning

Calibration Points

An engineering approach provided by Kumar et al.[34] for

calculating J and plastic load-line displacement had been introduced

in the GE-EPRI Elastic-Plastic Fracture Analysis Handbook. The J and

plastic displacement equations are given as

J ~ Jel + Jpl
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with

and

K^( ae)
Jei=^r^ (3.1)

P  3^

^ (BBnW)'" ' ̂ '

Jp, = aOy,£ysbhi(aAV, n)(P/Po)°^' (3.2)

vpi = aEy,ah3(a/W, n)(P/Po)° (3.3)
where

a and n are the material hardening constants used in the
e  cy a n

Ramberg-Osgood fit ~ = ~ + a (z ) .
^ys ^ys ^ys

(Tys is the yield stress.

8ys is the yield strain, and Eys = CJys/ E

ae is the Irwin's effective crack length modified to account

for strain hardening and

ae = a + ([) ry

with

<3.4)

and

<1> = ^ (3.5)
(P/Po)

where

P = 2 for plane stress

P = 6 for plane strain

Po is the limited load per unit thickness based on the yield

stress, for compact specimen it is given as
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Po = 1.455 Tjbao for plane strain (3.6)

Po = 1.071 TlbOo for plane stress (3.7)

with r| = [ (2a/b)^ + 2(2a/b) +2 - [2a/b +1] (3.8)
Also hi(aAV, n) and h3(a/W, n) are functions determined on

aAV and n. Their values are tabulated in the EPRI Elastic-Plastic

Handbook. f(ae/W) is a geometry factor given by Eq.(2.10) and

Eq.(2.12) for the CT specimen and SENB specimen respectively.

E' = E for plane stress
E

E' = T for plane strain
1-v^

Eq.(3.1) through (3.3) are valid for small effective crack

extensions. These equations can be used to obtain the beginning

calibration points from load versus crack length record. The value of

plastic displacement, Vpi, can be evaluated by using Eq(3.3) directly,

or in a indirect way, by using Eq(3.2) to evaluate Jpi first and then

solving Eq.(2.4) and (2.5) by substituting Jpi into these equations to

get Vpi. This engineering approach has been applied to several single

specimen test records to evaluate the J values and plastic

displacement for obtaining the beginning calibration points, these

tests had previously been conducted and analyzed using the elastic

compliance method. Because the hardening constants from the true

stress-true strain were not available for these materials, the Bloom

method [39] was used here to give the approximate hardening

constants, a and n, of the materials used in these tests. The

evaluations were conducted in the range of P < Pmax because only a

few beginning calibration points are needed and the engineering
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approach can give better results for small crack extensions. Some

examples of the beginning calibration points obtained from the

Handbook approach are shown in Fig. 5 through Fig. 12 and

compared with the results obtained from the elastic compliance

method.

From these results it can be seen that the specimens from

A508 steel gave more satisfactory results than those from A533 steel

and HSLA steel. This may be caused by using the Bloom method to

evaluate the hardening constants a and n, because the Bloom method

can only roughly give an evaluation for the hardening constants a

and n. If the hardening constants a and n are obtained from the true

stress-true strain test record, the results may be expected to

improve. Also it can be seen that for the same material each

specimen gave different result agreement when compared with the

corresponding result from the compliance method. The A508-24

(this means the specimen No. 24 made from A508 steel), A533-76

and HSLA-36 specimens gave better agreement than others made

from same material respectively. This may be due to the engineering

approach itself. It may be noted that this method is an engineering

approximation. It is based on using the same material flow property

to evaluate the J values and plastic displacements for all the

specimens of the same material. But some materials tend to have the

variability for different specimens and this approach is very

sensitive when material flow properties vary. It should be pointed

out that this engineering approach gave more accurate results for

evaluating the Jpi values ( using Eq.(3.2) ) than for evaluating the
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plastic load-line displacement (using Eq.(3.3) ) when compared with

corresponding results from compliance method. Therefore the

indirect way, which uses Eq.(3.2) combined with Eq.(2.4) and (2.5) to

evaluate Jpi first and then to calculate Vpi, will give a more accurate

result of Vpi then the way which uses Eq.(3.3) to evaluate Vpi

directly. The beginning calibration points given in Fig. 5 through Fig.

12 were evaluated from the indirect way and will be used to

determine LMN function later.

Generally speaking, the beginning calibration points obtained

by using the engineering Handbook approach are not so accurate, the

error could be up to 30%. However, it seems that they would work

for determining LMN functions, and only an approximately correct J-

R curve result is expected.

3.3 Using an Empirical Formula to Obtain the Beginning

Calibration Points

Landes and his group [36] had applied the LMN normalization

method to analyze a number of test records, these tests were

conducted previously using compact specimens which were made

from different metallic materials and for size range from 1/2T (1 in.

wide and 1/2 in thick) to lOT ( 20 in. wide and 10 in. thick). An LMN

function was determined for each specimen. Based on the study of

these LMN functions determined, it was found the constant L in the

LMN function can be related to the material flow property and may

best be expressed as a polynomial function of material flow stress by
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L = - 145.697 + 6.12795ay - 0.07702Oy + 0.0003370ay (3.9)

where Oy is give in ksi. The polynomial form for this was somewhat

arbitrary chosen so an alternate form may also exist. The constant N

varied in a very small range of 0.0005< N < 0.001. On the average it

could be taken as a foxed constant for all the materials, in this study

the value was chosen as

N = 0.0006 (3.10)

The constant M can then be determined from final calibration point

by solving the combination of empirical formulas (3.9), (3.10) and

Eq.(2.27). The LMN function determined from the empirical formula

can be used to develop J-R curves directly, or for better results, used

to obtain better beginning calibration points first and then the LMN

function can be recalculated from three types of calibration points by

the fitting procedure. In this study the latter approach was used.

Some sets of beginning calibration point obtained from above

empirical formula approach are given in Fig. 13 through Fig. 18. From

these results it can be seen that in most cases, such as the specimens

made from A106, A533, HSLA or HYSO steels, this empirical formula

approach can give a very good result for evaluating the beginning

calibration points. But for some cases, such as the specimens made

from A508 steel, the results were not so good. This may be due to

the fact that the test specimens made from this material showed

some variation in material flow properties. Eq.(3.9) was derived from

the result of a statistical and numerical analysis. Some fitting error

was involved in the procedure to form this equation in such a case.
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The value of the constant L is quite sensitive to a slight variation in

the material flow stress when it is used to evaluate the beginning

calibration points. Particularly, in this approach the same material

flow stress was used to determine the L value for all specimens of

the same material, hence the beginning calibration points for all the

specimens made from this material would be identical. When there

was material variability, this would result in variability in the

beginning part of the normalized deformation curve. However, in

general the beginning calibration points obtained from this approach

are more satisfactory than those obtained from the first approach.

Therefore a better result for developing J-R curves based on this

approach would be expected.

3.4 Using a Power Law Assumption to Obtain the Beginning

Calibration Points

In the early work of normalization, a pure power law was used

to be the functional form of the normalized deformation function

H(vpi/W) [15], that is

^ = (3-11)

where n is same constant exponent used in the Ramberg-Osgood fit

and P is a constant coefficient which reflects the material flow

property. This functional form was applied successfully to describe

the normalized deformation function H(vpi/W) and then to develop J-
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R curves for materials that did not have extensive deformation

during the fracture process. Also it should be noted that the

introduction of the LMN function was based on the fact observed in a

test specimen that the normalized deformation function H(vpi/W)

appeared to have a power law character for small plastic

displacement (vpiAV) and a straight line character for large plastic

displacement. These facts formed the idea of assuming a power law

functional form to describe the normalized plastic deformation curve

for evaluating the beginning calibration points.

In this study a reverse form of Eq.(3.11) was used, that is

Pn = It (3.12)

After a careful study of the normalized deformation functional

behavior of a number of specimens made from different steels in this

beginning region, it was found the exponent constant k in Eq.(3.12)

could be chosen as

K = 0.13 (3.13)

This exponent is valid only for describing the beginning segment of

the normalized deformation curve. It appears to work provided a

suitable value of the constant p can be chosen for each metallic

material. Some suitable values of constant p for several different

steels are given in Table 1.

Eq.(3.12) with k = 0.13 and tabulated p values in Table 1 has

been applied to many specimens made from these materials to

predict the beginning calibration points. Some results are shown in

Fig. 19 through Fig. 30. These are also compared to the results from
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Table 1 Some Suitable \i Values Chosen for
Eq(3.12) when k = 0.13

Material 1 Oys (ksi) 1  Outs (ksi) 1 Oy (ksi) 1

A106 steel 1 47 1  81 1 64 1 34.8

A508 steel 1 56 1  79 1 67.5 1 36.0

A533 steel 1 64 1  87 1 75.5 1 39.0

HSLA steel 1  74 1  87 1 80.5 1 42.0

HY80 steel 1  89 1  106 1 97.5 1 58.0

40



40.0

35.0

A508-33(1/2T-CT>

30.0 -

25.0 -

* 20.0 H

15.0

10.0

5.0 -

DoaoD By Compliance method
A A* A A By Power Law Approach

Fig. 19

0.0
0

T

.00 0.02 0.04 0.O6
Val/W. in

0.08 0.10

The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: A508-33

30.0

Fig. 20

25.0 -

20.0 -

15.0 -

OL

10.0 -

5.0 1,

0.0

A508-24(1T-CT)
n

O A

%

«

m

JO

«o

m

o

1

i  oaooo

AAAAA

i

By Complfance method
^ Power Low Approach

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Vpi/yi, in

The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: A508-24

41



30.0

25.0 -

20.0 -

A50a-6 (4T-CT)

«

■>^15.0 H to

to

*>

10.0 -

5.0 -

oaaoD By Compliance method
AAttt By Power Low Approoch

0.00 0.01 0.02
v^/w

0.03 0.04

Fig. 21 The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: A508-6

30.0

25.0 -

20.0 -

A508-1(10T-CT)

Ot

^ 15.0 H

1^

AO
AD
m

10.0 -

5.0 -I '

DDooo By Compliance method
AAAAA By Power Low Approach

0.0
6.000 0.005 0.010 0.015 0.020 0.025

Vpi/W

Fig. 22 The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: A508-1

42



30.0

25.0

20.0 -

A106-17(1T-CT)

Oa
OA

^15.0 -f

10.0 -

5.0

00000 By Complionce Method
AAAOA By Power Low Approach

0.0
b.OO 0.02 0.04 0.06 0.08 0.10 0.12

Vcl/W

Fig. 23 The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen; A106-17

35.0

30.0

25.0

20.0 H

10.0

5.0 -i

0.0

A106-18(1T-CT) A

\
m

O OQOO

'  AAAAA
By Compliance Method
By Power Law Approcich

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Vpi/W

Fig. 24 The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: A106-18

43



30.0

25.0

20.0 -

<n

^15.0 H

A533-71(1T-CT)

0  A

O A

10.0 -

5.0 -

oaooD By Compliance Method
AAAAA ^ Power Low Approoch

0.00 0.01
V,ii/W

Fig. 25 The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: A533-71

30.0

25.0 -

20.0 -

i
a.

10.0 -

5.0 -

0.0
0

A

A533-76C1T-CT)
0

0
s

•A

ft

\

OQQOQ

i  AAAAA

By Compliance Method
By Power Low Approach

.00 0.02 0.04 0.06 0.08 0,10 0.12
V,ii/W

Fig. 26 The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: A533-76

44



45.0 -1

40.0 -
HSLA-35(1T-CT) 6

35.0 -

30.0 -

_25.0 -
«>
ji:

Oa

i20.0 -
a.

3a

15.0 -

10.0 -

i

oaooa

AAAAA

By Compitonce Method
By Power Low Approach

5.0 -I

n 0 -

I

1  1
1  1

0.00 0.05 0.10 0.15
Vn/W

0.20 0.25

Fig. 27 The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: HSLA-35

46.0

40.0 -

35.0 -

30.0 -

.25.0 -
s

f20.0 -
CL

15.0

10.0

0.0
0

HSLA-36(1T-CT) ft

aSr
OA

JA

i

oaaoo

AAAAA

I

By Compliance Method
^ Power Law Approoch

.00 0.65 0.10 0.15
V,i/W

0.20 0.25

Fig. 28 The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: HSLA-36

45



40.0

55.0 H

HY80-10(1T-CT)

50.0 -

25.0 -

•^20.0

15.0 •

10.0 n

5.0

ooaao By CompliQnce Method
A A* A A ^ Power Low Approoch

Fig. 29

0.0
0.00 0.01 0.02 0.05

Vpt/W
0.04 0.05

The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: HY80-10

Fig. 30

40.0

55.0

50.0

5.0

0.0
0

HY80-11(1T-CT)

B

MS

MS

MS

aaaoa

AMMMA

1

By Compliance Method
By Power Low Approach

.00 0.01 0.02
Vai/W

0.05 0.04

The Beginning and Final Calibration Points Determined from
the Power Law Approach for Specimen: HY80-11

46



the compliance method. From these results it can be seen that this

approach worked successfully to predict the beginning calibration

points for almost all the specimens evaluated here. These specimens

had an extensive size range from 1/2T to lOT and the materials

showed very different flow properties, including low strength, high

toughness (such as A106 steel) to high strength, low toughness (such

as HY80 steel). Based on these results used to determine LMN

function then to develop J-R curve, a satisfactory result in developing

the J-R curve would be expected.

It has been mentioned that the constant p in Eq.(3.12) should

reflect the material flow property. From the Table 1, it can be seen

that the constant p seems to be a function of the material flow stress

Oy. It could be expressed as a quadratic polynomial function of Oy as

follows

p = 67.619 - I.335480y -i- 0.0I2753ay (3.14)

The choice of this form is arbitrary and other alternate forms could

also be found. The fitting result of p versus Oy was shown in Fig. 31.

Eq. (3.12) through (3.14) can then be used to predict the beginning

calibration points from the material flow properties. The results

which were obtained by using Eq.(3.I4) to determine p then to

evaluate the beginning calibration points from Eq.(3.I2) and

Eq.(3.I3) were as good as the results given in Fig. 19 through Fig. 30.

A great advantage of this approach is that the constant p does not

greatly influence the results, in that a small variation of the material
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flow stress does not change the resultant calibration very much. So

this calibration is more accurate and versatile for developing J-R

curves. The following section will describe how this approach can be

used to develop J-R curves.

3.5 The Determination of LMN Function and the Evaluation

of J

Once the beginning calibration points are obtained, the LMN

function can be determined from the three types of calibration

points, the predicted beginning calibration points, the intermediate

calibration point which is fixed at Vpi/W = 4.5 aeo and allowed to

vary slightly in a range of Pn, and the final calibration point. The

same fitting procedure described previously in section 2.2 can be

used here for the determination of LMN function.

After the LMN function is determined, it specifies the load,

plastic load-line displacement and crack length relationship uniquely.

Then the plastic component of load-line displacement can be

determined from the load versus crack length test record by solving

the equation

P _ P W _ r L -H M(Vnl/W) ] (Vnl/W)
Bb^g(b/W) N -H (Vpi/W)

directly. Also the elastic component of load-line displacement can be

determined from the compliance calibration function
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C = 5^(^)^ [ 21630 + 12.219(aAV) -20.065(a/W)^
HJoe w - a

- 0.9925(aAV)^ + 20.609(aAV)'^ - 9.9314(aAV)^ ] (2.6)

for the compact specimen, or

C = :^(^)^ [ 1.193 - 1.908(aAV) + 4.478(aAV)2
UDe w - a

4.443(aAV)^ + 1.739(a/W)'^ ] (2.7)

for the three-point bend specimen,

with

Vei = PC

V = Vel + Vpi

Once the load-line displacement is determined, it can be used

with the load versus crack length record to develop the J-R curve.

This can be done by integrating the deformation function directly

[33] or by using the Eq.(2.3) through Eq.(2.13) in the El 152 standard

test method.
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4. APPLICATION RESULTS, DISCUSSION

AND CONCLUSIONS

4.1 Application Results

The three approaches proposed in the previous section are

used along with the LMN normalization method to develop J-R curves

from only the load versus crack length records. The input

information can be developed by conducting tests in a manner

similar to the ASTM E813 and El 152 standard test methods except

that a displacement measurement is not used. The D. C. potential

drop method is recommended to be used for obtaining the load

versus crack length record. The calibration for determining LMN

function requires a physically measured initial and final crack length

as well as the final plastic load-line displacement which can be

estimated from a measurement of permanent plastic deformation in

the specimen at the end of the test. The methods in ASTM E813 and

El 152 for measuring crack length are recommended. For more

reliable and satisfactory results some additional information about

the material tensile properties are also needed.

These three approaches along with the LMN normalization

method have been applied to many test specimens to develop J-R

curves from load versus crack length records. These tests had

previously been conducted and analyzed to develop J-R curves using

the elastic compliance method as well as using the LMN

normalization method from the load versus displacement pairs

without the use of a crack length measurement.[37, 38, 17]. Some of
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these results are given in Fig. 32 through Fig. 53* to illustrate how

these three approaches used along with the LMN normalization

method work. All these results are compared with both earlier

results analyzed by the elastic compliance method and analyzed by

the LMN normalization method from load versus displacement

records. The third approach, the power law approach, is emphasized

because it worked more successfully to predict the beginning

calibration points for different specimens analyzed. Only a few

results are given here for the first and second approach, but it is

enough to get the idea of how successfully these methods work.

Fig. 32 through Fig. 34 show the application results from the

Handbook approach. Fig. 32 shows a successful case for specimen

A508-24. The result for specimen A508-6 shown in Fig. 33 is not so

satisfactory. Fig. 34 represents a bad case for this approach, a large

error appeared for specimen A106-17. Other application results for

specimens made from A106, A533, HSLA, HY80 steel are also not so

good. This may be due to the fact that full tensile properties were not

available and the Bloom method for evaluating the material

hardening constants a and n was used. A considerable error was

introduced into the beginning calibration points by constants a and n

from the Bloom method. If the values of material hardening

constants, a and n, from true stress-true strain are used, the results

could be improved.

*  Figures 32 through 53 may be found in the Appendix
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Fig. 35 through Fig. 37 show the results from the empirical

formula approach for the same specimens shown in Fig.32 through

Fig. 34. Fig. 37 shows a satisfactory result for specimen A106-17.

Many other results from this approach for specimens made from

A106, A533, HSLA steel are as good as this. The results shown in

Fig.35 and Fig. 36 are not so satisfactory, These are the cases for the

specimens made from A508 steel. It has been mentioned in previous

section that this material showed variable flow properties for each

specimen. In this study the same flow stress Oy was used to predict

the beginning calibration points for all the specimens made from the

same material. This may not have been correct for some of the

specimens made from the 508 steel. If the true flow stress is used

for each specimen, the results could be improved.

The results from the power law approach along with the LMN

normalization method, named as the power law-LMN normalization

method, are shown in Fig. 38 through Fig. 53. Five specimen size

were included, 1/2T-CT, IT-CT, 2T-CT, 4T-CT, and lOT-CT (where the

number in front of T corresponds to thickness in inches and each

specimen had a width equal to twice the thickness, the CT is referred

to the compact specimen). Results were developed for test specimens

which made from five different materials, A508, A106, A533, HSLA

and HY80 steel. Almost all the results showed a good agreement with

the results developed by the elastic compliance method and

developed by the LMN normalization method from the load versus

displacement records.
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Fig. 38 through Fig. 43 show results for an A508 vessel steel

[37] for the size range from 1/2T to lOT. The first and second

approach did not work so good for this material. The results given

here show the power law approach worked much more better,

although the same flow stress was used to predict the beginning

calibration points for determining the LMN function for the

specimens made from the same material. This demonstrates that this

power law approach is more accurate and versatile.

Fig. 44 and Fig. 45 are for an A106 steel [38]. This is the case

for a low strength and high toughness material. The power law-LMN

normalization method successfully developed the J-R curves for this

material. Fig. 45 shows that this approach maintains some of the

advantages of the normalization method, i.e. the negative slope at the

end of the J-R curve from the elastic compliance method can be

removed by normalization method.

Fig. 46 and Fig. 47 show the satisfactory results obtained for an

A533 steel from this new method.

Fig. 48 through Fig. 50 show the results for an HSLA steel [38].

The HSLA material has the most plastic deformation of all materials

studied. The J-R curves analyzed previously by the LMN

normalization method from the load versus displacement records for

this material had shown the worst agreement with the elastic

compliance method for all cases studied [17]. In contrast here. Fig. 48

through Fig. 50 show that the results analyzed by the power law-

LMN normalization method from load versus crack length records
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were improved, a better agreement is shown between the results

analyzed by the elastic compliance method and by the new method.

Fig. 51 through Fig. 53 are for an HY80 steel [38]. This material

has high strength and low toughness. This is a difficult case for

developing J-R curves from the load versus crack length records,

Because the plastic deformation is so small and therefore harder to

predict, a slight error of the predicted plastic displacement

measurement will cause large deviation in J-R curve result. However,

the results from the power law-LMN normalization method look good

for test specimens of HY80-10 in Fig. 51 and HY80-12 in Fig. 53. The

result for HY80-11 test specimen in Fig. 52 represents the worst case

of all presented in this study, however, even this result could be

judged to be acceptable.

4.2 Discussion and Conclusions

The three approaches proposed here along with the LMN

normalization method enable J-R curves to be developed from the

load versus crack length records. These approaches use the material

flow properties to predict several points in the beginning segment of

the deformation curve for constructing the LMN function. Then using

the normalization method and the ASTM El 152 standard test

method J-R curves can be developed. In cases were the material

shows variable flow properties for different individual specimen, it is

recommended that the true material flow properties from the tensile

test be used.
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The results given in Fig. 32 through Fig. 53 show that the first

approach, that of using Handbook calibration curves, can work for

developing J-R curves from load versus crack length records.

However, the results from this approach are often not very exact.

The second approach, that of using an empirical calibration formula,

worked better than the first one. But in some cases, such as for A508

steel, it did not worked so satisfactory. The third approach, using the

power law, worked best. This approach combined with the LMN

normalization method gave the best results. This method worked

satisfactorily for an extensive range of specimen sizes and various

metallic materials which have very different properties. The

accuracy of the results from this new method is as good as the

results from the elastic compliance method.

It should be mentioned here that an important advantage of

the normalization method is the fact that the normalized plastic

deformation curves from different test specimens which are made

from the same material seem to have the same behavior at the

beginning range of VpiAV, although the material may show a small

variation of material flow properties for each specimen. This is

illustrated in Fig. 54** for some A508 steel specimens which have

the size range of 1/2T to lOT. The power law approach takes the

advantage of this and uses the material flow properties to predict

some calibration points at this beginning segment of the normalized

** Figure 54 may be found in the Appendix
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plastic deformation curve; this is one reason why it can work so

successfully. The power law-LMN normalization method also

maintains almost all of advantages of the LMN normalization method,

for example, because the physical final crack length measurement is

used, the new method can also correct the error at the end segment

of the J-R curves analyzed by the elastic compliance method, where

the crack monitoring system may fail to accurately predict the final

crack length. In such a case the normalization method appears to

give better results. This can be seen from the Fig. 38, 42, 43, 45, and

Fig. 48 etc. . It may be noted that the J-R curves developed by the

power law-LMN normalization method from the load versus crack

length records for a lower strength and higher toughness material

were better than those for a higher strength and lower toughness

material. This is due to the fact that the lower strength and higher

toughness material has a larger plastic deformation which could be

predicted more accurately in terms of relative error. More care must

be taken for the high strength and low toughness material when the

J-R curves are analyzed from load versus crack length records. In

such cases the true material flow stresses are recommended to be

used for individual specimens in using the power law-LMN

normalization method.

Based on above facts the power law approach along with LMN

normalization method could be judged to be a successful method for

developing J-R curves from load versus crack length records without

a displacement measurement. It could offer a great advantage for

developing J-R curves in restrictive facilities such as a hot cell or at

57



high temperature. As an overall assessment of this method, it

appears satisfactory for use with the ASTM standards and could be

offered as a candidate to incorporate into the standards for

conducting and analyzing J-R curve test in some special cases.

However, before it could be adopted by consensus, experience and

further evaluation are needed. Therefore it is recommended to the

readers who are interesting in this new method to use it in the

practical tests.
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