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ABSTRACT

The growth and closure behaviou ‘ . acks has
been investigated. This was an expe e vestigation
applied to a widely used, low carbon t1 /pearlitic
steel. This provides a practical loo* threshold
fatigue crack growth in this materia. 'here are two main

aspects to the investigation: initiating small cracks and
monitoring their behaviour during subsequent fatigue
loading.

Innovative procedures were developed specifically to
look at the early growth behaviour of these very small
cracks:

® specimen preparation. Employing a pre-crack specimen
wvhere in a crack is grown in cyclic compression, to
produce a final specimen with two shallow corner
cracks.

® compliance measurement. Placing an active gauge on the
mouth of the crack and subtracting the response of a
dedicated far field gauge to obtain a signal dependent
on the crack.

e opening load determination. Fitting a Ramberg-0sqgood
relation to the differential compliance curve to
determine the opening load.

The results are divided into two stages, the first
pertaining to the stationery crack, and subsequently to the
crack as it is growing. The cracks were shown to exhibit an
irregular growth rate, based on crack replica measurements.
These irreqularities were, in part, identified with
microstructural features. Attempts to associate the growth
rate to the applied stress intensity factor range, AK, were
shown to work well for longer cracks and to agree with the
work of other investigators. 1In the short crack regime, the
AKX was shown to break down and the use of a AKX, based on
the effective applied load provided little improvement.
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1.0 Iatroduction
Approximately two-thirds of all mechanical component

failures observed are fatigue failures. These fatigue
failures commonly result from the propagation of a defect,
which was for some part of its history, a short crack.
Often such cracks reside in the "short crack” regime for a
considerable portion of the component life. Further, this
study is being conducted on a material commonly used in
industry, and hence will provide some insight into this
material’s behaviour. This will provide an improved
understanding of short crack behaviour to assist in
determination of component life.

The objective of this study is to examine the behaviour
of short cracks in a low=-alley carbon steel. There are two
aspects to the investigation: initiating small corner cracks
and monitoring their subsequent behaviour during fatigue
loading on a sub-specimen. A far-field cyclic compression
pre-cracking technique is adopted to minimize damage and
residual stresses at the tip of the crack on the subsequent
fatigue tension specimen. The closure and growth behaviour
of the cracks in the fatigue tension specimen is observed in
terms of shape and size. Consideration is also given to the
contribution of microstructural influences and the inherent
difficulties of experimental work.

Following the introductory chapter, the second chapter
looks at fatigue failure in general and specifical'y where
the short crack problem fits in. Large cracks have received
considerable attention and efforts have been made to extend
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the methodology of these larger cracks into the short crack
regime. The extension of this methodology is shown to break
down for the short cracks. This investigation, which
focuses on early growth rate and closure bahaviour as well
as the microstructural influence, is a continuation of work
conducted by Professor F. Ellyin and Dr. D. Kujawski. Their
efforts are reviewed and some of the techniques they preasent
are applied. The second chapter concludes with a brief look
at and evaluation of numerous techniques used in the study
of short cracks.

The third chapter concentrates on the experimental
procedures employed in this investigation. This includes
details of the material used, the loading strategy and how
the growth rate, specimen compliance and opening load are
measured.

The experimental results of growth rate, compliance and
opening load are graphically presented in the fourth chapter
with the numerical data given in Appendix A.
Photomicrographs of the microstructure are also included to
permit comparison of growth rate events with microstructural
features.

In the final chapter an assessment of the results is
provided based on a separation of the data according to
whether the crack is stationary or growing. An assessment
of the influence the material microstructure has on the
behaviour of the crack is also included. The conclusion of
this study concentrates on two areas: observation and
interpretation of the behaviour of the cracks investigated,
and an assessment of some of the investigative methods

applied.
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2.0 Background

The investigation of fatigue and fracture of
engineering materials has been a focus of study for many
years. The first formal investigation was conducted by
W8hler in the 1860’s (1)°. His classical method of
describing the fatigue life of a given material is by
plotting the stress amplitude (0,) versus the number of
cycles to failure (N). For certain materials, eq. steels,
a curve such as Figure 1, identifies the fatigue limit, o,
as that state of stress below which there will be no fatique
fajlure. A fairly high applied stress cycle will result in
a short life and is referred to as low cycle fatigue (LCF).
Conversely, reducing the applied stress brings about a
longer life and is described as high cycle fatigue (HCF).

=~ [‘|

Figure 1: WwWéhler curve

The development of a fatigue crack can be dividea into four
stages, as shown in Figure 2:

e initiation

® sarly propagation, when the crack is small

¢ late propagation, vhen the crack has grown

relatively large
e final fracture.

° Refers to numbered references at the end of the text.
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A N Imitigtion
N

Figure 2: Four stages of crack developaent
For an applied stress slightly above o0,, an HCF situation,
the component may undergo a considerable number of cycles
during the initiatiun stage. Once the crack is initiated
there may still be significant life left in the part, as the
crack may exhibit a stage of slow growth, or even self
arrest for a time. Upon resaching the large crack region,
the crack will grow at a steadily increasing rate. This
later stage is referred to as the Paris region (2) and is
identified in rigure 3, which shows a linear relationship
between log da/dN versus log AK’. When the crack has grown

° The stress intensity factor range, AKX, is a measure
of stress and strain around the tip of a crack and is
assumed to be the driving force for crack propagation. It
is derived in terms of Linear Elastic Fracture Nechanics
(LEFM) and does not include such local crack tip effects as
closure, residual stresses, crack blunting or crack

branching (16).

Kef
A {(g) Aoy/ra Where:

£(g9) - geometry factor accounting for the
finite dimensions of the specimen.
In the case of an infinite plate
with a centre crack it is equal
1.0.
A0 - nominal applied stress range.
a

- crack length.
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to such size that the remaining ligament can no longer carry

the applied load, the component fails.

e

" log scale

7(

da
dh

Short crack

rEQion -j
~ 1 — — 1,- Paris/Erdogan

= Long crack

=== Short crack

AL AK, log scale

Figure 3: Schematic illustration of
short and long crack growth

Propagation of the crack through the Paris raegion, the
linear section of the curve in Figure 3, has been studied
extensively and is well described using LEFN. This analysis
is effective because the crack is large compared to the size
of the plastic zone at the tip. 8Such cracks are much larger
than the grain size of the material and are able to
propagate at a rate that is not strongly influenced by the
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microstructure.
This work by Paris and Erdogan permits one to calculate
the component life. The Paris line can be modelled by:

da: ] .
N A(AK)

This equation can be rearranged and integrated to obtain

component life:

r 8110a) da

N= —_—
#0001 ABK)™

The initial crack length, a_.,, is extremely important for
this calculation to be accurate. 1f it is assumed to bs
imm, then this technigque can be used to calculate an
estimate of the number of cycles which will elapse, starting
when the crack is 1mm long to near failure. The question
that may well be asked is, how many cycles are necessary to
develop a crack 1mm in size?

In LCF it may be that only 10% of the number of cycles
to failure, N,, are necessary to obtain a crack imm long.
Hence, the calculation should give a reasonable value for
N;. However, in the case of LCF there will be signifjicant
plastic deformation hence the application of elastic plastic
fracture mechanics would be more appropriate. If one were
to consider a situation of HCFr, 50 - ®100% of N, may be
required to obtain a crack of 1mm. For example, if 95% of

‘ Where A and m are fitted constants.
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the component’s life is taken up in the development of a imm
crack, then one can only calculate 5% of the life by the
above equation. Therefore, to improve ones estimate of
total component life, it is important that a better
understanding of the early growth stages be pursued.

The significant role the short cracks play in
determining component life is now receiving considerable
attention. Numerous studies have been conducted which in
turn have been summarized by Suresh and Ritchie [3). These
short cracks exhibit "anomalous" behaviour when compared to
long cracks, behaviour such as:

e growth at a higher rate than would be predicted by
extending the long-crack growth curve.
e growth rate perturbations.
e growth at a stress intensity factor range, AK,
below the long-crack growth threshold.
e growth for a given crack decreasing to a minimum
rate even with an increasing AK.
These phenomena have been identified by numerous
investigators, for example Tokaji et al. (4), and
summarized in related texts, such as Taylor (5).

This particular study is a continuation of work by
Kujawski and Ellyin [6)[7). Their work concentrated on
small corner cracks, in ASTM A516 Grade 70, low carbon
steel, undergoing tension-tension fatigue oading. In their
investigations short corner cracks were studies, hovever
closure loads were not taken into consideration.

It wvas observed that the cracks in these specimens
initially grew more quickly than larger cracks, though in an
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irregular fashion, before approaching the long crack growth
values, Also, it was seen that the corner cracks initially
grew in the depth direction until a certain aspect ratio
(depth/length) was reached whereupon they grew in both
langth and depth. The shape of the crack front was found to
tend towards a quarter circle in shape as the test
progressed. The variation of crack opening load with crack
extension was presented for one spacimen.

In a continuation of their study, Kujawski and Ellyin
[7) investigated the growth of small inclined, corner and
through thickness cracks. Once again the growth rate was
found to be discontinuous in the depth direction. When a
certain aspect ratio was reached the cracks were noted to
grow steadily in both length and depth.

The present investigation focuses on the early stage of
crack propagation. During this stage the crack is short
enough to be influenced by the microstructure. The
behaviour of the crack in this region reveals
characteristics that are different from larger cracks. For
example, the growth rate may be erratic, from high (10*
mm/cycle), to arrested. As pointed ocut by Hussey et al.
(8) this crack arrest is primarily due to microstructural
barriers . The microstructural influence has received
considerable attention in the literature (3)[9)[10).

The significance of the region below the long crack
threshold, AK,, is that cracks of this size, which
correspond to cracks of less than slmm, are difficult to
detect. Inspection programs commonly implemented during
manufacturing and maintenance, using techniques such as
radiographic, magnetic particle, ultrasonic, dye penetrant,
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etc. are unable to detect such small cracks. As pointed out
by Ellyin and Li [11), most commonly utilized

engineering materials contain defects and during fabricat ion
additional flaws are often introduced. The design engineer
should take into consideration that there may be small
defects in the completed component or structure before it
goes into service. For example, the aerospace industry
defines safety requirements for assumed initial damage in
various structures (12]). This approach to design, of
assuring there are flaws present in the material, is

referred to as damage, or defect-tolerant, design.

2.1 What is a "short Crack?"

The term short crack will mean something different to
individuals from different disciplines [3). To a
metallurgist 5Sum is seen as short in that it is the next
size up from a small flaw. To a non-destructive testing
specialist, a short crack may be considered to be 2mm or
less because that is the lower resolution of the detection
equipment being used.

In very simple terms a short crack is one which ahows
the anomalous behaviour described in section 2.0. For the
purpose of this investigation a short corack is defined as
one which is of a similar order to the dominant
microstructural dimension of the material. In the case of
the A516 Grade 70 steel the dominant feature is the
ferrite/pearlite boundary. These boundaries are irreqgularly
spaced 0.1 - O0.3mm apart. A crack of this size, will
experience an influence on the growth rate trom the
microstructure until three times greater than the boundary
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spacing.

2.2 Literature on sShort Cracks
The early stages of the growth of fatigue cracks have

been receiving considerable attention for several years. A
number of experimental techniques have been developed to aid
in this effort. These techniques include:

a) crack length measurement

b) crack initiation

c) growth rate analysis

d) crack opening load measurement.

2.2.1 Crack Neasureaent
There are numerous approaches available to an

investigator for the measurement of crack length and
calculation of growth rate. No single method is ideal and
different problems arise with each technigue. In the field
of non-destructive testing several methods are used for the
detection of cracks. 1In studying small cracks these
techniques are typically not sufficiently sensitive to be
useful. For the purpose of investigating small cracks the
wmain techniques employed are described in the following

sections.

2.2.1.1 Potemtial Drop

This involves passing a current through the specimen
and monitoring the voltage drop. The main application of
this approach has been in the investigation of long cracks.
It may utilize either direct [(13)(14) or alternating
current arrangeasents (15)(16). This technique
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provides an indication of the sice of the remaining
ligament. There are numercus articles addressing this

topic. These articles have been assembled by C. J. Beevers

(17).
2.2.1.2 Travelling Microsscope

capability, is mounted on a travelling, micrometer base. It
is widely used for surface observations of crack length
(18). Resolution down to 1um is attainable [19]), though
10um is more commonly the case. 1n studying short cracks
one may require at least 1um resolution to observe
irregularities in the growth behaviour. Although the
equipment cost is low; consisting of a microscope,
travelling base and illumination system; the technique is
expensive because of the labour involved. The very shallow
depth of field inherent in this technigue encourages the
design of flat specimens. Video recording capabilities have
been added to enhance the performance of this method
(20]([21), or to automate the method [8)[22).

2.2.1.3 Socanning Eleoctroa Micresoceope

Utilizing a Scanning Electron Microscopa, (SEM),
permits one to observe the surface of the spacimen. This is
usually done by periodically removing the specimen from the
loading arrangement. However, systems have been built to
conduct the SIM observations in-situ. This has the
advantage that it does not disturb the loading or set up of
the specimen. Typically these involve small loading
nachines [23), but larger msachines, to 25 kN, have been
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built [24). BSuch methods entail considerable equipment

expense, and perhaps time as wvell.

2.32.1.4 Plastic Replica

The plastic replica technique allows one to make a
detailed copy of the surface, 1ncluding the crack. The
replica is made of the crack by first applying a static load
of 60 - 80% of P, to the specimen. Then, wetting either
the specimen or the replica tape with acetone, the plastic
replica material is touched to the surface of the specimen,
covering the crack. Once the acetate has dried the replica
can be removed and mounted on a microscope slide or
otherwise stored.

The cellulose acetate can be a film as thin as 2%5um or
s sheet up to 5mm thick (25])(26)[27). The replicas may then
be viewed using either an optical microscope or an SENM.
Using the S8EM for direct observation provides a resolution
of =0.1um and involves first coating the replica, generally
with gold. Alternatively a heavy copper or solder backing
can be applied to support the shape and the actual replica
dissolved awvay.

This method provides a permanent record and does not
necessitate removal of the specimen. Though elegant in its
simplicity, this method is labour intensive.

2.2.1.85 Ultrascaic Netheds

The ultrasonic msethod, reviewed by S8ilk (28],
involves subjecting the specimen to high frequency
conpressional vaves and sonitoring the transaittance or
reflection of these vaves. The use of ultrasonic approaches
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generally found favour in the i{nvestigation of short cracks
because the resolution is not typically adequate. However,
recent efforts have improved the applicability of this
approach. These include use of a surface acoustic wvave

technique (29)(J0), and a focused ultrasonic system
(31).

2.2.3.6 Aooustic Nicrosoopy

This technique, though still under development, entails
focusing acoustic radiation at a point on the specimen
surface and recording the response. A region is thus
scanned on a regular pattern and an image generated. This
method is able to provide some information to just below the
surface (32), which is useful in distinguishing between a
crack and a scratch. Reliable systems are expensive.

2.2.3.7 Summary of Crack Leagth Neasuremeat Techaigues

None of the crack length wmeasurement techniques
described here are ideal. They are either not sufficiently
precise for an investigation such as this or they are
expensive in terms of specialized equipwent or manual
effort. The plastic replica approach is often favoured in
preliminary work, because it gives good results and does not
involve expensive, specialized, equipment. A high qualijty
light microscope or conventional SEM is often locally
avajilable to observe the replicas. A further benefit of the
replica approach is that it provides a permanent record.
Even if more sophisticated methods are introduced, it still
provides a means to croes check their validity.
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2.2.2 Crack Iajitiation

To investigate the early growth bshaviour of cracks, as
separate from crack initiation phenomena, a number of
methods have been explored to facilitate the initiation
process. Most of the commonly used approaches are given in

the following sections.

2.2.2.1 Smooth Specimen
A crack is allowed to initiate naturally, perhaps from

a naturally occurring flaw. To accomplish this, a smooth
specimen is loaded to slightly above the fatigue limit. The
surface is scanned at regular intervals to search for small
cracks. The scanning can be conducted with either a light
microscope or an electron microscope, hence it may be
necessary to remove the specimen. Once a crack (s detected
the load may be reduced which vill effectively lower the AK
and perhaps the growth rate. The application of a light
microscope or an SEM, for early crack detection on smooth
specimens, have both been automated by a team of

investigators at Rolls Royce (8)(33].
Alternately, replicas can be made at regular intervals

of the region where the crack is likely to initiate. Once a
crack develops to the point where it is evident, one can
examine the earljer replicas to evaluate the crack
development (34).

By alloving the crack to initiate naturally one
elininates any stress concentration associated with a notch.
Mowever, it is time consuming to do this since it is
difficult to anticipate wvhere or wvhen the crack may start.
This is particularly true if the search technique involves
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examining replicas.

2.2.2.2 8&mall Notch Specimen

Introducing a small notch, or stress concentration, to
the test region results in a local increase in stress. This
has the effect of promoting the initiation of a crack at
that point. Several techniques for starting cracks from
small notches have becn explored; a number of these are
reviewed or referenced by Gangloff et al. [(35). The two
principal methods are, very small abrupt notches or larger
notches contributing a small stress concentration. Examples

or a diamond scratch such as that used by Jlrvine [J6).

A gradual notch, similar to that utilized by Larsen et al.
(19), Sharpe and Su [37]) or Pearson [38), will also
reduce the region in which the crack will initiate.

2.2.2.3 Large Notch Specimen with Teasile Loading

Employing a larger notch and tensile loading results in
fairly rapid initiation of a crack. The notch and part of
the crack can then be machined awvay, leaving a small crack
(39]). This method is fast, but has the disadvantage of
introducing a plastically effected zone ahead of, and in the
wvake of, the crack. This technique also involves two stages
of machining, wvhich may in turn introduce residual stresses.
This plastically deformsed region may not be desirable when
studying the development of crack growth and closure.

2.2.3.4 Large Netsh Specinea with Cempressive Leading
Using a large notch and compressive loading drives a
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crack, which will initiate at the notch root. This approach
has been employed by several investigators, Kujawski ana
Ellyin [(6)[7), and the references therein. This occurs even
though the far field loading is entirely compressive. At
the notch root the effective stress will be tensile-
compressive due to the plastic outward flow during the
greatest applied compressive load. Further from the notch
the stresses will be entirely compressive, hence the crack
tip driving force will be less than that required to sustain
crack propagation and so the crack will self arrest. The
notch and part of the crack can be machined away leaving
just the tip of the crack. This results in a small pre-
crack with mininal damage ahead of the tip or in the wake.
However, this procedure does have the drawback of involving

a second stage of machining.

2.2.2.35 Susmary of Craock Initiatioa NMetheds

Of the techniques revieved here, no single approach
satisfies all the desirable aspects of initiating a very
small crack. 1Ideally the specimen should be free of any
damage associated with growing the crack or manufacturing
the specimen, and be quick and cheap to make. The approach
of beginning with a specimen having a large notch, applying
compressive loading and subsequently machining the notch and
most of the crack away is among the most labour intensive.
Howvever, other than the time involved, it comes the closest
to resulting in a specimen having the desired attributes.

2.2.3 @Growth Rate Amalysis
There are numerous means that can be applied to the
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calculation of the growth rate. Larsen et al. [19) and
Kendall and King (40) have separately looked at short

crack data. For example, Kendall and King (40) have
conducted a comparative investigation of several of the more
common approaches using the same data set to reveal that
real crack growth events can be disquised (smoothed out),
exaggerated or displaced. The ASTM Standard Test Method for
Measurement of Fatigue Crack Growth Rates [{16) and The
Metals Handbook (41]), provide very good suggestions for

the interpretation of long crack growth data, using either
an incremental polynomial or secant method. However these
tend to fail in the short crack regime due to the
perturbations of the growth event.

Inevitably there will be some error in the
measurements. One would hope to minimize the effect of
these errors, vhile revealing actual growth events,
including, for ._xample, temporary self arrest. For short
cracks the secant method is generally preferred over an
incremental polynomial as the incremental polynomial tends
to smooth out events of interest. Two of the more common

secant approaches used are:

da| _8;.,74,, dal| _9,.,"4;
M Ny N“.l-uj.l dN e: 8 Nl‘l -~‘

Where the subscript i denotes successive discrete length

measurements and & = (a,,+a)/2.

8.3.4 Crask Opening Lead Neasureseat

The opening load is usually defined as the load
required to open the entire crack. MNeasuring the load at
which the crack is fully open is complicated by the fact
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that the crack does not open all at once. Typically the
crack begins to open at the mouth, and gradually opens with
increase in load right to the tip. Crack opening load
measurements are also sensitive to surface residual
stresses.

There are a number of approaches employed to Jdetermine
the opening load. Several of those most applicable to short
cracks are described in the following sections.

2.2.4.1 8Strain Gauge Method

One conventional method is to place a small strain
gauge adjacent to the tip of the growing crack. Wwhen the
crack opeans, in response to increasing load, the plastic
zone associated with the tip of the crack will impinge on
the strain gauge. The gauge will then indicate a strain
greater than the nominal background value.

In the case of a short crack, the plastic zone which
develops ahead of the crack tip in response to cyclic
loading is very small, =0.02 mm. To place a strain gauge
small enough to average the strain over an area which is
comparable in size to the plastic zone and still not
interfere with crack length measurements is difficult. Even
with a small gauge, carefully placed, and with the use of an
extremely high gain on the amplifier, the opening load is
still difficult to measure. A further means of increasing
the sensitivity of a gauge, say ¢,, adjacent to the crack is
to mount a second strain gauge (¢;) far from the crack so as
to record the nominal applied strain. The output from this
second gauge can then be subtracted from the ocutput of the
active gauge, (£,~¢;), leaving in a sense, just the crack
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effect. This difference technique may still not be
sufficiently sensitive to reveal the opening load. A
modification used by various groups; Ogura et al. [39), Chen
et al. [(42), DuQuesnay (43); is to place the active

gauge (£,) on top of the crack. A far field gauge, employed
as above, in conjunction with the active gauge on top of the
crack, results in axcellent sansitivity. A drawback to this
approach is that the gauge life may be short, as the
majority of the strain occurs over a very small region.

The compliance curves, which these strain gauge
techniques yield, are examined to determine the opening
load. The opening load is identified by the point on the
loading curve, above the main change in slope, where the

slope becomes nearly linear.

Load, P

- S —

Strain gauqge respaonse

rFigure 4: Compliance curve
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One common technique is to fit a straight line to the upper
part of the curve and a straight line to the lower part of
the curve. The point where the two lines intersect is taken

as the opening load, P,,.

2.2.4.2 Plastic Replica Method

Another means of investigating the crack opening load
is to make several replicas at successive increases in
applied load. These replicas are examined in detail, with
an SEM, to ascertain when the crack at the surface is open
all the way to the tip (36]). Clearly this approach is only
applicable to the crack at the surface.

2.2.4.3 Socananing Elecotroa Microscope Nethod

In a similar fashion to the above described replica
technique, a crack can be observed with the SEM while the
load is increased. Of necessity, the loading mechanisa must
be part of the microscope system, such that the observations
will be wmade in-situ. Once again this is only applicable to

surface observations and involves expensive equipment.

2.2.4.4 Crack Nouth Displacemeat Gauge Nethod

A crack mouth opening displacement (CMOD) gauge is
sometimes used. The CMOD gauge is a device made up of two
arms that are fixed to the specimen on either side of the
crack. These two arms are connacted via a small frame which
in turn deflects in response crack opening. An arrangement
of strain gauges is subsequently used to measure this
deflection and hence the movement of the arms. This method
generally finds application in studying long cracks [44)
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as it is not sensitive enough to detect short crack
phenomena. The method is reviewed in detail by Fleck
[45), with compariscns to other techniques.

2.2.4.% Laser Displacement Systea Method

A laser displacement monitoring system, focused on two
points very near the crack tip, can be used. Sharpe and Su
[{37), have implemented a laser based interferometric
technique; and the method is reviewed in depth by Jenkins et
al. [46). Though the laser displacement system is
reported to be very effective, such a system is expensive
and specialized.

2.2.4.6 Summnary of Opening Load Measurement Techaigues

Of the opening load measurement techniques reviewed
here, none is ideal. Due to the small scale of the event
associated with the opening of a very small crack, any
technique must be very sensitive. CMOD gauges and
conventional strain gauge systems are not sensitive enough.
An in-situ SEM, or a laser displacement system are often
unattractive because they involve expensive specialized
equipment. Placing an active gauge on top of the crack
results in a short gauge life, hence; either limiting the
amount of data collected or necessitating disruption of the
experiment to replace the gauge. However, placing the
active gauge on top of the crack does not require expensive,
specialized equipment, and does provide sensitivity adequate
for preliminary investigations. For a small number of
specimens the effort associated with repeated gauge changes

is acceptable.
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2.3 Crack Closure
In the field of fracture mechanics it is now widely

recognized that fatigue cracks remain closed near the tip,
even under the application of considerable tensile load.
Py s@@ Figure 4, is the minimum tensile load required to
fully open the crack. This phenomenon was first
experimentally observed by Wolf Elber in the late 1960’s
(25). 8Since then, numerous investigators have confirmed his
findings. An international symposium was dedicated to this
topic in 1986 [47) and several other conferences have

given serious attention to the phenomenon

(48)([49)(50].

There are a number of mechanisas
the closure event. These depend on such factors as the
environment and the type of material. Taylor (5), provides
a review of some of the likely closure mechanisms, in a
chapter dedicated to the topic. In this study, the main
aspects relevant to closure are described below.

=

Closed Open

that may contribute to

Plostic
Zone

Figure 5: Plasticity induced closure
The plastic deformation ahead of the crack tip results
in residual strain. As the crack grows through the
plastically deformed region ahead of the crack tip, the
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resulting permanent deformation in the wake results in

premature contact of the fracture surfaces.

Oxide
Debris

Figure 6: Oxidation or debris induced
closure

Oxide products on the faces of the crack bring about
premature contact of the faces of the crack. Effectively
this means the crack closes while considerable load is still
present. Any phenomenon that serve to introduce debris into
the crack will contribute to this effect. What this does,
is to increase the locad required to open the crack and hence
increase the closure.

Pigure 7: Roughness induced closure
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when the crack is open relative motion can occur
between the two surfaces if the plane of the crack, at that
location, is not transverse to tha loading direction. The
result is that wvhan the two faces come back together during
unloading they no longer line up perfectly. Consequently
the surfaces impinge at the high points. Effectively, this
props the crack opan in a fashion similar to the oxidation
induced closure.

The conventional understanding is that a crack will not
grow until it is fully open. This means that part of the
applied load does not contribute to crack growth; thus, is
non-damaging. In this way the crack’s driving force is
reduced.

One of the observations which Elber made as part of his
early investigations into crack closure [25) was that due to
the plastic deformation that is part of the fracture
process, the actual contact area of the resulting crack
faces was commonly 30 to 50% of the fracture surface.
Particularly in the near tip region, the extent to which the
fracture surfaces contact may be very sensitive to the
compressive stresses betwaen the crack faces.

3.4 MNiorostruotural Iafluence

The microstructural influence on a crack is that as the
crack passes through a domain, the growth rate will change.
This occurs even though the loading cycle remains constant.
For example, in a single phase material the rate of crack
propagation will decrease or even self arrest at grain
boundaries. In a dual phase material, such as a
ferritic/pearlitic steel, the crack growth will slow down on
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passing through a pearlite region.
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3.0 BExperinental Procedure
3.1 Iatroduction to the Bxperimental Investigation
An experimental investigation has been conducted into

the early stages of fatigue crack growth. It focuses on a
low carbon (0.25% C) ferritic/pearlitic steel undergoing
uniaxial loading. The material used in this study is AST™
A516 Grade 70. This steel is commonly used in the
construction of pressure veassels. As wvell as being of
intersst to those industries that utilize this material, the
findings should reveal a general understanding of short
crack behaviour.

The objectives of this study are to investigate:

® Rate of crack growth, how it changes during the
life of the specimen and with increasing crack
depth, length, and changes in shape.

¢ Load required to open the crack and how the
opening load changes during the test as the crack
increases in size.

® Microstructural influence, particularly the effect
on the growth rate and possibly on P_..

® Experimental procedures relevant to investigating
short cracks.

The region of crack growth being investigated is shown
on the Kitagawa diagram, Figure 8, as those cracks which are
physically small. In this case, the initial depth of the
cracks is 0.08 -~ 0.35 mm. This is of similar order to the
dominant microstructural feature, the ferrite/pearlite
regiona. The role of the dominant microstructural dimension
is presented as d,, d, and d, in Figure 8. When the crack
length is less than 4, the crack will exhibit a more
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pronounced microstructural influence than larger cracks.
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Figure 8: The Kitagawa-Takahashi curve showing the
short crack regime

The composition and material properties are given in
Tables 1 and 2. The microstructural parameters are given in
Table 3 with photographs of the microstructure following in
Figure 9.

Table 1: Composition of A516 Grade 70

Chemical Composition, (weight %)

0.015

Balance (»98.4)
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Table 2: Material Properties of A516 Gr. 70, (S51).

Mechanical Properties

Young’s modulus 204 GPa

Ultimate Tensile Strength 540 MPa

0.2% proof stress 325 MPa

fracture stress 993 MPa

strain to failure 38.6%

cyclic strength coef. 1067 MPa

cyclic hardening exponent 0.193

Table 3: Microstructural Parameters.

Pearlite
s )

Rolling face, a-face 42
(side view)

In the rolling direction, 44
c=-face

Perpendicular to the 31
rolling direction.

° ASTH El112: Standard Test Nethods for Deteraining
Average Grain size

' B3ased on the ratio of dark and light ocoloured areas
of photomicrographs similar to PFigure 9 interpretsd
with an image analysis systea.
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c) Perpendicular to the rolling direction
iiiug- 9: Photographs of the microstructure (Mag. 425x)
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In conducting an investigation into the behaviour of
surface cracks there are two main crack geometries used:

a) Penny shaped crack, which though a very practical
problem has two disadvantages. First only surface
length measurements are possible, thus the aspect ratio
cannot be measurad. Second, there will always be some
residual damage in front of the crack due to plastic
deformation ahead of the tip.

b) Corner crack, which has the advantage of permitting
measurement of both length and depth directions and is
almost free of residual stresses when the crack is
grown in compression [6). As it is part of a penny
shaped crack, it has the disadvantage of only
approximating the behaviour of such surface cracks, see

Figure 10.

) b)

—2c—d C—-Face

Figure 10: a) Surface crack, b) Corner cracks

If the crack front is assumed to be elliptical,
knowledge of the length and depth provides an estimate of
the shape, and allows one to monitor the shape changes
during the test. Since the primary purpose of this
investigation is to determine the bshaviour of short cracks,
test specimens were prepared with pre-existing short cracks.
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3.2 Bxperimental Details
The specimens are prepared in two stages, similar to

the procedure employed by Kujawski and Ellyin [6)([7):
Pre-crack Specimen’' (CT) - preparation

- loading
Fatigue Tension Specimen (FT) - preparation
- loading

= post loading.

3.2.1 Preparation of the Pre-crack Specimen

To prepare the pre-crack specimen, a steel blank is
normalized at 900°C for 6 hours, and oven cooled for 16
hours, resulting in equidimensional grains in a banded
structure, see Pigure 9. A pre-crack specimen of the shape
and size of a compact type (CT) specimen, with the sides
reduced, having a sharp notch with 60° included angle, is
manufactured as shown in Figure 11.

The purpose of reducing the thickness of the sides is so
that no further sachining is required on these surfaces,
during subsequent specimen preparation. Any machining may
introduce some surface residual stresses which could
influence the crack development, such influence is thus
minimized. The orientation of the specimen is such that the
initial direction of crack growth is along the a-face. The
crack will not propagate across the ferrite/pearlite bands
shown in Figure %a until well into the test.

° The pre-crack specimsn is dimsnsionally very similar
to the standard, Compact-Type Specimen [16). Hence, this
will be abbreviated as the CT specimen.
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Figure 11: Pre~crack (CT) specimen

An Amsler Vibrophore loading machine operating at ~90
Hz wvas used to load the CT specimen. The loading was in a
sinusoidal, cyclic compression - compression manner with
R=p_/P_.~10, (P_=-8.0 kN, P_==0.8 kN). Although the
applied loading is entirely compressive, at the root of the
notch the stress will be tensile-compressive. This is due
to the plastic outward flow of the material in the notch
region at P, which results in local residual tensile
stresses, upon unloading to P=p_..

The radius of the monotonic plastic zone (r,) emanating
from the notch can be estimated using any of a number of
avajilable models. DNone of the egquations are exactly
applicable as the loading is entirely compressive. However,
since the geomatry of the pre-crack specimen is such that
the faces of the initial notch do not touch during loading
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they provide a reasonable estimate of the monotonic plastic
zone size. The cyclic plastic zone can then be estimated at
one quarter of the monotonic plastic zone size. Figure 12
presents the estimated size of both thea monotonic and cyclic
plastic zone sizes using the Dugdale, Irwin and elastic-
plastic models for r,, and the resulting size of the final

cracks in the pre-crack specimens.
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Figure 12: Estimated radius of the plastic zone, and resuiting

With the exception of specimen B8, the resulting pre-
cracks fell between the estimated monotonic and cyclic
plastic zones in size. One can anticipate that there may be
some residual stresses at the tip of the crack due to the
strain within the monotonic plastic zone. However, this
residual stress will be compressive, which will leave the
crack open. Therefore, these residual stresses will not
contribute to increasing the initial closure level.

The pre-cracking of specimen BS resulted in cracks four
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times the length of the pre-cracks in the other specimens.
No explanation is given as to why this specimen had much
longer cracks than the other specimens.

It was found that, in the CT specimens, the crack would
self arrest after about 2x10* cyclas. One would expect this
to be the case as the tensile stresses at the notch root aro
local, hence the driving force of the crack naturally drops
off as the crack propagates. The Vibrophore was permitted
to run for 15x10° cycles to ensure complete self arrest.

The shape of the crack front is also important,
particularly in generating a final specimen having corner
cracks. This shape can be influenced by the loading
condition and the notch radius, as described by
Pippan (52) and shown in Figure 13. For small shallow
corner cracks an arrangement such as shown by Figure 13c
will give the best results.

For example:

=

a) Compressive lood c) Sharp notch with

compressive laad
— r— -
Ch

b) Tensile lood d) Blunt notch with
compressive load

Figure 13: Crack front shape gensrated
in the CT specimen

Cutting the FT specimen out of the CT specimen, Pigure
14, allows for precise control of the depth of the crack
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along the a-face of the final spacimen.
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Figure 14: FT specimen cut from the CT specimen

This technique produces a specimen having a crack of
favourable gaometry with minimal damage ahead of the crack
tip. Purther advantages are that, since the initial crack
has been grown in compression the wake of the crack does not
exhibit closure. Additionally the damage ahead of the crack
tip, and the subsequent closure which may be associated with

such a damaged zone, is small.

3.2.2 Preparation of the Fimal Specinen

Upon being cut from the CT specimen, the FT specimen,
is polished in successive stages. The last stage involves
the use of jum diamond paste. The crack can then be
measured, using the thin replica technique.

The specimen is then heated to 325°C in a small closed
container, and alloved to soak at this temperature for 45
minutes. This treatment serves two purposes. First it
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effects a stress relief, with no microstructural :hange, of
stresses introduced during manufacture of the specimen.
Second, the treatment oxidizes the crack surfaces so that
upon final fracture the shape of the initial crack front can
be identified. A final polish with the % um diamond paste
follows this heating step. The FT specimen cross section is
shown in Figure 15, together with the corresponding
nomenclature used. The corner cracks shown are exaggerated
in size to assist the visibility. 1In the actual specimens
they represent about 1% of the total cross sectional area.

o Width |e=—

o - depth of the crack
f ¢ - length of the crack

L - left side

R - right side

Thickness

_[;Si_LL s . Ny
‘CU*W L‘ '4 k“;;{—o“

Figure 15: FT specimen cross section

The specimen is then cleaned in an ultrasonic bath for
half an hour in distilled water with a small amount of
detergent. The next step is to subject the specimen to a 10
pR Hg vacuum, for the purpose of clearing polishing debris
from the crack. This cleaning vas followed with the
specimen being immersed in paraffin wax, at 140°C, such that
the crack will be filled vith wax and not drav in adhesive
during mounting of the strain gauges.

The dimensions of the pre-cracks in the final specimens
prior to fatigue loading are presented in Table 4. On this
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table, wvhen both the replica method, and direct SEM
observations have been used, then both results have been
included; first the replica result, then the SEM result.
Although the SEM observations may be more accurate, they
could only be made with the specimen removed from the
testing machine. Therefore it is the replica measurements
that will be used for all comparative assessments.
Table 4: Initial crack size (mm) and loading condition.

0.266/0.275

1.280/1.280

0.21

0.088/0.092 | 0.377/0.38)

0.820/0.825 | 2.404/2.404

0.16

3.2.3 Aspect Ratio

In considering corner cracks having fairly low aspect
ratios (a/c < 0.3), one can be reasonably certain that the
crack will first grow in the depth direction. Newman and
Raju [53) have provided a formulation for calculating
the crack tip stress intensities, AKX, along the entire front
of a corner crack. A separate means of calculating AK has
been provided by Pickard (54), which gives results
within 3% of those obtained using Newman and Raju’s
formulation. Although AK is a parameter derived using LEFN
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and hence is more directly applicable to large cracks, it
does provide an indication of the relative crack driving
force. Using the data presented in Table 4, the applied
stress intensity along the front of the initial crack is
graphed in Figure 16, for each of the specimens. This
clearly indicates that the corner cracks ought to begin
growing in the depth direction ftirst (¢=90°).

12

-t
S

AK, (MPavm)
> o o

0 10 20 30 40 S0 60 70 80 90
‘il

Figure 16: Calculated stress intensity factor range
along the front of the crack

3.2.4 Patigue Loading

Initially a stress ratio, Rego__/0,.+0.05 (with o, =250
NPa, or 77% of o,) vas chosen to be compatible with earlier
experiments by Kujawski and Ellyin [(6](7]. With the
specimen preparation technique being employed, this results
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in an initjal opening load below P__.. In the experiments it
proved difficult to detect the changas in the opening load
occurring close to the bottom of the differential strain
loop.

Therefore, in further tests, a load ratio of R==0.,10
was adopted, wherein the lower part of the curve the crack
is more likely to be closed. This was adopted for the
following reasons:

e to include a mean stress effact.

e the loading to include P=0 so as not to introduce
a load which was not part of the load cycle in the
event Of temporary specimen removal.

e to promote a region of the compliance trace where
the crack will almost certainly be closed.

e the small crack effect will be more pronounced at
R<0 for plane stress conditiona [55).

The actual loading of the FT speacimens was conducted on
a 250 kN Gilmore servo hydraulic testing machine, at room
temperature in air. The load cell wvas replaced with one
having a maximum range of 45 kN to more closely reflect the
anticipated loading requirements. This change of the load
cell also permitted modifications to be made to the upper
grip system, which wvas more compact and amenable to
alignment adjustments. The lower grip system was changed to
a VWood’s metal grip, similar to that used by DuQuesnay (43).
On fatigue tests this was permitted to air cool with a
slight compressive load to eliminate misalignment due to the
lower threaded connections.

Two unflawed specimens were fabricated with 4 strain
gauges equally spaced around the circumference specifically
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for the purpose of assessing alignment guality. Through
careful attention to setup details, the strain indicated on
the 4 gauges could be reduced to within 4% of each other.
The tolerance of the gauges being used was 218, In the
actual test specimens, panding is unavoidable due to the
asymmetry of the of the flavs,

3.2.8 Grewth Rate Neasuresent

A number of technigques were investigated for monitoring
crack length. The most suitable technique examined, was
found to be the thin 25um replica method, wherein one wets
the meta) surface with acetone and applies the replica tape
to the specimen surface. All replicas were made at an
applied load of S000N or one half of P,,- Then the replica
was allowed to dry for three minutes, removed with sdhesive
tape and stored on a microscope slide. To make a full set
of replicas, in duplicate, resulted in a hold time on
average of 30 minutes at a nominal stress of 125 NPa.

The replica cracks were measured by tracing enlarged
(=500x) images of the replicas on graph paper. The replicas
were then reviewed at a resolution of siua taking note of:
any reference features, abrupt changes in the crack path or
scratches on the surface and the visible crack tip marked on
the graph paper. The enlarged tracings could then readily
be measured.

Growth rate is then calculated from the length
measuremsnt according to the following, secant formula;
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3.2.6 Ceampliance Neasuremest

The compliance curves are used to determine the opening
load. If the cracks are small, the procedure for obtaining
the opening load must be sensitive. Two different strain
gauging techniques vere employed on each crack as different
strategies were found to be more appropriate during
different regions of the life of the specimen. The basic
concept involved electronically differencing two strain
gauge readings (e,~¢;): ¢, (active gauge) situated so as to
be influenced by the crack and &; located such that it was
not signiticantly influenced by the crack (far field). This
difference provided a signal dependent upon the influence of
the crack.

A dedicated far field gauge, axjally in line with an
active gauge, was found to improve results from each active
gauge over using a common far field gauge situated on the
back of the specimen. The reason better results vere
obtained is that it eliminates the effect, on the readings,
of the inevitable banding of the specimen during loading. A
dedicated far field gauge, ¢,, is subjected to the same
strain field as the active gauge, ¢&,, less the crack
influence,

To further increase the response from the strain gauge
a signal gain of 2000x was applied to the gauge output.

This signal was then filtered to remove high freguency nolise
prior to being differenced electronically. Aleo, gauges of
as small a size as was practical were used, the active
region was 1.28mm wvide by 0.75am long.

The two strain gauge techniques employed were to place
the active gauge, ¢,, either on top of the c-face crack or
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adjacent to the tip of the a-face crack. The location of
the gauges are shown in Figure 17. In Figure 17a, the
relative sizes of the gauges and ths corner cracks have been
exaggerated. 1In Figure 17b only the c-face gauges have been
installed. During the early stages of the test the gauge on
top of the c-face crack wvas found to give good results. A
gauge so situated did not significantly effect crack length
measurements as there is little increase in the length of
this crack unti{l well into the test (i.e®. generally until
ajc »0.4 - 0.5). As one would expect the gauges mounted on
top of the crack wvere found to exhibit successively shorter
lives as the crack increased in size. This gauge failure is

attributed to the majority of the straimn occurring in the
region of crack mouth opening.

rigure 17: a) Location of the strain gauges
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Figure 17: b) Location of the strain gauges

Due to the short life of the gauges mounted on the c-
face crack, the method employing a gauge adjacent the tip of
the a-face crack was also used to determine the opening
load. That is, as the crack length increased, a strain
gauge mounted adjacent to the crack tip on the a-tace,
approximately 0.3 - 0.5am above the crack tip, was able to
provide an indication of the opening load. There appears to
be two competing effects which are revealed by a gauge so
located:

¢ a strain greater than that shown by the
corresponding far field gauge. This strain is due
to the influence of the plastic zone surrounding
the crack tip.

® a strain less than that shown by the corresponding
far field gauge. Above and below the crack the
stress and strain will be less than the nominal
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values. When the crack is large enough this will

effect the far field gauge and is referred to as

shielding.

The first effect may not be detected as the calculated

size of the plastic zone ahead of the crack tip is r~0.03am (56)
and the observed plastically disrupted region at the surface
was r,~0.02mm for a crack depth of about 0.15mm. Obtaining
a response from a strain gauge adjacent to the crack tip,
which is influenced by the crack, is dependant on gauge
location relative to the current crack tip and the depth of
the crack. To use a gauge adjacent the crack tip as a means
of monitoring the opening load of a very small crack is
difficult. The second effect, that of shielding, is larger
than the first, masking the measured strain at the tip of

the crack.

3.2.7 Opeaing Load Determimation
Three procedures vere investigated for determining the
opening load msasurements from the differential strain
curves. ldeally the opening load deternined from the curve
will be that partaining to the point where the crack is
first open right to the tip.
The three methods were:
a) Linear intersection
b) Linear convergence
e) Curvilinear fit
Taking the differential strain curve from specimen B7 at
N=5490 cycles as an sxample, the thres methods are shown,
FPigure 18 and 19.
a) The linear intersection method involves fitting
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Differential Compliance Response
16 -

Specimen B7 P
N=5490 o

Load, (N*1000)
o

,,,,,

1 '7r’l fﬁ 71

T _ ,
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0 50 100

Differential Compliance, (5°10®)
Figure 18: Linear fit methods
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straight ines to the upper and lower parts of the loading
branch. This results in an opening load value between the
start of crack opaning and the fully open condition. 1In
looking at the differential strain curve the data points
clearly do not fall on a straight line Figure 18, hence it
is highly sensitive to which points are used in determining
the ‘best’ linear fit. The shape of the curve changes
slightly through the test due to a variety of influences.
This means that effectively a different part of the curve is
used to determine the opening load even when the same load
range is employed for each loop analyzed.

b) Linear convergence, a modification to the intersection
approach, involves taking the line fitted to the upper part
of the loading branch and comparing it with the data’. When
the linear fit and a curve fitted to the data are Close
together, that point is taken as being the opening load.
This second approach is still sensitive to which part of the
differential strain curve is utilized and soc a third method
was investigated.

C) The third method was to employ a curvilinear fit
{57]) to a Ramberg-Osgood type relation as in Pigure 19.

This relation is valid for materials wvhich experience small
amounts of plasticity.
]-b

‘i(t"", “éi" [

ad’

‘ To reduce the sensitivity of the analysis to noise,
an incremental polynomial is titted over 11 consecutive data
points. When three consecutive points fall within the
acceptance bandwidth, the first one is then taken as the
opening load.

' Where AP is the load range and N, K’ and n’ are
fitted constants.
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From the above, § must be zero at AP=0. For the purpose of
this analysis the loop is assumed to be symmetrical about
AP/2 and the origin shifted to the lower end of the loop. A
further assumption is that it is the crack which brings
about a divergence from the symmetry at the lower end.
Further details of how this was programmed are given in
Appandix B.

The fitted curve is compared to the data to evaluate
the opening load by following up the loading branch of the
compliance curve to the point where the data curve and the
fitted curve come close together. This curvilinear fit was
found to be more sensitive, and usually gives values close
to those observed by others, that is close to zero in the
early part of the test, and increasing as the test

progresses.

Once the cracks became large (2 - Iam) the test was
terminated. The crack was then: photographed, stched, re-
photographed, polished, re-etched and re-photographed. The
final step was to cool the specimen in liquid nitrogen and
break it to reveal the initial crack front and final fatigue
crack growth region.
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3.2.8 BSummary of Experimental Details
There are two primary aspects to this investigation:
initiating the small corner cracks and monitoring their
subsegquent behaviour under tension fatigue loading. The
specimen fabrication and pre-cracking technique minimize
residual stresses ahead of the crack tip and in the wake of
the crack. The size of the crack is monitored using a thin
film replica technique, having a resolution capability of
ium. The crack opening load is measured by two differential
strain gauge techniques. The two techniques employ the
active gauge either on top of the mouth of the crack or
adjacent the tip of the growing crack. The shape of the
initial crack front is marked by heat coloration of the FT
specimen prior to fatigue loading. Loading is conducted at
a load ratio close to zero, with the maximum stress being
250 NPa. MNMicrostructure photographs are made of the etched
surface after the fatigue loading is completed. The final
crack front is identified by fracturing the FT specimen at
low temperature (=-190°C).
In this experimental investigation, certain assumptions
were made:
® a corner crack on a square, straight specimen vas
assumed to be a quarter ellipse.
e the initial damage in the rr specimens is negligible.
e the crack will not grow in length (along the c-face)
until well into the test.
® the interaction of the two corner cracks will not be
significant during the early part of the test.
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4.0 BRBxperimental Results
The majority of the data are presented in a graphical
format. Numerical data are given in Appendix A.

4.1 Development of Crack Leagth and Depth

Initial crack length, c, and depth, a, have been
measured using three different techniques. Replica
neasurements and SEM based measurements were presented in
the Table 4 previously. Table 5 presents the initial and
final dimensions of the fatigue cracks based on initial
replica and, final direct measurement of the specimen after
being cooled in liquid nitrogen and broken. Replica
Beasurements are not available at the end of the test as the
large amount of damage makes the readings difficult.
Table $: Fracture measurement of initial and final crack

size (mm).

213,860 305,155

specimen
broken in the
testing
sachine. No
final crack
front
available.
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The shape of the initial and final crack fronts has
been measured and is plotted in Figure 20 following for
specimens B7 and B8.

Cross Section Aher Fracture
49 Specimen B7 i

0O 1 2 3 &4 5 6 71 &8
c-face width, (mm)

0 1 2 3 4 5 6 1 &8
c-face width, (mm)

Figure 20: Crack fronts based on after fracture m
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Figures 21 - 24 show the development of the size of the
crack through the duration of each test. The test on
specimen Bé waoc terminated early as it was primarily used to
evaluate the technique being used to measure the opening
load.

buring those parts of the test for which the c-face
crack was covered by a strain gauge for a significant part
of the test, no data wvas collected. The data point given at
N=0 was obtained prior to the strain gauge being mounted.

Iin the figures a dashed line is used to show the estimated
langth of the c-face crack.

In Figure 24, pertaining to specimen B8, no length data
is available for the ¢, crack. This is due to the strain
gauge being on top of this crack for the duration of the
test. Though the strain gauge failed at N=55,900 cycles, it
.48 not removed because this would have involved taking the
specimen out of the testing machine. Given that one can
somet imes detect events such as specimen removal in the
growth rate and opening load data, every effort was made to
avoid removing the specimen from the testing machine.
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Figure 21. Specimen B4, crack size through the test
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Crack Depth and Length vs. Number of Cycles
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The change in the aspect ratio of the ccorney crack
through the test is presented in rigures 2! and 26. One
might normally plot the aspect ratio versus the mumber of
cycles normalized with respect to the nuaber~ of cycles until
specimen fajilure. However, the tests conduic=ted here were
terminated once the crack wvas well into the long crack
growth region, hence N, is not avajilable. Irutead the
aspect ratio has been plotted versus the cra ¢k depth
normalized with respect to the initial crack size, a,. The
value of a, is included beside the corresponcing curve.

There are a number of trends which can Je identified:

¢ The aspect ratio of one of the corner cEicka, on a
Qiven specimen converges towards a value® greater than
0.9.

® The greater the initial aspect ratjio, osxr larger the
initial crack depth, the more quickly thiFi aspect ratio
will reach a maximum value (steeper slogi).

e The maximum aspect ratio, saturation, iss reached at a
crack depth of s2mm.

The aspect ratio may not reach a value ot 1.0 due to
the geometry of the specimen. For example, cah specimen M,
vhen saturation is reached the combined lemqt=h of the two c-
face cracks is 7mm, leaving a small uncracked region. With
the specimens being 8mm wide the uncracked resqion will
experience interaction of the two cracks, henete Will serve

to reduce a/c.
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Evolution of the Aspect Ratio with Increasing Crack Depth

1.0 4
4 B4, left

0.8 j
B4, right

0.6 o

2y=0.57 mm

1 2 3 4 § 6 7 8 9 10 11 12

a/a,
Figure 25. Shape development, specimen B4 and B6

1.0 B7. leh e
89=0.27 mm

B8, right ,=0.38 mm

87, right
890.00 mm

y B8, left
8y°0.086 mm

1 2 3 4 5§ 6 7 8 9 10 11 12

o/a,
Figure 26: Shape development, specimen B7 and B8
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4.2 8Strain Gauge Respoasiveness
4.2.1 Differeatial Compliance
The differential strain, é=¢g,~z,, of the strain gauge
technique, and the change thereof, is presented in Figures
27 - 30. The difference in strain is divided by the applied
load range, AP, for that particular cycle to reduce the
influence of minor cycle~to=cycle load variations. The
value of §/AP is referred to as the differential compliance.
These graphs demonstrate a number of phenomena:

a. A gauge sjituated on top of the c-face crack ¢gives a
graater signal than a gauge locatad adjacent to the tip
of the a-face crack,

b. There is good reproducibility in the strain gauging
technique. Care is necessary to obtain consistent

results.

Figures 27 and 28 represent the left and right sides of
specimen B7. Since the gauge life was found to be quite
short, it was replaced several times in order to collect
further data. Each gauge change is represented on the graph
with a different symbol. The duration between the fallure
of one gauge and the installation of the next gauge, has
been joined with a dotted line to aid in following the
trend.

The sensitivity of the system is high. PFor example,
there is a curvature in the sarly stages of the differential
compliance curves based on the response of the c-~face
geuges. It could be that this represents a strain
hardening. Conversely, this change in the curvature may be
8 replication effect in that the number of cycles betwveen
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the loading associated with making successive replicas is
gradually increased. The relaxation associated with the
increased number o7 load cycles will then be more
significant. This replication effect is clearly evident in
the response of the a-face gauges (Figure 30, N»85,000
cycles).

Figures 29 and 30 show the differential compliance of
specimen B8. The left side c~face crack utilizes two far
field gauges during the test. This is because the g, gauge
failed at Nm»17,560 cycles and so the g, gauge (around the
corner from the g, gauge) was used instead of the g, gauge.
This results in the discontinuity observed in rigure 29 at
17,375 cycles. The effect this has on the opening load
calculations is within the scatter of the data points (see
data table for the B8 left side crack in Appendix C).

The validity of values collected late in the test may
be called into gquestion, bscause during the later parts of
the test the far field gauges experienced significant
shielding due to the increasing size of the crack. This
shielding, of the far field gauges, only affects data
collected vhen the cracks are relatively large. 8ince the
gauges situated on top of the c-face crack have a short life
it will only be data from the adjacent side, or a-face,
gauges that is affected. This is considered in greater
detail in section 4.3.). pertaining to the far tield
compliance.



Differential Compliance Through the Test
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Figure 27: Specimen B7, measured differential compliance
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Differential Compliance Through the Test

Left side

0 25 8 75 100 1256 150

Number of cycles, (N*10%)
Figure 29: Specimen B8, measured differential compliance

0 26 S 75 100 125 180

Number of cycles, (N*10%)
Figure 30: Specimen BS, measured differential compliance



The effectiveness of using strain gauges adjacent to
the crack to determine the opening load is spascifically
presented in Figures 31 and )2 and later in section 4.).
This is done by separately plotting the compliance measured
by the active and far field gauges. Theoretically the
closer, or active gauge, should experience shielding to a
greater extent than the far field gauge. However, in
practice, the response of the active gauge does not differ
appreciably from the far field gauge until the crack is of
considerable size, a>0.6mm. It is not until the two curves
separate that reasonable opening load calculations can be
nade.

As the crack continues to grow the far field gauge
response may increase or decrease. Taking Figure 32 as an
example, the far field gauge below the right side crack, &,,
reveals a decrease in response as the crack increases in
size, due to shielding. The far field gauge belov the left
side crack, g,, shows an incresass in responsae, presumsably
due to bending of the specimen.

The influence that the crack has on the far field
gauges cannot be discounted., Once a far field gauge
response has been significantly affected, it is no longer
appropriate to use it in assessing the opening load values,
therefore such data are rejected.
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Comparison of Adjacent Side Gauge Responses
70 = Through the Test
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Figure 31: Specimen B7, adjacent side gauge response
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Figure 32: Specimen B3, adjacent side geuge responee
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6.2.2 Far Pield Compliance
The far field gauges are located mimm below the crack
(a or c face)., The compliance indicate.l by the far field

gaugea, ([ (£, m.~f o) /AP)°, is shown in Figures 33 and 34.

When the crack becomes large, thay will be shielded from the
fuls value of the nominal strain, the extent of the
shielding increasing with the size of the crack. These
figures can be used to identify the extent of shielding on
the far field gauges and the point during the test when it
occurs. Although these qqﬁq:l are close to the crack, theay
are appropriately placed as it is the early part of the test
which is of the greatest interest.

The primary purpose of monitoring the strain is to
determine the opening load. Wwhen the response of the far
field gauge has changed appreciably from its initial value,
$10t, then it will no longer be used in the calculation of -
the opening load. One can see from Figure 33, pertaining tc
specimen B?, that this corresponds to all cycles bayond '
210,000 cycles for the right side and bayond about 120,000
cycles on the left side. Likevise in Pigure 34 for specimen
B8, data past 80,000 cycles can be rejected from the right
side, and beyond 130,000 cycles for the left side. Clearly
in this study, rejecting dats due to shielding by the crack
only becomes an issue for the strain gauges adjacent to the

a~face crack.

‘wmere | is the locetion of the strain gauge.
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Far Field Gauge Response Through the Test

0 50 100 150 200 250 300 350
Number of cycles, (N*10%)
Figure 33: Specimen B7, far field gauge response
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Compliance, (yWN*10%)
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Figure 34: Specimen BS, far field gauge response
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4.3 Opening Leoad Developaeat
4.3.13 Opening Load Development, o-£200 Gauges

Opening load data, P,,/P,, Vversus the number of cycles,
are presented in Figures 315 - 38 for specimens B7 and BS,

In these graphs the active gauge is located on top of the c-
face crack. There is no data available for the earlier
specimens.

The result from sach corner crack is presented
separately, saploying both the traditional linear intercept
method, using solid symbols, and the curvilinear fit method,
employing open symbols. This approach has been described
earlier, (see section 3.2.7). When the far field gauges are
no longer providing accurate far field strain values, as
described in section 4.2.2, the resulting opening load data
has not been included on the graphs. However, all data is
tabulated in Appendix C.

The graphs are plotted using linear scales with an
inset, wvhere appropriate, showing the first two thousand
cycles in greater detall. Replacament of the strain gauges
is indicated by using a symbol of a different shape. The
data points have been connected by straight lines. When no
strain gauge wvas mounted over top the crack no connecting
line is included. 1In Figures 35, 3¢ and 37, a dashed curve
has been used to connect the average of sach cluster of data
points to assist in following the trend of the data.

These three figures also suggest there is a regular
effect associated with the gauge replacement, since after
the gauge is installed the indicated load decreases as
further cycles are applied. This may be attributed to a
number of factors; perhaps associated vith removal of the
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specisen, mounting the gauge or collecting replicas. These
same figures do not reveal as great an increase in the
steady state opening load, based on the linear intercept
technique. In fact, in Figures 35 and 37 the opening load
interpretation is observed to decrease when the linsar
intercept method is used. This decrease is attributed to
the inherent problems of the linear intercept method. As
discussed in section 3.2.7, the actual compliance curve
changes shape during the test, to greater curvature.
However the same range of data points is used in the
analysis through out the test. The linear intercept method
has difficulty responding to this change in shape. The
difficulty may be seen by the method indicating a decrease
in the opening load.

Of the two methods used to calculate the opening load,
both show the opening load increasing in the early part of
the life of the specimen and subsequently converging towards
& steady state value. In Figures 35 and 36 the results
based on the curvilinear met.od identify an initial opening
load close to zero, whereas the linear intersection
technique is about 5% higher. As the test progressed the
opening load using the curvilinear method showed a greater
increase than did the linear intersection approach. HNence,
the curvilinear technique use! may be more sensitive to
physical events which influence the closure, but will also
be more sensitive to other effects.

rigures 37 and 38 present the opening load data for
specimen B8. Again similar trends are observed. 1In Figure
37, pertaining to the left side crack, a significant drop
can be seen at 10,000 cycles. This corresponds to the




Page 66

specimen being removed from the machine in order that the
previously damaged c-face gauge on the right side crack
could be removed. 1In this case the dashed trend line has
also been interrupted so that it will wmore closely follow
the data. As shown in Figure 38, the right side c-face
gauge failed prior to 2000 cycles. In order to minimize
interruptions in the test this gauge was not replaced, thus
the development of the steady state conditions was not

recorded.
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6.3.2 Opering Load Developaeat, a-face Gauges

opening load data, as recorded by active gauges located
adjacent to the tip of the a-face crack, are given {n
Figures 39 and 40. Early in the test the response from the
adjacent and far field gauges was very nearly the same.

This results in the differential signal being small and
hence sensitive to measurement noise. Therefore, the sarly
l1ife data has not been included on the graphs.

The compliance loops recorded showed considerable
varjabjlity through the test. The analytic method presented
on the graphs (s the linear convergent approach described in
section 3.2.7 under method b). In order to obtain more
reasonable results, a different range of data points and
accept bandwidth was used for the a-face data than for the
c—tace data.

The far field gauges ars susceptible to shielding as
the crack increases in size, as discussed in section 4.2.2.
ApPPlying the criteris presented in that section, opening
load values cannot be calculated if the corresponding far
field gauges are being shielded. Opening load values could
not be obtained from the early life data as the signal from
the active and far field gauges wvas similar. Thus, wvhen the
far field response was subtracted from that of the active
gauges the resulting signal wvas extremely smpall. Since data
are rejected from both the esarly and late parts of the test,
the range of valid opening load data is narrow and differs
with each crack investigated. This is shown in Table 6.
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Table 6: Range of valid opening load data from the adjacent

side gauges.

205,500 - 210,000

left side 70,050 - 120,000

right side 25,100 - 80,750

left side

l!;ﬁﬂﬂ - l;E.ﬁﬁ&i

In the figures, the data collected late in the test are
also included in an attempt to extend the trend revealed.
This is justified in that rejecting data becauss the far
field gauge is experiencing shielding might be an overly
strict criteria. However, the connecting line between the
points is given as dashed instead of solid. All opening
load data are given in Appendix C.

A comparison of the tvo methods of determining the
opening load, a-face and c-face strain gauges, can be made.
rigures 39 and 40 utilize active gauges adjacent tha tip of
the crack, Figures 35 - 38 employ active gauges on top of
the c-facc crack. 8Since, the data from the adjacent gauges
is only valid later in the test it provides information on
the steady state opening load. Where overlap is present,
the opening load data from the gauges located on top of the
crack are from 0 to 10% lower than using the gauges adjacent
the crack. Inconsistencies in collecting replicas or the
influence of installing nev strain gauges may account for
fluctuations in opening load values in Pigure 40.
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Relative Opening Load Through the Test

P open Pmax - (%)

50 100 150 200 250 300
Number of cycles, (N*10°)
Figure 39: Specimen B7, active gauge adjacent the a-face crack

0 % —b - Leoft side, ¢ty
-—o--- Right side, cs-tg

25 50 7% 100 125 150
Number of cycles, (N*10°)
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Additionally, Figure 40 shows an effect associated with
collecting replicas of the cracks. This is presented in
greater detail in Figure 41. On this figure, the cycle
numbers at which the compliancve loops were recorded are
shown. It is clearly evident that an increase in the
opening load and decrease in specimen compliance, see Figure
30, is identified after the replication procedure. This is
followed by a gradual recovery of the compliance or opening
load to the value prior to the replication event.

One may attribute this ~»5% increase in the opening
load, to the specimen being subjected to a steady load of
SO000N from which there may be plastic tenaile strain at the
crack tip bringing about residual tensile stresses upon
release of the load. Such residual stresses would bring
about the closurs phenomenon of Figure 5. Alternately, the
acetore might transport debris into the crack, effectively
propping the crack open giving the appearance of an increase
in the opening load (Figure 6).

This abrupt =5% increase in the opening load associated
with collecting the replicas shows the systea is quite
sensitive. This reinforces the necessity of collecting
opening load data in a consistent fashion. It also calls
into question the procedure of applying a tensile load to
the specimen as part of making replicas as there is clearly
an identifiable effect. An effect from which the material
does not recover for several thousand cycles, presenting a
problem if one is particularly interested in the first few
hundred cycles.
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Crack Opening Load During Test

. L R

Replicas made st N=85,000 cycies

58 60 62 64 68 68 70 72 74 76
Number of cycles, (N*10%)
Figure 41: Active gauge adjacent to the crack,
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4.4 Orowth Rate Through the Test
Growth rate calculations, based on length measurements -/

from the replicas, have been reduced according to the secant
method presented in section 3.2.5. The growth rate results
are plotted against the number of éxslil in Figures 42 - 48
to show the growth rate changes during the test. The growth
rate of both the a and c-face cracks are shown together in a
similar fashion to the opening load data, on a linear scale
with an insert figure for the early life.

When the calculated results indicate zero growth during

a particular range of cycles, a vertical downward arrovw is
placed at the data point to indicate that the growth rate is
below the scale of the graph. This description is also
employed by Tokaji and Ogawa [38). Th:s next point which
indicates growth is then connected with a dashed line. An
upward arrovw is also placed at this following data point
indicating the growth rate prior to this point was below tﬁ:
scale of the craph.

There is a noticeable drop in the growth rate of the a-
face crack, corresponding to the inception of steady growth
of the c-face crack, particularly evident on specimen B7.
Opening load data from c-face Gauges are not avajilable to
coincide with this first growth of the ~-face crack. In
part because c-face length measurements cannot be made if a
strain gauge is mounted on the mouth of the crack. On
specimen B? the opening load data from the c-face crack over
lape with c-face growth results (Figure 35 and 36). This is
Jecause the gauges were replaced several times and removed
promptly after gauge failure, permitting continued
collection of the c-face replicas. However, by necessity
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such opening load results are intermittent, and so any
influence the initial growth of the c-face crack might have
on the crack opening load was not recorded.

I1f opening load valuea from the adjacent side gauges
ares considered, it is only the left side crack of specimen
B?7 (Figure 29) which can be compared to the growth rate,
Figure 4%3. The c-face crack on this specimen begins to grow
at about 70,000 cycles, the few opening load data points
collected at this location do not permit significant

interpretation.
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4.% Growth Rate versus Crack Depth

Growth rate on both the a and ¢ faces versus the depth,
a, of the crack are preseanted on Figures 49 ~ 52. When the
calculated growth rate is less than the scale of the graph,
a vertical downward arrow is placed at that data point. A
vertical upward arrow is placed at the next point which does
show growth and is connected with a dotted line to aid in
following the data set. There is no growth data for the
left side c-face crack of specimen B8 as there was a strain
gauge on top of the crack for the duration of the test.

Figure 52 combines the growth rate data of the a-face
crack for specimens B4, B? and B8. Once the crack is well
developed, the slopes of the growth rate curves pertaining
to depth and length appear to converge towards a common
value. In order to reduce congestion in this figure, the
upward arrows, used to indicate that the recorded growth was
below the scale of the graph, have been omitted.
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4.6 Opening Load versus Crack Extension

The opening load measurements for given crack
extensions are presented in Figure 53, for those spec.anens
where opaning load data are available (B7 and B8). The
opening load information is that which is obtained using the
curvilinear approach presented in section 3.2.7. Two points
to bear in mind are: this assessment does not take into
consideration growth below the surface, and that it is
difficult to accurately determine a,. An error :n a, would
effectively shift the result slightly to the left or right,.

The values for the left side crack of specimen B7/
extend beyond the horizontal ax.s of the graph, hence the
connecting line is truncated at the right side of the
figure. No data are included for the a, crack of specimen
B8 as the gauge on the corresponding c-face failed prior to
any detectable crack extension. Hence P, /P, cannot be

presented relative to crack extension.
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Relative Opening Loads vs. Crack Extension

B7 ap

as \g,/
;

Aa=q - &, (Mmm)

Figure 53: Development of the opening load
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4.7 dreowth Rate versus Aspect Ratio

As part of investigating the influence the shape of the
crack will have on the growth rate, both da/dN and dc/dN are
plotted versus the aspect ratio (Figures 54 - %6). From
these figures, one can conclude that growth on the c-tace
usually begins when the a/c ratio is between 0.43 - 0.53}.

In the case of larger initial cracks this coincides with
a=2a,, however this doer not always hold. For example, in
the case of the much smaller a, crack of specimen R7, growth
on the c-face occurs at a=da,.

The calculated AK at the tip ot the c-~face crack at the
time it begins to grow is presented in Table 7. In the
calculation of AK, the full range of the applied stress was
used. The use of this approach will be discussed in greater
detail in section 5.2 which deals with the growing crack.
Table 7: AK corresponding to initial growth of the c~face

crack.
9.2 MPaVm
8.6 MPavm
777;:5 HP&J;
6.5 MPaVm

8.2 MPavm
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4.7 MNMicrostructural Observations

The material used in this investigation exhibits a dual
phase structure, ferrite and pearlite. As shown in Figure 9
the microstructure of the c-face reveals a banded
ferritic/pearlitic structure. This is as one would expect
with a rolled, low carbon steel product. The a-face does
not show this banded structure, instead there are
irregularly dispersed pearlite regions within the ferrite,
Figure 57.

Figure 57: Microstructure of the a and ¢ faces

It is mainly the early growth stages that are of
interest, and since the c-face cracks do not grow until well
into the test, it is only the effect on the a-face that has
been investigated here. The most significant
microstructural influence can be observed in the growth rate
data. The growth rate versus crack depth data have been
lined up with microstructure photographs of the crack,
Pigures 58, 59 and 60.

When the crack is small there is a reduction in growth
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rate corresponding to the crack passing through a region of

This may come as no surprise as the pearlite is a

pearlite.
harder, stronger material than the ferrite. A similar
behaviour has been observed by other investigators.

In a similar fashion the opening load results can be
ompared with the microstructure. Figures 61 and 62 compare

c
Pepes/ P t0 the microstructure. In the sarly stages of

growth, the crack opening load fluctuates as it passas

through ferrite/pearlite regions.



Page 93

__a

SaInea)} jeinjonsjsoiw o} el ymoib jo uosuedwo) g6 ainbiy
(ww) ‘ydeg yoeid

SC0
1

a4

020
]

4

L0
1

010 00 000

- l

S S— | A h.O L

(erdhopwuw) ‘Nprep




Page %9

sainjes) |eJniongsoLoiw 0} ajel ymodb jo uosuedwo) ;66 ainbi4

(ww) ‘ydaq ¥oes
GEO0 cm.o G20 0Z0 GL0 010 G00 000 a
L A -

1]
¢ 8
Z
| )
— 3

x..
L
L, D
d-'
-
2
-




Page 100

SaJnjes) [eINjoruisoIdiw o} aies ymoub jo uosuedwo?) 09 ainbi4
(ww) ‘pdaq xoes)
80 L0 90 G0 0 €0 A 10 00
[1 . [1 M | A i N [ - o -

"
=
P

5
=

(Ao ww) ‘Nprep

e
-

g
§
£
|




Page 101

saunjes; [esonnsosiw o} peoy Buiuedo jo uosuedwo) :19 ambiy
(ww) ‘Yydeq yoeu)
SZ0 020 510 010 00 000




102

Page

Sainjes; |esnjonsoniw 0} peoj Buuado jo uosuedwo?) :zg ainbiy
(ww) ‘pbua yoesH
L0 90 G0 AV €0 Al 10 00




Page 103

$.0 Data Interpretation
The data presented in Chapter 4 provides the basis for

an understanding of the growth and closuve behaviour of
short cracks. The analysis of the data can be simplified by
considering two stages of crack bshaviour: the stationary
crack and the growing crack. The separation of the two
stages is made at the point where growth begins on the a-
face. Prior to this there appears to be activity, based on
fluctuations in the opening load measurements, but no
visible growth. The growing crack provides behaviour
information in terms of growth rates, opening load and the

aspect ratio.

$.1 Stationary Crack

The statjonary crack is present in the early stages of
each of the tests. Following the first few loading cycles
the crack does not exhibit growth, perhaps for several
thousand cycles. During the initial cycles, the opening
load results exhibit an initial decrease, followved by a
gradual increase. There is generally a drop in the opening
load which corresponds to the first growth events that
follow the first period of self arrest.

Given that the measurement resolution of the egquipment
is 1um, growth rates of 10* mm/cycle vill only be detected
with an elapse of 1,000 cycles, wvhich is no longer the very
early stages of the test. This is further complicated in
that the repiication inspection technigque employed was not
able to detect the extreme tip of the crack, particularly
early in the test. As the crack develops, the technigue’s
ability to record the tip region improves. Hence some of
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the indicated growth may have been due to the crack being
more clearly defined.

The opening load data are shown in Figures 63 and 64,
up to the point where there is growth detected on the a-
face. An arrow is placed on the graph indicating the first
a-face growth avent recorded, beyond the initial 35 cycles,
for that crack. The curvilinear approach as presented in
section 3.2.7 was used in determination of the opening load
fur these figures.

It should be stressed that the term "Stationary Crack®
used here means the absence of apparent growth on the a-face
(in every case the growth along the c-face started later
than on the a-face). There may be growth below the surface.
The shape of the crack front is assumed to be a partial
ellipse. Based on observations of the initial crack front
after specimen fracture, the shape varies from crack to
crack and can only be approximated by a partial ellipse.

The possible evolution of the shape of the crack front with
no surface growth was not part of this investigation.

Nominally the greatest crack driving force will be at
the tip of the crack on the a-face. This statement is based
on calculations of the initial AK (see Figure 16 in section
3.2.3) and the unconstrained nature of the crack at the free
surface. However, if the initial crack front geometry,
which is determined by the pre-crack specimen, is not
favourable, then the crack tip driving force may be greater
at some point below the surface. There may be growth and
damage development which will not show up in the surface
observations but which will have an impact on the strain

gauge readings.



Page 105

Opening Load Prior to Crack Extension

£ 5
- ]
> 0

a® |4 Leftside, gauge *1 1
—a— Left side, gauge *2
*ﬂji right &ldg

1 10 100 1000
Number of cycles, N
Figure 63: Specimen B7
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The crack tip stress intensity range, AK, corresponding
to the initial growth of seven of the cracks, has been
plotted in Figure 65 against the number of cycles when the
a-face crack begins to grow. The early indications of
growth, N<35 cycles, have not been included. One might
expect that those cracks having a higher AK would begin to
grow earlier than those with a lower AK. This does not
appear to be the case; the data suggest an irregular
pattern. No improvement is observed if one calculates a
AK.,, based on the opening load value when growth begins (mee
Figures 63 and 64). Conducting such a calculation on the AK
result simply lowers the value of AK by 0.3 - 1.0 MPaVm.

The threshold stress intensity factor as predicted by
Ellyin and Fakinlede (59) is also included in Figure 65.

All the cracks presented here have a calculated initial AK
close to, or below, this threshold. In every case the
cracks propagated to such a size that AK was greater than
this threshold, though, initially all displayed the
anomalous behaviour characteristic of short cracks. Thus
AK, as presented by Ellyin and Fakinlede [59]) can reasonably
be regarded as the lower threshold for the growth of long

cracks.



AK, (MPavm)
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3% 100 1000 10000
Number of cycles prior to crack growth, N,
Figure 65: Applied stress intensity factors for
the stationary crack
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$.2 Growing Crack

An understanding of the behaviour of a growing crack is
the most important part of this study. An examination of
the results of the crack growth rate through the test
(section 4.4) or with increasing depth (section 4.5) reveals
irregular behaviour of short cracks. The growth results can
be further separated into two regions:

e a-face growing and c-face stationary

e a-face and c-face both growing.
The point at which the c-face crack beains to grow is noted
as part of interpreting the results.

The c-face crack begins to grow when the aspect ratio
reaches 0.43 - 0.53. The rate at which the aspect ratio
increases is dependant on the size of the initial cracks.
Larger initial cracks result in the aspect ratio increasing
more quickly than for smaller cracks. It was also observed
that the when the c-face crack begins to grow there |is
usually a drop in the growth rate of the a-face crack.

A common technique in interpreting long crack growth
rate data is to graph such data with respect to AK on a log-
log scale. This has an advantage over plotting growth rate
versus the crack depth (section 4.5) by giving consideration
to the shape of the crack. The standard procedure is to
consider the full range of stress (4o0) for R>0 and only o,
in the case of R<0. The reason this is done is that the
crack is assumed to be closed during compressive loading.
However, during this investigation, the full stress range,
Ao, was considered because it, nominally, remains constant
through the test, whereas the closure level is not
consistent. Certainly in the short crack region, tha
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Growth Rate for Six Cracks
10 '

0.1 o

Crack depth, a (mm)
Figure 66: Specimens B4, B7 & B8 vs crack depth

e
- bg

-0 7 s,
b 07.5
—0— M.a,
-o- 8.
- —-ROO [11)
—-ee ROOD, (V1)

4 5 6 7 8 910 | 20
AK, (MPavm)
Figure 87: Specimens B4, B7 & B8 vs AK
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closure will not be fully developed. The extent of
compressive loading relative to the tensile load is small,
hence the error introduced is not likely to be great,

The following three figures present some of the
standard means of reducing long crack data. Figure 66 shows
the same data as Figure 52 and is included here for the
purpose of comparison. Figure 67 represents the growth rate
data plotted against AK. Both of these figures show that
the longer crack growth data will fall into a fairly narrow
scatter band. Figure 67, da/dN versus AK, permits
comparison to other fracture mechanics investigations.
Included in Figure 67 is growth data, obtained by Ellyin and
Li (11), for the same material. The threshold stress
intensity factor as predicted by Ellyin and Fakinlede [59)
is also included as being the lower threshold for growth of
long cracks.

The experimentally obtained growth rates for a given AK
are above the curves obtained by Ellyin and Li [11). One
may be able to attribute this differsnce to the closure
effect not being fully developed along the entire front of
the crack. Hence, the effective driving force will be
slightly higher and therefore the growth rate will also be
higher. Alternatively, it being late in the test there may
be some interaction between the two cracks on the specimen,
resulting in a higher actual AK than the value calculated.

It is often considered that any load applied when the
crack is closed is non-damaging. MHence, in the calculation
of the effective stress intensity, AK,, only P_.-P,. should
be considered. Figure 63 also shows the growth rate data,
except in this figure it is plotted versus AK,. The



determination of AKX, is dependent on the values obtained

tor P,,’. In this investigation, opening load data are only

available for the early part of the test, principally
because of the short gauge life. The data are further
diminished since opening load data which corresponds to
regions of no detectable growth can not be included on a
diagram such as Figure 68. The growth rate curves of

reference (11] have been included in this figure. The

assuming a fully developed opening load of 20% (20% being an

average value, e.g. Figure 35).

Growth Rate vs. AK, for Three Cracks
10

i
L]
'
N
.
»
. .=
. - -
. LT et
@ . = ®
i if i’ii
. - -*
_ L] =
: : .
P N
.
.

""" R!o.m- [111

Figure 68: Specimens B7 and B8 vs AK ,

Ao, only P_. -P_.. is used to obtain Ao,.

' Instead of using the full load range, AP to calculate



Page 112

Each of the cracks presented in figures 66 - 68 reveals
& decrease in growth rate when the cracks are small. Using
AK,, based on the opening loads measured did little to bring
about a regular, or steadily increasing, trend in the growth

rate results.

8.3 Discussion

The only information available for the stationary crack
is the opening load. There are two principal trends
exhibited in this data. The first is a decrease in the
recorded opening load of 5 - 15% within the first 50 cycles.
An explanation for the initial drop in the opening load is
that there may be some surface residual stresses induced
during specimen preparation. These residual stresses will
vash out during the first few cycles, bringing about a
decrease in the opening load. The second trend follows the
first with a gradual increase in the opening load through
the next several thousand cycles. In most cases there is a
temporary drop in the opening load which coincides with the
beginning of detectable crack growth.

This trend, of an increase in the crack opening load,
has been noted by numerous investigators right back to Elber
(25), and is also observed hers. There may be several means
to investigate this more closely; such as to utilize
microstructural barriers which are less significant relative
to the crack. This could be accomplished either by looking
at a larger crack (one loses the small crack aspects), or by
investigating a material which has lower, or at least
uniform, microstructural barriers (single phase or even
single crystal material). An obvious dravback would be that
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the study would no longer pertain to common, practical
engineering problems such as one encounters with A516 Grade

70.

All the cracks investigated displayed a high growth
rate in the during the first few cycles (N<35)°. The crack
may be growing slowly, but because the measurement
resolution is ~lum, no change in length is recorded until
there is an extension of 1um. Attributing the full 1um
extension to that replication interval (perhaps 20 cycles)
results in a very high growth rate, 50x10*mm/cycle. Yet
another reason for the apparently high growth rate may be
that the maximum depth of the crack is not be at the surface
corresponding to the a-face. Hence the small uncracked
region, may grow quickly, until the deepest point is at the
surface.

considering the influence the aspect ratio (a/c) has on
the growth rate, one can see a general trend that there is a
drop in the growth rate of the a-face crack which coincides
with the inception of steady growth at the tip of the c-face
crack (section 4.7, specimen B7). The initial growth of the
c-face crack can be anticipated beginning at an aspect ratio
of 0.43 - 0.53. This permits one to place a strain gauge on
top of the c-face crack and later remove it in time to make
length measurements.

A significant aspect of this investigation is the
recognition that some of the early fluctuations in growth

‘ In this study these high initial growth rates are
oconsidered to be prior to the stationary crack stage and are
not specifically included. The increase in crack depth may
be the crack is simply becoming more clearly defined due to
the first fev loading cycles.
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rate involve the tip of the crack interacting with
significant inhomogenaities in the microstructure. The most
important of these features appears to be the pesarlite
regions that result in a decrease in the growth rate. It is
not possible to correlate all fluctuations in growth rate as
being due to the microstructure. However, one must bear in
mind that microstructure varies in depth. A significant
microstructural feature present below the surface cannot be

seen, yet it may effect the crack growth rate.

§$.4 Conoclusion

The conclusions coming out of this investigation can be
divided into two categories: interpretive results of the
behaviour of short cracks and assessment of the experimental
techniques. The purpose of this study was to examine the
behaviour of short cracks. It has significantly
corroborated the investigations of others. 1In conducting
this study, a number of exparimental methods had to be
developed, refined or were found to be, in some way,
undesirable.

The cracks investigated ranged in initial size from
an0.1 - 0.6mm in depth. Considering the behaviour of the
cracks, it was observed that the opening load of a
stationary crack increases, suggesting material plasticity
and damage accumulation. Then at the point where growth
bagins there is a decrease in the opening load, likely due
to the crack propagating through the damaged region,
eoffectively relieving residual stresses ahead of the crack
tip, resulting in a decrease in the opening load. As the
test progresses the opening load was found to increase
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gradually, though at times irreqgularly. These
irregularities were generally a decrease in the crack
opening load, some of which corresponded to the crack tip
passing through a region of pearlite. As a crack increased
in dep*h, it was found that the opening load approached a
steady state value in the range between 10 and 30% of P,..

Growth rate fluctuations (Figure 66), at crack depths
of less than 0.2mm, observed on the right side crack of
specimen B7 and the left of side specimen B8, were shown to
correspond to the crack tip passing through a region of
pearlite. When the crack is less than 0.12mm, it was seen
that the crack may temporarily self arrest.

The growth rate was plotted versus the applied stress
intensity factor range to account for the shape of the
crack. This approach was found to provide agreement with
the work of other investigators, including the anomalous
aspects of short crack behaviour. The growth rate was then
Plotted against the effective applied stress intensity
factor range and was not found to resoclve the short crack
effect.

The two principal variables measured were crack size
(depth and length) and the opening load. The most
successful means of measuring crack size investigated herein
vas the thin film plastic replica technique. However, the
application of mean load as part of collecting the replica
wvas shown to have an influence on the opsning load
measurements. It would be desirable to have a means of
Beasuring the crack size which did not require this
application of tensile load for a long period of time.
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Perhaps a thick replica technique’ would permit sufficient
resolution, using an SEM, without requiring significant
tensile load being applied to the specimen.

two strain gauge method: an active gauge adjacent the tip of
the growing crack or an active gauge on top of the mouth of
the crack. An increase in event sensitivity was obtained by
taking the difference between the strain measured by a far
field gauge and the active gauge. However, because of the
sensitivity of the system to unavoidable specimen bending,
more consistent results could be obtained by using a
dedicated far field gauge axially in line with the active
gauge.

The procedure involving an active gauge adjacent the
tip of a small growing crack, is intended to detect
plasticity associated with the tip of the crack. In this
investigation, such an approach was found to be ineffective.
Instead, crack shielding was found to be the wmore prominent
gauge response than detecting plasticity at the crack tip.
This method did not work for either the early or late stages
of crack growth.

The opening load measurement technique wherein the
active gauge was placed on top of the crack mouth was found
to perform well for small cracks. It has the disadvantage
of a short gauge life, particularly as the crack increases
in size (i.e. half a millimetre). Greater consistency in

* Using a replica Smm thick would permit the replica to
be pressed against the surface of the specimen vhile curing.
The replica would then be gold coated and conductive backing
applied, prior to the actual replica material being
dissoclved awvay.
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the interpretation of the opening load from the differential
compliance curve was obtained by fitting a Ramberg-Osgood
type relation to the curve and comparing this fitted curve

to the data.
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Appendix A

Data for specimens B4, B6, B? and BS:
e Specimen specific data
eloading information
oGrowth rate
eStress intensity factor range
oCrack opening load results
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Data title: Left side cormer crack. Data flename: b4 —left.dat
Specimen ID Number: B4 Number of Points: 28
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Data title: Right side corner crack. Data filename: b4 —right.dat
Specimen ID Number: B4 Number of Points: 28

Width: 7.6 mm  Thickness: 7.96 mm P! T9IN  P__: 18820N
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Data titie: Right side corner crack.
Specimen ID Number: B8

Width: 7986 mm  Thickness: 7.977 mm
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Data flename: b8 - right.dat
Number of Points: 30
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Data titte: Laft side comer crack.

Specimen ID Number: 87

Width: 7.965 mm
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Data title: Rightt side comaer crack.

Specimen ID Number: B7

Data filename: b7 - right.dat

Number of Points: 68

Width: 7.965 mm  Thickness: 7.9908 mm Pm
8, 250 MPa
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: 18028 N
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8.3 4.80
78 462
0.4 4.61
s 4.68
49 00 404
3.2 5.03
=8.0 8.48
-1.8 8.29
-2.8 5.42
-1.0 8.3
Ny 820
0.6 6.28
-0.8 6.3
-02 _ 63
-1.0 5.3
32 8.18
78 4.9
10.7 4.7
(%4 4.08
1.9 AT
7.0 4.99
14.3 4.00
130  a4»

1.1
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80000 0.162 0.820 6.86 0.7 203 4.97
88000  0.108 0.821 8.04 0.8 214 4.90
60000 0.100 0.82 6.07 08 20.7 8.02
61435 0.100 0.821 6.90 0 17.4 8.28
85000 0471  0.621 7.02 0.9 18.1 5.42
70000 0.177 0.821 712 0.4 16.8 8.29
80000 0.177 0.821 7.12 1.2 231 4.98
111624 0226  0.821 784 21 278 8.14
118000 0.280 o.a21 8.13 52 9.6 6.68
120100 0.270 0.821 8.38 34 13.0 6.60
120623 0300 = 0821 864 36

130100 0.308 0.621 8.00 4.

148000 0.304 0.821 9.13 3.0

160000 0306 0821 932 1.0

178003 0.508 0.827 9.34 0.8

190000 0.400 0832 9.43 0.8

208000 0418 0842 98t 1.2 37.0 5.45
210000 0.432 0.844 9.59 20

214080 0.4% 0.846 9.62 1.9

230000 0400 0850 @ o77 23

248000 0.808 0.872 10.00 3.3

280000 0.887 0.880 10.28 2.7

278000 0888 0822 1044 19

200000 0.628

0920 10088 1.9 Filsname: B7R-DK.WK3

Light shased regions represe™ sstimaled values bassd on

Dark shaded regions represent sstimeaied valiies, 8¢ maasured
values indic sied a reduction in crack longth

Using the secant method for determining de/dN.



Data titie: Left side corner crack.

Specimen ID Number. B8

Data filename: b8 - left.dat

Number of Points: 37

Width: 7.9060 mm Thk:kmu' 8.052 mm

R -0.10

Cycles

1000
1250
1500

AU BT

- e ab ab b

&L (mm)
0.078
0.078
0.079
0.087
0.090
0.080
0.090
0.090
0.080
0.082
0.008
0.09¢
0.000
0.100

0.101

0.102
0.102

0.107

0.107
0.107
0.107
0.117
0.126
0.144
0.147
0.188
0.203
0.229
0.263
0.3660
0.481
0.878
0.731

C. (mm)

2.004
2.008
2.008
2.008

2240

-25 MPa
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P... -1602N P__: 18023 N
8,. 250 MPa NE,, = 141,540 cycies
deltaK  da/dN. = Pop/Pmax _ dela K,
MPa(m)'? mm/cyclex10°® (%) C MPa(m) '
8.00 25 1.3 4.03
8.03 200 120 402
528 220 10.7 4.28
5.96 24 119 4.30
5.38 00 108 = 437
5.37 0.0 138 422
5.37 0.0 15.6 412
8.37 20 18 = 420
542 8.0 148 4.22
8.81 27 14.4 4.20
684 13 130 = 43
5.62 1.0 16.8 4.30
$8.68 04 149 4.37
5.68 02 46  aw
868 0.2 EA | 4.80
8. 02 79 4.78
8.7 0.0 87 Ar4
8.7 08 129 4.52
5.04 05 106 4.76
584 00 T4 a2
8.84 0.0 131 462
85.04 00 124 4.66
68 00 16 47
8.84 1.0 9.7 4.80
8.1t 1.9
633 2r -
676 21
6.8 4.2
7688 X ]
7.97 43
.44 6.0
 9.47 (Y]
" 10.99 7.9
11.48 10.9 i )
1270 140 Filsname: B8L -DK. WIS

- Light shaded regions reprocsont solimated veluse based on a

neas inte. polation botweon adjasent measured vealues.

= Oark shaded regions reprecsent ostimated values. 88 measured
values indicated o rodusiion in srash longth.



Data title: Right side corner crack,
Specimen ID Number: B8

Data flename: b8 - right.dat

Number of Points; 35

Width: 7.060 mm  Thickness: 8.062 mm

P —1002N P__

R: -0.10 8. —28 MPa 8,... 250 MPa
mmm 8n (mm) ;m-ng - delaK  deoN
0.377 MPa(m) 7 mm/eyels x 10~
2 0.383 2 4@4 10.78 1000.0
(] 0.383 2404 1078 0.0
8 0.383 2404 10.78 0.0
16 0.383 2.404 10.78 0.0
2 0w 2404 1078 2 00
2 0.383 2404 1078 1818
44 0.307 2.404 10.800 126.0
64 0367 2404 1080 00
"] 0.387 2.404 10.80 - 00
124 0.387 2.404 10.80 0.0
200 0.387 2404 1080 0.0
280 0.387 2.904 1080 00
300 0.307 2.404 10.80 0.0
400 0.387 2404 1080 0.0
600 0.3987 2.408 10.80 0.0
800 0.387 2.408 10.80 0.0
1000 0387 2408 1080 0.0
12680 0.3¢7 T 2.408 10.80 0.0
1800 0.3¢7 2.408 10.80 1.3
2000 038 @ 2408 10.01 20
2500 0.300 2.400 10.3 20
3000 0.390 2.407 10.04 20
3800 0301 2407 1088 20
4000 0.302 2.408 10.08 20
4800 0.3¢3 2.408 10.08 20
8003 034 2408 1000 1.3
0000 0.368 2409 1000 10.7
8000 0.426 2411 na 9.7
10008 0.434 2413 17 20
12800 0.438 2.413 1130 32
18000 0.480 2413 11.58 X )
__17800 0.483 2.413 1160 80
20000 0.480 241 - 11.08 7.7
28000 0.821 2413 1229 [ X ]
30000 0884 2413 1281 78
38000 0807 2493 12.90 7.2
40000 0.626 2413 1204 X ]
48000 0.083 2413 21260 B 2
80000 0.73¢ 2413 14.00 10.¢
§8000 0.784 2438 1409 10.9
@0000 0.3 2400 474 1.
68000 0.088 2480 1512 109

18023 N

Pop/Pmax
(%)

09

-1

0.6
-28
-3.8
-29
-8.0
-8.4
-86
-3.3
-58
-56
-54
-7.1

-7
-39
=5.1
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Ng,; = 141,540 cycles

detta K,
MPa(m) /2

0.00

0.87

.7
10.08
10.10
10.10
10.37
10.45
10.47
10.14
10.38
10.37
10.38
10.52
10.51
10.17
10.32



110000
120000
130000

0.942
1.008
1.081
1175
1.421
1.835
1.049
2.248

2.478
2.408
2.820
2.883
2.885
2678
2.708
2.974

18.40
16.76
16.13
16.67

16.90

i 7lﬁ
18.40

AL S
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Fiename: BSR—-DK.WK3

- Light shaded regions represent ssiimated vaiues based on a

- Dark ahaded regicne represent sstimated valuss, 8 measured
valises indisatod & redustion in srack length.
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Appendix B

Computer code for collectjon and analysis of

strain gauge data.
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/*
/*
/®
/®
/*
/®

/®
/*
/®
/*

Page 1137

GILMORE.C
Program for acquisition and manipulation of data from the Gilmore

servo hydraulic testing machine, Rm 1-10 Mechanical Engineering
University of Alberta.

By David Craig, ) April 199) with lots ©of help from Ian Buttar.

This program is written for the 8088 computer which has been provided
as & dedicated unit for this testing machine. It 4is in some sort of
8 turbo mode (8iNs), hence the system cloch is somewhat faster than
the DAS-8 card assumes. This is compansated for in how the countars
are set up. The computer has $40kb of memory, a 10Mb hard disk and

& math couprocessor.

2.5, using the large memory model.

As presently set up thie will sllow for a maximum of 7 data
conversions

per event. One should be aware that the data as

,o
/o
/.
,0
/o
,o

recorded is not coincident (ie. the values are not recorded
simultanscusly). This presantly ie vaing the new Mode 2] call to
the DAS-8 card which does "N" Conversionsa in “X* Channal Bursts.

To increase the duration over which the conversiéns are made (is. to
slow the conversion trigger clock beyond 133 Hz) it would be
necessary to cascade a couple of the counters together.

#include <stdio.h>

/* #include <etdlib.h>

finclude <string.h> /* Por strecat()
f#include <graph.h>

f#include "gilmtool.h"
finclude "gilmgraf.h"

fdef ine CHANNEL LO 0O /* DAS-8 chanmels to monitor.
fdefine CHMANNEL NI S

/.
,0
,.
,0
/o
,o
,.

The NUNBER_OF EVENTS recorded should be sufficient to give & good
description of a full cycle. To record the one loop worth of dets
with a given number of events counter #2 sust be loaded with a
suitable value which is a function of the MR _OF EVENTS and the
GILNORE LOADING FREQUENCY. The actual nusber of data sets recorded
will be approximstely 5% higher than this to insure a full leop is
recorded if the loading freguency is a litctle below 2 Ns.

fdetine CONPUTER_SPEED 1996600

fdefine FREQ ©0.23rF

/®
,.
/®
,.

There may be two command line paramsters additional to the program
oenocutable file. The first io an ingut data file name, the second
40 an ocutput data file name. If mo output data file nene 10 weed
then no output file will be gemerated.

void main( int arge, char *argv|]) )

{

*/

*/
./
o/

o/

*/
./
./
/
*/
*/

¢/
*/

*/



,.

,.
/'

,o
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int number_of_conversions_per_event, npoints, number_of_events,
output-o 1

double counter_load_value ;
float load_freq)

char file_name|FILENAME MAX), out_file{FILENAME MAX) ;

Description of variables
argc = the number of command line arguments
argv = a pointer to the command line arguments
number_of_conversions_per_event = the number of data conversions
desired par event. (ie. 4)
npoints = number of events or sets of data (the number of
points on the loop).
counter_load_value = value loaded into counter #2.
load_freq = the loading frequency when the data was collected
ftlo name = the name of the input dats file
out_file = the name of the output data file.
output = a switch indicating whether an output file should be generated
or not. 0O means do not generate, snything else to make an
output file.
./
_Clearscreen( _OCLEARICREEN ) ;
number_of_conversions_per_event = CHANNEL MHI

CHANNEL _LO + 1

if (argc < 2)

{
printf(”\tRead the dats from the DAS-8 card or an existing file?\n *);
printf(”"\t(enter file name or das-8): *)
scanf("vs", file_name)

)

elee { strcpy(file_name, argv(l)) ;5 )

If argc ==) then an ocutput file name must have come in on the ./
command line too. ./
Af (argc == J) ( strcpy(out_file, argv(2)), outputs=l ; }

it (strcmp(file_name, “dae-0")==0)

L { /* Query the board o/
Since the frequency of the data collection cycle is usually 0.23 1 L]
will hard program that 8o ] don’'t have to hkesp entering At each time. ¢/
Prompt for the Gilmore load frequency */
printf(~\n\tPleoase enter the loading frequency: *) ./
scanf ("Sf”, Gloed_freq ) ; ./

load_freq = FREQ

if ((loed_freq == 0.237)!{|(lced_freq == 2.0F))
number_of_events = (lcad_freq == 0.23F) ? 800 : 280 ;
else = { printf(~\n\tPicase enter the number of events: ") ;

scant ("%d", number_of_events ) ; )
Calculate the appropriate value to load into the counter. */
This involves rounding the velue off » bit. ./

counter_load_value = CONPUTER_SPEED / number_of_svents 4
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counter_load_value counter_load_value / load_freq ;

counter_load_value = ((Lneueeunur load_ value ¢ $00) / 1000 ) * 1000

Initialise the DAB-8 board and set up counter #2
initialise_dasl®_card((int)counter_load_value);

Set the multiplexer describing which channels of the DAS-8 to scan
set_dash _multiplexer( CHANNEL_LO, CHANNEL NI ) ,;
collect_data( number_of conversions_per_event, number_of_events,

load_freq, flle_name )
}
Read the data from tha data f{ile.
Presently set up t0 only read 6 values from each line of the
data file.

Now display a graph of the data.
Plot_the_data( file_name, out_file, output )}

/e End of the main program

*/

./

*/
*/
*/

o/

./



/.

/t
/t
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GILMGRAF.C */
The plotting subroutines for the Gilmore dats acquisition program. sy
David Craig, Mechanical Engineering, University of Alberta. ./

finclude <atdio.h>»
finclude «<stdlib.h>
finclude <string.h>
finclude <dos.h>
finclude <math.h>
finclude “nrutil.h"
finclude “gilmtool.h"
fincludae “gilmeurv.h*
finclude "gilmgraf.h"
finclude “geograf.h”

fdefine LOAD MULT 10.8207 /* 10 * 221% / 2047 or %%2215/2047 o/
fdefine PLOT O /* O means use screen diaplay else printer */
/' LA LLE LY LI A L1 2 2 2 11 b tdi12 3 177 ittt 17371t I I T T It I It It I I !]
/* Subroutine to plot the data. “/
/. -Qi‘-iiiiigéggiiiiiii:-ii!!!!iiiiiig!!i!iiiiiiﬁ!,--é-_iii---;gsiiéiiiiﬁ -/
/* For now I will assume that this deals with only one loop which may e/
/* or may not overlap & bit. The fitting aspects really only apply to ./
/* the partial loading loops. ~/
void plot_the_data(char® data_in, char® data_out, int output )
{
/* Variables for data manipulation routines sy
int 4, j, k, npoints, columns, **data_array, *p_lin, *p_curv,
loop_points, x_divisions, n_subdives$, y divisions, y subdivssS,
length, order, gain - B -
short jerr )
long int cycle_no ;
float load_freq ;
double *x, *temp_x, "temp_y, *x_array, °*y_array, *lead, *strain, ymin,
y_start, ymax, pmin, pmax, e_Sin, &_max, x_ave, y ave, e_shift,
interceptl, slopel, interceptl, slope2, chi2, *fitted_linex,
*fitted_liney, strain_sve, p open, p_close, xl, plot_x min,
plot_x_max, plot_s_scale, plot_y min, plot_y _max,
plot_y_scale, xaxis_start=0, maxis_length=8, yaxis_start=0,
yaxis_lengthe$, *half_loop_strain, *half_loop_load, e _slope )
char nform(4) = “+1”, temp(4], tent(28), sanple nol(®)
FILE *outfile
/* These are the points of interest if we aseume a series of straight

line fice.

p_lin|0) = index of original data array corresponding to minimum loed
p_lin[l) indax a little bit up from the bottom on the losding side
p_1in(2) index of the top point on the lower loading brasch
p_lin(d) index of the bottom point on the upper loading branch
p_lin(4) = inden of the top point on the upper loading branch
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p_lin(%) = index of ymax 7
p_lin(é) = index of the top point on the upper unloading branch
p_lin[7] = index of the bottom point on the upper unloading branch
p_lin(8) = index of the top point on the lower unloading branch
p_lin(9%] = index of the bottom point on the lower unloading branch */
These are the points of interest if we assum& a non-linesr fit
p_curv(0) = index of ymax
p_curv|l] = most of the variables are not actually used.
p_curv(2) =
p_curv(d) =
p_curvid)] =
p_curv|S) =
p_curvié) =
p_curv(?7) =
p_curv(8) =
p_curv|(9) = */
Variables for fitting lines to the data ./
Variables for plotting routines «/
look_at_data_file(data_in, &npoints, &columns, sample_no, &cycle_no,
Gload_freq, &Loain) )
Set aside sufficient memory space for the data v/
data_array = imatrix(0, npoints - 1, O, columns - 1 ) ;
get_the_data( data_in, npoints, data_array )
Identify how many points are required to cover the entire loop ./
loop_points = points_on_loop(data_array, npointe) i
temp_x = dvector(0, loop_points-1) ; /* = working arrays ./
temp_y = dvector(0, loop_points-1) ; /* y working arrays »/
p_lin = ivector(0, 9) ; /* Integer array of the indices of points of */
p_curv = jvector(0, 9) ;/* interest around the loop. ./

for(i=0; i<loop_points; iee¢)
(
x_ave = 0.0, y ave = 0.0,
for(k=0; k<columnsjske=2)
( u_ave += date_srray(i)(ke¢l), y_ave += data_array(i)[k] ; )
temp_ “x[L) = x av.-zlcolu-n-. tc-p yii) = y_ ave*2/columns j
)

1f you are only going to pull strain values of data_array()() once .y
you could now free up the mssmory eet aside for that data if you enly */
plotted one data set. oy
free_imatrix(data_array, O, npointe - 1, O, columns - 1);

Identify the locat.on and value of the global load min and max of

for(i=0; i<loop_points) i¢e)

(

if(ie=0) ymin = temp_y(i), ymax = temp_y(i]

Af (temp yii)<=ymin) ymin = temp_y(i), p_1in(0) = i ,
,'Ill ® (temp_y(i) > ymaxn) ? temp_y(4i) : ymax ;
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Set aside mamory for manipulating the data. ./
x_array = dvector(0, loop_points-1) ; /* x working arrays */
y_array = dvector(0, leop pointe=1) ; /* y working arcays s/
Load the working arrays, first element to correspond to minimum load ¢/
Shift the working arrays ./
for(i=0; i<loop_points; iee)
(

3 = (4 * p_lin(0)) N loop_pointe g

y_array(i) = temp_y[])), n_array[i) = temp_x()}) ;
Free up the memory used for the temporar

aty data arrays ./
free_dvector (temp x, 0, loop pointe - 1 )
free dvoeeor(t.np y. 0, loop_poin:i -1 )

Identify key points of interest on the loop:
P_lin(1l] through p_lin(9) based load. ./

points_of_interest_linear( loop_points, p lin, y_array, ymax )
P_ curv(0) = P_ 1in(8)
pﬁingl of _ interest _turve( loop_points, p_curv, y_array, ymin, ymasx ) ;

Set aside memory for final values of strain snd load. Add two extra */
positions to the array for the plot parameters. =/
strain = dvector(0, loop_points=142) ; /* x values converted to strain*/
load = dvector(0, loop_pointe-1¢2) ; /* y values converted to Newtons */

Load the data result arrays for plotting the actual data ./

for (i=0; i<loop_pointe; i++)
{

load(i) = y_array(i) * LOAD_WULT
strain{i] = calculate gtr-in(x _array{i], gain) ;
)

free_dvector(x_srray, 0, loop_points-1) ;
free dv-etat(y array, 0, loop_pointe-l) ;

for(i=0; i<loop_points; i++)

{
if(i==0) @_min = strain(i), e_max = strain(i) ;
@ min = (strain(i) < @ _sin) ? -gralntll 1 @ _min g

@ _max = (etrain(i) > e --) ? strainji) - MAK )
)

for (i=0; i<loop_points; ie+) strainfi) = etrain(i) - e_min
o_max -= @ _min )

pein = (double)ymin * LOAD_NULT, pmax = (double)ymax * LOAD WULT ;

Weite the load-strain data to an output data file for additiona)l ./
processing. The name of that file will be the sams as the .dat file ¢/
but the suffix will be .out . ./

peintf("\n\tProcessing data file: Ws\n", data_in) ;
printf("\tThe relative 1oop strain ie d‘= s.2e.\n", @ _max/ (pmax-pmin) );

Write appropriate data to the out_file, if need be create the file. LY
Lf (output 1e0)
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(
] Piret check Lf the data file already exists. */

strcat(data_out, ".det") ;
if((outfile = fopen(data_out, "r")) == NULL)

/* Ok, the file does not exist, create it, and write in a header. ./
(

outfile = fopen (data_out, "w") )

fprintf(outfile,

“rile Name\tCycle No.\tPmax\t Pmin\tlLoad Ratio\td’' (*10B=-3)\t\
Pitted Const. and Results of Paas F1 (m,X’,n’,Po,.Pa,PaRis)\t)\
Fitted Const. and Results of Pass #2 (m,K’,n’,Po,Pa,Panrst)\t)\
Linear Intersection Resulte\n" ) )

fclose (outfile) ;

else fclose (outfile) ,;
)

e_shift = calculate_top_slope( load, strain, p_curv, pmin, &e_slope )

if (output == 0)
write_output_file( load, strain, p curv, pmin, date_in,
loop_points, e_shift ) ,

if(output 1=0)

outfile = fopen (data out, "a") ;
fprintf(outfile, * %8 \t S1d\t\tL.0f\ts.0f\t 5.3f\t 84.2f\t\t",
data_in, cycle_no, pmax, pmin, pain/pmax, ¢_max*1000/(pmax-pmin) );
fclose (outfile ) )

)

Calculation of curvilinear fits ./
Compare the fitted curve to the best fits to sections of the data ./
Only do the where on curve test if you are going to feed the info ./
to a data file. The purpose of this is to speed up the processing e/
of that 8080 computer 1'ms using to do my dats aquisition. o/

Trying to get a modified version of the program running to process o/
the ADJ files, 90 1I°1l] remark out this curvelinear fit section. o/
if(output i= 0)

p_open = where_on_curve ( p_curv, load, strain, pmin, e_shift, e_slope,

‘data_out, output) */
SO SOSSS OSSOSO SSRGS IE SISO NSE RSSO SPOON AN DOSES .l
Getting ready to plot this up. s/
cosdrocehooacaeww - - - - O - o - P AP W W - - .I
Only plot the data if you are cranking through one data set. ./
if(output =s 0)

{

decale(strain, xaxis_length, loop_pointe, ), 0);
decale(load, yaxis_leagth, loop_points, 3. 0),

Round off the plot paramsters for the horisontal axis. ./
plot_x_min = (double)((iat)(strain{loop_points) - 0.85)) / 1
order = order_of(l/(float)e_max) ¢+ 1 ;
plot_x_max = (double)(int)(e_man * pow(10,0eder) ¢ 1.0 ) /
pow(10,0rder) ;
plot_x_scale * (plot_x_man - plot_x ain) / zaxis_leagth ;
strain({loop_poiats) = plot_s_min, straim[loop_poiats+l) = plot_x_scale;
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n_divisions = (int)((plot_x_max - plot_x_min)*(pow(10,order)))
prepare_graphice_screen(PLOT) ;

Plot the lower horizontal ania.

order » 1} - order ; /* #imply to obtain the correct number of
itoa(order, tewmp, 10); /* weignificant figures on the horig axis,
strcat(xform, temp) ;

naxis(0.,0.,"Differential Strain",-19, xaxis_length, 0.0,
plot_x_min, plot_x_scale, x_divisions, x_subdive, nform) ;

Plot the upper horisontal axis.
AxisLine(xaxis_start, yaxis_length, maxis_length, 0.0, -x_divisions,
x_subdivs, 0) ; ]

Round off the plot parameters for the vertical axis.

plot_y_min = (((int)load(loop_points) - %00) / 1000 ) * 1000 ;

plot y_max = (dauhln)((Lnt)(pn;x/laﬂo*l) * 1000) ;

plot_y_scale = (plot_y_max - plot_y_ain)/yaxis_length
load(loop_points) = plot _y_sin, lﬂld[lﬂﬂﬁiﬁblﬁti§ll = plot_y_scale ;
Y_ divisions = (Lngli(plot y _max - plot_y min) / 1000)

Plot the left hand vertical anis.
naxis(0., 0., "Load, (N)", 9, yaxis_length, 90, plot_y_amin,
plot_y_scale, y_ divieions, y_subdivs, "~12% ) 3

Plot the right hand vertical axis.
AxisLine(xexis_length, yaxis_start, yaxis_length, 90., y divisione,
y_subdivs, 0)

Add text to the graph
add_textl(sample_no, cycle_no, data_in, load_freq, pmin, pmax,
Toop_points, gain )

setMarkerMeight (0.02); /* Sets the sise of the point markers

PLOT THE DATA SET

/.
,.

- o - - e e g A e O U e R S G R A W R T N g -

Separate the logﬂinq and un)oading branches

half_loop_strain = dvector(D, (int)(0.7*loop_points) ) ;
halft 1009 load = dvector(0, (int)(0.7%locop_pointe) ) i

split_loop(0, p ltnll). loop_points, strain, load, half_loop_strain,
half_loop_load, plot_x_min, plot_x_scale, plot _Y_min,
plot_y_ scale) )

NewPen(ll) ; /* Light Blue

dline(half_loop_strain,balf_loop_load,p_1in(%$),1,0,0,0) ;
legend_text (8.37, 2.97, “loading”, "2%, *1°))

split lccp(p iin(S), loop_pointe-p_ 14n(S), loop_pointe, strain, load,
half loop_strain, half_loop_load, plot_x_min, plot_x_scale,
plot_y_min, plot_y_scele) ;

NeowPen(1l) ; /* Purple
dline(half_loop_strain,half_loop_load, loop_points-p_lin(%),1,0,0,0) ;

./
*/
./

o

*/

./

¢/

¢/

*/
*/
*/

*/

*/
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free dvector(half_loop_strain, 0, (int)(0.7*loop_pointe) ) ;
free_.'veactor(half_loop_load, 0, (int)(0.7*loop_points) ) ;

legend_text (8.2F, 1.9F, “Unload", *1=, *1%*),
NewPen(l14) ; /* Yellow o ./
dline(strain, load, loop_points,-1,0,0,0) ,

NewPen(15%) ;7 /* White ./
SectLineType(2)

/* Perform the linear regression successive parts of the loop v/

/* Ploteting arraye for the fitted lines. ./

fitted_linex = dvector(0,3), fitted_liney = dvector(0,3) ;

fitted_linex(2) = plot_x_min, fitted_linex(3) = plot_x_scale ;
fitted liney(2) = plot_y min, fitted liney()) = plot_y scale ;

/* p_lin(1l] to p_lin(2) ./

fit(load, strain, p_lin[l), p_lin(2), &interceptl, &slopel, &chi2) ;

/* p_lin(3) to p lin(4) ./
fit(strain, load, p_lin(3), p_lin(4), Gintercept2, &slope2, &chi2) ;
if(faba(slopel) <« pow{10,=10))

{
strain_ave = average(strain, p_lin(l), p_lin(2)) ;
fitted_liney(0) load(0) ;
fitted_linex(0) = strain_ave ;
titted_liney(l) load[p_l1in(3)])
titted_linex(l) = strain_ave
p_open = (strain_ave‘slopeeintercept?) ;

alse
{
slopel = ] / siopel ;
intercept] = (-slopel*interceptl) ; /* Simply the intercept at ps0 #/
load_titted_line(fitted_linex, fitted liney, slopel, interceptl,
load(0), load(p_1lin(3)), plot_x_max ) ;
p_open = (interceptl*slepe? - intercept2'slopel)/(slope2-slopel)

}
dline(fitted linex, fitted_liney, 2, 1, 0, 0, 0) ;

/* p_lin(3) to p lin[4) «/

load_fitted_line(fitted_linex, fitted_liney, slope2, interceptl,
load(p_lin(2)], load{p_lin{$]}, plot_x_max ) ;
dline(ficted_linex, fitted_liney, 2, 1, 0, 6, 0)

/* p_lin{6) to p 1lin(7) ./
git(strain, load, p_lin(6), p_lin(7)., Ginterceptl, &elopel, Gchil)
fit(load, etrain, p_lin(8), p_lin(9), &tintercept2, &slope2, &chi2) ;
load_fitted line(fitted_ linex, fitted_liney, slopel, interceptl,

load(p_lin($]), load(p_lin(8)), plot_x max ) ;
dline(fitted_linex, fitted_ liney, 2, 1, O, 0, 0) ;

/* p_lin(8) to p_lin(9) o/
if(taba(elopel2) < pow(10,~10))
{
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strain_ave = average(strain, p_lin(8), p_lin(9)) ;
fitted_liney(0) = load{p_lin(7)]
fitted_linex(0) = strain_ave ;
fitted_liney(l) = load{0) ;
fitted_linex([1l) = strain_ave ;
p_close = (strain_ave*slopel+interceptl)
}
else
{
slope2 = 1 / slope2 ;
intercept2 = (-slopel*intercept?) ; /* Simply the intercept at p=0 ¢/
load_fitted line(fitted_linex, fitted_liney, slope2, intercept2,
load(p_lin(7)), load(0], plot_x_max ) ;
p_Close = (interceptl®*slope2 - intercept2*slopel)/(slope2-slopel) ;

)

dline(fitted_linex, fitted_liney, 2, 1, O, 0, O) ;
free_dvector(fitted_linex, 0, 3)
free_dvector(fitted_liney, 0, 3) ;

p_open = p op_1in2 ( p_lin, load, strain, p_open ) ;
add_text2(p_open, p_closs, e_max/1000000) ;

ierr = EndPlot(-2) ;
ierr = ResetPlot() ;

)

eolse

{
if((outfile = fopen(data_out, “a%))!= NULL )
{ /° Then write data to the file ./
p_open = p open_linear( strain, load, p_lin);

/* For now simply rem out this close condition of qetting p_open for ./
/* the linear plots. ./
/* p_open = p op_1in2 ( p_lin, load, strain, p_open ) ; ./

printf( "\n\tP_open(act) = %.0f PaR = %\, 1fss8\n",
p_open, p_open/(PHAX/100) ) ;
tprintf(outfile, ~\t\.0f v.1f\n", p_open, p_opan/(PRAX/100) )

/* 159.25 is Specimen #87 test pmax/100. o/
/* For specimen /B8 use 160.2). Y
fclose(outfile) ;
)
else printf(”\n\tCan’'t open that file.\n") ;

)

free_ivector(p_lin, 0, 9)
free_ivector(p_curv, 0, 9)
free_dvector(strain, 0, loop_points-1+2) ;
free_dvector(load, 0, loop_pointe-1+2)
) /* BEnd of subroutine GILNGRAF.C ./
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/* GILMCURV.C
/*

/* Additional subroutines for the Gilmore program. These ones are
/* intended for use on the curve fitting.
finclude <stdio,h>»

f#include <stdlib,h>

#include <string.h>

finclude «<dos.h>

#include <conio.h>

finclude <math.h>

finclude “nrutil.h”

#include "mytools.h”

#include "gilmtool.h"

f#include "gilmgraf.h*

f#include “geograf.h”

finclude “gllmcurv.h"

#define PITPOINTS 11 /* The number of points to include in the
/* polynomial piecevwise fit.

/* fdefine PHAX 13926 »/ /* Specific to Specimen #87

/* #define PMIN -1593 »/

/* #define PMAX 16023 */ /* S8Specific to Specimen #D8
/* #define PNIN =1602 ¢/

Ii S AN R TS TR AN S A SN IS SN SN SN EEENE NN R AR
/* Subroutine for calculating the points of interest around the loop.
/* for the curvilinear !Lt.

,. T - .- - N =t L A A X L 2 1 1 1 I}

void points_of_interest_curve( int npoints, int *p, double *y_sarray,
double ymin, double ymax )

(
int i=0, temp_i ;

while(y_array(i)<((ymax+¢ymin)/2)) /* To obtain the mid_point
t t..P i = io Le¢ 3 ) /o loodtag branch.

while(y_array(i]>=((ymax+ymin)/2)) /* To obtain the mid_point
{ temp i = 4, fe¢ ; ) /* loading branch.
plI)=temp_i-(int)(0.0l1*npointe), Pl(4)=temp_i+¢(int)(0.01*npoints) ;

/®* This should identify about the top 1/4 of the unloading branch
/v to be used in calculating that top slope.

PiS) = p(0) + (int)(0.01*npoints) ;

Plé) = p(0) + (int)(0.12*npoints)

[; iubrﬁntgng iar éileulnginj tgp -lag- at :h- unlnlﬂini hr;nch.

* == - -
inuhl- eglgul-t- op_ lﬂﬁl( dﬂuhl- !lald, double ‘IEEILH. ln; *p_curv,
double pmin, double *e _slope )

int ‘c 3. k 3
double slopel, interceptl, slope2, intercept2, chi2,
el, @2, @3, p2, pI )

*/
./
*/
./

*/

*/
*/

*/



,Q
/'
/-

/®
}
/*

/-
/.
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Obtain the coordinates of the key descriptor pointe of the curve and 1/
calculate the hypothetical origin assuming the curve to be "/
symmetrical. ./

pi=load(p_curv(0]), ed=strain|p_curv(0]] ;

fit(strain, load, p_curv(l), p_curv(2), &interceptl, kslopel, &chi2)
fict(etrain, load, p_curv(3], p_curv(4}], &intercept2, &slope2, &chi2) ;
Pi=(pi+pmin)/2 ;

e2s( (p2-interceptl)/slopel + (p2-intercept2)/slope2)/2 ;
slopels(pli-p2)/(ed-ed);

interceptls(p2-slopelre2) ;

el = (pmin-interceptl)/slopel ;

*e_slopes(load(p_curv(S)]]-load(p_curv(6]))) /
(strain(p_curv(S))-strain(p_curv(6]])) ;

Return the value of the gero shift in units of the DAS-8 card. L¥)

returni{el) ;

eSS E S S I S S P S S A E AP B S S SO B BB A SRS FEEE EFE N EEE SN ENFEER i,

subroutine for generating tho output file. ./

- ecssssevececerevessesevasew - - - - - - i,

void write_output_file( double 'lood, double *strain, int *p curv,

{

/.

/.
/'

,Q

double pmin, char *file_name, int loop_pointe, double el )

int L, 3, k

char data_out [FILENANE_MAX) ;

A subsequent data file of compliance data in enginsering units. ./
FILE *outfile ;

strcpy(data_out, file_nams) ;

Nrite the data to the output file. ./
Only write the output file if you are not cranking through a batch LF
processing of s whole bunch of files. ./

outfile = fopen(strcat(data_out,”.out"), "w");
k = p _curvil]=(int) (0.08*1locop_points) ;
i = p curv(0)-(int)(0.01*1c0op_points)-k ;

for(3i=0; 3j<i; jeoe)

fprintf(outfile, "V9.8f\eaf\te9.8f\c0f\n",
strain(j)-el, load[j)-pmin, strain[jek)-el, load|j+k)-pmin );
)
for(j=i; j<loop_points; j¢¢)
fprintf (outfile, “N29.8f\tAf\n", otratn[)]-ol. load(j)=-pmin);

fclose(outfile) ;
printf("\n\toutput file \s has been written to the disk.\n", file_name);

SePSESSTeESANESS OSSP SRS TIPS SNSRI NS SE PSS NSO ESE ISR FEESNEREEEN L ] ,
Subroutine for determining if the experimental compliance curve is s/
close to the best fit of the Ramberg-Osgood type relationship. .74
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/. LT TR T Y L L T L L L L L L L Y el L T T '/

double where_on_curve ( int *p, double *load, double *strain,
double pmin, double e_shift, double s_slops, char* data_out,
int output )

int num, i, j, consecutive_points = 0, ndata, ma, mfit, *lista,
i_count=0, count = ] ,;

double *loads, *delta, *coefs, p_open, temp_strainl, temp_strain2,
k, n, *y_load, *x_disp, *eig, *a, **covariance, **curvaturs,
chisq, alamda = -}, chi2, error)

void (*funcs) (double, double *, double *, double *, int);
PILE *outfile ;

num = FITPOINTS - 1
loads = dvector(0,num), delta = dvector(0,num), coefs = dvector(0,2);

printf("\n\tThe slope on the top part of the unloading branch is:
V\.1f\n", e_slope) ;

/* Determine the constants for the top part of the loading branch. */
ndata = p(0)-p(l) ;
y_load = dvector(0, ndata-1), x_disp = dvector(0, ndata-1) ;
ma = 4, mfit = 4
8ig = dvector(0, ndata-1), a = dvector(0, ma-l),
lista = ivector(0, wmfit-1)
covariance = dmatrix (0, ma-=1l, 0, ma-l),
curvature = dmatrix (0, ma-l, 0, ma=] ) ;

for(3)=0; j<ndata; j++)
{

y_load(j) = (load(j+p(l)])-pmin) }
x_disp(j) = (strain[jep(l))-e_shift) ;
8ig9(3) = 1.0,

}

a{0)
al)

0.0 ;

e_slope

al?) 10000 ;

ald) 0.3 ;
funcs=ramberg_osgood ;

while(countis=]})
{
if(counte==1) /* Nold the first 2 constants at their present value. */
{
alamda = -] ;
lista(o) = 2 ;
listaill) = 3 ;
afit =« 2
)
if(count==2) /¢ QAllow the first constant to be fitted. o/

L
alamda = -}
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/* lisca[0) = 0 %/ /sLetting all four constantm fit. LY
/" lista(l) = 1 ;
lista(2) = 2 ¢
lista(l}) = 3,
mfic = 4 ./
lista[0) = 1 ;} /* Leave the first constant, the error term, &/
listajl) = 2 ; /* a» zero. s/
lista{d) = 3,
mfit = 3
)
/* Call the function to begin solving for the ‘best fit' constants. 0/

printf("\n\tAll just part of the thinking process: * ) ;
marquardt_min(y_load, x_disp, si9, ndata, a, wa-1, lista, mfit-1,
covariance, curvature, &chisq, funcs, &alamda);

while ((chisq>0.001)&&(i_count<50))
{
i_counté+
for (is0;i<maji++)
wmarquardt_min(y_load, x_disp, 8ig, ndata, a, ma-1, lista, mfit-},
covariance, curvature, &chisg, funcs, Galamda);
printf ("s24\b\b", {_count )
)
/* Call Marquardt_min once more with alamda repack
the covariance and curvaturs satrices. ¥

[ ]
Q
~”
]

printf(“\n\t Thers were %d iterations.\n",}i count);
printf("\t Chi-squared was reduced to: Vf\n", chisq);

if(output == 0) jJ=getch();

for (i=0ji<majie+) printf("\t\t\ta[%d) = vf\n*, i, ali));

alvada = (REAL)O0.0;

margquardt_min(y_load, x_disp, #ig, ndata, a, ma-l, lista, mfit-},
covariance, curvature, kchisq, funcs, Galamda);

mfic = 3

printf("\n\t The covariance matrix is:\n");

for (i=0ji<maj;i¢e)

for (j=0;9<ma;j++) princf("\t\t\8.2¢f,covariance(il(}])}
printf (*\n*);
}

princf{"\n\t The curvature matrix is:\n"),;
for (im0 ji<majiee)

for (J=0;)<ma;j++) printf("\t\tas,2e",curvature(il(i));
printf(“\n");

a(2)

a(3}
_slope = a(1) ;
rror = al[0)

LW
[ I |

for(3=p(1)/10;)<=pl1]);)*+)
(
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p_open = load{)j)] - pmin
for{i=0; fespnum; Le+¢)
{
loads(i) = load{j-=num/2+i]) = pmin
deltali) = strain(j=num/24i) - e_shift ,
}
polynomial _fit( delta, loads, num+l, coefs)

temp _strainl=coefs|2)*pow((p_open),2)+coefe(]l)*p _openscoels({0) ;

temp_strain2 = pow((p_open/k),(1/n)) ;

temp_strain2 = error ¢+ p_open/e_slope ¢+ temp_strain2
/* Make sure that three consecutive points are closs. */
/* fprintf(outfile, "\9.8f\tVf\n", temp_strainl, (p_open) )i */

if (remp_strainl<(temp_strain2*1.0l))

{
consecutive_pointae+s g
Af (consecutive _points>2) p open = load([)~2] = pmin, Isjep(l]

)

@lse consecutive_points = 0

)
/eprintf(®\n\tOutput file Ss. has been written to the disk.\n",file_name);*/

free_dvector(loads,0,num), free _dvector (delta,0,num),
free _dvector(coefs,0,2))
printf(“\tThe relative opening load is: %3.0f\n", p_opan ) 3
printf("\tThe actual opening load is: %3.0f\n", p open + PHIN ) ,
printf(~\tThe opening load ratio is: $3.1f ss\n", (p_open +
PHIN)*100/PMAY )
printf(“\n\tThis exited at pass number Vd, the limit was % . \n",

_)-pll)=- 2, p(1) )
err=%. Jl\n‘, ' 2 -1eg- k, n. error )

if (output == 0)

{
printf("\thit any hkey to continue.” ) ;
I=getch())

)

/* Bow write appropriate data to the output file, if appropriate. s/
if (output i= 0)

{
if((outfile = fopen(data_out, "¢"))i= NULL )

{ /* Then write data to the file sy
fprintf(outfile, "\th.1f S.1f Q. 2f 0.3 ", @ _slope, k, n, error ) )
fpeintf(outfile, "\ts.0f 8.0f 8.1f8\t\t\t", p open, P_opon+MIn,

(p_open ¢+ PHIN)*100/PHAX ) ;
fclose(outfile) ;

)

olee printf("\n\tCan't open that file.\n") ;

}
Counte*;
i_count = 0,
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)
free_dvector(y_leoad, 0, ndata-1), free_dvector(x_disp, O, ndata-1)

(roo_dvocter(ifq. 0, ndata-l), free_dvector(a, 0, ma-1) ;
free_ivector(lista, 0, wmfit-1)

free_dmatrix( covariance, O, ma-1, 0, ma-1) ;
free_dmatrix( curvature, 0, ma=1, O, ma-1 ) ¢

return(p_open)

)

/. .---..-----iiiiiiviCiIiII--iiiiiij!Ii-iiiiI!liiiiiiiiliiiiii-i.iiii—i .‘/
/* Subroutine for calculation of p open using the close condition of */
/* the curvilinear fit. Determines when the fitted line and the data ./
/* are "close” together. Y
/. L D T L L 4 b 2 L A D L A a3 F 1 4 3 T 2 3 1 F B e L LT f D e i - /

double p_op_lin2 ( int *p lin, double *load, double *strain,
double p_start )

{
int num, i, ), consecutive_points = O, ndata,

i_count=0, count « 1,

double “loads, +*delta, *coefs, temp_strainl, temp strain2,
Aintercept2, slope2, chi2 ;

/* num = PITFOINTE - ] ./
nue = 11 = 1,
loade = dvector(0,num), delta = dvector(0,num), cosfs = dvector(0,Z)}

fit(strain, load, p_lin(3), p_lin(4), Gintercept2, Eslope2, &chi2) I
for(i=p_Lin(2)7i<=p_lin[4)1)++)

{
/* if(load())>p_mtart+*0.8) Y
{
p_start = load|))

for(il=0) i<mnum; je¢)

L
loade(i] = load([j-num/2+i) ;
delta(i] = strain[ji-num/2+i) ;

)
polynomial fit( delta, loads, num+l, coefs) ;

temp_strainl=cosfs|2)*pow((p_start),2)+comts(]l)*p_starticosts|0) ;
temp_strain2 = (p_start - intercept?) / slope2 ;
/* Nake surs that thres consecutive points are close. ./
/° tfprintf(outfile, "49.8f\tyf\n", temp_strainl, (p_start) ); e/
LS ((tomp_strainl>temp_strain2*0.99)6ée

(tamp_strainl<temp_otrain2¢1.01))

(

coneecutive pointess ;

if(consecutive_pointe>2) p_start = load()=2), j=j*p_linl4) ;
)
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else consecutive_points = 0,

)

}
free_dvector(loads,0,num), free_dvector(delta,0,num),
free_dvector(coetn,0,2))

return(p_start) ;
/* End of GILMCURV.C subroutine file. ./
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/* GILNTOOL.C ./
/* Software tools - functions, declarations, definitions, subroutines e/
/* for program GILMORE.C ./

#include <stdio.h>

finclude <gtdlib.h>

finclude <string.h>

finclude <dos.h>

f#include <math.h>

finclude "nrutil.h”

#include "geograf.h” /* A library of graphing subroutines. ./
finclude “gilmtool.h"

#include "gilmgraf.h"

fdefine DATA_MAX 2047 /* Maximum value from the DAS-8 card. ./
/. SO SOSR A NESSOSTESAROSSESSEP B USSASEE SRS E A AR USSP USSR BSEOSw ./

/* This is the main function call to the DAS-8 A/D board ./
/* The items passed to the card sust be cast as near pointers because I ¢/
/* have chosen to use the large memory model which defaults to far o/
/* pointere. The actual subroutines of DASS() are written in assembler ¢/
/* (Microsoft Macro Assembler) originally for QuickBasic. These have ./
/* been modified for use with C and the program file renamed )
/®* DASSNEW.O0BJ. To uee them with this program you must link the C ./
/* object file with the DASSNEW.08J file (simply include it in the .MAK °*/

/* file and it works great! e/

,. Ll L L A L E 4 L L L D 4 L L Ll b L L L L L Ll L A L b g g A 2 L 2 L 2 X 2 X L 1 2 2 % 2 L X % 2 1 2 J - oo .,

entern void DASS(int near *, int near *, int near *)

/* The base address of this card ie 300 hex ( 768 decimal ) */
/* The interrupt jumper on the DAS-8 board ies set for IRQ I ./
fdefine BASE_ADDRESS 768

#detine INTERRUPT MO 3

/* The counters are set up on the DAS-8 board based on system */
/* information and prompting the user for the loading frequency. The o/
/* board will attempt tO acquirs data at intervals of 230 Mz and the */
/* bursts are as fast as the board will go (~$Susec per channel of oy
/* coanversion). */
,. SS0alSUeSESSESSPOUESEISSED” TSP PSS SO SRS S S SSESE P EEENEENSEOEEN .,
/®* Bubroutine to initialise the DAS-8 card; */
/* eset base address, prepare counter #2 )/
[} eoracsrsvrccnnccocvocareen - .,
void initialise_das8_card ( int counter_load_value )
L ¢

int error_flag

/* Description of variables

error_flag = error return flag from the DAS-8 card .y

J* Set the base address of the DAS-8 card o/

set_base_address( BASE ADDRESS )
/* Imitialise Counter #2, sguare wave °/

/* Counter #2 is loaded to rua at The value passed i(n couater_load_value*/
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/* Counter #2 is internally connacted on the DAS-8 card to a systam %/
/* derived signal of 1996600 Mzx. Example 31996600 / 16000 = 249.79 ./
/* The actual value ie calculated in GILMORE.C and passed to this */

o/

/* ftunction. 7
prepare_counter(2, 3,counter_load_value);

}
[' L1 3 23 T R 23 2 2 2 2 3R I1f1 311111333 1 1P 17310 101 1Y 31711111 3 T 1Yt 311112111t 1T1T11 711 ‘[
/* Bet the base lﬂd;‘ﬁ!! of
the DAI l clrd. NODE O */
void nt Mn Addrdliunt lddr-ll )
{
int flag, mode ;
/* Description of variables
address = base address of the DAS-8 board
flag = error return flag from the DAS-8 board
®mode = deecribes the type of subroutine call to the DAS-8 board "/
mode = 0
DASS (&flag, Gaddress, &mode ) )
if (flag 1= O) da_errorl(“Brror on mode O, setting the bass address"));
)

,. -I-‘----El------SDQE!!!!------ii--------!-iiiiiii----ii!ii-l-.l--!ii w ,
/* Set the multiplexer describing which channele of the DAS-8 toO scan, /
/* MWODE 1 .

/* Thn function nm.i-n that all channels between 16 and hi, Lnelndinq s/
/* lo and hi are to be scanned .
void set_das8_multiplexer(int lo, int hi )

(

int flag, d{2), mode ;

/* Description of variables
lo = first channel to convert
hi = last channel to convert
flag = error return flag from the DAS-8 board
d() = & small integer array for pessing iteme to the DAS-8 board

mode = describes the type of subroutine call te the DAS-8 board ./

mode = 1, d{(0) = lo, d(1) = hi ;

DASS (&flag, &d(0), &mode);
it (flag 1= 0) da_errorl("Brror on mode 1, setting the multiplensr®);

)

YL ------ii--U-ii-i--------ii-gggg;-ii.;:ngniinigiggnniiiig-ﬁgi- SaeNss .[

/¢ Initialise and load a counter on the DAS-8 board, NODE 10 & 11 «/
" = [ - - - e e S . s e - QI

void prepare_counter(int mnelt _r. int ea-ﬂqunuﬂn.
int counter_load_value )
int flag, 4(2), mode ;

/* Description of variables
flag # error return flag from the DAS-8 beard



,'

/t

/*
/*
/"
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d(] = a small integer array for passing items to the DAS-8 board
mode = describes the type of subroutine call to the DAS-8 board ./

Initialiszse Counter ./
mode = 10, d(0) = counter_number, d(1] = configuration ¢

DASB (&flag, &d[O], &mode);

if (flag I= 0) da_errorl("Brror on mode 10, initializing counter”);

Counter will be loaded with the counter load value s/
mode » 11, d(0] = counter_number, d(l]) = counter_load_value |

DASB (&flag, &d(0), &mode);

if (flag != 0) da_errorl("Brror on mode 11, loading counter”);

eSS T S S S P S TS S P S S S E N S EE S S S E S E A S SRS S S S S S ESSEIFFFE R SEEREER i,

Subroutine for collecting the data from the DAS-8 card. NODE 21 s/

FT T T L T R P Y L e L L L L L T T I ] ,

void collect_data( int number_of_conversions_per_event, int

/-

,.

,t
,-
I.
,o

number_of_events, float load_freq, char *file_neme )

int flag, d(6), mode=21, segment, npoints, *data_buffer, **data_array,
£, 3, k, number_of conversions ,;

char data_out [FILENAME_MAX) ;

Add on a few extra points to get at least a full loop. ./
npoints = (int)((number_of_events * 10.4) / 10) ,;
number_of_conversions = number_of conversions_per_event * npoints ;

set aside memory for the data */
data_buffer = ivector(0, number_of_conversions - 1);
data_array = imatrix(0, npoints - 1},

0, number_of_conversions _per event -1 ) ;

obtain the name of the ocutput data file, append a .dat suffix ./
printt{“\n\tPlease enter the name of the ocutput data tile: ")
scanf("\s"”, data_out) ;
strcpy(file_name, data_out) ;
strcat(data_out, ".dat")
Collect data from the DAS~8 board s/
Perform conversions based on the interrupt */
First specify which channel to begin conversion on, then start s/
conve sion of the analog signal. ./

segment = FP_SB80(data_buffer)

é(0) - 0, d(1) = -1, d(2) = number_of_conversions, d(3) = INTERRUPT_NO,;
d(4) = FP_OPF(data_buffer), d(5) = “segment ;

DASS(&f1ag, 84[0), &mode),

it (flag i= O) ds_error2(“Brror on mode 21, data conversion”, fleg);

d{0) = 1, d(1) = 0, d(2) = 1 ,4{)) = 100, d(4) = 100, A(%)= O,
DASS(&flag, €d[0), &mode);
it (flag i= 0) da_error2(~Srror on mode 21, data conversion®, flag))

wvhile (number_of_conversions i= d(3))
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{
d{0) = 2, d{1) = O, d[(2) = 0,
OAS8(&flag, &d|0), &mode); o
if (flag 1= O) da_error2(“Error on mode 21, data conversion”, flag):

)

/* Transfer values from the data_buffer to final storage in data_array °*/
/* end run some checks on the data ./

for(j=0; j < number_of_conversions ; j*+¢)

{
i = ) / number_of_conversions_per_event ;

k = § & number_of_conversions_per_event )

data arrcy(t)(h) = data buf!.r(j) ]
if((deta_array(i)(k])>=DATA_MAX)!| (data_array(i)(k]<sDATA_MAX*(=1)))
de orrotz('batc out of range for tha card®, 2047) ;

)
printf(“\n\tAll data has been collected and transferred\n") )

/* Write the data to a file ./

write_data_to_file(data_out, npoints, number_of_conversions_per_svent,
data_array, load_freq )
printf(”"Data written to the ttlo\n'):

/* Now thet all the data has been collected, free up the memory buffer */
/* used to store data from the DAS-8 card. */

free_jvector(data_buffer, 0, number_of _conversions - 1 )

free Lnotrlu(dnta _array, O, npotntl -1,
0, number_of_conversions per event =~ 1 ) ;

)
,. (2 2 1A R A R A R RSl 1 i3 a2 14t 4 d 111 T1T3 0 i Q01711 1 11 7 32 2 2 0 1 0 b 22 3 1 @ [ 1133 195]7/1.] i,
/* Brror handling subroutines for the Gilsore pragr-. */

[0 cssssewrsecsnceree - - - e

/* Gilmore data acquisition program standard error hlndlir. Type 1 error %/
void da_errocrl (char error_text|))

(
fprintf(stderr, "\nGilmore program run-time err.r...\n");

fprintf(stderr, "Ve\n",error_text);
fprintf(stderr,”...now exiting to system...\A");
enit(=-1);

)

void da_error2(char error_text(), int error)

fprintf (stderr, "\nGilmore program run-time error...\n");

fprintt (stderr, Vs, error #ed\n",error_text, error);

fpeintf(stderr, “Not exiting to system. Program operation will
continue.\n");



,'

/* The subroutine for reading pertinent information from the data file.
Y,

,'
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(11 L1l ¥R d 7 4 0L B 4 0 0 X4 5F 7 2 XXX 1 B R 0 8 2 2 2 2 2 3 R 2 0 42230 00 RhJ:z2: 2 YRR yrXyisirlri rPrilyylqR.] ./

void look_at_data_file(char *file_name, int *npoints,

,.

lQ

/.

,.

,.

,Q

int 'nnnbor of _conversions, char *sample_no, long int *cycle_no,
float *load !roq. int *gain)

int number_of_data_lines = 0, i=0, 3=0, k ;
char *buffer, data_ _An(PILENANE_MAX)
FILE *infile ;

Description of variables

buffer = a small memory for reading data {n from the data file
number_of_data_lines = the number of lines in the data file
infile = a pointar to the input file

data_in = a pointer to the variable containing the name of the

input file

npoints = a pointer to main program variable “npoints”

sample_no = a pointer to main program varisble “"sample_no”
load_freq = & pointer to main program varisble “"load_freq”

gain = a pointer to main program variable “gain®

Open the data file for reading

strcpy(data_in, file_name) ;

strcat (data_in, ".dat") ;

ff((infile = fopen(data_in, “r")) t= WULL)
(

*/

*/
*/

Set aside a small memory buffer for reading data from the data file. ¢/

buffer = (char *)malloc(BUFsS18);

Count the number of lines in the data file
*number of conversions = 0 ;
while (fgets(buffer, BUFsSIZ, infile) 1= MULL)

it (number_of_data_liness==1)
{ while(buffer[je++) 1= °\0°)
{ k=0,
while(buffer(je+es) == * ’)
{ if(kee==0) (*number_of_conversions)¢+ ; } )Y )
number_of_data_lines ¢+

)
fclose(infile);

Less one because of the header line.
*npoints = number_of_data_lines - 1 ;

Read that first line of information.
infile = fopen(data_in, "r")
fogets(buffer, BUFSIE, infile) ;
sscanf (buffer, "S*[* JVeN*[~0-9)81de*[~0-9)8f8¢(~0-9)8d",
sample_no, cycle_no, load_freq, gain ) ;
fclose(infile) ;
treoe( buffer )

)
elee da_errorl("Unable to open that data file”);

*/

*/

*/
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/* The subroutine for reading the actual dnei from the data file. v/
- R N R S W LA i L K L X 3 8 3 2 X B ¥ F ¥ X L T ¥ X J il

void get_the _data( char *file_name, int npﬂtnen. int *edaca ;r:ny )

{
int { 3
char *buffer, data_in(FILENAME_MAX)
FILE *infile ;

/* Set aside a small memory buffer for reading data from the data file. ¢/
buffer = (char *")malloc(BUFSIL);

/* Open the data file for reading ./
strcpy(data_in, file_name)
strcat (data_in, ".dat") ;4
infile = fopen(data_in, “r") ;

/* Read that first line of information. ./

fgets(buffer, BUFS1l, infile) ;
for(i=0;i<npointe;is++)

{
/* For now simply read in 6 integer values ./
fgets(buffer, BUFS1t, infile) ;
sscanf (buffer, "%dV*[~-0-9)%d%*[*=0-9)%d%*(~~0~-9)8d8*[~=0=9))\
sdee [ “~0-9)ed”, &data_array(i)(0), &data_array(i)(21,
Gdata_array(i)(2), tdata _array(i)(3)., &data_array(i)(4),
&data grrnyll](!j ) 4
}

fclose(infile) )
free{ buffer ) ;

}
/‘ L 2 2 2 2 2 3 2 2 ¢ 2 2 ¢ 2 2 0 2 F PR f R PR YT EY I IR 3t P Yt R Y F IR ET I PR VT T R FE R R T 1 10 ‘/
/* The Subrnu:inc for uritlﬂg data tg 4 data file w/
void write_ diti to filiichnr *data_out, int rows; int columns,
int **data_array, float load_freq )
L
int 3§, k, gain
long int eycle_no ;
char sample_no(8) ;
FILE *outfile ;
/* Dascription of variables
cycle_no = the number of cycles on the specimen
sample_no = the sample number
outfile = a pointer to the input file
load_freq = the Gilmore loading frequency
gain = gain of the etrain gauges
data _out = the variable coataining the name of the ocutput file ./
/* Prompt for the sample number and cycle number ./

printf(“\n\tPlease enter the sample number: *) ;
scant (“se", sample_no ) ;

printf(“\n\tPlease enter the cycle number: ") ;
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scanf("sld”, G&eycle_no )

printf("\n\tPlease enter the gain of the strain gauges: ") i

scanf (“Nd”, &gain ) ;

outfile = fopen(data_out, "w");

fprintf(outfile, "Sample: Ss\tCycle: sld\tFreq: VSf\tGain: sd\n",
sample_no, cycle_no, load_freq, gain ) I

for(j)=0; j<rows) j++)

for(k=0; k<columns) k¢+)

{
fprincf(ouctfile, "%d ", data_array(j)(k)),
}
fprintf(outfile, "\n");
}

fclose(outfile) ;
}

,Q EEEE NS NN N S N T NN I I N N I PR S I NN S N T E N E N E E N EE S EEEEE S IEEERES i,

/* Bubroutine to set up the graphice screen. You must ensure that the

correct drivers are acceseible. ./
] LD T L D 3 T ¥ 3 3 1 1 F 1 T 1 1 3 S 1 L F 3 1 § J Q& _J L L 3 1T 4 I J X T L L 1 J R _§ L B 2 2 3 L 2 L B A b 1 2 B i Kk L L & & il :,
void initialize_screen( int output )
{
short idev, lerr )
if(output==0) idev = LoadDriver("SCREEN.DRV-) ;
if(outputi=s0) jdev = LoadDriver(“"PRINTER.DRV") ;
if(idav < 0) printf("\nUnable to load the screen driver.
Error Vd",idev))
if(output==0) jerr = InitPlot("CON", 1) ;
if(outputi=0) jerr = InitPlot(“LPT1", 0) ;
switch (ierr)
{
case -1 1 printf(“Graphics driver not loaded or davice already”
* in graphics mode\n" ) )
break ;
case -2 1 printf("Write error\n") ;
break ;
case =3 1 printf(~Inconsistent device or device not found\n®) ;
break )
case -4 : printf(“Out of memory (priater)\a”) ;
break
case =6 1 printf(“Inconsistent paramasters\n") j
dafault 1@
break ;
}
)
[,- AR E PN NN N A E RN A R B N NS SN RSN NS EE SRS S SR EEE S i’
/* FProm a given integer value from the DAS-8 return the corresponding o/
/* Tllﬂl !ar th- strain. e/
- Lt t 1 11 r 31 T2t 31T 7 L 1 1 b 3 ¥ 7 1 2 % £ 1 D 3 & 3 & 1 1 2 B 2 I B ;2 L L% 1 2 L .t JQ 2 2 l L 21 2 J .I

iﬁuhll gnl:ulltl _strain(double x, int gain)

L]
/* Strain gauge constants ./
double Kg = 2.09F7, u = 0.292F, Ven = 5.0F, volts, strain )



ifin == O) ( mtrain = 0.0F ; )
alse /* The strain gauge formula
{
volts = x * 0.0024425989 ; /* §8/2047
strain = 2/(Kg*Vex*qain/volte-Kg*Vex*gain*(1l-u)/2/volte-Kg*(1~u));,
)
/* Multiply return value by 1,000,000 to render values in micro strain.
return(strain®1000000) ;

}

/,i LE RS A LA Ll P 2t 2 A it it 21333232 0111 211 ¢f 13131111 1 1 T Y 1T YT 1111 t11137T.]

Subroutine for calculating the points of interest around the loop.
/* for th- linesar fit.

/Q - T e

void points_of interest_linear( int npoints, int *p, double *y _array,
double ymax )
{
int L
pl1] = (int)(0.03 * (float)npoints) ;
i=pl[l) 4 )
while(y_array[i])<=0) /* To obtain the top point of the lower
{ Pl2) = 4, i¢+ ; ) /* loading branch.

while(y array(1]<350) /* To obtain the lower point of the upper
{ Pl(3) =4, i9¢ ; ) /* loading branch.

while(y_array(ij<ymax) /* To obtain the index of ymax.
{ des, p[S) = 4 5 )
/* The top end of the upper loading branch
pl4) = p(5) - (int)(0.2% * (float)npoints) ;
pl4) = p[5) - (int)(0.05 * (float)npoints) ;

/* The top end of the upper unloading
P(6) = p[5) + (int)(0.05 * (float)npoints) }
L = p(6}y 7
while(y_array(i])>=250) /* The bottom end of the upper unloading
{ PL7) = i, Le+ 3 )
while(y_array(i)>0) /* The top end of the lower unloading branch
( Pl8) = &, i+¢ ;)

/* The bottom end of the lower unloading
P(?] = (int)(0.97 * (float)npoints)

}

f & ----iii---i!i--ii-!!--!-iii-!!!!.-ii!!--------i--ij------iiii--ﬁﬂjl
/* A smal) -gbrnutxn- Zeg writin tout :n the graph

W - - S e e e S T i i -

void add gonglqenng --agpl. na. long Lnt eye;n no, char *file n--.
float load _freq, double pmin, double pman, int npointe, int gain )

int length ;
char tent([30) ,

{

161

*/

*/

i

./
*/
*/

./
°/
./
T

*/

«/

o

*/

v/

*/
o/
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strcpy(text, “Crack Closure Investigation: ") ;
length = strilen(text) ;
symbol (1.5, 7.0, 0.25, text, 0.0, length) ;

strcpy(text, "Sample No: ") ;

strcat(text, sample _no ) )

length = strilen(text) ;

symbol (0.0, 6.3, 0.15, text, 0.0, length) ;

strcpy(text, “"Cycle Nos ") ;

length = strilen(text) ;

symbol (0.0, 5.8, 0.15, text, 0.0, length) ;
nnumber(l.1, 5.8, 0.15, cycle_no, 0.0, "+13") ;

strcpy(text, "File Name: ") ;

strcat(text, file name) ;

length = strien(text) ;

symbol (2.4, 6.3, 0.15, text, 0.0, length) ;

strcpy(text, “Number of Points: ")

length = strien(text) ;

symbol (5.2, 6.3, 0.15, text, 0.0, length) ;
nnumber(?7.1, 6.3, 0.1%, npointe, 0.0, "+I5%") ;

strepy(text, “Load Freq: ")

length = strien(text) ;

lMl(?.J, S.., 0.15, text, 0.0, 1.ngth’ H
nnumber (3.5, 5.8, 0.15, load_freq, 0.0, "+rF2.1%) ;

strepy(text, "Gauge Gain: *)

length = strlen(text) ;

symbol (4.5, 5.8, 0.15, text, 0.0, length) ;
nnumber (5.9, 5.8, 0.15, gain, 0.0, "+I1") ;

strcpy(text, “"R: ")y

length = strilen(text)

symbol (6.7, 5.8, 0.15, text, 0.0, length) ;
nnumber (7.0, 5.8, 0.1%5, pmin/pmax, 0.0, “+FS5.3%) ,

strcpy({text, “Pmin: ") ;

length = strien(text) ;

.ml‘o-o, 503' 0-15. ‘.’t, 0003 l.mth’ }
nnumber (0.7, 5.3, 0.15, pmin, 0.0, “+11") ;4

strcpy(text, “Pmax: ")

length = strlen(text) ;

symbol(1.85, 5.3, 0.15, text, 0.0, length) ;
MW!(?.‘S. s-’. 0.15. PpRax, 0.0. -.t‘.., ]
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/* Write the p_open, p_closed and e¢_max values to the greph.
/®* As determined by the intersection of the two straight lines.

,. - - - e - - - S o C L L 2 B X 2 1 L 4 & 2 £ & 2 X 1 T J
void add_textl(double p_open, double p _close, double o_max )
{

int length, ierr ;

¢/
*/
*/
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char text(2%)

SetlineType(l)

strcpy(text, "P open: ") ;

iength = strilen(text) ;

symbol (3.6, 5.3, 0.15%5, text, 0.0, length) ;
nnumber (4.5, 5.3, 0.15%5, p_open, 0.0, "+I1")

strcpy(text, "P close: ") ,

length = strien(text)

eymbol (5.4, 5.3, 0.15, text, 0.0, length) ;
nnumber (6.3, 5.3, 0.15, p_close, 0.0, "¢Il") ;

ferr = LoadFont("SG.PNT");
if(ierr<Q) printf("EBrror loading font %d", ierr) ;

strcpy(text, “e") )
length = strlen(text);
symbol(7.1, 5.3, 0.25, text, 0.0, length ) ;

strepy(text, "1%) 3
length = strilen(text);
symbol (8.35%, 5.3, 0.15, text, 0.0, length ) ;

ierr = LoadPont ("8SR.FNT");

stropy(text, “"max: ")

length = strien(text)

symbol (7.3, 5.3, 0.15, text, 0.0, length) ;
nnumber(?.9, 5.3, 0.15, e _wmax+*1000000, 0.0, "+13") ;

}

/. SN S ES S ASESSEEAENSEESPEESESEE NSNS ESTEE NS S ST SS T E S SO TESSROESEEBEES

/* A subroutine to separate the loading and unlocading branchee for plot

void split_loop(int start, int stop, int total, double *strain,
double *load, double *half _loop_strain, double *half_loop_load,
double plot_x_min, double plot x_scale, double plot_y_| min,

double plot_y_: “scale)
int &, 3

for(i=0; i<stop; i+e)
{
3 = (i ¢ start) \ total
half_loop_strain(i) = strain(j) ;
half_loop_load(i) = load(]))

)
half_loop_strain(i)=plot_x_min, half_loop_strain{i+l)=plot_xn_scale ;
half” loop load[i)=plot_y_| “min, half loop lo.d(£01|-plot y_scale )
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/* Initialize the Graphics Screen and prepare it for generation of s/
/* the graph. s/
/‘ !!Q----Eiiiiiillﬁgiiiiéii--!—§§§§ii§iﬁ—iEéi--ﬁéé“ii’!!—iiiiiéi?! !!!! il

void prepare_graphics_screen(int output)

short ierr ;
initialize_screen( output );

if{(ierr = StartPlot(0)) < 0 ) {
printf("Error Vd: Geograf StartPlot\n", ferr ) )
exit(l5) ; )
SatViewport (0, 0.0, 0.0, 1.0, 1.0) ;
if (outputes0) SetWindow(0, O. o, O, 0, 10.0, 8.0); /* For Screen display*/
if(output!=0) SetWindow(O, 0.0, 0.0, 12.5, 10.0);/*For Printer output +/

SetAxisParam(1,0.20); /* Sets the title neights to 0.20 window units s/

SetAxisParam(2,0.14); /* sets the scale heights to 0.14 window units */
SetAxisParam(3,0.10); /* Sets the height of division tick marks ey
SetAxisParam(4,0.05); /* Bets the height of subdivision ticke ./

ferr = LoadFont ("SR.FNT");

if(ierr<0) printf("Brror loading font Vd”, ierr) ;

NewPen(15%) 5 /* white ./

if (output==0) plot(1.0,0.75,-3) ; /* Bets up the position to start
plotting ¢/

if(output!=0) plot(2.0,1.5,-3) ; /* 8BSets up the position to start

plotting »/
)
,Q SN I N SRS IS ST I N RS TR AN I N U N E N EEI - FTES EES - =T S ES S & Di
/° lubrautiﬁ. for adding legend text to the graph s/
,Q S S N R N S N A e R N N SR R A SR T A R e o e e i’

void legend_text(float x, float y, char *title, char *first, char *second)
{

int length ;

float increment ;

short ilerr )

char text([10] ;

stropy(text, title) ;

length = strlen(text)

symbol(x, y, 0.15, text, 0.0, length ) ;
.--o:og y--ﬁgls J

ferr = LoadFont(“0G.FMNT"))
if(lerr<0) printf("Brror loading font %d", ierr) :

strcpy(text, “"e*) ;
length = strien(text);
i"h‘l". Y. ﬁaii; text, 0.0, l-ﬂ‘th )

strcpy(text, first) ;

length = strien(text);

x+=0,2, y-=0,0% ;

-riigllip Y. Q-ID. tant,; ﬂgﬂ. Zjnith )
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strcpy(text, "-") j

length = strlen(tent)

%e=0.10, y+=0.07 ,

symbol(n, y, 0.15, text, 0.0, length )

strcpy(text, "e™)

length = strien(teat}]

xee0.2, y-=0.02 ,

symbol (x, y, 0.2%, tent, 0.0, length ) )

strcpy(text, second) )

length = strien(test);

x+=0.2, y=-=0.0% ,

symbol (x, y, 0.10, text, 0.0, length ) j

ierr = LoadFont (“SR.FNT"),;

}

/. SS9 SSS EE SR SESE S SRS PEE AL SN RAFEEEEE S AN S DN NPT E RS S EEE SN AN EN S EEEEEEEEES '/
/* Load up the points for plotting the straight lines */
/. —Teooecece e eeeceeeeEEmewEESEEERR SR -l P R P TRRRP - -~ EE W= - - "

void load_fitted_line(double *fitted_linex, double *fitted liney,
doubie slope, double intercept, double loadl, double loadz,

double x_max)

fitted linex(0] = (loadl-intercept)/slope ;
if(fitted_linax[0) < 0.0)

fitted_linex(0) = 0.0, fitted_liney[(0) = intercept ;
else if(fitted_linen(0) > x_man)

fitted_linex(0) = x_max, fitted liney(0) = slope’x_max+intercept;
else titted liney(0] = loadl

fitted_linex(]) = (load2 - intercept)/slope )
if(tfitted_linex(l) < 0.0)
fitted_linex|1) = 0.0, ted_liney|l) = intercept ;
else if(fitted_linex{l) > x_ma
fitted_linex(1l) = x_max,
eloe fitted_liney(l) = load2 ;

fit
max)
fitted_liney(l) = slope*x_man¢intercept;

)

,. (AL EE R LR A N2 R RS2 2 2 2 2 R 0 2 1 1 2 Rt e a0 2 1 71 1 i 0 7 d 30 0 2 13 2 2R 0 1 F 7 171919171/ QI
/* ldentify how many points are required to cover the entire loop */
,. L N R A X X % 2 - S e AN N

int points_on_loop(int **data_array, int npoints)

{

int y start, i=2, =0, loop_pointe=0 ,
y_otart = data_array(0)([0)

if((dete_array(i)(0) <= y_start)bk(j==0))

{ wi.ile(data_array(i+*])(0) < y_start) loop _points = {i ;
Le=2, )
while((data_array(i])(0) »= y start)b&(i+*<npoints)) loop_pointe = |
I=1; )

if((data_array(i)(0) > y_start)bs(i==0))
( while(data_array(i®*®)(0) > y_start) loop _pointes = |

‘0-2,
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while((data_array(i;(0) <= y_start)bé(i+*<npointe)) loop_points = 4 ;

je1; )
return(loop_points)
)
/. (I IR R A E XN RIS ISR S 2 0 2 R0 20 2 13 028 0 2 F RS SRR R AR 2T ZE S R 0 i[
/* Averaging function ./
/. L L e L T T T T T T T T T T I T I, o W o [ ] ’i
double average(double *x, int start, int stop)
{
int {
double total=0, ave ;
for(i=start; i<stop; i++) total += x[i] ;4
ave = total/(stop-start) ;
return (ave) ;
)
/. PSS AN SO NS S S T T S S S I E S S S SR S A AN FE PN I EE N EEE B S E N X EE S EERRERAEEZT EEEES i[
int order_of( float number )
,. L L T 1 A X N X R I N X ¥ F 3 X F L R F X ¥ ¥ ¥ X ¥ _R_E 3 F F £ § £ 2 ¥ ¥ _B_B 3 _JB_JF I F J F ¥ E _E X F F 3 3 $§ + ¥ 3§ F X _E X ¥ i[
{
int §{ = 0
if(fabs ({number)>»=1.0)
{
while(number |= 0)
number = pnumber / 10, number = (int)number, i++ ;
}
eleoe
{
while(number = 0)
{
number = number * 10,
if(fabs(number)>]) number = 0 ;
f==
)
)
return(i)
)
/. PEOSOSP USSP PO T S PErFS SR ENEENE R EESS T ESEENrFFISSEITRAERRGF At . 4R i’
/* Perform the linear regression e/
[} R . P Y 7 Sy S A R U .,

void fit(double *x, double °y, int start, i1nt stop, double *intercept,
double *slope, double *chi2)
(
int 4 )
double sx=0, sy=0, es, sxoss, t, 8t2=0,

for(isstart; i<etop; i+¢)
sx *= n(i), ey ¢= y(i)

8 = stop - stert ;
sxOSS © Sx/88 )

sglope = 0 4



)

/*
/®
/.
/o

(

)

/®
/®
/*
/°

{
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for(i=start; i<stop; l++)

{
t = x{i) - sxoss
L2 ¢= Lot
*slope ¢= tey(i] g
)
*sslope /= st2 ;
*intercept = (sy - sx*(*slope))/es ;

echi2 = 0,

for(iwstart; i<stop; L+¢¢)

{

schid ¢= (y|i])-(*intercept)=-(?alope)®*x(i]))*
(y(i)-(*intercept)-(*slope)*x(i))

FEE T ErZY BEEARE IR ERMR: TER RS ESSEE S ES S SESESFEEE S S S EEES S S E SR EEEEEENEEESS

Second order polynoanial fit to num points.
Chooeing tho coefficients as best fit in the least squares sense.

void polynomial fit(double *aa, double *nn, int num, double *bb)

int 43
double x, yy, ex=0,8x2=0,ex3=0,8x4=0,8y«0,0yx=0,ayn2+0, determ,

t2, t3, t4, yb 3

for (j=07j<num; j¢+)
{
x = nanli), yy = aa(3)s
8K *= x, 8x2 ¢= pow(n,2), BR) += pow(x,l});
oxé *= pow(x,4), By += yy, syn += noyy)
syx2 ¢= yy ¢ pow(n,2);
)
determ = num* (ex2*sxd-pow(sxd,2))*
ax® (ex2*oxl-axn*oxnd)*end® (sxn*sxlI-pow(sx2,2) )
t2 = sy*(sx2*sxd-pow(snl, 2))¢
syx* (sx2°sxl)-asx*end)+eyn2® (ex*sxl-pow(sn2,2))
bb(0) = t2/determ;
t) = numt(synt*sxd-syn2texl)-
Sx® (sy*axd-syx2*sx2)+8x2° (sy*exd)-ayx*sx2)/
bb[l) = tl/determ;

*/

./
*/

té = nuAm* (Bx2*pyxR2-0x3*syX)~8x* (BX*EYyN2-8R) 8y ) +8X2* (SxN*8YKR-8N2°QY )}

bb(2) = t4/determ;

(A X I X2 LYl E SFSEREZRAS R RS IR AIA S (R O PR A AR T I I3 I 1 121 X J X 1 1111711}
Subroutine for caiculation of p_open using the intersection of two
straight llnoo.

double p_open_ ltno.r( double °*strain, double *load, int °p_lin)

double interceptl, intercepti, slopel, slopel,
chil2, strain_ave, p_open }

fit(load, etrain, p_lin(l), p_lin(2), Ginterceptl, Gslopel, &chil2) ;
fit(strain, load, p_lin|)), p 11n(l]. &intercepts, Eslopel, &chil)

if(fabe(slopel) < ’ou(lo.-lO))

*/
*/
*/
*/



{
etrain_ave = average(etraln, p_lin(l), p_lin|2))

p_open = (strain_ave‘slope2+intercept?)
}
else
{

slopel = 1 / slopel

interceptl = (-slopel®interceptl) ; /* Bimply the intercept at p=0 */
p_open = (interceptlitslope? - interceptiv*sliopel)/(slopel-slopel) ;
)
return(p_open) ;
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Appendix C

Opening load data tor specimeins B7 and BS.
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Specimen *: B7 Using data from active strain gauge on top of the ¢ —1ace crack
Re-010 Pmas 15926 N Ne ot = 308,188 Cycles
Leftsicecrack. o -o., Right side crack. 9.-9.
OWerentiel I Dilororsal

File ® Cycie * Compliance Popen/Pra:’ Popen/Pmard II Fie ® Cycle ®  Comphence Pope/Pmar’! Popen/Pmar?

e . N00TY (%) (%) | enN07 ) (%) (%)
1 T8, $1 3R I 2 322 13 A8 R

4 0.68 s 104 ¢ 303 42 128
12 9.53 69 20 18 207 34 -18
20 919 70 14 2 2681 75 10
30 .29 7.0 13 | 35 207 70 -08
40 ¥ 1] 8.4 28 82 258 03 10
.0 93¢ 108 s | [T 270 8 17
:; :.:; :: :.3 : 00 267 97 34
. . 9 100 255 se 65
120 961 1"es 'Y 125 273 s 0
148 9.6 18 27 150 208 127 (Y}
;:: :2 16.6 e | 200 314 103 52
. 130 3 280 319 138 74
::: :g ::: l.: 330 313 11.4 84
. , ‘. 800 316 102 Y
750 1008 126 0.3 758 32¢ 12 53
8 1017 181 38 1000 326 129 15
1404 1081 128 -13 1500 384 122 04
2245 1080 146 R/ 2250 352 160 8s
3280 ::;; 13: ;4 3244 346 14 49
4800 4 4 4058 353 114 32
“wre 1792 98 -13 | we2 548 87 -850
780 1781 111 (X §000 530 100 -18
4904 18.08 "4 -1.7 | 8600 841 1" -28
8490 1029 123 -21 | 6000 §.50 04 -10
8004 1049 V14 -23 €500 856 114 N
648s 1877 117 -18 | 7000 882 115 oe
000 1808 127 .9 7500 564 ’e -086
7406 1923 113 02 8000 567 123 -02
7900 1943 128 . | 9000 505 104 -10
_S0%e 2303 210 22N 10000 588 122 32
m zz :: ;; !; 11000 594 129 40
. 12000 608 122 78
:oa'” : n :; ; ; l: 14000 €07 120 07
. . , 16000 €623 113 87
30280 2744 119 108 | 18000 €37 143 113
31000 :: : : :: [4 20000 €50 109 70
33000 2008 | | 20030 eTe N2 "s
60883 367 109 103 i 22500 69 120 143
60070 3081 103 172 | 28000 7w 130 130
0100 3084 103 178 l; 2700 719 124 136
60200 4008 109 109 | 30000 7% M 89
00800 ::2 ‘:.: :z; n, 31080 718 127 10
00680 . . : ! 33080 rer 128 7ne
6100 4098 9 162 | 36000 744 123 06
61030 a0 ’9 188 | 40000 7208 118 198
110082  $7.60 22 14 45000 811 120 191
120 110000 §7.00 02 [ ¥ T $0000 888 134 %3
19 110100 $8.12 [ X 101 $4000 o 86 120 74




132 110500 88 43 82 176
111002 89 58 ) 17.2
208142 148 00 174 B )

187 208148 148 12 172 o X

168 208188 143 60 173 by X

174 208100 183 05 1469 27s ‘

we combings date fies BT - RIOHT DAT & B7-LEFT.DAT |

Thie is stored ir directery /87 in Niename B7 - POPEN W3

B7-LEFT.OAT is generated trom BAT e BTLFILED.
B7-RIGHT DAT is generated trom BAT tie B7AF

' Intersechon of knear best i knes 10 UppPer and
lower pans of the icading branch of the
curve

? Ramberg - Osgood type Curve fitted 10 the upper | |183
mdmbmawmhdmmwmﬁ- 188

and subsequently compared 10 the dala based on

yOur ‘Close’ Criterion i. 100

* An R on Ihe nght side of the data INdicates thet l‘ 19
data pont can De rejecied l’ 197

[ |

122 207
1.7 17.4
10 189
0.6 188
129 Nn
186 277
162 M2
109 3.3
20 28
1848 7
163 208
160.2 23
187 2.2
14.0 X ]
114 130
2 7.2
206 370
206 87.0
23 »N7
208 3.7
23 7
206 L}
24 37.4
02 N4
n? ”e
2724 2
n LI
LX)
n 0.9
n N8
n %2
n X )

e bl i s . el R - e — 5.k



Specimen ® B7 Using data from active strain gauge adjacent o the a-face crack
A=~D10 Poas 16026 N Nior = 308, 188 cycies
Loft pice crack. In-.- Rogm-«,n crach e, -0,
Fie® Cyce® cm- Pepor/Pmaa’ P-u/?wu' | Fuo * Cycie ¢ Compliance PupenPma'! Pupen/Puac?
e WN0TY () (%) | pNeI0) (W) ™)
[ ) 9047 0.13 168 428 143  12002¢ 00 81 129
)4 12073 0.5 144 129838 oM 127 1.
[ ] ) 15080 0.18 104 409 147 130100 100 43 18
Al 17980 021 =14 82 148 145000 07 44 128
73 19990 0.2¢ | F ] Ma 150 100000 oo 3] 222
78 20008 0.9 3 =0.2 152 17500 045 240 251
n” M50 oM 58 0s 184 190000 03 s 139
20 27450 025 04 -0.2 [ 154 204908 on s 97
L &) 3020 0.3 81 as i 208119 0.3 =98 138
) 40081 054 3] 208 17V 206187 [ 3k 14 -18 1.2
14 48080 064 17.1 182 178 206214 040 48 nv
” 00080 069 158 108 190 208302 o3 -10 &7
([ ) 85080 004 21 1.2 184 200402 0.32 429 871
103 90080 o.M e7 26 108 208802 0.2 138 “e
114 81420 os -81 220 1080 206702 03 49 4 k]
11?7 4080 0.62 X ) 13 1 200004 3 ) 41 »?2
118 70080 084 =14 ne 1893 208802 032 812 409
L} 4 80080 0.58 =346 206 194 200002 0.3 ~-18 32
123 90000 074 83s 248 1% N7 on ) ».2
126 100000 080 8 202 1% 200000 0 22 00
127 V10080 o ) 34 200 200090 o 0o 377
1490 118080 072 241 2.3 | 2302 212490 0.3 L Y ] 9
141 120000 0.90 M8 M6 ' 204 2149060 0 453 3
148 129044 1.%7 n n 207 230000 048 ns 02
146 130000 144 ne %8 09 000 oM 249 N5
149 145100 1.9 188 284 211 20000 .37 N2 a4
151 100100 298 16 »ns 213 77%000 21 192 MG
183 178100 a7 156 ns 26 NOT O 380 183 198
16 190100 400 08 ) 216 204900 25
187 206100 816 » 472 2§90 6108 g1
193 200130 807 21 oY |
100 206188 X 24 22
178 208108 500 74 07
208 129007 [ X ] 213 %) !
200 244900 OO0 178 w2 |
2790 20000 1304 183 03 :
212 270800 1593 02 e |
216 2000 O M 187 196 i
This combines data from fies: B7-LEFT3.0AT & B7-NITE3 DAY

Thia is genested with BAT e BTLFILES & BTRFILED.
This is st0red in diractory /BT in Nenams B7 -POP - A WK
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' Intersection of inear bes! fit ines t0 upper and iowe! pans of the loading branch of the
comphance curve The top point of the unioading branch is 0.28*npoints

? Linear best it to the upper portion of the loading branch and cCOMPpAaring the data curve to the
fitted kne Using an accept band of 0.96 -~ 1.08 .
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R —

Specimen ® BO Using data from active stiain gauge on 10p of the ¢ —1aCe crachk
R=-010 Pmes 16023 N Niot= 141,640 cycies
Left side Crack. 0.-0. Right side ciach @ -9,
) 5 ,
File * Cycle ® Complionce Popen/Pmas' Popen/Pmart i File ? Cycle ® Comphance Pupen/Pmas' Pipen/Pmad?
N0 (%) (%) WNIO Y s »

[T ¢ 1382 133 s T 2 8882 ! 07

¢ 18 1300 129 189 [ 8 8448 78 09
(] 22 1413 12¢ 129 4 10 406 12 s
1" Q2 1444 1.1 s 5 6 8514 78 -10
17 8 1462 140 108 7 22 8816 'Y os
23 210 1804 18.4 ne 0 32 5564 10.4 -260
24 230 1509 16 18 12 44 5804 100 =38
28 280 156.13 194 " 13 84 688 "ae -40
28 310 1814 194 141 s s s 13 -27
20 380 1524 200 127 18 o 167 -89
32 420 152 203 129 T ] % 87 125 -43
33 490 1539 220 129 1) 12¢ 0045 190 -84
7} €20 1567 FIR | "e 20 184 8720 "e -39
Y4 700 1500 21 LY ] 12 190 8768 177? -82
40 038 1588 24 "e 22 200 5768 188 -8
41 200 1894 222 120 2 22 784 139 -26
4 1118 16.18 7ns 121 27 300 5800 162 -88
48 1280 16.2¢ 2 07 30 08 M 184 -44
o 1000 16.43 23 124 1] 400 5860 162 -56
49 1000 1689 0 131 £ Y] 515 5893 150 -49
82 1828 186" 232 127 % 600 5040 1”78 -54
63 1990 .M 7 120 » 708 8082 180 -60
84 2800 1760 2ne 108 » 800 o027 172 -7
88 200 1718 27 129 Je2 08 603 181 -88
e 2000 17.33 22 1"s 1] 43 1000 e08e 170 -70
14 2000 1737 215 138 'Je& 1278 6134 149 -33
68 300 1760 2 156 |{e7 1500 €258 165 -8 1
80 300 1758 227 14.0 1904 7114 193 44 R
0 3000 1781 ne 139 |

(] 4500 10.0% 29 148 |

62 4800 18.00 214 14.2

(1] 4907 18.19 9 144 o, failed &t ~ 1820 cycies

(7] 8620 10.48 2ne "7?

s 6990 1065 7 13.0

o 7010 10.97 700 150

(4 7900 1934 210 158

(7] 9180 19.78 203 e 14-Febd

e 10000 2015 "ws 1

71 10020 19.00 198 88

72 10208 19.79 186 27 | This comines detofioe B8 LEFTY DAT & 88 LEFT.DAY
73 10800 1903 179 32 | e vtend in deastery BNVOFC - FILE I Sonams

7¢ 11508 2007 18.4 a9 | pe-ror-cwy

14 ] 12400 2044 180 448 :

76 10008 21§ 178 71 ' BA-LEFT1.0AT s generated rom BAT tie BOLF I
77T 17688 2104 e 79 | BO-NIGHT DAT is generated fom BAT e BORF)
78 17800 239 148 67 |

7 17880 2208 1793 102 ' menseciion of inear DES! M ines 10 uppe! and
20 17878 .92 144 83 | lower pars of !he ading Branch of the Comgian
81 19000 M.78 140 a8 . CAMS.
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82 19720 2240 141 13 A
83 19728 @7 174 98 | " Ramberg-0sgood type curve (ited 10 the uppe!
84 20000 2477 178 8.7 | panof e loading branch of the compliance curvi
as 2000 MM 178 X | and subsegquently compared 10 the data based on
08 22000 2848 193 141 || your ‘close’ criterion.
@7 24900 0899 181 146 '
80 4000 NS 176 12.4 ?
9 30000 228 152 106 |
20 350 208 14.2 88 |
9 32800 24 134 e '
92 34928 3084 169 171 |
3 3000 N 134 74
4 MO0 IN1) 17 16 |
6 37800 378 14.1 134 i
9 W0 324 153 148 !
87 40000 3260 137 131 ’
98 40100 3194 150 129 !
M 42300 BN M 143 1"ne |
100 44960 342 144 124 |
101 45000 34.32 144 124 i
102 48100 34 3) 146 126 !
103 49002 3898 136 ne |
88000 40606 12.2
58008 4048 124 95 ’;
86100 4080 122 ’2 |
86600 4102 128 9
88810 4228 139 18 |

o, 1sied &t ~ 56810 ~ $8970 Cycles.
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Specimen *: B Using data rom active strain gauge adiacent to the & -face crackh
R n-:;w ™ Pess: 10023 N Nior = 141 B840 cycies
LNt sice creck §r=0, ﬂm“clm .i @, ’.?
 OMersrle o, \
File * waﬂiknﬂn:l%ugz_‘Fu;fmﬁiﬂb cwmv:::::: Fajg;- P-?:
WN*10 , , (%)
YT Tda -2 24 20 02 -14 o7
KZ 2 are ;ﬁ 2:1! F ; 80 042 ;; g:;
o 810 188 ve tes | o e oa 12w
0 e 16 217 | 800 a3 N7
- 30 180 8 80 l” g n?i: 244 874
- oo o8 e ! 12 1828 08 »a 504
X e in Hom . 14 2000 083 e 871
N e - e | 1. 2278 1.2 -882 243
% 1000 141 37 00 | 6 ;8 o8 -12 1”1
% 12000 18 oo '?c | y1 2378 o®3 27 2
:; ;’:’3 Tar 'y 3 | i 2400 09 -23 z-::
' 404 1.2 : . ’ -11
$3 10080 138 o2 215 | 20 8 13  _1e a2
S e 14 % or 21 3480 122  -207 23
o fewee 103 1 e 2 4000 107 an ne
1 s 1.0 : 2. 7 0 ' L ne
:z 34900 101 %8 199 24 ;;: g; !g gi
b 44000 o 13 3y tae | :: 003 11 -22 204
o e 13 A os | 2 5106 123 -4 209
7 e 1w 122 ¢ | e 1 -12 77
7 e 1z 12t 32 | % eom 118 -17 .
77 08 1.2 721 32 ~ 900 : - .4
54 08000 5.8 67 | =2 6100 13 ¥ 74.4
- 70008 008 ’ 33 7000 124 -91 202
o o om % 2;; 3 8000 122 -8 277
o om0 080 't 17 | % em an -4 0s
' o o8t 4 % 0 122 -39 28
120 m“ 08 T s 37 10008 1.2 -1 217
120 90080 12 e33 27 ! % e ‘s 01
- - - 0 1008( . -62 -0
133 100000 08) ns 23 :l: ::: L:: .2 H
138 119008 129 9.0 136 | 4 10 34 s 18
139 120000 128 04 194 e e 38 s 4
160 120003 O097 7 20 QW o 24 o
141 120010 107 32 23 L L ] 04
16s 13000 138 33 182 | 4 1600 23 197 28
143 120800 1.3 303 02 @ 10 1 o7 s
s MEGI0 176 388 ses | i e s 07 33
1es 128008 19080 3 6¢  -02
V7 iMees 33 85 86 | s s 333 8% o1
160 1000 33 7% o6 | o e 23 o 3
et ‘“i 2008 2o .o 87 2:M00 207 194 160
4 :mi ::; ::: g? L 8 27800 242 190 170
a3 13%eq 17.3 - : 287 ”3 191
183 130100 20V e 46 0 2900 2 ) o
184 130110 208 138 mo | g 20000 z;: tes "ne
e 1 3es 118 e 6 3088 387 124 73
186 131900 344 1"s %0 | - = pped . e
‘. 1348 o7e I @ om0 &% 148 174
e 13008 147 2 e ™ e s s ne
0 120006 840 18 13 | 77 osees e 3 ne
e 130000 000 18 13 e



163 140000 885 20 24
184 140002 673 148 240
186 140010 (A1 ) 134 242
166 140100 788 130 20
187 140800 s 00 123 207
198 41800 954 100 (L]
160 141510 253 83 150
170 141820 956 [ B 146

Thia date generated fom BAT Mes:
GOLFILES & DORFILES

This is siored in dirsciory /BE/ADJY =FILE in
Nename B -POP - A WK)

' itereeclion of knesr best M kines 10 UPPer and
lower parte of 1he loading Oranch of the

¥ Lingtr best M 10 the upper portion of the
I08Ging Branch and COMpEring the dala CUrve
1 e Miad ne.

833333

-
ot

el -
] ] X [ -1 ] ] ] ) -» [ | 1
8832232833232 22°8832%8228

-l b ol o al wb ol 3 ] -

1 -l (1 1 | [ X X 1 1 T 1 . 1

| | | (W [ 1 i ‘\\'H \“.‘\‘ | [ “; : ‘: | 1 [ 1"2‘ 1 : :

X ) ) ' ] ! ] 3.‘” | ] ™y X ] F-X -1 1 ] ) )

1 B | | 1. E-X-X - - R X-2-% 12 ¥ -1 1
s388R888288388588 331113181383

g‘ ‘
i _
oRNSa

] |
£22
E e

8

128

(X 1)
821
0%

74
768
780
203
1048
074
9.2
0.47
.72
2.0
1047
12.11
1018
11.44
1203
13.74
1Mn
12.08
1278
1207
1.0
15.01
123
1383
1458
15.44
"n
17.94
[ ¥ -]
18.42
14.23
14.99
17.04
108
20.81
2057
ney
76
ne
2.4
2.0
b X
0.7
0.
.M
008
e
M0
.18
»%

158
183
201
174
162

21'
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ll 1
198
18.4
1.1
Y
70
151
129



