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Abstract.

Chrome tanned bovine leather comprises two principal strata, the grain and the
corium. The tensile sirength and specific work of fracture of these two materials
was investigated using uniaxial tensile tests and trouser tear tests respectively.
Corium material was observed to be intrinsically stronger and tougher than grain
material. The greater resistance of corium material to fracture is attributed to the
processes of fibre debonding and pull out.

The viscoelastic nature of grain and corium material was investigated by examining
differences in strength and toughness over a range of deformation rates. The
ultimate tensile properties and the specific work of fracture of both grain and
corium material are rate dependent. Energy dissipation during a strain cycle was
measured over a range of strain rates and strain levels to determine the bulk
hysteresis of grain and corium specimens. The influences of specimen orientation
and fatliquor (oil) on strength and toughness are also considered.

The notch sensitivity of grain and corium materials has been scrutinised. Corium
material is highly notch insensitive, whereas the fracture of grain material is
notably sensitive to the presence of notches. The mechanism of fibre orientation
and the phenomenon of fibre independence (or fibre autonomy) are responsible for
the notch insensitive fracture behaviour of corium material.

Strain distribution was measured in grain and corium single edge notch specimens.
The radius of curvature of the notch was assessed throughout deformation /
fracture and local strains at two dimensional levels were measured. Local strains
ahead of the advancing crack and the radius of curvature of the crack are
considerably higher with corium specimens than with grain specimens.
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Chapter 1

Introduction.

Leather making involves chemical and mechanical manipulation of animal hides and
skins to remove unwanted materials such as hair, epidermis and ground substance
while leaving intact the feltwork of collagen fibres that confer structural integrity
to the skin. During leather production, the collagen macromolecules are subject to
a process of chemical crosslinking (tanning) that provides increased thermal
stability and resistance to microbial attack, [Heidemann, 1979]. The unique
properties of leather make it ideally suited for use in the manufacture of a variety
of products, particularly footwear, [Bailey et al, 1985]. [However, leather is also
widely used as a quality material for upholstery, clothing, gloves, books, luggage,

and footballs.

Microscopic examination of a cross section of bovine leather, even at low
magnification, reveals two structurally distinct layers (Figure 1.1). The upper layer,
originally closest to the surface of the animal, is called the grain layer and is
composed of interwoven collagen fibres of diameter < 5 ym. The grain layer
contains hair follicles. The thicker corium layer, immediately beneath the grain
layer, is composed of a feltwork of thicker bundles of fibres (typically of diameter
~ 100 uym), [Demsey, 1968]. The boundary between these two layers is not
precise and there is a zone, known as the grain-corium boundary, where the

collagen fibres progressively reduce in thickness from ~100 ym to < 5 ym.



Figure 1.1

Low magnification optical micrograph showing the two principal strata of

bovine leather.

The grain layer (above the dashed line) and corium layer (below the dashed line).

The Length of the bar is 1 mm.



Whole leather is separated into discrete grain and corium materials by a process
known as ‘splitting’. Wilson & Kern [1926] and Maeser & Dion [1954] showed that
tensile strength of whole leather is significantly higher than the tensile strength of
grain material alone. In addition, the loads required to tear grain material are
markedly lower than those required to tear full thickness leather in test geometries
such as the stitch tear test [Kanégy et al, 1952] and the Bauman tear test (IUP/8)
[Mitton, 1964]. However, this early work did not establish any undérlying
mechanisms responsible for the differences in strength and toughness between the

different strata of leather.

Hole et al [1983], showed that during the lasting (stretch forming) operation of
shoe making, small cracks can appear in the grain layer. These cracks are
detrimental to the appearance, wear and life of shoes. Indeed, this problem was

reported as a major shortcoming of leather.

The publications cited above suggest that grain material is generally “weaker’ than
corium material. However, differences in strength and the specific work of fracture
between grain and corium have yet to be fully characterised. Indeed, fundamental
measurements enabling calculation of the specific work of fracture of leather have
never been previously carried out. In addition, the reasons for these differences are
not understood. By elucidating the principles involved in the relative strength and
toughness of grain and corium material, procedures can be developed to increase

strength and toughness of grain material.



The process histories of leathers used in the studies discussed above were also not
specified. In particular, the presence of fatliquor' and its distribution were not
reported. Fatliquor significantly alters leather strength [Mattei and Roddy, 19571
and therefore the influence of fatliquor on strength and toughness should, without

exception, be taken into account.

The study described in this thesis was aimed at:

(i) establishing differences in the intrinsic strength and the specific work of
fracture between the grain and the corium layers of leather;

(i) examining the mechanisms of deformation and specifically fracture of grain
and corium materials;

(i)  relating observations of fracture behaviour to current theories of fracture.

Research on the fracture of materials has had two thrusts in the past few years:

(i) Both the stress intensity approach and the energy balance approach to
fracture mechanics have been successfully applied to many fracture studies.
The popularity of fracture mechanics (the stress intensity approach or the
energy balance approach) is at least partly due to the lack of need to
understand microscopic details of the fracture process [Gerberick &

Davidson, 1985].

(ii) Conversely, the second thrust of fracture research has been to understand

1 The process of fatliquoring is the application of oil-in-water emulsions (the fatliquor) to the leather.
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the mechanisms of fracture, i.e. the events which occur as a crack
lengthens. This approach requires knowledge of material response as the
crack extends and thai in turn requires localised measurements. Such
measurements generally require complex microscopic techniques in order to
determine the response of a material at a crack tip, [Gerberick & Davidson,

19851.

The discipline of fracture mechanics was initially focused exclusively on linear
elastic brittle behaviour [Kinloch & Young, 1990]. However, with the successes
achieved with linear elastic fracture mechanics, materials for which such an
approximation would be invalid became of interest. Indeed, non-linear fracture
mechanic techniques have been developed for some circumstances and perhaps
the most comprehensive approach to the problem of bulk inelastic, non-linear
behaviour is the proposal of a General Theory of Fracture Mechanics [Andrews,

1974, 1980; Andrews & Billington, 1976 and Andrews & Fukahori, 1977].

The experimental approach of this study uses aspects of both fracture mechanics
and fracture mechanisms. The experimental work falls into two broad areas, united
in the common aims of the study. In chapter 3, ‘Tensile and Tear Behaviour’, the
tensile properties and the specific work of fracture of grain and corium materials
are reported and discussed. In addition, the effects of specimen orientation,
deformation rate and the presence of oil on tensile and tear properties are
examined, as are the influences of strain rate and strain level on the energy

dissipating properties of grain and corium materials.



In chapter 4, "Notch Sensitivity’, the differences in (i) the notch sensitivity and (ii)
the strain distribution around a notch are evaluated and discussed in terms of

recent theories of the fracture behaviour of non-linear materials [Purslow, 19911.



Chapter 2

Methodology.

Differences in strength and toughness between grain and corium layers of bovine

leather, were studied using the following procedures and techniques.

2.1 Material Acquisition and Preparation.

Four commercial chrome-tanned catile hides were used and their process history
is given in Appendix 1. The partially processed leathers (termed wet blue), supplied
by a United Kingdom tannery, were separatied into two sides by cutting the leather
from shoulder 10 butt along the line of the backbone. Each leather was processed

individually.

Initially both sides were subjected to the same washing and neutralization process
in an aluminium drum, volume 0.52 m® operating at 15 revolutions per minute. At
this point one leather side was processed conventionally by fatliquoring and
drying. However, the other side was dried (with no addition of oils) by exchanging
water with propanone followed by evaporation of the propanone. The treatments

for each side of leather are summarised in Figure 2.1.

2.1.1 Fatliquoring of Side Leather.

Simple air drying of unfatliquored leather (i.e. directly after tannage) leads to an



undesirable degree of interfibre adhesion and produces a material similar in
stiffness to plywood. Softness and flexibility are traditionally achieved in the
fatliquoring process by the introduction of oils into the leather, [Heidemann, 1993].
An offer of 5% sulphited synthetic ester fatliquor {Remsynol ESI?) was used for
this process. This type of fatliquor has good emulsifying properties (enabling
uniform distribution over the area of the side), is acid stable and provides a deep
lubrication through the cross section [Sharphouse, 1983]. Nevertheless, because
each side of leather was fatliquored individually, the level and distribution of oil in
each batch was not identical and the exact oil content was determined by the

method outlined in section 2.6.1.

2.1.2 Propanone Drying of Side Leather.

During the fatliquoring process, uneven deposition of oil through the leather
thickness is common. Therefore, potential uncertainty arises in assigning the cause
of differences in strength and toughness between discrete leather strata. To avoid
this situation and the predicament of excess fibre adhesion without the additién

of oils, a propanone dehydration drying technique was devised.

The water content of the wet blue leather was 58.66% on a weight basis. When
immersed in propanone, penetration of propanone into the leather occurred. The
propanone continued to displace the water in the leather until equilibrium was

reached. The drying solution (propanone and water) was replaced with 98%

2A product of Hodgson Chemicals, Hayes road, Cadishead, Manchester, M44 5BX.

8



propanone and the batch process repeated until sufficient water had been removed

from the leather.

After three batch processes, propanone remaining in the leather was carefully
evaporated using a blow heater thereby ensuring the leather did not freeze. Using
three batch drying processes, the water content of wet blue leather was reduced
10 6% on a wet weight basis. The process specifications and pertinent calculations

are summarised in Appendix 2.

2.1.3 Splitting of Leather.

To assess differences in strength and toughness between the grain and the
corium, the two layers were separated using a band knife splitting machine®. The
dried leather was split through the grain-corium boundary, ai a depth of

approximately 1 mm from the surface of the grain.

3 Located at BLC the Leather Technology Centre, Moulton Park, Northampton.
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2.2 Specimen Acquisition and Preparation.

2.2.1 Specimen Location.

Two philosophies were adopted in deciding the location of test specimens. Initially,
test specimens used for comparative purposes should be nominally identical.
Further, areas of rapidly changing composition and areas with a high degree of
anisotropy (such as the top of a shoulder, the extremes of a belly and backbone)

were avoided.

Test specimens used for comparative purposes were cut in the same direction
(either parallel or perpendicular to the backbone). When cutting specimens on the
same side of a hide, the specimens were cut next to each other over the smallest
possible area of material. When cutting specimens on opposite sides of the same
hide (i.e. when comparing propanone dried leather with fatliguored air dried

leather) sample positions were mirrored across the backbone.

On each side of leather, the sampling area was constrained to a central rectangular

region, 1.62 min a direction parallel to the backbone by 0.82 m perpendicular to

the backbone.

2.2.2 Dimension of Samples.

The dimensions of samples for tensile tests, single notch tests and trouser tear

tests are shown respectively as (I) (II) & (i) in Figure 2.2.

11
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2.2.3 Cutting of Samples.

A cutting die of appropriate profile and dimension for each test type was placed
normal to the material. The flat surface of the die press moved a fixed distance ’
which ensured that the die was forced through the material and the samples were

cut cleanly with straight edges.

2.2.4 Measurement of Thickness.

The thickness of each leather specimen was measured after environmental
conditioning, but before initiation of the testing protocol. A dial micrometer gauge
measured the thickness following the IUP/4 procedure [Official Methods of
Analysis, 1965]. The same contact force, equivalent to 500 g m? was applied to
all specimens. The gauge dial was graduated in steps of 0.01 mm and was

accurate to this level throughout the range.

2.2.5 Marking for Visual Recording.

To facilitate measurement of strain distributions, an array of dots was printed on
to a single edge noich specimen and straining was visually recorded using an
SVHS camera. Two regions of sirain distribution were examined, namely strain

distribution over a whole sample and strain distribution around a notch.

The former array of dots consisted of four columns by thirteen rows, where each

13



dot was separated from another by 6.5 mm. In each column, twelve readings of
local strain could be calculated between the centre of each dot in its vertical line
(Figure 2.3 (I}). For the strain distribution around a notch, the array of dois
comprised twelve columns by twelve rows, where the dots were 2 mm apart,
(Figure 2.3(ll})). From each column of twelve dots, eleven readings of local strain
could be calculated between the centre of each dot in its vertical line. Strains

transverse to the principal strain axis were not measured.

Markings were also placed on trouser tear test specimens for measurement of
extension ratios in the legs. On the front of each sample, (i.e. the grain side) a line
was printed across the top of the legs at 90 degrees to the cut. The other line was

printed in the same place on the reverse side of the sample; i.e. the flesh side.
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2.3 Mechanical Testing Procedures.

Deformation and failure resistance in the grain and corium layers of dry leather
were measured using uniaxial mechanical testing procedures. In each test, a
sample was clamped in the jaws of the tensometer. The separation speed of the
jaws, the final distance of jaw separation and the frequency of data collection

were entered into the control device.

2.3.1 Tensile Test Procedure.

Dumbbell shaped specimens (Figure 2.2(l})) were strained to rupture at four
different rates of 0.16 mm s', 1.66 mm s"', 16.66 mm s’ and 166.66 mm s™".
Under identical conditions, four tests were carried out in order to take account of

any variability of the mechanical properties.

2.3.2 Strain Cycling Test Procedure.

Dumbbell shaped specimens (Figure 2.2(l)) were strained at four different rates
(i.e. 0.16 mm s, 1.66 mm s, 16.66 mm s and 166.66 mm s™') to levels of
20% , 40%, 60% and 80% of elongation at break. When the required level of
strain was achieved, the strain was immediately reversed at the same speed of

application until the upper jaw returned to its original position.
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2.3.3 Single Edge Notch Test Procedure.

A notch was cut half way down, and perpendicular io, the left edge of the single
edge notch specimens, (Figure 2.2(ll)). Notches were cut using a surgical scalpel
blade and lengths varied between 0.5 mm and 12.5 mm (half way across the
specimen). Samples were strained at a fixed rate, 1.66 mm s, until complete

fracture occurred.

2.3.4 Trouser Tear Test Procedure.

The two legs of a sample were constructed by cutting a length 25 mm from the
middle to the base using a surgical scalpel blade. The right leg of the specimen
was clamped in the bottom jaw while left leg was bent through 180° and clamped
in the top jaw, (Figure 2.2(lll)). The specimens were strained at rates of 0.16 mm
s, 1.66 mms™, 16.66 mm s and 166.66 mm s™ over a distance of 45 mm. The
strain was then immediately reversed at the same speed of application until the
upper jaw returned to its original position. Under identical testing conditions, four

tests were carried out.
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2.4 Testing Equipment and Data Acquisition.

2.4.1 Environmental System.

For 48 hours immediately preceding testing and during testing, each leather was

kept in a room conditioned at 20 * 2°C and 65 + 2 % Relative Humidity.

2.4.2 Force & Stroke Data Acquisition.

The force and stoke (displacement) data from three classes of test were obtained
using either an Instron 1122 universal testing machine or a Dartec M1000/RK
hydraulically driven testing machine. Using the Instron 1122, an amplified voltage
from a calibrated load cell was recorded, at a frequency of 10 Hz, using a
Personal Computer (PC) with a 20 MHz, 80386 processor via a 16 bit A-D
converter. The stroke was subsequently calculated as a function of both time and
speed of jaw separation. The Dartec M1000/RK operates in a slightly different
manner because the load is calculated in real time. In addition, the stroke is also

recorded independently and not as a function of time and speed.

On completion of a test using the Instron 1122 tensometer, two columns of data
were recorded as an ASCIl text file. The first column recorded the time. The
second column recorded voltage which was proportional to load. The results from
tests using Dartec M1000/RK are also arranged in a two-column ASCII text file.

The first column recorded the stroke and the second column recorded the load.

18



2.4.3 Visual Data Acquisition.

For a visual record of specimens during deformation, an SVHS video camera was
placed at 90 degrees to the surface of the leather specimen. The camera was
placed on a tripod at a horizonal distance of approximately 0.5 m from the
specimen. A high intensity studio light ensured sufficient light without shadow.
The zoom facility of the camera was used to magnify the image, making sure the
important markings on each specimen did not move out of the fixed frame while

a specimen was being strained.

For the purpose of visual data acquisition, the notch length of a single notch
specimen was fixed at 9 mm. At this notch length, twisting occurred in the leather
at the widest section of the opening, thereby obscuring the dot pattern. Therefore,
sheets of nonreflective glass were placed 0.5 mm from the back and front of the

specimen, thereby ‘sandwiching’ the sample.

Once a visual recording was complete, quantitative information was obtained by
acquiring digitised pictures as a function of time over the duration of the test. A
suite of Sony SVHS video editing equipment allowed still images to be produced
from a video sequence at time intervals as small as 1/25 th of a second (the limits
of conventional video). The still video image was transferred to a video capture
card, using a 16 bit half-size ISA card resident within a PC with a 33 MHz, 80486

processor. Using video capture software (VideoSnap by VideoLogic*) a digital

4 Videologic Limited, Home Park Estate, Kings Langley, Hertfordshire, WD4 8LZ, UK.
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image was obtained using 640 x 480 pixels in a 256 grey shade palette.

Digital images of single notch tests, with both large and small matrices of dots,
were acquired at intervals of one second until specimen failure. Each 640 x 480
pixel image was converted from a 256 grey shade palette to a black and white
image. The picture detail was reduced so that the image background was entirely
white. The area devoid of leather, due to crack opening, was coloured red. A
rectangular line of black pixels was drawn around the matrix of dots and the area
of crack opening. The only other black pixels present were those constituting the

dots.

The effect of reducing the image detail in the case of the small area matrix of dots
is shown in Figure 2.4. Figure 2.4(l) is the original 256 grey shade palette image.
Figure 2.4(ll) is the black, white and red image (note the red appears as grey in
this figure.) These images are stored on disk as 640 x 480 pixel, 16 colour bit

map files, ready for data processing.

Four images in each specified trouser tear tests were obtained. Images were
obtained before the test commenced, at the point of tear propagation, at maximum
stroke conditions and when it became apparent, after reversal of the strain
direction, that no load was exerted in the legs of a sample. The image detail was
not reduced but instead stored directly on disk as a 640 x 480 pixel, 256 grey

shade palette bit map file, ready for data processing.
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2.4.4 Microscopic Visual Recording of Specimens During Deformation.

Detailed visual characteristics of crack initiation and propagation in both the grain
and corium, were obtained using a geological microscope. Single notch specimens
were strained horizontally using a Hounsfield (W-Type) tensometer. The strain was
applied manually using a turning handle which directly separated the jaws of the
tensometer. The microscope was positioned on a moving platform directly above
a leather specimen with the tip of the notch in centre frame. While a specimen was
being strained, the crack initiated and then propagated. The microscope was
gently moved so that the tip of the notch remained in frame. Sufficient light for
acquisition of visual data was provided by two fibre optically directed halogen light

sources.

Throughout the straining of a sample, microscope images were visually recorded
using a VHS microscope camera and separate recorder. Magnification of the
microscope was set between x80 and x100. Precise magnification levels and
dimensions were evaluated, before straining commenced, by recording the
calibrated 0.2 mm subsections of a graticule placed on the leather surface.
Similarly, the straining of unnotched grain specimens permitted a visual recording
of hair follicle distortion in the grain layer. Once the visual recording was complete,

digitized pictures were obtained by the technique outlined in section 2.4.3.
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2.4.5 Grain Surface Examination.

A geological microscope directly connected to a 35 mm single lens reflex camera
facilitated acquisition of photographic images of the grain surface. The
magnification of the microscope was set to approximately x50. Precise
magnification levels and dimensions were evaluated by photographing the

calibrated 0.2 mm subsections of a graticule, placed on the leather surface.

Subsequent image analysis permitied calculation of hair follicle surface areas and
hair follicle density over the grain surface. A digitised version of the image was
obtained from a photographic, black and white print of 6 x 4 inches. Each
photograph was scanned as a 640 x 480 pixel, 256 grey shade palette image,
using a Hewlett Packard ScanJet llc flat bed scanner and appropriate software.
The image was subsequently reduced in detail from 256 grey shade palette to a
purely black and white pixel image. These images were stored on disk, as 16

colour bit map files, ready for data processing.

2.4.6 Fractography.

Fractography is the visual investigation and characterisation of fracture surfaces
of a material. Fractographical studies, using an Hitachi $2500 Scanning Electron
Microscope (SEM) operated at 10 kV, were carried out on fractured samples of
fatliquored air dried grain, propanone dehydrated grain, fatliquored air dried corium

and propanone dehydrated corium. The results were in the form of micrographs.
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Micrographs of fracture surfaces provide a basis for understanding the fracture
process in each layer of leather by visual assessment of properties such as fibre

pull out and fracture surface roughness.
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2.5 Data Processing and Technigues of Calculation.

The test data were processed using computer programs written in Turbo Pascal

7 on a PC with a 33 MHz, 80486 processor.

2.5.1 Accounting for Inertia at the Test Speed of 166.66 mm s™.

Using a test speed of 166.66 mm s or greater (on the Dartec testing machine) for
tensile tests, strain cycling tests and trouser tear tests, the recorded loads at the
two extremes of strain, altered rapidly and were inconsistent with test data at
lower speeds. This behaviour was accounted for in terms of the load cell
measuring the force necessary to overcome its own inertia. The latter was
considerable when the velocity of the moving jaw was 166.66 mm s™'. This

phenomenon was called an ‘inertia glitch.’

In order to remove the inertia glitch from stroke-force data, another test was run
with the same levels of maximum jaw separation, speed of jaw separation and rate
of data collection, but no sample was clamped in the jaws. At identical recorded
levels of jaw separation, the force reading of the test run with no specimen
(termed No-Specimen-Test) was subiracted from the force reading of the real test
(termed Sample-Test). An estimate of the force required to deform the material
was obtained at each recorded level of extension. In other words, the ‘inertia
glitch’ was removed. The program called ‘Inertia Glitch” performed this process,

(Appendix 3.1).
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The program initially reads the stroke-force data for both the No-Specimen-Test
and the Sample-Test and places each data set in a separate two dimensional array.
The stroke and force data of each test were recorded before jaw separation
commenced to ensure complete recording of all data. Hence, ihe exact starting
point of each test was determined by finding six consecutive increases in stroke
readings. The stroke and force data prior to this starting point were deleted. Each
set of data was normalized to ensure the test began at zero stroke and load by
subtracting the starting stroke and load from every reading of stroke and load in

the data set.

The maximum stroke in each test was found and the subtraction procedure of the
two load values carried out in two sections. The two sections were defined as zero
to maximum stroke and maximum to zero stroke. Comparison of the stroke data
for these two tests showed the readings of stroke at the same point in time were
not identical. Therefore simple subtraction of the No-Specimen-Test load values
from the Sample-Test load values was not feasible. Clearly, interpolation of the No-
Specimen-Test data was required. The interpolation procedure is explained in steps

1 to 4 using the variables listed in Table 2.1.

Table 2.1
Row Number, | Sample-Test, | Sample-Test, | No-Specimen-Test, | No-Specimen-Test,
n mm kN mm kN
1 MMgry kNgry MMyst, kNyst1
2 MMgr,y kNsr2 MMygsta kNyst2
3 MMgr3 kNgry MMyst3 kNnsrs
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Step 1:

In each row of data, the following condition was satisfied,

No-Specimen-Test mm [row n] < Sample-Test mm [row n]l < No-Specimen-Test mm [row n-1]

If the above condition was not satisfied, the row number (n) of the No-Specimen-

Test was increased until the condition was satisfied.

Step 2:
Using the No-Specimen-Test stroke and load data from rows (n) and (n+1) , the

equation of a straight line between the two points was obtained as

KN = {M.mm) + C [2.11
where Y} = (KNygrz = KNygq)} / (Mmygr, - Mmygry) [2.2]
and C = l(NNST1 - (M . mmNs-H) [2.3]

Step 3:

The constants calculated using equations [2.2] and [2.3] as well as the ‘mm’ value
{row n) from the Sample-Test yielded equation [2.1]. This estimate was subtracted
from the kN value (row n) of the Sample-Test to produce data where the inertia

glitch was removed in the current row of stroke and force data.

Step 4:

Steps (1) to (3) were repeated, in both sections of data, for each row of stroke

and force data.

The stroke and force data of the Sample-Test were stored as an ASCII text file

with all inertia glitches removed. At this stage, the data were ready for processing.
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2.5.2 Tensile Tests.

The raw data from each tensile test were processed to obtain force, extension,
stress and strain at the point of specimen rupture and to calculate the energy
required to rupture the specimen. The program called ‘Tensile Test’ performed this
process (Appendix 3.2). Initially, the stroke and force data of a requested test file
were read and placed in a two-dimensional array. The starting point of the test
was determined by finding six consecutive increases in stroke values. The point

of rupture was defined as the maximum force value in the sequence of data.

The data were normalized, to ensure the test begins at zero load and stroke, by
subtracting the starting stroke and load from every stroke and load in the data set.
The energy required to rupture the specimen was calculated by applying Simpson’s
rule to the stroke and force data. The thickness of the sample was input from the

keyboard enabling the calculation of stress. Hence,

Stress / MPa= force [2.4]
(original thickness) x (original width of sample)

and strain was calculated as,

Strain/ % = increase in length x 100% [2.5]
original length

Two separate result files were produced and stored on disk. (i) The normalized

stroke-force and calculated strain-stress profiles were stored as a four column
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ASCII text file. (ii) Test identification and key results of each test were added, as
a single row of data, to a tensile test results file. This row of data comprised: test
code, sample thickness, force at rupture, extension at rupture, stress at rupture,

strain at rupture and the energy required to rupture the specimen.

2.5.3 Strain Cycling Tests.

The raw data from each strain cycling test were processed to obtain (i) force,
extension, stress and strain at maximum extension of a specimen, (ii) calculate the
energy used in straining the material from zero to maximum extension and (iii) the
energy returned on unloading a specimen. A hysteresis ratio and immediate set
were also calculated. The program called 'Strain Cycling Test’ performed these

tasks (Appendix 3.3).

Test data were read, test starting points determined, data normalized and stress
and strain calculated using the same procedures as used for section 2.5.2. The
energy used in straining specimens from zero t0 maximum extension was
calculated by applying Simpson’s rule to the stroke and force data over that range
of stroke. The energy returned on unloading the specimen was calculated by
applying Simpson’s rule to the stroke and force data over the range from maximum
exiension to the level of extension where the load fell to zero. The level of
extension at this point was calculated in terms of strain and denoted as immediate
set. In addition, the hysteresis ratio of the specimen was calculated using equation

[2.6],
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B = (W,-W,) /W, [2.6]

R is the hysteresis ratio, W, is the input energy and W, is the recoverable energy.

Two separate files were produced and stored on disk media. The normalized
stroke-force and calculated strain-stress cycle profiles were stored as a four
column ASCII text file. In addition, test identification and key results of each test
were added, as a single row of data, to a strain cycle test results file. This row of
data comprised: test code, ' sample thickness, force at maximum extension,
maximum extension, stress at maximum strain, maximum strain, energy used in
acquiring maximum extension, energy returned on unloading, hysteresis ratio and

the immediate set in the specimen.

2.5.4 Single Edge Notch Tests.

Raw data from each single notch test were used to obtain (i) load, extension,
stress and strain at the point of specimen rupture, (i) the energy required to
rupture a specimen and (iii) the energy density of a sample at rupture. The program
entitled "Notch Test’ performed these tasks (Appendix 3.4). With few exceptions,
this program achieved its objective in the same way as ‘Tensile Test” (Section

2.5.2). The energy density at rupture was calculated using equation [2.7].

Wg = W,/ {t x| x w) [2.7]
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Wh is the energy density at the point of rupture, W, is the input energy density, t
is the average thickness, | the gauge length of the sample and w the width of the

sample. The dimensions, | and w are constant, therefore,

W = W,/ (0.002 1) Jm?® [2.8]

Two separate result files were produced and stored on disk. (i) The normalized
stroke-force and calculated strain-stress profiles were output as a four column
ASCII text file. (ii) Test identification and key results of each test were added, as
a single row of data, to a noich test results file. This row of data comprised: test
code, sample thickness, notch length, sample volume, energy required to rupture
the specimen, energy density at rupture, force at rupture, extension at rupture,

stress at rupture and strain at rupture.

2.5.5 Distribution of Strain in the Singie Edge Notch Test.

The distribution of strain in single edge notich specimens, described in Section

2.4.3, was calculated in two stages.

In the first stage, the coordinaies of the centre of each dot were obtained in each
digitised picture of both the large and small area matrix of dots in the single notch
test series. For each picture, these coordinates were stored in an ASCII text file.
The program 'Video’ performed this task (Appendix 3.5). The program read a

specified bit map image and placed the image on the visual display unit (VDU). A
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small, hollow movable image of a box was placed on the screen. This box was
moved, using the cursor keys, and was initially located to encompass the top dot
of the first column. The ‘return’ key was pressed and the coordinates of the dot
centre recorded. The hollow box was relocated down the column to successive
dots and the procedure repeated so that the coordinates of each dot centre in that
column were recorded. The hollow box was relocated to the top of the next
column and the entire process repeated in successive columns. The coordinates
of every dot was stored as a two column ASCII file, in the same order that the

coordinate data were collected, i.e. Column(1 to n) [Row(1 to n)l.

In the second stage of the data processing, the two column ASCIH text file
coordinate data were used to calculate local strains between successive, vertically
positioned dots. Clearly some movement of the dots transverse to the principal
strain axis was inevitable and in such circumstances, local strains (between dot
centires) are not measured along the principal strain axis. It was felt that the
magnitude and location of local strain variations was the most imporiant
consideration. To accurately assess the strain field along the principal strain axis,

although possible [Andrews & Fukahori, 19771, was not carried out in this study.

The program ‘Produce the Strain Matrix” (Appendix 3.6) uses the x and y

coordinates of vertically positioned dots (in the same column of dots) to calculate

the distance between dot centres and thus the local strain values.
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2.5.6 Sharpness of the Notch in the Single Edge Notch Test.

The crack opening behaviour of each material was quantified in a series of visually
recorded single notch tests. The red coloured areas devoid of leather, due to the
crack opening, were read as bitmap images and placed on the screen. The profile
of this shape was modelled using the equations of an ellipsé, altering the size of
the major and minor axes accordingly. The program ‘Ellipse’ performed this task
(Appendix 3.7} and Figure 2.5 illustrates the geometry of such a crack being

modelled by an ellipse.
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Crack opening In a
single notch specimen.

Profile of crack modelled
by ellipse, major axis = 2a.

Figure 2.5
The modelling of crack geometry (performed by program 'Ellipse’.)



2.5.7 Trouser Tear Tests.

Raw data from each trouser tear test were processed to obtain, by three separate
methods of calculation, the specific work of fracture or toughness. The program

"Trouser Tear Test’ (Appendix 3.8) performed this task.

Once the trouser tear test data have been normalised, the stroke-load data have
the form shown in Figure 2.6. Point (A) was the point where tearing commences
and was found by assessing successive points of maxima in the data from start
of the test. Once a maximum had been found, the level of stroke required, after
the maximum, to reattain the load value was calculated and called Dist_A_to_C.
This process was repeated with successive maxima until the difference in
Dist_A_to_C at the current and previous maximum was larger than the mean
values of Dist_A_to_C at the current and previous maximum. If the current value
of Dist_A_to_C > 0.5 mm this maximum was denoted as the point where tearing

commences.

The point of maximum stroke is the point where tearing ceases and is denoted
point (B) in Figure 2.6. Point (C) in Figure 2.6 is the point where zero load is
achieved during the reversal of the stroke. The plateau tearing force was
calculated as ithe mean reading of load during propagation of the tear and is

denoted by the point (P) in Figure 2.6.

The three methods used to calculate the energy required io propagate a crack
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through unit area of the material are as follows:

Method 1.

Significant leg extension in an elastic-plastic material.

This method enables calculation of the specific work of fracture while also
attempting to account for energy dissipated in the legs of an elastic plastic trouser
tear specimen. The method is comprehensively discussed in section 3.3.2 (a).
Employing this method, the specific work of fracture, R, was calculated from

Figure 2.6.

Ry

Elastic energy used / Area cleaved [2.9]

R, (Area OABC - (Area OAD - Area BCE)) / t . L. [2.10}

Where t is the thickness of a sample and L is the length of tear in a specimen,

measured using vernier callipers.

Method 2.

Significant leg extension in an elastic material [Rivlin & Thomas, 1953I.

In this method, the energy required to propagate a crack through unit area of

material, is called R, and calculated as,

Rz = (WOA0‘2}\«Fo)/t [2.11]
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W, is the strain energy density in the legs of the test piece, A, is the unstressed
cross section area of the legs, A is the extension ratio in the legs at the point of
propagation, F, is the plateau tearing force and t is the thickness of the specimen.
In Figure 2.6, the point of tear propagation is denoted by point A and the plateau

tearing force by point P.

Method 3.

Insignificant leg extension in an elastic material, [Greensmith & Thomas, 1955].

When very little extension occurs in the legs of the trouser tear specimen, the
extension ratio in the legs, A = 1 and the energy density in the legs, W, - 0.

Under these conditions, Equation [2.10] becomes,

Ry = 2 Fp /t [2.12]

2.5.8 Extension Ratio in the Legs of a Trouser Tear specimen at Tear

Propagation.

To obtain the extension ratio in the legs of the trouser tear specimens (1), the
bitmap images of the trouser tear test series were analysed. Image processing
software (Photofinish®) was used to locate the x-y coordinates of each corner of
each leg. The changes in surface area and extension ratio of each leg were
calculated. The program ‘Trouser Tear Test Leg Dimensions’ (Appendix 3.9)

performed this task.

5 A product the ZSoft Corporation, 450 Franklin Road, Suite 100, Marietta, GA 30067, USA.
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2.6 Chemical Analysis.

2.6.1 Determination of Qil Content.

The IUC/4 procedure [Official Methods of Analysis, 1965] was used to determine
the percentage oil content of grain and corium materials. A material was ground
to produce a power and 10 + 0.1 g of the powder placed in an extraction thimble.
Dichloromethane (200 cm?®) was placed in a flask and the thimble (containing the
ground leather) placed in a Soxhlet extractor. The apparatus was arranged so the
dichloromethane evaporates, condenses, passes through the ground leather and
returns (with the extracted substances) to the flask. Here the dichloromethane was

again evaporated and the process repeaied approximately fifty times.

The dichloromethane was then distilled from the flask containing the extract and
the flask dried in an oven at 102 % 2°C for six hours. The oil content is calculated

using equation [2.13].

Oil Content / % = Mass_of extract x 100 [2.13]
Mass of original ground leather
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2.6.2 Determination of Volatile Matter Content.

The IUC/5 procedure [Official Methods of Analysis, 1965] was used to determine
the percentage volatile matter content (assumed to be extractable water) of grain
and corium materials. A material was ground to produce a powder and 3 = 0.01
g of the powder placed in a crucible. The crucible containing the powder is dried
in an oven at 102 + 2°C for six hours, cooled, weighed and returned to the oven.

This procedure continued until no further weight reduction occurred.

The percentage of volatile matter is calculated on a wet weight basis, using

equation [2.14].

Volatile Matter / % = G,_- G, x100 [2.14]
G,

G, is the weight of the leather powder before drying and G, is the weight of the

leather powder after drying.
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Chapter 3

Tensile and Tear Behaviour.

3.1 Introduction.

The major aims of this study were to characterize and account for differences in
the mechanical behaviour and fracture of the grain and corium layers. The effect
of fatliquoring was also considered. Four materials were used, namely fatliquored,
air dried grain (FADG), propanone dehydrated grain (PDG), fatliquored, air dried
corium (FADC) and propanone dehydrated corium (PDC). In this chapter, the
tensile properties and tearing resistance of grain and corium materials over a range
of strain rates are reported. The levels of energy dissipation during strain cycling
of grain and corium materials were investigated with respect to the level of strain

attained and the rate of strain application.

Leather generally exhibits a ‘J’ shaped stress-strain curve when subject to a
uniaxial tensile test [Attenburrow, 1993]. This type of non-Hookean behaviour is
shown by other materials of biological origin; eg. arterial tissue [Dorbin, 1278},
human skin [Daly, 1966], sea anemone and rat skin [Purslow, 1989al. Such
materials are renowned for high levels of tearing resistance [Vincent, 1982].
Indeed, Gordon [1978] considers the "J’ shaped stress-strain curve an integral

factor associated with the high tearing resistance of these materials.

Uniaxial tensile testing of grain and corium specimens, at a specified strain rate
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until rupture, enabled characterisation of tensile behaviour. This characterisation
included measurement of the stress at rupture, the strain at rupture and the energy
required to achieve rupture. In addition the degree of non-linearity and the
occurrence of yield points® was assessed from inspection of siress-strain profiles.
Trouser tear testing of grain and corium specimens, at a specified strain rate,
yielded the tearing resistance. Three methods of calculating toughness {(outlined
in Section 2.5.7) provided tearing resistance in terms of the energy required to

cleave a crack of unit area through the material; i.e. the specific work of fracture.

Leather is subject to high strain rates as a consequence of the rapid movement and
snagging of shoes / clothing and the high speed lasting of shoes. Leather is also
used in situations where the application of loads are slow; eg. for bag straps, belts
shoes and clothing. Leather is a viscoelastic material [Whittaker, 1975] and as
such, its mechanical properties depend on temperature, time and plasticisers
(especially water). Therefore, at constant temperature and moisture content, the
rate at which a leather is strained influences its tensile properties. Accordingly, to
assess possible differences between grain and corium, the influence of strain rate

on tensile and tear properiies was examined.

An additional type of non-Hookean behaviour usually demonsirated by viscoelastic
materials is apparent when tensile specimens are strained and then unloaded
before specimen rupture. Here, the unloading curve is below the loading curve and

energy is dissipated in the strain cycle, [Mohsenin, 1980]. However the term

8 As will be discussed later, not all the leather in this work displayed a pure 'J’ curve.
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hysteresis can only be strictly applied if the material returns to its original strain
level after deformation [Kinloch & Young, 1990]. Where residual strain is apparent
after a deformation cycle, the material has experienced plastic deformation
resulting in permanent set. Practically, true mechanical hysteresis and plastic
deformation cannot be differentiated because both processes lead to similar

dissipation of energies [Kinloch & Young, 1990].

Andrews [1980] related the apparent fracture resistance of a material () to the
product of a surface free energy term ($ o) and a loss function (®). The surface
free energy term measures the energy required to break unit area of interatomic
bonds across the fracture plane. The loss function describes the energy loss
processes in the bulk solid and is dependent on strain, crack velocity and
temperature. The loss function can be further analysed in terms of the hysteresis
ratio (B). In essence, the loss function equals one, for perfectly elastic materials
(where B=0), and infinity for materials displaying sufficiently large mechanical
hysteresis (where B—1). Accordingly, energy dissipation is very significant when

considering the fracture resistance of a material.

Non-linear viscoelastic deformation ensures that the mechanical properties are a
function, not only of time, but of the magnitude of stress (or strain) applied
[Findley et al, 1989]. Accordingly grain and corium specimens were subject to

strain cycling which covered a range of strain levels over a range of strain rates.
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3.2 Results.

3.2.1 Stress-strain behaviour at a strain rate of 3.33 % s™.

Figure 3.1 shows the stress-sirain curves of tensile specimens cut in a direction
parallel to the backbone. For each material, the stress-strain curves of four
separate tensile tesis are plotted. The specimens were strained at a rate of 1.66
mm s (or 3.33 % s). All specimens were cut over a small region within the
official sampling position for bovine leather (IlUP/1) [Official methods of Analysis,

1965].

Figures 3.1 () and (ll) show the stress-strain curves of FADG (12.5 % oil content)
and PDG specimens respectively. Both materials display an initial region where
straining of the material results in a linear increase in stress. The quasi-linear
response occurs between 0 % and 7 % where the modulus of tensile deformation’

is 10.7 MPa in FADG specimens and 14.5 MPa in PDG specimens.

Beyond this level of strain, the modulus of tensile deformation initially falls to 7.8
MPa in FADG specimens and 9.9 MPa in PDG specimens. The modulus then
gradually increases until specimens attain a strain level of =43 % in FADG
specimens and =~ 34 % in PDG specimens. Here the modulus attains a constant
level of 42.9 MPa in FADG specimens and 44.4 MPa in PDG specimens.
Accordingly, further increases in strain induce linear increases in stress until

specimen rupture.

7 The modulus of tensile deformation = A nominal stress / A nominal strain
over a linear (or quasi-linear) region of the stress-strain curve.
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The presence of oil in the FADG material appears to raise levels of both fracture
stress and fracture strain. Indeed, the average stress level at fracture for the FADG
specimens (12.5 % oil content) is 16.76 + 0.61 MPa compared to 12.92 + 1.05
MPa for PDG specimens. In addition the average level of strain at rupture for FADG

specimens is 65.08 + 0.99 % compared to 47.41 + 1.99 % for PDG specimens.

Typical response characteristics demonstrated by FADC (3 % oil content) and PDC
specimens during a tensile test are shown in Figures 3.1 (lll) and (1V) respectively.
Again the tensile specimens were cut in a direction parallel to the backbone. Both
corium materials have 'J’ shaped stress-strain curves. These curves are
characterized by a low modulus at low strain, followed by a region of increasing

modulus until a constant modulus is achieved at higher strain levels.

The initial region of low modulus occurs between 0 % and 7 % strain in both
FADC and PDC specimens. The modulus of tensile deformation in this strain region
is 10.1 MPa for FADC specimens and 10.2 MPa for PDC specimens. The region
of increasing modulus occurs between 10 % and 30-40 % strain for both corium
materials. Beyond this level of strain, the moduli of tensile deformation remain
constant at 84.1 MPa for FADC specimens and 79.5 MiPa for PDC specimens.
These moduli are noticeably higher than the moduli observed in the corresponding

grain material.

The presence of oil in the corium material has an appreciable effect, increasing the

levels of rupture siress and rupture strain. The average stress level at fracture for
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the FADC specimens is 31.27 + 1.75 MPa compared to 25.01 = 0.85 MPa for
the PDC specimens. Further, the average level of strain at rupture for the FADC
specimens is 59.75 + 3.59 % compared i0 51.83 + 2.26 % for PDC specimens.
Just before rupture, the stress-sirain curves of the FADC specimens turn towards
the strain axis and the modulus of tensile deformation is effectively reduced at this

point.
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The response characteristics of four materials are shown in Figure 3.2. Each graph
shows the stress-strain curves of four separate tensile tests and the specimens
were cut in a direction perpendicular to the backbone. All specimens were

strained at a rate of 3.33 % s™.

The curves in Figures 3.2 (l) (FADG, 12.5 % oil content) and (Il) (PDG) have
several points of interest. Between 0 % and 7 % strain, a linear modulus of tensile
deformation is again apparent and equal to 7.8 MPa for FADG specimens and 14.6
MPa for PDG specimens. As strains exceed 7 %, the modulus of tensile
deformation decreases to 1.1 MPa for FADG specimens and 2.4 MPa for PDG
specimens. A non-linear region in the curve is then apparent up to =65 % in
FADG specimens and =55 % in PDG specimens. At these strain levels, the
modulus of tensile deformation has increased to 31.8 MPa in FADG specimens and

35.1 MPa in PDG specimens.

At the point of specimen rupture, the average nominal siress was higher in FADG
specimens, at 12.38 + 0.70 MPa than in PDG specimens where the average
breaking stress is 10.21 + 0.73 MPa. The average strain at rupture was also
higher in FADG specimens than in PDG specimens. Indeed, the average strain at
rupture was 86.83 + 3.02 % in FADG specimens compared with 65.83 + 3.49%

in PDG specimens.

The stress-strain curves of FADC (3.0% oil content) and PDC specimens, (Figures

3.2 (HI) and (IV)) differ from the situation where corium specimens are cut parallel
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to the backbone (Figures 3.1 (lll) and (IV) ). Unlike the 'parallel’ specimens the
‘perpendicular’ specimens do not have a completely ‘J’ shaped siress-strain curve
throughout the strain range. Instead, between 0 % and 7 % strain, thé stress-
strain curve is linear and has a higher modulus than directly after 7 % strain. The
modulus of tensile deformation between O % and 7 % strain is 8.1 MPa for the

FADC specimens and 8.2 MPa for the PDC specimens.

Above 7 % strain, the modulus of tensile deformation falls to around 5.2 MPa in
both FADC and PDC specimens. The stress-strain curve is then non-linear. Here,
the modulus of tensile deformation steadily increases to a static level of 54.6 MPa
at a strain level of 60 % in FADC specimens and 57.7 MPa at 50 % strain in PDC

specimens.

The average level of breaking stress in FADC and PDC specimens is 25.66 + 1.07
MPa and 23.26 + 1.07 MPa respectively. Thus, specimens cut perpendicular to
the back bone (as opposed to parallel to the backbone) withstand a lower level of
nominal stress before rupturing. In addition, the average level of strain at rupture
in FADC specimens is 86.50 + 5.53 % and in PDC specimens is 72.16 +3.43 %.
Hence corium specimens cut perpendicular to the backbone (as opposed to parallel
to the backbone) can attain significantly higher levels of strain before rupturing.
Before complete fracture of the FADC specimens, the stress-sirain curve turns

towards the strain axis.
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Figure 3.2
Stress-strain curves of FADG (12.5 % oil content), PDG, FADC (3.0% oil content) and PDC
specimens, perpendicular to the backbone and strained 3.33 mm s’.
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3.2.2 Trouser tear tests at a deformation rate of 1.66 mm s™.

Typical trouser tear load-stroke profiles are shown in Figures 3.3 (I) and (ll) for
FADG (12.5 % oil content) and PDG specimens. Figures 3.3 (lll) and (IV) show
typical curves when FADC (3 % oil content) and PDC trouser tear specimens are
tested. The specimens were cut so the notch and advancing tear were paraliel to
the backbone. All specimens were strained at 1.66 mm s™'. Figure 3.4 has the
same format as Figure 3.3. However the specimens were cut such that the notch

and advancing tear were perpendicular to the backbone.

In all materials and both orientations, the pre-tearing region of each curve reflects
the manner in which the load is taken up in the legs of the test piece. Generally,
the load rises with one or two very small fluctuations until continuous tearing in
the specimen ensues (calculation of this point is outlined in section 2.5.7.) Where
the tearing process becomes continuous, fluctuations in load around a plateau are

apparent.

The load at the plateau appears higher with corium specimens than with grain
specimens. The plateau tearing force is generally higher with fatliquored, air dried
specimens than with propanone dehydrated specimens. This is true for both grain
and corium materials and is particularly noticeable in specimens cut perpendicular

to the backbone.

In all trouser tear tests, the stroke was reversed at a level of 456 mm and the
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specimens unloaded. During this period, the load falls rapidly and generally drops
to zero before a siroke level of 40 mm. Visual recording of the tests and
subsequent measurement of the extension ratio in the legs of the trouser tear
specimen, at the point of tear propagation, revealed the extension ratio equals
approximately one. This observation justifies the assumptions underlying Equation

2.12, where A=1 and W, = 0.

Each test was performed four times with a fresh specimen. Tables 3.1 & 3.2
shows pertinentinformation regarding direct measurements of specimen thickness,
stroke and load at the point of tear propagation, crack area and the extension ratio
in the legs of the trouser tear specimens. The tables also report the energy
supplied at several stages during stroke application and reversal, as well as three
toughness calculations for each material. Table 3.1 reports information regarding
specimens of FADG (12.5 % oil content), PDG, FADC (3% oil content) and PDC
cut in a direction parallel to the backbone. Table 3.2 has identical format but
contains information regarding specimens cut in a direction perpendicular to the

backbone.

The results in Tables 3.1 and 3.2 reveal several interesting characteristics:

(i) The three methods produce different estimates of toughness, but all show the
same trend. Corium material is significantly tougher than grain. Fatliquored, air
dried material is tougher than propanone dehydrated material. However, method

(2) predicts the highest toughness while method (1) predicts the lowest toughness.
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(ii) The corium material is universally tougher than the respective grain material.
The toughness depends on the direction of tear propagation (whether parallel or
perpendicular to the backbone) and the presence of oil. In the case of FADG (12.5
% oil content) and FADC (3.0 % oil content) where the tear propagated in a
direction parallel to the backbone, the toughness of the corium was 60 % greater
than the grain. In the case of PDG and PDC, where the direciion of tear
propagation was perpendicular to the backbone, the toughness of the corium was

300 % higher than the grain.

(iii) All three methods of calculating toughness show that oil has a substantial
effect on the toughness of both grain and corium materials. In the case of the
grain where the tear propagates in a parallel direction to the backbone, the
toughness is approximately doubled by the presence of oil at 12.5 %. In this
tearing direction, the toughness of the corium is increased by approximately 30 %
when oil is present at 3.0 %. However, in the case of the grain where the tear
propagaies in a direction perpendicular 1o the backbone, the toughness increases
300 % when 12.5 % oil is present. In this orientation the toughness of the corium

is also increased by the presence of 3.0 % oil, but only by around 30 %.

(iv) With grain material, the energy supplied to reach the point where continuous
tearing occurs, is substantially higher when oil is present (i.e. FADG as opposed
to PDG). Where specimens are cut in a direction parallel to the backbone, the total
energy supplied at the point where continuous tearing occurs is 220 % greater in

FADG materials than PDG material. This feature was enhanced when the direction
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of tear was perpendicular to the backbone. Here, the presence of oil increased this

energy by 750 % !

(v} Estimates of the extension ratio, based on visual measurements of the
specimen legs at the point of tear propagation are much lower than half the stroke
at the point where continuous tear propagation commences (eg % 0D in Figure
2.6). These quantities should be equal where continuous tear propagation directly
follows tear initiation. Visual measurement of the extension ratio relies on direct
observation of the first advancement of the tear. The results indicate some degree
of tear occurs prior t0 gross tear propagation and it is contended that using the
visual method, the estimate of the point of continuous tear propagation (and
consequently the extension ratio in the legs, A) is premature resulting in low

estimates of A.
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Figure 3.3
Load-Stroke Curves of FADG (12.5 % oil content), PDG, FADC (3.0% oil content) and PDC
Trouser Tear Tests. Specimens parallel to the backbone and strained at 1.66 mm s’.
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Figure 3.4
Load-Stroke Curves of FADG (12.5 % oil content), PDG, FADC (3.0% oil content) and PDC
Trouser Tear Tests. Specimens perpendicular to the backbone and strained at 1.66 mm s’.
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Table 3.1: Trouser tear test results (Direction of tear propagation parallel to the backbone.)

Load at continuous tear propagation /
N

FADG PDG FADC PDC
Thickness / mm 0.76 +0.12 1.01 £ 0.05 3.42 + 0.18 4.07 + 0.06
Length of tear / mm 16.63 + 1.55 21.25 + 0.50 17.88 + 0.48 16.63 + 0.48
Stroke at continuous tear propagation 12.05 + 2.67 7.17 £ 1.70 12.32 + 3.63 16.42 +1.83
1/ mm

18.19 + 7.83 10.47 + 1.31 147.75 + 28.45 130.29 + 10.21

Area cleaved / m?

1.25x10% + 1x10¢

2.16x105 + 8x10.7

6.12x10% + 2x107

6.76x10° £ 3x107

Plateau force / N

20.70 + 8.13

13.16 + 1.88

167.75 + 24.53

126.32 + 5.72

Energy supplied at continuous tear
propagation / J

0.1244 £ 0.0767

0.0391 + 0.0121

1.0168 + 0.5888

1.1169 = 0.1943

Energy supplied at maximum stroke / J

0.7783 + 0.2815

0.6279 + 0.0681

6.0025 + 0.7585

4.5993 = 0.2327

Energy returned on unloading / J

0.0333 + 0.0127

0.0068 + 0.0081

0.1703 + 0.0193

0.121 £ 0.0142

Energy supplied during continuous tear
propagation / J

0.6538 + 0.2178

0.4888 + 0.0752

4.9857 + 0.2269

3.4824 t 0.2047

Extension ratio in specimen legs at
tear initiation

1.11

1.09

1.08

1.08

Toughness (method 1) / J m?2

51,863 + 13,633

22,724 £ 3,741

81,672 * 3,846

51,490 + 2,228

Toughness (method 2) / J m?

69,649 + 16,604

28,251 + 3,809

99,254 + 12,001

64,588 + 2,117

Toughness (method 3) / J m?

63,750 + 14,966

25,933 £ 3,493

91,875 + 11,242

61,604 + 2,028

Table 3.2: Trouser tear tests results (Direction of tear propagation perpendicular

to the backbone.)

Load at continuous tear propagation /
N

FADG PDG FADC PDC
Thickness / mm 0.78 £0.05 0.98 + 0.04 3.80 = 0.10 4.20 + 0.06
Length of tear / mm 15.75 + 0.96 20.75 + 0.29 16.63 + 0.48 17.00 £ 0.41
Stroke at continuous tear propagation 18.25 + 2.44 5.54 + 0.66 12.85 + 3.65 11.29 +2.16
[ mm

23.35 £ 5.14 6.95 + 1.89 155.25 + 65.01 96.34 + 7.97

Area cleaved / m?

1.23x10°% + ax107

2.03x10°S + 8x10-7

6.33x10°% + 3x107

7.15x10% + 2x107

Plateau force / N

21.08 = 2.11

6.36 + 0.80

166.75 + 20.30

106.13 + 10.25

Energy supplied at continuous tear
propagation / J

0.2133 + 0.0804

0.0251 + 0.0057

1.0025 = 0.56319

0.5733 + 0.1499

Energy supplied at maximum stroke / J

0.7560 + 0.0874

0.2728 + 0.0312

6.1875 + 0.6856

4.0896 = 0.4092

Energy returned on unloading / J

0.0284 + 0.0094

0.0035 + 0.0019

0.2058 + 0.0584

0.0922 + 0.0229

Energy supplied during continuous tear
propagation / J

0.5427 + 0.0286

0.2476 + 0.0316

5.1850 + 0.3946

3.5163 x 0.4850

Extension ratio in specimen legs at 1.16 1 1.08 1.05
tear initiation
Toughness (method 1) / J m? 44,331 £ 3,226 12,213 + 1,327 81,913 * 3,320 49,229 * 6,898

Toughness (method 2) / J m?2

62,668 + 5,537

12,994 + 1,232

94,501 + 9,470

52,920 + 4,646

Toughness (method 3) / J m?

64,125 + 4,872

13,000 + 1,262

87,575 + 8,870

50,451 + 4,442
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3.2.3 Ultimate tensile properties and strain rate.

Breaking stress, breaking strain and the energy supplied to rupture tensile
specimens are shown as functions of strain in Figures 3.5, 3.6 and 3.7
respectively. The strain rates used for these tests were 0.33 % s, 3.33 % s,
33.33 % s” and 333.33 % s'. All tensile specimens were cut parallel to the

backbone.

Figures 3.5, 3.6 and 3.7 graphs (l) and (ll) show the response characteristics of
the FADG (oil content 12.5 %) and PDG materials respectively. Similarly, the
response characteristics of the FADC (oil content 3.0 %) and PDC materials are

shown in (lll} and (IV). In all graphs, the strain rate axis uses a logarithmic scale.

At each strain rate, four specimens were tested, allowing calculation of relevant
averages and standard deviations. All graphs show average values of properties
(i.e. breaking stress, breaking strain and energy supplied to rupture the tensile
specimens) as well as the appropriate error bars (plus and minus one standard
deviation). A trend line through the data and the relevant equation are also shown.
The equations are of the form,

y = kx"

Here v is the average breaking stress, breaking strain or energy supplied to rupture
specimens; k is a constant; x is the percentage rate of deformation per second and

nis an exponent where O< n <« 1.
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Figure 3.5 which shows the effect of strain rate on the breaking stress of tensile

specimens has several points of interest:

{i

{ii)

(iii)

The average breaking siress of grain specimens is much lower than the
average breaking stress of the corium specimens over the range of strain
rates examined. This result confirms that the earlier finding obtained at a

strain rate of 3.33 % s, is applicable over a wide range of strain rates.

On increasing the strain rate from 0.33 % s t0 333.33 % s, the average
tensile stress at failure of FADG specimens increases 21 %. However, the
magnitude of this phenomenon is not repeated by PDG specimens. Here, an
increase of only 8 % is predicted by the trend line but the error bars show
this conclusion is not statistically significant. In addition, at every strain rate
examined, the average breaking stress of grain specimens is at least 35%

greater when oil is present in the material (i.e. FADG).

Over the range of strain rates examined, the FADC and PDC specimens
experience an increase in breaking stress of 25 % and 30 % respeciively.
Further, the average breaking stress of FADC specimens is at least 10 %

greater than PDC specimens at all rates of applied strain.
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Relationships between strain rate and breaking strain (Figure 3.6) lead to the

following general points:

(M

(ii)

(iii)

(iv)

The breaking strain of FADG and PDG specimens are only marginally

influenced by the rate at which the specimens are strained.

The breaking strain attains a maximum of approximately 60 % in FADG
specimens and 40 % in PDG specimens. This difference is directly attributed
to the presence of oil in FADG specimens. Indeed, the average breaking

strain of FADG specimens are the highest observed in the materials studied.

In both corium materials, a tangible increase in average breaking strain is

observed when the strain rate is increased by a factor of 1000.

The breaking strain at all strain rates, is greater in FADC specimens than in
PDC specimens which can be directly attributed to the presence of oil in the

FADC specimens.

Figure 3.7 shows the effect of strain rate on the energy supplied to rupture tensile

specimens. It is important to note that:

0]

The energy supplied to cause specimen rupture was approximately 8 times

higher for corium specimens than for the corresponding grain specimens.
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{ii)

(iii)

On increasing the strain rate from 0.33 % s to 333.33 % s, the average
energy supplied to rupture FADG specimens increased 34 %. However, no
discernible rate dependency was observed for PDG specimens. Further, over
the range of strain rates examined, the average energy supplied to rupture
grain specimens was significantly higher when oil is present in the material

(i.e. FADG specimens).

On increasing the strain rate from 0.33 % s to 333.33 % s, a 45 %
increase in the energy supplied to rupture FADC specimens was apparent.
This trend was also observed with the PDC specimens where the energy

supplied to cause rupture increased 59 %.
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Figure 3.5

The effect of strain rate on the breaking stress of FADG (12.5 % oil content)
PDG, FADC (3.0 % oil content) and PDC tensile specimens.
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Figure 3,6

The effect of strain rate on the breaking strain of FADG (12.5 % oil content),
PDG, FADC (3.0 % oil content) and PDC tensile specimens.
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Figure 3.7

The effect of strain rate on the energy required to rupture FADG (12.5 % oil content),
PDG, FADC (3.0 % oil content) and PDC tensile specimens.
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3.2.4 Tearing resistance and strain rate.

The results of trouser tear tests conductied over a range of deformation rates are
reported in this section. The rates of deformation used were 0.16 mm s™*, 1.66
mm s, 16.66 mm s' and 166.66 mm s'. At these rates, eight trouser tear
specimens were tested. Tear propagation was parallel to the backbone in four
specimens and perpendicular to the backbone in four specimens. Visual recording
of the tests enabled an assessment of the extension ratio in the legs of a specimen
at the point of tear propagation. In each material, one visual measurement of the

extension ratio was carried out at all deformation rates in both directions of tear.

The thickness of each specimen was measured before testing and the final length
of the tear measured after testing. Hence the area cleaved in each specim:an was
calculated. Numerical integration of load-stroke information yielded the following
information: the energy supplied to the point of continuous iear propagation, the
energy returned on unloading the specimen and the energy supplied during
continuous tear propagation. Three different methods for calculating the tear

resistance (outlined in section 2.5.7) were used to determine the toughness of

each specimen.

Accordingly, from each trouser tear test, a profile of results was assembled. The
list of data included: (1) the tearing speed, (2) tearing direction, (3) average
specimen thickness, (4) length of the tear, (5) stroke at the point of continuous

tear propagation, (6) load at the point of continuous tear propagation, (7) the area
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cleaved in the specimen, (8) the plateau tearing force, (9) the energy supplied at
the point of continuous tear propagation, (10) the energy supplied at maximum
stroke, (11) the energy returned when unloading the specimen, (12) the energy
supplied during continuous tear propagation, (13) the extension ratio in the legs,
(14) toughness (method 1), (15) toughness (method 2), and (16) toughness

{(method 3).

Under conditions of identical deformation rates and direction of tear propagation,
an average and standard deviation was calculated for each item in the results
profile. The results are shown in Tables 3.3 and 3.4 which are given in Appendix
4. Table 3.3 summarises the results for FADG (12.5 % oil content) and PDG
specimens and Table 3.4 for FADC (3.0 % oil content) and PDC specimens. Both
tables contain a large amount of information for calculating, by the three

approaches, the intrinsic tear resistance of each material, at each orientation.

To examine the relationship between deformation rate and toughness, as
calculated by three approaches, relevant data have been extracted from Appendix
4 (Tables 3.3 and 3.4). The average toughness of each material at each orientation
is plotted against the deformation rate on a logarithmic scale in Figures 3.8 to
3.10. Error bars illustrate plus and minus one standard deviation of the average

toughness.

For all the graphs in Figure 3.8, method 1 (R,) was used to appraise any changes

in toughness over the range of deformation rates examined. All graphs in Figure
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3.8 show the relationship between toughness and deformation rate. Within Figure

3.8, the material referred to in each graph (i.e. | to VI is as follows:

0 & FADG specimens, where the tearing direction is perpendicular to the
backbone in () and parallel to the backbone in (ll).

(1) & (IV) PDG specimens, where the tearing direction is perpendicular to the
backbone in (lll) and parallel to the backbone in (IV).

(V) & (V1) FADC specimens, where the tearing direction is perpendicular to the
backbone in (V) and parallel to the backbone in (V).

(vi) & (vily  PDC specimens, where the tearing direction is perpendicular to the

backbone in (Vi) and parallel to the backbone in (VIIl).

This layout is repeated in Figures 3.9 and 3.10. However, in Figure 3.9, the

toughness values were those calculated by method 2 (R,). Accordingly, the

toughness values in Figure 3.10 were those calculated by method 3 (R;).
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Figures 3.8, 3.9 and 3.10 show the relationship between strain rate and toughness

as evaluated by three different approaches. From these graphs, three features are

immediately apparent:

(i)

{ii)

(iii)

The corium specimens are two to four times tougher than the respective
grain specimens. This is true for all rates of deformation, regardless of the
toughness calculation used, confirming earlier findings at a deformation rate

of 1.66 mm s™.

Where the material has been fatliuored and air dried as opposed to
propanone dehydrated, higher toughness levels are observed. This trend is
apparent at all rates of deformation employed in all methods of toughness

evaluation.

The three methods of calculating toughness do not produce exactly the
same results although the trend of increasing toughness with increasing
deformation rate is, in general, unaffected by the method of calculation.
Estimates of toughness are highest when using method 2. Toughness
estimates are slightly lower by using method 3 and slightly lower still by

using the calculation techniques of method 1.

Figures 3.8 to 3.10 show a trend line. The equation of each trend line has a power

law format. Table 3.5 summarises the equation of the trend line in each graph.

Using these equations, the percentage increase in toughness by increasing the rate

of deformation from 0.16 mm s to 166.66 mm s was calculated. Table 3.6

reports the percentage increase in toughness of each material, in each tearing

direction, by all three methods of calculating the toughness.
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3.2.5 WMeasurement of the Hysteresis Ratio.

Stress-strain reversal loops were obtained in the positive stress and strain
quadrant using dumbell specimens of FADG, PDG, FADC and PDC materials.
Specimens were strained to 20 %, 40 %, 60 % and 80 % of the elongation at
break and the strain was then reversed. This procedure was repeated for various
strain rates. A new specimen was used for each experiment and all specimens

were cut parallel to the backbone.

In any one material, at a specified strain rate, the upward loop in the stress-sitrain
curve of all specimens should be identical up to the point where the strains are
reversed. However, this ideal situation was not apparent when testing the
specimens. Indeed, the induced siress at identical levels of strain were not always
the same. This phenomena was attributed to the variation in mechanical properties

in materials of biological origin including leather, [Maeser, 1960].

Nevertheless, the observed level of hysteresis in each material, at each strain level,
at each strain rate can be calculated as outlined in section 2.5.3. The hysteresis
data are shown in Figures 3.15 to 3.18 for FADG (12.5% oil content), PDG, FADC
(3.0 % oil content) and PDC specimens respectively. In each figure, graphs (I) to
(IV) show plots of hysteresis versus the maximum cycle sirain at rates of

0.33 % s, 3.33 % s, 33.33 % s and 333.33 % s respectively.
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The trend curves in each graph are based on a relationship of the form:

B =Ke

Where B is the hysteresis ratio, K is a constant, ¢ is the maximum cycle strain and
0< n < 1. Thus, all materials are assumed to show a rapid increase in hysteresis
with strain between zero and 10 % strain, as observed in some non-linear inelastic
polymers [Andrews & Fukahori, 1977]. In general, when maximum cycle strains
exceed 10 %, successive testing at greater strains achieves only small increases

in hysteresis.

The hysteresis values also tend to decrease with increasing strain rate in all
materials. The magnitude of hysteresis also varies significantly between the grain
specimens and the corium specimens. For example, at a strain rate of 3.33 % s™',
at 20 % strain, the trend lines predict values of 8 = 0.81 for FADG specimens,
B = 0.78 for PDG specimens, B = 0.59 for FADC specimens and B = 0.72 for
PDC specimens. The equations of the observed relationship between B and the

maximum cycle strain for each material are shown in Table 3.7.
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Figure 3.11

Hysteresis ratio for FADG (12.5 % oil content) at various strain rates and levels.
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Figure 3.12

Hysteresis ratio for PDG at various strain rates and levels.
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Figure 3.13

Hysteresis ratio for FADC (3.0 % oil content) at various strain rates and levels.
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Figure 3.14

Hysteresis ratio for PDC at various strain rates and levels.
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3.3 Discussion.

In order to discuss differences in mechanical and / or fracture properties between
grain and corium materials, it is necessary (due to the differing levels of oil in
fatliquored air dried grain and corium) to compare only the propanone dehydrated

grain with the propanone dehydrated corium.

3.3.1 Uniaxial Tensile properties.

Uniaxial tensile tests were used to characterise the four leather materials
examined. This characterisation was based on measurements of tensile moduli
where the stress-strain curve is quasi-linear, measurement of the nominal stress

and strain at rupture and observation of general yielding behaviour.

Maeser and Dion, [1954] evaluated the relationship between thickness and tensile
strength of both grain and corium materials. They used lightly fatliquored bovine
leather which is comparable to the propanone dehydrated leather (grain and
corium) used in this study. The thickness of the grain material employed in this
study was approximately 1 mm and the thickness of the corium material was
between 3 mm and 4 mm. At these thickness, Maeser and Dion [1954] observe
a tensile strength of 10 + 2 MPa for grain specimens and 20 + 5 MPa for corium
specimens. The tensile strengths of the PDG and PDC materials reported in this

study (see section 3.2.1) are therefore consistent with earlier work.
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The extension at rupture of full substance bovine leather (adjoined grain and
corium) was assessed by Vos and Vlimmeren [1973]. The latter authors focused
on the effect of specimen location on tensile properties, over the entire region of
a leather side. The percentage elongation at specimen rupture ranged from 35%
to 75%, depending on location and orientation of the specimen. The resulis of
section 3.2.1 generally lie within this range. However the fatliquored, air dried
grain and corium specimens oriented perpendicular to the backbone rupture at
strains up t0 20 % higher. The specific effects of both specimen orientation and
oil content on tensile properties are discussed later in sections 3.3.4 and 3.3.5

respeciively.

At this point, it is appropriate to compare and contrast the tensile properties of
grain and corium materials with some other common materials. Accordingly, Table
3.8 shows the tensile modulus, the tensile strength and the ultimate sirain % for
six common flexible materials, as well as three more rigid materials for comparison.
Nevertheless, a level of caution should be adopted because the material properties

can change markedly with temperature and strain rate.
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Table 3.8

Material Tensile Tensile Ultimate Reference
modulus strength strain
/ MPa / MPa 1%

FADG (12.5 % oil content) | Initial = 11 (/0 1740 65 (1 Section 3.2

Final = 43 (N

Initial = 8 (1) 12 {n) 87 (L) Section 3.2

Final = 32 (o)
FADC (3.0% oil content) Initial = 10 (N 31N 60 (N Section 3.2

Final = 84 (1

Initial = 8 (v) 26 (n) 87 (w) Section 3.2

Final = 55 (1)
Human skin in vitro initial = 0.005 17 65 Daly, [1966]
{femaie abdomen) Final = 130
Silk (cocoon thread) 7,100 600 18 Wainwright et al [1976]
Typical rubber vulcanizate N/A 1.4 320 Greensmith, [1960]
Polyvinyl acetate / chloride | N/A 3035 200--400 | Higgins, [1977]
Flexible Polyvinyl chloride N/A 725 240380 | Higgins, {1977] & Atkins & Mai {1988]
(PVC)
Polyethylene < 200 12 90650 Higgins, {1977] & Sinnot, (1991}
Teflon (PTFE) < 1000 1725 200600 | Higgins, [1977]
Human nail 4,500 18 14 Duck, [1990]
Mild steel 210,000 430 <1 Sinnot, [1991]

Human skin, like bovine leather, has a low initial modulus and a final tensile
modulus that is significantly higher, indicative of ‘J’ shaped stress-strain
behaviour. However, the initial modulus of human skin is 3 orders of magnitude
lower than either grain or corium materials and the final tensile modulus of human
skin is 2-3 times higher than observed in either grain or corium materials.
Nevertheless, both the tensile strength and the ultimate strain of leather and

human skin are comparable.

Details of other flexible materials are also included in the Table 3.8: rubber
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vulcanizates (typical applicaiion: tyres); polyvinyl acetate / chloride (typical
application: upholstery and covering for wires and cables); flexible Polyvinyl
chloride (PVC) (typical application: imitation leather cloth); Polyethylene (typical
application: plastic bags). In these flexible materials, the tensile strengths are again
comparable to grain and corium material. However, the fracture strains of these

materials are considerably higher.

The results of section 3.2.1 also show that, for both grain and corium at a nominal
strain level of approximately 7%, a kink in the stress-strain curve is observed. At
this level of strain the reduction in specimen thickness and/or specimen width is
negligible. Thus the nominal stress values are tantamount to the true stress values.
Accordingly, it is safe to say that an extrinsic yield point occurs at a nominal s\train

of approximately 7%.

Directly after the yield point, little or no strain softening in grain or corium
specimens is apparent in the respective stress-strain curves. As nominal strains
increase, the respective stress-strain curves indicate that grain and corium
specimens experience orientation or strain hardening. The profile of these curves
are similar to those given by some crystalline polymers and fibre-forming glassy
polymers which show a high degree of molecular orientation on drawing. In these
materials, the rapid orientation hardening masks any possible strain softening

[Kinloch & Young, 19901.
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3.3.2 Tearing and the specific work of fracture.

The results in section 3.2.2 reveal that the specific works of fracture (or
toughness) of the grain and corium, are both high when compared to many metals,
polymers and rubbers. Accordingly, the grain can be regarded as a ‘tough’ material
and the corium regarded as an ‘exceptionally tough’ material. Table 3.9 compares

the specific work of fracture (R) for several materials.

Table 3.9

Material Specific work of fracture, | Reference
R/ kJm?

FADG (12.5 % oil content) 40-50 Section 3.2
FADC (3.0 % oil content) 80-90 Section 3.2
Rat skin 2030 Purslow, 119801
Rabbit skin 20 Atkins & Mai, [1988]
Medium carbon steel 14 Atkins & Mai, [1988]
Rubber vulcanizates 37 @ slow rates. Ward, 11983]
Flexible polyvinyl chloride (PVC) | 45 Kendall, [1979]
High density polyethylene 33 Kendall, [19791
Teflon (PTFE) 8 Atkins & Mai, [1988]
Titanium alloys (Ti-6Al-4V) 49 Atkins & Mai, [1988]

The grain material is tougher than many polymers and the corium significantly
tougher still. The specific work of fracture of the grain is comparable to rat and
rabbit skin. However, the corium is very tough, exceeding the specific work of

fracture of titanium alloys.
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In discussing the toughness of leather, it is interestiing to note (from section 3.2.1),
that the stress-strain curve of both grain and corium materials are approximately
*J" shaped. A proposal by Gordon [1978] that materials with a "J’ shaped stress-
strain curves are 'more difficult to tear’ generated considerable discussion,
theoretical analysis and experimental evidence in support of, and in opposition to
Gordon's argument [eg Kendall & Fuller, 1987 and Mai & Atkins, 1989]. Gordon
[1978] argued that the early horizontal portion of a 'J’ shaped curve reflects a lack
of shear connectivity in the material. This lack of shear connectivity means it is
difficult to concentrate energy into the path of an existing crack and therefore

such materials are difficult to tear.

Mai and Atkins [1989] recognised that while many 'J’ shaped materials can be
easily cut or pierced, the deformation in such conditions is extremely localised. In
tests such as the trouser tear test, energy must be fed to the crack site from
remotely loaded regions. By testing an elastic material with a ‘J’ shaped stress-
strain curve, significant sirains must be achieved in the specimen legs, before the
strain energy at the crack site is sufficient to ensure tearing. Accordingly, the

materials are "difficult to tear’.

Leather is based on a biological tissue, skin, which has been chemically modified.
The collagen macromolecules have been chemically crosslinked (tanned) to provide
increased thermal stability and resistance to microbial attack. Nevertheless, the
tearing resistance of biological tissues and leather should be comparable. Purslow
[1989a] identified two key factors involved in the tearing resistance of such

materials:
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(i) The strain energy stored in the legs of the specimen.

(ii) The nature of the load-stroke profile during the test.

The strain energy stored in the legs of a trouser tear test specimen can be
assessed by considering two regions of the load-stroke profile; (i) the region of
pre-tearing and (ii) the region of unloading. In the region of pre-tearing, the
specimen legs are being strained and in the region of unloading, the strain is being

reversed.

The results of section 3.2.2 show the legs of the trouser tear specimens are
subject to some deformation. To assess the most appropriate method(s) for
calculating the toughness of these materials, a theoretical analysis is required. The
analysis considers the extension of the legs in different material specimens and the
consequential affect on each method of calculation. The behaviour of the specimen
legs is considered in terms of the strain in the legs, the strain energy density in the

legs and the levels of elasticity / plasticity in the legs.
3.3.2 (a) Analysis: The specific work of fracture calculation methods.

The loading-unloading traces for :trouser tear tests are generally siraight. However,
some 'J’ shaped behaviour is observed in the loading-unloading regions of corium
specimens. Mai and Atkins [1989] assert that if 'J’ shaped behaviour is shown in
the trouser tear test loading-unloading traces, the toughness of an elastic material

is effectively increased. They calculate the specific work of fracture, (R) as,
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R = 2%/t + [Zn/(n+'l)]/C”“()(f/t)‘"”"“

where X; is the plateau tearing force, t is the specimen thickness, n is the
exponent in (o0=0,€") to give the non-linear load-stroke behaviour on loading and

unloading and C = wo, where w is the width of specimen legs.

However with the materials examined in this study, the numerical value of the
expression [2n/(n+ 1)I/CO¢G/A " is insignificant and < (1x10% J m2.
Accordingly, it was considered more appropriate to examine linear load-stroke
behaviour on loading and unloading the trouser specimens. To examine differences
in the three methods of toughness calculation, three different trouser tear test

load-stroke profiles are analysed:

(i) The load-stroke profile of a linear elastic material where the leg extension
is insignificant.

(ii) The load-stroke profile of a linear elastic material where the leg extension
is significant.

(iiiy  The load-stroke profile of an elastic-plastic material where leg extension is

significant.

(i} Insignificant leg extension in a linear elastic material.

Where leg extension is insignificant, the loading-unloading sections of the load-
stroke trace would be essentially vertical. Indeed, the load stroke profile for a

linear elastic material would resemble Figure 3.15 () [Mai & Atkins, 1989]. To
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calculate the work of fracture by the energy method (R;), the work area,
represented by area OABC, is divided by the area of crack produced in the
specimen. However, under the conditions shown in Figure 3.15 (I) the following

relationships are apparent:

Crack area = % Length AB . t {where t is the specimen thickness)

Area OABC = Length AB . X (where X is the plateau tearing force)

W, - 0 {where W is the strain energy density in the legs)
A1 {where A is the extension ratio in the legs)

From Equation 2.9

R, = Energy Used / Area Cleaved [2.9]
R, = Area OABC / Crack area [3.1]
R, = Length AB . X/ %2 Length AB . t [3.2]
R, =2X/t

Therefore Ri = Rg [3.3]

Under conditions of linear elasticity where deformation in the specimen legs is
insignificant (A - 1) and negligible strain energy is stored in the legs (W, - 0}, the
Rivlin and Thomas equation [1953] shown as R, in Equation 2.11, reveris to

2 X / t. Therefore R, -~ R, and R, - R;.
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(ii) Significant leg extension in a linear elastic material.

According to Figure 3.15 (ll) the gradient of line AB is greater than the gradient of
line BC. At first sight, this seems to imply more energy is returned on unloading
than when supplied on loading the specimen legs to ensure tearing. This
phenomenon is observed because, as the tear propagates through the specimen,
the length of each leg is effectively increasing and therefore the elastically stored

strain energy in each leg must also have increased.

Atkins and Mai [1988, p102] analysed the trouser tear test where the specimen
legs are linear elastic and can store strain energy. The expression arrived at for the
specific work of fracture, using the graphical method of Atkins & Mai [1988], is
comprehensively derived in Appendix 5. Using this method, the specific work of

fracture (R) is given by equation [3.4].

R=X/wtE + 2X/t [3.41

Examination of equation [3.4] reveals that as the tensile modulus E - o, {shown
in Figure 3.15 (I)) the specific work of fracture expression revertsto R = 2 X / t,
i.e. Rs;. However, in addition to the assumption of linear elasticity, the other
assumptions made in the analysis are strict. In essence, the analysis assumes the
tearing force (X), the stress in the growing trouser legs and the strain in the

growing trouser legs are constant.
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From Table 3.1 and the specimen dimensions, using PDC specimens, it is possible
to see the magnitude of the term (X2 / w t* E ) in equation [3.4].

X =125N

w=125x10%m

o = (Load at continuous tear propagation / wt)

0=130/(125x10%x 4 x 10% = 2.6 x 10° Pa

€ = (Stroke at continuous tear propagation / 2 x original leg length)

€ = 16.42 /40 = 0.41

E= o0/ = 26x10°/0.41 = 6.34 x 10° Pa

Therefore, from equation [3.4], in the case of PDC specimens tested at a rate of

1.66 mm s, where the direction of the tear was parallel io the backbone,

R= X2/wtE + 2X/t

)
I

12,323 + 62,500

=
Il

74,823 J m?

The specific work of fracture, R, obtained from equation [3.4] is significantly
higher than obtained utilising any other method. It would seem that if the material
does not comply with the assumptions made in deriving equation [3.4] (i.e. linear
elasticity etc), its application becomes dubious. It is coniended here that equation
[3.4] significantly overestimates the toughness of leather because, in deriving
equation [3.4], two non-linear terms are iniroduced. These terms amplify the
disparity in mechanical properties beiween the fully elastic case and the elastic-

plastic case, where significant energy dissipation is observed. As noted in section
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3.2.5, leather is highly energy dissipating when deformed. Accordingly, this

method of calculating the specific work of fracture was not adopted in this study.

In calculating R,, the toughness varies if the strain level and / or strain energy in
the specimen legs becomes significant, [Rivlin and Thomas, 1953]. The nature of
these variations can be explored by examining equation [2.11]. This equation can
be rearranged to produce an expression for R, in terms of the plateau tearing force,

the strain in the legs and the specimen thickness.

From R, = (W, A, -2 2 X) /¢ [2.11]
Where W, = Energy density in specimen legs
W, = Area OAD / (t, . w;. L) [3.5]

where t, is the true thickness of the legs at iear propagation, w; is the width of the
legs at tear propagation and I, is the length of the specimen legs at tear

propagation.

i

A, Original cross-sectional area of legs

A, (t, - W) [3.6]

where t, is the original thickness of the legs and w, is the original width of the

legs.

8 Equation [2.11] is not identical to the equation derived by Rivlin & Thomas [1953], However, () is required for
dimensional correctness.

Equation [2.11] has also been applied by Purslow [1989a] to calculate the toughness of rat skin.
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Assuming the thickness and width of specimen legs remain unchanged, i.e.

t, = 1, and w, = w, then,

W, A, =
Assuming,

Area OAD

I

Al

Substituting into [3.7],
W, A,
W, A,
W, A,
Wo Ao
Taking { 2 A X)
2AX =
2AX

It

Substituting [3.8] and [3.
R, .t
R,.t
R, .t
R,

R,

Area OAD /|,

= % Length OD . X
= 1, + Al

= Length OD

=  (ROD.X)/(, + A}

= (%ROD.X)/{, + OD)

= % X/(I,/OD + OD/OD )
= X/2(1/e+ 1)

2 X (1+e)
2X + 2Xe

91 into equation [2.11]

= W,A,-21 X

= X/12(e+ 1 -12X - 2Xel
= 2X[ (1 /741/e+1) -1 + €l

= 2X/t . [ (e/4(1+e) -1 + €1

= 'Rs.D
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where D = (e/4(1+e) -1 + ¢ [3.12]

Assuming linear elastic deformation in the legs of the specimen and a tear length
of %2 AB, a simplified expression is obtained for R, in terms of the plateau tearing
force, the specimen thickness and the strain in the legs of the specimen. The
toughness expression R, of equation [3.10] is dependent on 2X / t (i.e. Ry)

multiplied by a factor D. When ¢-0 then D - -1 and R, = Rs.
(iii) Significant leg extension in an elastic plastic material.

A simplified profile of the load-siroke behaviour generally observed in leather is
shown in Figure 3.15 (lll). It is immediately apparent that, unlike Figure 3.15 (ll),
the gradient of line CB is greater that the gradient of line OA and this featﬁre is
surprising. Under elastic conditions (i.e. Figure 3.15 (ll)) the gradient of line CB is
less than the gradient of line OA because the leg length increase of the trouser tear
specimen ensures the legs are more compliant when the strain is reversed. The
fact that the gradient of line CB is greater than the gradient of line OA in Figure
3.15 (lll) means that although the specimen legs have become longer, they are

actually less compliant instead of more compliant (as would be expected).

The above feature implies that the tensile modulus of the specimen legs has
increased as a direct result of sirain application. The increase in tensile modulus
is attributed to the specimen legs becoming highly oriented as they are strained
during the trouser tear test procedure. Accordingly, the legs are subject to a

process often described as ‘orientation hardening’ [Kinloch and Young, 19901.
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The energy expended to strain the legs in the pre-tearing region is represented by
area OAD. That part of the energy stored elastically in the final length of legs and
therefore returned on unioading is represented by area BCE. In the elastic
circumstances of Figure 3.15 (ll}, Area BCE > Area OAD because the length of
each leg has increased. Consequently, more energy is returned on unloading the

longer legs than is initially supplied to the shorter legs before the tear advances.

However, in the elastic-plastic circumstances of Figure 3.15 (lll) where orientation
hardening has occurred in the specimen legs, Area BCE « Area OAD. Thus, despite
the length increase of each leg, the energy returned on unloading the longer legs
is markedly less than the energy initially supplied to the legs before the tear

advances.

The Area OAD in Figure 3.15 (Ill) represents the energy supplied to the original ieg
lengths before tear propagation. The Area ABCD represents the energy supplied
while the specimen is tearing. A portion of this energy is used to propagate the
tear and the remaining portion is used, as a result of tear propagation, to sustain
sufficient strain energy in the increasing length of each leg. This latter division of
energy can be calculated directly under elastic conditions (i.e. Area BCE - Area

OAD in Figure 3.15 (II)).

Under elastic-plastic conditions, the Area ABCD still represents the energy supplied
while tearing the specimen. Again, a portion of this energy can be attributed to the
creation of new surfaces and the remaining portion attributed to sustaining

sufficient strain energy in the increasing length of each leg. However, in elastic-
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plastic conditions, energy is absorbed in (i) the tearing process itself and (ii)
sustaining sufficient strain energy in the legs as the tear propagates. In essence,

during tear propagation, supplied strain energy can be divided into four processes:

(i) Energy is used in the creation of new surface area.

(ii) Energy is absorbed in the region of the advancing tear.

(iii)  Energy is used to sustain strain energy in the increasing length of each leg
as the tear advances.

(iv)  Energy is absorbed when previously unsirained material becomes strained

as the length of each leg increases.

Unfortunately, complete energy partition of these four factors is not directly
possible from load-stroke data. Nevertheless, it is possible to account for some

energy dissipation in calculating the specific work of fracture.

Area BCE (Figure 3.15(lll)} represents the energy returned from the increased leg
lengths. Clearly, the energy returned from the increased leg length will be greater
than the energy returned if the strain in the original leg length were reversed at
point A (Figure 3.15 (lll)). Thus, in calculating the effeciive work area, by
subtracting Area BCE from OAD, we have completely accounted for the energy
absorbed in the legs before tearing occurs as well as some (but not all) of the

energy absorbed in process (iv) above.

The effective work area used to create a tear of length, |, was derived using

equation [3.151].

97



Effective work area = Area OABC - (Area OAD - Area BCE) [3.15]

Effective work area = Area OAD + Area ABCD - Area OAD + Area BCE

Effective work area = Area ABCD + Area BCE = Area ABED [3.161
or

Effective work area = Area OABE - Area BCE - Area OAD + Area BCE

Effective work area = Area OABE - Area OAD = Area ABED [3.171

The effective work area in equation [3.15], divided by the created crack area,
produces a value of toughness (R;) that ‘accounts’ for all non-elastic behaviour in
the legs of the specimen before tearing commences and some non-elastic
behaviour in the legs during tear propagation. Any plastic deformation or hysteresis
in the legs of the specimen is an energy dissipating process and separate to the
fracture process. By discounting the energy dissipated in deforming the legs, the
toughness (calculated by dividing the effective work area by the created tear area)

is reduced.

Howvever, intrinsic in the calculation of R, and Rj is the assumption of elasticity.
If the material is not elastic, some of the strain energy supplied to the legs in the
pre-tearing region is absorbed as either hysteresis or plastic deformation.
Accordingly, the transmission of strain energy through the legs is slowed with
respect to the applied strain. This process ensures that the strain level and the
strain energy supplied to the legs is higher in the region of pre-tear than would be
the case if the material were elastic. Calculations of toughness R, and R;
effectively assume that the higher strain in the legs and the greater amount of
energy supplied in the pre-tearing region are inherent in the fracture process.
Consequently, R, and R; are higher than R,, where any energy dissipation in the

pre-tearing region is discounted.
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Estimates of the toughness of FADG (12.5 % oil content), PDG, FADC (3.0 % oil
content) and PDC specimens are shown in section 3.2.2. The results are in
complete accordance with the theoretical analysis in that R, predicts the lowest
values and R, predicis the highest values. The method of calculating R, involves
separating any energy dissipation (plastic deformation and/or hysteresis) in the legs
of the specimen during the pre-tearing region, from energy expended during the
tearing process. Consequently R, can be thought of as a more authentic
assessment of toughness as the condition of elastic behaviour in specimen legs is

not intrinsic to the calculation.

However, toughness calculations R, and R; are useful to highlight the effect of
energy dissipation. In particular, R, and R; highlight that energy dissipation in the
specimen legs increases the ‘apparent toughness’, as measured by the respeciive

methods.

Purslow [1989al, also used these three methods to calculate the specific work of
fracture of rat skin. However, he reports (applying the nomenclature of this work)
that R, = R, and R; is lower. In Purslow’s calculation of R,, the work expended
during the test is calculated as the energy represented by the total area under the
load-deflection curve (i.e. the assumpiion of elasticity is implicit). Accordingly, no
account was taken of the energy dissipated in the specimen legs prior to tearing

and, as a result, the toughness R, is higher.

The remaining factor implicated in the tearing resistance of biological tissues and
leather is the nature of the load-stroke profile during tearing. In the next section
the tearing behaviour, shown in the load-stroke profiles of grain and corium

materials, is discussed.
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3.3.2 (b) The nature of the load-stroke profile during a trouser tear test.

No published work is concerned specifically with the tearing mechanisms of
leather. This point was recognised by Guy and Marriott [1975] who considered the
tearing resistance of leather and compared test results from several test
geometries. Their most pertinent observation was that the tearing of leather is not
catastrophic. Since the leather used in this study is a flexible material, the tearing
process of leather can be profitably compared and contrasted with another flexible
material, rubber, which has received considerable aitention as far as tearing

mechanisms are concerned.

The tearing behaviour of elastomers was studied extensively by Greensmith and
Thomas, [1955] who classified the tearing of elastomers into two categories: (i)
a steady tearing process and (ii) a stick-slip process. A steady tearing process is
characterized by the plateau tearing force, the rate of tear propagation remaining
essentially constant. A stick-slip process is characterized by regular fluctuations

in the plateau tearing force and regular variations in the raie of tear propagation.

An additional category was identified by Stacer et al [1985al. When testing rubber
vulcanizates, these authors recognised two types of slip-stick behaviour, knotty
tearing and sawtooth tearing. Knotty tearing is characterized by a tendency for the
tear to circle around and propagate for a short period against its original direction,
thus creating knots in the specimen. The force response during knotty tearing
gradually increases with strolce until a maximum is reached. At this point, the force
drops rapidly until a minimum is reached. The phenomena then repeats cyclically
throughout the remainder of the test. The force rising to the maximum is

associated with creating the knot in the specimen and the rapid drop in force, is
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associated with rapid tear propagation. The maxima and minima force values in

any one cycle are not necessarily identical to those of any other cycle.

Saw-tooth tearing is also a form of stick-slip tearing where force fluctuations are
evident. However, the fluctuations observed in saw-tooth tearing are not as high,
and more numerous than those observed with knotty tearing. In addition, the
plateau tearing force is not as high as observed with knotty tearing. Differences
between knoity and saw-tooth tearing were attributed to the differences in the tear
path. Unlike the knotty tearing, the tear path with saw-tooth tearing does not
deviate appreciably from the intended path. Additionally, when saw-tooth tearing
occurs, no tear growth in any direction, can be observed when the force is rising
to a maximum. However, tear tip deformation is usually visible. With both knotty
tearing and saw-tooth tearing, the force peaks can be matched with a feature on

the surface of the torn specimen after the test.

The tearing resistance of rubber often increases when particulate is added during
manufacture. The increase in tear strength can be directly attributed to an
enhanced level of energy dissipation, as well as an increase in tear deviation (i.e.

knotty tearing), Gent [1978].

Fluctuations in the plateau tearing force of leather are not as severe as those noted
in knotty tearing and no regular fluctuation pattern is observable (see Figure 3.4).
However, like knotty tearing, the force values at maxima and minima, during a
cycle around the plateau tearing force, are not constani throughout the test.
Nevertheless no ‘knotity’ type features are observed in the specimen after the test
and the tearing does not appear unstable. Consequenily the tearing behaviour

observed in leather is perhaps more analogous to the saw-tooth behaviour

101



described by Stacer et al [1985al. Unforiunately, a compleie analogy is not
possible because the numerous force peaks cannot be matched with any

distinguishable feature on the surface of the torn specimen after the test.

The force fluctuations observed with leather specimens seem significantly more
complex than described by the rubber tearing processes. In tearing both grain and
corium specimens a principal irregular trend of tangible force fluctuations is
observed. However, contained within each of these discernable maxima and

minima are further small but tangible fluctuations.

In rubber specimens, the force fluctuations are atiributed to unstable tearing.
These instabilities can be traced to viscoelastic processes in the rubbery networls,
[Stacer and Kelly, 1985b]. However, the tearing of leather does not appear either
highly unstable or catastrophic because continuous tearing of the specimen is
observed once the tear has initiated and tearing ceases the moment the strain is
stopped or reversed. Purslow [1989a] points out that the marked oscillations in the
plateau tearing force are common to most biological connective tissues and may
have a common cause in that the tear must propagate through a fibrous network
of collagen. In addition, the oscillations around a plateau tearing force are observed
in paper, where the tear must propagate through a cellulose network of fibres

[Corte, 1982].

In light of the factors contributing to the oscillating plateau tearing force in other
materials, two factors are responsible for the observed plateau tearing force
fluctuations of leather: (i) the network or feltwork of tanned collagen fibres and (ii)

the level of energy dissipation observed during tear.
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With regard to the initial factor, leather is purported to have a general paitern of
inter-weaving fibres [Demsey, 1968]. However in reality, leather is a complex, 3-
dimensional, non-woven arrangement of fibres that has no struciured repeat units
so far as fibre arrangement is concerned. In addition, the fibres in other
collagenous materials like aortic media, are known to re-arrange around an
advancing tear [Purslow et al, 1984]. Thus, it seems probable this rearrangement

will also occur in leather material.

In considering the energy dissipated once continuous tearing ensues, it is
important to note the viscoelastic nature of leather during deformation and rupture.
Leather shows both hysteresis and plastic deformation during a cycle of
deformation (see section 3.2.5). Whilst the tear is propagating, previously
unstrained material becomes strained and material currently strained is probably
subject to small cyclic deformations. Accordingly, energy is dissipated throughout
the tearing process. In light of the oscillating plateau tearing force, energy

dissipation is not constant throughout the tear process.

In addition, both the feltwork of tanned collagen fibres and the energy dissipation
observed during tear, affect the radius of the tear tip. Consequently, the radius of
the tear tip will alter during tear propagation. It therefore seems likely that no
variable determining the precise tearing force (at any one point in time) undergoes
a regular repetition of values. Indeed, the variables that affect the precise tearing
force are probably aperiodic. When considering the non-linear mechanical
behaviour of leather, it is probable that the factors influencing the tearing force are

non-linear.

Any possible effect of structural re-arrangement, energy dissipation and/or crack
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tip sharpness on the precise tearing force are all dynamic because of the nature
of the test. The most common types of dynamic systems are differential ones,
where the relevant variables change in a smooth or continuous way. This enables
the rules governing the changing state of the system to be expressed as
differential equations. Accordingly, given the state of the dynamic system at one
particular point in time and the evolution equations, it is possible to calculate the
state of the system at other points in time. However, if the differential equations
contain non-linear expressions, a closed form solution using the equations is not

possible.

The study of non-linear dynamic systems that display unstable, aperiodic behaviour
is the focus of chaos theory [Kellert, 1993]. In light of this discussion, it seems
probable that if all factors pertinent to the tearing of leather could be expressed
mathematically, a model that precisely predicis every force fluctuation that is

intrinsic to the material’s tearing resistance, is unlikely to be achievable.
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3.3.3 Why the corium is tougher than the grain.

The specific work of fracture, or toughness, is the work required to propagate a
crack of unit area through a material. At the most fundamental level, crack
propagation involves the splitting apart of two planes of atoms to create two new
surfaces. Indeed, the term 'free surface energy’ refers to the energy required to
separate one plane of atoms from another through unit area of the material. In
brittle homogeneous materials like glass, the free surface energy, is a reasonable
estimation of the specific work of fracture as no energy absorbing process occurs

at the crack fip.

Purslow [1989b] atiributes the high toughness of biological materials, such as
wood and skin (R =~ 10" J m'?) to structural changes or processes, that occur along
or near the path of fracture, and irreversibly absorb much of the supplied sirain
energy, so making the material tough. Accordingly, differences in the toughness
of grain and corium may be attributed to differences in the irreversible processes
that occur along or near the fracture path. Such processes are dependent on the
mechanical properties of the material’s components, their spatial arrangement and

the connection between them [Offer et al, 1989].

A significant amount of work has been carried out on the mechanical properties
of individual tanned collagen fibres, teased from corium material [eg. Morgan,
1960]. However, individual fibrous units cannot be teased from grain material.
Thus, at the present time, it is not possible to clarify differences in the stiffness,

breaking strength and breaking strain in the respective components of each
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material. Nevertheless, electron microscopy has been used to clarify the hierarchy
of tanned collagen, typically found in the corium layer of bovine leather. Five
hierarchical fibrous units are reported in corium material; Table 3.10 [Alexander et

al, 19931.

Table 3.10.
Unit Typical diameter
Fibre bundle 60 - 200 ym
Fibre 30 - 60 ym
Fibril bundle 3-6um
Fibril 0.1 -0.2 ym
Microfibril 10 nm

A typical diameter of the largest fibrous unit in the corium layer is 60 - 200 y m.
However, the grain layer is chiefly composed of smaller, highly interwoven
collagen fibres, diameter < 5 um (i.e. of the same diameter as those fibrous units
classified as fibril bundles). This is perhaps the most significant structural
dissimilarity between the two materials. Accordingly, it is appropriate to associate
differences in toughness (between the grain and corium) with the different
hierarchical levels of the constituent fibres of each material. In other words, the

hierarchy of the constituent fibres in each material affecis the fracture process.

In composite materials, the interface between the matrix and the fibres provides
the opportunity for energy to be absorbed by the processes of fibre debonding and
fibre pull out [Kelly, 1970]. Fibre debonding is defined as the work done in

destroying the bond between fibre and matrix [Kelly & Macmillan, 1986]. In the
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case of propanone dehydrated grain and corium, there is esseniially no matrix.
However the feltwork of tanned collagen fibres enable stress and strain
transmission during mechanical deformation and so a pseudo matrix can be said

to exist.

Fibre pull out occurs when a fibre, large enough to receive stress by shear from
the matrix, reaches its fracture stress and fraciures ahead of a propagating crack.
This situation transpires because the statistical distribution of strength along the
fibre length results in fracture at a position remote from the notch tip [Kelly &
Macmillan, 19861. Irreversible work is then expended against friction in pulling the
length of fractured fibre through the matrix until it becomes completely liberated.
Thus, high levels of fibre pull out in a fracturing material ensure high levels of

energy absorbtion during the fracture process.

In discussing the possible affects of debonding, the findings of Torp et al [1975]
are noteworthy. In observing the fracture of tendon, Torp et al described
delamination, or dissociation, not only of large fibres from their matrix, but also
dissociation of fibrils within larger fibres. Indeed, they concluded that this was a
primary fracture mechanism in tendon. In composite materials of brittle fibres in
a brittle matrix, the work of debonding is usually less than the work of pull out
[Kelly, 19701. In such composite materials, debonding occurs only between the
solid cylindrical fibres and the matrix. Conjecturally, no debonding will occur within

the fibre itself.
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If debonding occurs at each hierarchical level within the fibre as well as the fibre
itself debonding from the matrix, the energy required in the process of debonding
is tangibly elevated. Thus, the capacity for energy absorbtion in the fracture
process increases. To estimate maximum possible levels of dissociation in grain
and corium materials, it is necessary to examine both the surface area of the

largest fibre unit and the surface area of all subsequent hierarchical fibrous units.

The number of cylindrical fibres N, of radius r, in a larger fibre of radius R, with a

packing ratio, P is given by the expression:

N=(mR*/nmr?*)P [3.18]

The packing ratio, P, expresses the efficiency with which cylindrical elements can
be packed into a given space. The most efficient stacking pattern for cylindrical
elements is hexagonal. In these conditions 91% of available space can be occupied

by hexagonally packed cylindrical elements, thus P = 0.91 [Purslow, 19801.

Using equation {3.18] and the maximum radius of each fibrous unit (from Table
3.10), the number of smaller fibre units within larger fibre units throughout the

hierarchy of fibre units is summarised in Table 3.11.

Table 3.11
Number of fibres in a fibre bundle | (1002/30%) x 0.91 10
Number of fibril bundles in a fibre | (302/32) x 0.91 91
Number of fibrils in a fibril bundle | (32/0.12) x 0.91 819
Number of microfibrils in a fibril (0.12/0.005%) x 0.91 | 364
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If the surface area involved in debonding the fibre equals the surface area of the

cylindrical fibre then the following expression is valid:

SA. = nm.d.L [3.191

Where S.A. is the surface area involved in debonding, d is the diameter and L is

the length of the cylindrical fibre respectively.

Consideration of the debonding process in the corium material, reveals that if the
largest fibre unit debonds from the matrix and no other debonding occurs within
the fibre, the surface area involved in debonding is 2x10™ 7 L. If the largest fibre
unit debonds from the pseudo matrix and debonding also occurs throughout the

entire hierarchy of the fibre structure, the following surface areas are involved in

debonding.
Table 3.12

Surface area involved in debonding | S.A. x Number units present | Total S.A.

1 fibre bundle (200x10°) rL x 1 (2x10%) L

the fibres present (60x10% mL x 10 (6x10%) mL

the fibril bundles present (6x10% 7L x 91 (5.46x10%) m L
the fibrils present (0.2x10% mL x 819 (1.64x10%) m L
the microfibrils present 0.01x10%) m L x 364 (3.64x10%) L

. Total: | (15.14x10%) 7L

Thus, within the corium, when debonding one fibre bundle (the largest fibre unit)
from the pseudo matrix, assuming that debonding occurs throughout the entire

hierarchy of the fibre structure, the total surface area involved in debonding is
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elevated to (15.14x10™) L.

In considering the grain material (where the largest fibre unit is the size of the fibril
bundle) if the largest fibre unit debonds from the pseudo matrix and no other
debonding occurs within the fibre, the surface area involved in debonding the
largest fibre unit is {(6x10°) 7 L. However, if total debonding also occurs within the
fibre, the surface area involved in debonding the largest fibre unit from the pseudo

matrix is elevated to (1.74x10%) L.

It is clear that complete dissociation of all fibres into all their sub-fibrous units
would not completely occur before macroscopic failure of either grain or corium
material. However, whether or not debonding occurs within the largest fibre unit
of either material, the surface area involved in debonding the largest fibre unit from
the pseudo matrix is always more significant in the corium. Therefore, more energy
is likely to be absorbed during the debonding process within the corium.
Accordingly, the observed resistance to tear propagation in the corium will be

higher than that observed in the grain.

In discussing the possible effects of fibre pull out on the toughness of grain and
corium materials, fibre pull out is more significant in corium trouser tear specimens.
Figure 3.16 shows a typical trouser tear specimen of grain and corium after test
completion. From these and all other trouser tear specimens, two striking features
are apparent. First, the length of revealed fibres, pulled from the feliwork, is
significanily higher in corium specimens. Second, the diameter of the liberated

fibre units is greater in corium specimens.
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For fibre pull out to occur, the fibre must fracture ahead of a propagating tear
[Kelly & Macmillan, 1986]1. Accordingly, fibres ahead of the tear have to be
sufficiently large to receive stress by shear from the fibre feltwork to attain
fracture stress. Thus, the whole phenomenon of fibre pull out transpires because
the statistical distribution of strength, along the length of a fibre, enables fracture
at a position remote from the propagating tear. If the statistical distribution of
strength along the fibre length can be altered, so as to increase the distance
between tangible points of weakness, then assuming the shear stress can siill be
transmitted over these greater distances, the fibre lengths liberated from the matrix

and the energy required to liberate the fibres will both increase.

Notch insensitivity has been extensively examined in various materials; eg meat
[Purslow, 1989b] and leaves [Vincent, 1983]. The difference in notch sensitivity
of grain and corium material is a major theme of chapter 4. Notch insensitive
materials consist of strong fibres oriented perpendicular to the advancing tear in
a matrix which is weak in tension [Kelly and Macmillan, 1986]. This being the
case, it is probable that some level of internal debonding within a corium fibre
bundle, together with its hierarchial internal structure, fulfils the above conditions

and consequently fibre bundles may themselves be insensitive to notches.

The largest fibre unit of the grain has a lower hierarchical structure than the largest
fibre unit of the corium. In addition, the largest fibre unit of the grain cannot
achieve the same level of internal debonding as the largest fibre unit of the corium.
Therefore, it is less likely that the fibre uniis of the grain provide the necessary

internal structure of a notch insensitive material.



Returning to the corium material, if corium fibre bundles themselves are notch
insensitive, then the breaking stress of the fibre bundle is directly proportional (as
opposed to more than proportional) to the size of the stress raising statistical
defect or flaw. Thus, the size of the irregularity in the fibre bundle must be
sufficiently large for the breaking stress to be substantially reduced from its
maximum value (i.e. where no flaw or defect is present). Consequently, the
strength of the fibre bundle is more evénly distributed along the its length. In
practical terms, this means larger distances between significant weak points along
the length of the fibre unit. As a result, the length of fibre pull out would, and

indeed appears to be significanily greater in the case of corium specimens.

In considering the affect of fibre diameter on fibre pull out, it is essential to note
that irreversible work is expended against friction in pulling a length of fractured
fibre through the feltwork until it is liberated. From Table 3.10, it is clear that the
largest fibre unit in the corium is approximately thirty times greater in diameter
than the largest fibre unit in the grain. Thus, if the length of fractured fibre being
pulled through the feltwork is greater in the corium than the grain, and the
diameter of the corium fibre unit is significantly higher, the irreversible work
expended against friction in liberating the fibre length must be greater when

tearing corium specimens.
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Figure 3.16

Fibre pull out in trouser tear test specimens.

FADG
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3.3.4 Orientation effects.

In order to consider exclusively the effect of specimen orientation on tensile
properties and the specific work of fracture, both parallel and perpendicular
orientations of propanone dehydrated grain (PDG) and propanone dehydrated

corium (PDC) specimens are compared.

3.3.4 (a) The effect of specimen orientation on tensile behaviour.

The mechanical properties of full substance bovine leather vary with hide location
and the direction in which the testing specimen is cut [Maeser, 1960]. However,
the relative orientation effecis of separated grain and corium material are not
discussed in the literature. The results of section 3.2.1 reveal that by keeping hide
location constant, the effect of specimen orientation usually has pronounced

effects on the tensile properties of both grain and corium materials.

The differences in strain at rupture, stress at rupture and tensile moduli at rupture
of parallel and perpendicular specimens are apparent in the respective nominal
stress-strain curves of each material. The approximate 'J’ shaped characteristic of
fult substance leather can be attributed 1o the progressive orientation of collagen
fibres during deformation [Attenburrow, 1992]. Accordingly, differences in the 'J’
shaped nominal stress-sirain curve are attributed to differences in this progressive

orientation of the collagen fibres.

114



Progressive fibre orientation is dependent upon two factors: (i) initial structural

conditions and (ii) fibre restrictions within the feltwork.

Factor (i) is concerned with the initial alignment of fibres (with respect to the
direction of strain application) before the material is strained. When the majority
of fibres are already aligned in the same direction as the applied strain, they have
little scope to orientate towards the strain axis (i.e. they are already aligned in this
direction). Hence the fibres themselves are direcily sirained at low levels of
nominal strain. However, if many fibres are aligned in the opposite direction to the
applied strain, fibres are able to orientate towards the strain axis. This orientation
would ensure higher levels of nominal strain are achieved before deformation

occurs by straining the fibres themselves.

(i) The level of fibre orientation is also dependent on fibre mobility. The mobility
of individual fibres within the 3-dimensional feltwork of fibres is resiricted by
factors such as the level of fibre lubrication, the fibre diameter, the fibre packing
density and the subsequent restriction placed on the fibres by the other fibres

within the feltwork.

Considering differences in specimens oriented parallel and perpendicular to the
backbone, it is probable that the consiituent fibres of parallel specimens are
already aligned in the same general direction as that of the applied strain, thus the
process of fibre orientation is limited. Indeed, the fibres would seem to become
aligned to the strain axis at low nominal strains of 30--35%, where a constant

tensile modulus is attained. Here it is assumed that further deformation is
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associated with straining of the fibres themselves. For specimens oriented
perpendicular to the backbone, more fibre orientation seems probable since the

non-linearity of the stress-strain curve extends to nominal strain levels of 50--55%.

Furthermore, when approaching rupture, the tensile modulus and the nominal
stress levels are higher for parallel specimens than for perpendicular specimens.
The modulus observed in parallel specimens, is higher because the strain is being
applied io a more oriented neiwork of fibres than is the case for perpendicular
specimens. It is important to differentiate between the final level of fibre
orientation and the degree of fibre orientation that has occurred. The perpendicular
specimens are likely to have experienced more fibre orientation than the parallel

specimens, but the network of fibres will not be as highly oriented.

In addition the higher nominal stresses observed in parallel specimens are again
likely to be because less actual fibre orientation has occurred. It seems logical that
fibre orientation will cause frictional damage to the fibres, and therefore act as a
possible stress raiser. More fibre arientation seems apparent in perpendicular
specimens, thereby increasing the possibility of fibre damage and reducing tensile

strength.

In this respect Kronick & Maleef [1992], when straining whole leather, associated
the different acoustic emission signatures with iwo separaie processes; (i) the
breaking of inter-fibre adhesions (i.e. the fibres debonding from the pseudo matrix)
and (ii) the process of fibre breakage. Although inter-fibre adhesion and the affect
of fatliquor and staking have been investigated using acoustic emission techniques

[Kronick et al, 19931, the technique has not been used for investigating different
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levels of debonding / orientation / fibre damage / fibre breakage, with regard to

specimen orientation.

3.3.4 (b) The effect of specimen orientation on the specific work of fracture.

The specific work of fracture of PDG material is sensitive to specimen orientation.
However statistically, orientation has little or no effect on the specific work of
fracture of corium material (section 3.2.2). Considering Figure 3.17, when
specimens are oriented parallel to the baclkbone, the general fibre direction is
assumed to be in the same direction as the strain axis (represented by the vertical
general fibre direction arrow). Under these conditions, the specific work of fracture
is higher because conceptually, the tear does not propagate through fibre
diameters. Instead, the fibres bridge the advancing tear and are subject to more

of a straightforward rupturing process.

When specimens are oriented in a direction perpendicular to the backbone, the
general fibre direction is assumed to be nearer ninety degrees to the strain axis
(represented by the horizontal general fibre direction arrow). Under these
conditions, the specific work of fracture is lower because the tear is able to

propagate directly through the feliwork of fibres.

Although directional specific work of fracture is only statisticaily significant in grain
material, it is probable that directional toughness is also a factor in the tearing of
corium material. However, it is contended here that directional effects are likely to
be masked by the energy dissipation processes of debonding and pull out. This is

evident when corium specimens are torn, regardless of orientation.
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3.3.5 Fatliguor effects.

It was not the principal aim of this study to understand the influence of oil addition
on the mechanical behaviour of leather. However, oil has a significant influence on
the fracture of grain and corium material and we review reasons for its influence.
To discuss differences in the tensile and tear properties as a result of a fatliquoring
process, we compare the properties of propanone dehydrated material {(where no

oil is added) with fatliquored, air dried material.

The presence of oil in leather is known to affect the mechanical properties of full
substance, chrome tanned bovine leather. Indeed, Matiei and Roddy [1957] used
a mixture of sulfated cod oil and raw cod oil to fatliquor at oil levels of 6%, 10%,
15% and 18%. Over this range of oil levels, the tensile strength increased by 42%
and the elongation at rupture increased by 34%. These effects were attributed to
the increase in ‘fibre slippage’, i.e. an increase in fibre mobility as a consequence

of the higher oil content.

The results show that the mechanical behaviour of grain specimens alter
significantly when oil is present. The initial modulus of tensile deformation for
FADG specimens is notably lower than PDG specimens (26% lower for specimens
with a parallel orientation and 47% lower for specimens with a perpendicular
orientation). Thus as a result of the oil’s presence, the effective stiffness during

initial deformation up to 7% nominal strain is markedly reduced.
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Oil in grain material increases the nominal siress at rupture by 30% in parallel
specimens and 21% in perpendicular specimens. The nominal strain is also
increased by 37% in parallel specimens and 32% in perpendicular specimens.
Similar phenomena are observed with corium specimens. However, the percentage
increases in equivalent properties are not as pronounced in the corium, presumably

because the percentage oil content is not as high.

In discussing why oil leads to these changes in mechanical behaviour, the effects
of added oil to grain and corium materials are usefully contrasted with the effects
of adding plasticisers to polymers. Plasticises are added to polymers in order to
improve their flow properties [Higgins, 19911. Two principal groups of plasticisers
are used in plastics. The first group, known as primary plasticisers, contain polar
groups that neutralise attractive forces between polymer polar groups, and thus
reduce the van der Waals attractive forces between adjacent polymer chains. The
second group, known as secondary plasticisers, are essentially inert materials
without polar groups but which exist, dispersed through the polymer, thereby
providing mechanical spacers that separate and so reduce the van der Waals

forces of attraction between polymer chains.

The emulsion of synthetic sulphated oil (the fatliquor) is an anionic colloid where
large molecules carry a negative charge. After neutralisation, the wet blue leather
is slightly acidic and cationic (positively charged). During the fatliquoring process,
oil molecules are attracted to leather fibres through the cross section and generally

reduce the cationic charge on the leather.

120




Thus, in the aqueous environment of fatliquoring, the cationic charge on the
leather fibres tends to be neutralised by the anionic charge of the fatliquor.
Accordingly, in an aqueous environment, the fatliquor can be regarded as a
primary plasticiser. However, once dry, the leather becomes hard, crusty and
unsuitable for most purposes unless oil is first applied, unless special drying

methods are used.

Once dry, both fatliquored and propanone dehydrated grain and corium materials
were conditioned at a relative humidity of 65 % for at least 48 hours. Accordingly,
both fatliquored and propanone dehydrated materials have a moisture content of
approximately 14%. Assuming the moisture contents in respective grain and
corium materials are comparable, the oil increases the flow characteristics of
leather. Accordingly, in a non-aqueous environment, oil is a secondary plasticiser,
providing spacers that prevent fibre adhesions as well as providing some
lubrication between adjacent fibrous units. Both these processes facilitate higher

levels of fibre mobility / orientation.
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3.3.6 Strain rate effects.

The breaking stress and strain of FADG (12.5 % oil), FADC (3.0 % oil) and PDC
materials increase with increasing strain rate. However, despiie an abundance of
information concerning tensile properties of whole leather strained at a rate of 1.66
mm s (100 mm min™) [eg. Mann et al, 19511, no published work examines the
effect of strain rate on the tensile properties of leather. Therefore the strain rate
dependent behaviour of similar materials was examined in order to probe the

mechanisms responsible for rate sensitivity.

Rat tail tendon (RTT) is a highly oriented, collagen rich connective tissue and, like
leather, is sensitive to strain rate. Haut [19283], when assessing age-dependent
influences, reported that, at high strain rates the initial yield point of the stress-
strain curve is delayed, resulting in higher failure strains at high deformation rates.
The rate sensitivity of RTT was, in essence, attributed to the inter-fibrillary matrix
of mucopolysaccharides, which help mainiain structural integrity of RT'i’ at high
strain rates, thereby increasing tensile strength. This explanation could not apply
to leather since the inter-fibrillary matrix was removed in the liming process (see

Appendix 1.)

The influence of strain rate on tensile properties was also observed in both dry and
wet collagen fibres teased from RTT [Arumugam et al, 1992]. Both wet and dry
fibres demonstrate that, at higher strain rates, higher stresses are induced at every
level of strain. The workers also observed thin broken fibrils dispersed across the

fracture surface at slow stirain rates whereas thick bundles were observed at
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higher strain rates. However, no mechanism relating the viscoelastic properties of

the fibres to strain rate sensitive tensile strengih was suggested.

The influence of strain rate (and temperature) on the tensile properties of
elastomers has been examined by Smith [1958] and extensively reviewed by Ward
[1983]. Except at very low strain rates (and high temperatures) where the
molecular chains have complete segmental mobility, the fracture process of

elastomeric material is dominated by viscoelastic effects.

It is paradoxical that we see no marked change in viscoelasticity (as revealed
when examining the hysteresis ratio over a range of strain rates and levels).
However, as strain rate increases, the viscoelastic properties 6f individual fibres
may change. Since hysteresis shows little change, the cause of rate dependent
rupture of leather must be related to fibre microstructure and energy dissipation

in the region of the failure site rather than gross energy dissipation .

The organisation of all the hierarchical fibres of corium material (FADC and PDC)
enables an enhanced fibre mobility at higher rates, thereby increasing both rupture
stress and strain. The level of fibre mobility is likely to be lower in the grain
because of its compact fibrous structure. Accordingly, compact arrangement of
fibres also impedes enhancement of fibre mobility at higher strain rates. Thus, the
tensile properties of PDG material are essentially independent of strain rate. In
section 3.5.1 the presence of oil in grain or corium material was shown to facilitate
higher levels of fibre mobility / orientation. Interestingly, oil in grain material (which

enables a level of fibre mobility) also promotes a level of strain rate dependency
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in terms of the breaking stress and strain.

Subject to fixed rate deformation, leather displays both residual extension and
hysteresis [Whittaker, 1975]. The effect of strain level and strain rate on the
energy dissipating process during the deformation and fracture of non-linear,
inelastic materials is an intrinsic element in the general theory of fracture
mechanics [Andrews, 1974]. As such, the relationship between strain level, strain

rate and hysteresis of both gain and corium materials is important.

In corroborating the generalized formulation of fracture mechanics in its application
to non-linear, flexible, inelastic materials, Andrews & Fukahori [1977]
experimentally evaluated a loss function from hysteresis data over a range of strain
levels and strain rates. Stress-strain cycling of four materials was carried out at
23° C. The materials included: styrene-butadiene rubber (SBR), ethylene-propylene-
diene rubber (EPDM), plasticised polyvinyl chloride (p-PVC) and low density
polyethene (PE). The hysteresis ratio (B) increased with strain level and tended to
increase with strain rate (although the magnitude of the latter trend is different for

each material).

Perhaps not surprisingly, the influence of strain rate and level.on hysteresis of the
materials studied by Andrews & Fukahori [1977] are not in accordance with the
results of section 3.2.5. Both grain and corium materials show a decrease in
hysteresis when strain rate is increased. Further, only a small increase in hysteresis

is apparent with increasing strain level.
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As shown in section 3.2.4, the specific work of fracture increases with increasing
deformation rate for both fatliquored, air dried and propanone dehydrated gain and
corium materials. In this respect, it is interesting to consider the work of Purslow
[19801], who investigated the effect of loading rate on the toughness of rat skin.
He discovered that, over the range of strain rates from 0.08 mm s to 8.33 mm
s’!, the effect of rate on toughness was not large (the toughness varied, at most,

by a factor of two).

Purslow [1980] suggests that viscous losses of energy in trouser tear specimens
are not the dominant fracture mechanism of rat skin, but that this mechanism may
act in unison with others to produce a tough material. In this study, the effect of
deformation rate on the specific work of fracture of the four leather materials has
been examined over a larger range of rates (0.16 mm s to 166.66 mm s™).
However, increases in toughness observed in this study were not as marked as

those observed over a narrower range of rates in rat skin.

Nevertheless, the influence of strain rate on toughness is tangible and atiributed
to fibre orientation effects in the region of the advancing tear. At low stirain rates,
the fibres in the path of the advancing tear are subject 1o orientation forces, but
have time 1o relax and accordingly the degree of orientation in the region of the
propagating tear is effectively reduced. At higher rates, the fibres in the path of
the advancing tear are subject to orientation forces over short time periods, fibres
have no time to relax and consequently orient towards the direction of strain. As
discussed in section 3.3.4, fibres oriented in the same direction as the strain in

trouser tear specimens (Figure (3.17)) ensure higher values of toughness.
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Chapter 4

Notch Sensitivity.

4.1 Introduction.

In chapter three, differences in the mechanical behaviour, tensile strength and
specific work of fracture of grain and corium materials were established. In order
to further understand the reasons for these differences, the notch sensitivities of
grain and corium materials are examined in this chapter. The strain distribution

around edge notches in grain and corium materials are also analysed.

The concept of notch sensitivity has been discussed by Kelly and Macmillan
[1986]. Their analysis indicates that when a material is notch sensiiive, the
presence of a small crack or notch causes a siress concentration at the tip of a
crack. This stress concentration promotes fracture at applied stresses that are very
much lower than those required to fracture an unnotched specimén. Examples of
materials that lose a large proportion of their strength with only small notches are
glass [Griffith, 1920], polymeric materials such as polymethylmethacrylate and
polystyrene [Berry, 19721, and biological materials such as fresh potatoes and

carrots [Atkins & Mai, 1988].

The effect of a notch in a notich-insensitive material is, again, to reduce the
nominal breaking siress. However this reduction is only in direct proportion to the
reduction in cross-sectional area as a consequence of the noich presence [Kelly

& Macmillan, 1986]. Examples of notch insensitive materials are grass leaves
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[Vincent, 19831, rat skin [Purslow, 1980] and meat [Purslow, 1985]. Figure 4.1
illustrates how nominal tensile strength is dependent on notch length for both

notch sensitive and notch insensitive materials.

Notch-Insensitive

o Notch-Sensitive

a

Figure 4.1

The criterion for crack propagation in a notch sensitive material can take one of
two forms: (i) the crack will propagate when the stress at its tip reaches some
critical value which overcomes the forces of cohesion, as discussed by Kelly &
Macmillan [1986], or (ii) the crack will propagate when the energy, released from
the body by crack growth, just exceeds the energy required for the creation of the
new surfaces of the crack [Griffith, 1920]. Andrews [1980] eloquently illuminates
the fact that criterion (i) is more appropriate because criterion (ii) is a necessary,
but not sufficient condition for crack propagation, i.e. criterion (ii) implicitly
requires criterion (i) to be simultaneously satisfied. However, in practice, the
distinction often proves to be rather academic and criterion (ii) is usually the most
useful because the detailed stress pattern at the very tip of a crack is almost

impossible to ascertain [Andrews, 1980].
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Consider a linear elastic plate (loaded at infinity) with an elliptical notch situated
mid way down one of its sides. Using criterion (i), the relationship between the
applied stress necessary to produce failure and the initial notch length, is described

by the equation [4.1], [Kelly & Macmillan, 1986].
o, = o,/ (1+2+(alp)) [4.1]
Where o; = applied nominal stress at failure

0, = maximum stress at crack tip

a = length of notch

I

P radius of curvature of the notch.

However using criterion {ii), the energy balance approach as originally outlined by
Griffith [1920], the relationship between nominal failure siress and notch length
{(when a sharp crack is placed into one side of a plate loaded at infinity) is given

by equation [4.2], [Kinloch & Young, 1990].

o = (EG,/ma)* [4.2]

Where E = Young's Modulus

G, = specific fracture energy

Taking (E) and (G.) as constants in equation [4.2], the relationship between the
applied stress necessary to produce failure and the initial notch length for a linear

elastic material, may be expressed as,
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o = Ka* [4.31]

Where K is a constant.

Equations [4.1] to [4.3] describe the relationship between notch length and
nominal fracture siress for a linear elastic plate load at infinity. Each equation
(assuming the appropriate variables and / or constants are known}, shows that the
nominal breaking stress falls markedly as notch lengih increases from zero.
Accordingly, Equations [4.1] to [4.3] (showing the dependence of nominal fracture
stress on notch length) are those expected to describe a notch sensitive material
(Figure 4.1). In the case of a perfectly notch-insensitive material, the nominal
applied stress necessary to produce failure falls only gradually with notch length.
Indeed, the relationship between nominal fracture stress and noich length is given

by equation [4.4], [Kelly & Macmillan, 19861.

o, = 0, (1-alw) [4.4]

Where o, is the nominal breaking stress of an unnotched specimen.

The notch sensitivity of nonlinear elastic materials was considered by Purslow
[1991]. Based on the energy balance approach pioneered by Griffith [1920],
Purslow implied that notch-insensitive materials have an area to the left of a
vertical line through the tip of the notch, which is free of strain ener\;, (Figure 4.2

(). In contrast, a notch sensitive material should have a strain-energy-free-zone

confined to a semicircular region around the notch, (Figure 4.2 (ll)). The initial
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section of Purslow’s analysis [1991] uses a power law to describe the stress strain

behaviour of unnotched tensile specimens and the non linear behaviour of tensile

specimens is described by Equation [4.5]:

g=Ke [4.5]

Where o

nominal stress

nominal strain

o
1l

K = constant

When n

\

1 the o/e curve is 'J’ shaped.
n < 1 the o/e curve is ‘r’ shaped.

1 the o/e curve is linear.

=]
1

The power law of non-linear ("J’ or ‘r’ shaped) stress-strain behaviour predicts a
straight line relationship in a plot of In (0) versus In (€) [Purslow, 19911. From

equation [4.5],

In (0} = In (K} + nIn () [4.6]

Accordingly, the gradient of the siraight line in the above plot is the exponent (n)

in Equation [4.5] and the intersection of the line with the stress axis is In(K) in

Eqguation [4.5].

In his analysis, Purslow [1291], uses equation [4.5] as well as estimates of the
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distribution of strain energy in single notch specimens and the Griffiths definition
of fracture toughness (the partial derivative of the change in strain energy with
crack area) to develop several equations. These equations describe the
relationships between siress at fracture, strain at fracture and notch length.
Comprehensive derivations of these relationships are given in Appendix 6.1 for

notch-sensitive materials and in Appendix 6.2 for notch-insensitive materials.
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4.2 Results.

4.2.1 Notch sensitivity of grain and corium materials.

Figure 4.3 shows four graphs of the format illustrated in Figure 4.1 (i.e. nominal
fracture stress versus the initial notch length of single notch samples.) Figures 4.3
(I} and (ll) show the notch-sensitive behaviour of FADG (8.5 % oil content) and
PDG specimens respectively. The straight line on each graph shows the behaviour
predicted for a notch insensitive material (Equation [4.4]). The dark line indicates

that the data generally fit a curve with the relationship,

o; = Ca” [4.71
Where C = constant
and -05<n <O0.
When n” = - 0.5 the sensitivity of the material to the presence of a notch accords

with Griffith type fracture (Equations [4.2] and [4.3]) and is therefore denoted
completely notch sensitive. As shown in Figure 4.3 (ll) the PDG specimens exhibits
a large drop in breaking stress when only small notches are present and indeed,
the geometric trend line yields n" equal to - 0.50 signifying complete notch
sensitivity. Similarly, notched FADG specimens show a marlked departure from the
line of notch-insensitivity. The geometric trend line for FADG specimens indicates
n’ equals - 0.47, demonstrating the degree of notch-sensitivity is very slightly less

here than is the case for PDG specimens. It also noticeable from Figures 4.3 (I) and
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(I} that the critical crack length of FADG material is in the order of 1 mm, while

the critical crack length of PDG material is less than 0.5 mm.

Figures 4.3 (lll) and (IV) show the dependence of nhominal fracture stress on notch
length for FADC (1.2 % oil content) and PDC specimens respectively. Again, the
straight line on each graph shows the predicied pattern for a notch insensitive
material (Equation 4.4). The dark line indicates that the data generally fit a curve
with the relationship, o; = C a” (where % < n’ < 1). Both FADC and PDC
material are a great deal less sensitive to the presence of notches than the
respective grain material. In fact, both corium materials depart litile from the
theoretical line of complete notch-insensitivity. However, when comparing the
nominal fracture stress of FADC and PDC specimens at identical notch lengths,
FADC specimens fracture at applied stress levels approximately 20 % greater than

those observed for PDC specimens.

Figure 4.4 has identical format to Figure 4.3. However, Figures 4.4 (1) and (Il
show the behaviour of FADG material with the higher oil content of 12.5 % and
the PDG control material respectively. From the trend line, where n’= - 0.5, the
sensitivity of PDG specimens to the presence of a notch is again in accordance
with Griffith type fracture (Equations {4.2] and [4.3]). However, such a high
degree of notch sensitivity is not observed with the FADG specimens, where n’ =
- 0.313. Hence a higher level of oil deposited in the grain layer produces a material

with fracture behaviour less sensitive to the presence of notches.

Figures 4.4 (lll) and (IV) show the fracture behaviour of FADC (3.0 % oil content)
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and PDC control material respectively. Perhaps not surprisingly in view of the
results shown in Figures 4.3 (lll) and (IV), these results indicate a high degree of
notch insensitivity. Also, as with Figures 4.3 (lll) and (lIV), when comparing the
resulis of FADC with the PDC material at identical notch lengths, the trend line
signifies that FADC tolerates higher levels of applied siress prior to specimen

fracture.
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Figure 4.3

The dependence of nominal fracture stress on notch length for
FADG (8.5 % oil content), PDG, FADC (1.2 % oil content) and ROC specimens.

2 4 6 8 10
a/ mm
Of=9.43 a0

Material = FADG
U]

4 6 8 10
a/ mm
Of = 28.05 a0 92

Material = FADC
(1

12

12

cD
CL

2 4 6 8 10

a/ mm
Of=6.95 a-0 50

Material = PDG
(1n

4 6 8 10

a/ mm
Of = 24.37 a° R

Material = PDG
(1v)

The straight line Indicates the expected behaviour of a notch insensitive material.

12

12



Figure 4.4

The dependence of nominal fracture stress on notch length for
FADG (12.5 % oil content), PDG, FADC (3.0 % oil content) and PDG specimens.
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4.2.2 Mathematical relationship between nominal stress and strain.

In this section, a relationship between nominal stress and strain for the
approximate 'J’ shaped stress-strain behaviour of grain and corium material is
established. Plots of In (0) versus In (€} for tensile specimens are shown in Figure
4.5. Figures 4.5 (I) and (ll) show four logarithmic stress-strain profiles for FADG
(8.5 % oil content) and PDG material respectively. Similarly, Figures 4.5 (lll}) and
(IV) show four logarithmic stress-strain profiles for FADC (1.2 % oil content) and

PDC materials respectively.

Table 4.1 records the relationship between nominal stress and strain for each
material and the corresponding correlation coefficient (r?). The power model
satisfactorily represents the stress-strain curves and the average value of r* = 0.95
for each material. As expected, the exponent n > 1 in all four materials, this is
indicative of the general 'J’ shaped stress-strain curve of leather [Attenburrow,
1992]. Nevertheless, agreement is not perfect because there is some departure

from a perfect 'J’ shaped stress-strain curve in all materials examined, (section

3.2.1).
Table 4.1.
Material Average linear Equation. 2
FADG Ing =-5.294 + 1.685Ine |[r? = 0.95
PDG Ino =-2.635 + 1.193Ine |r® = 0.98
FADC Ino =-4.183 + 1.845Ine |r? = 0.98
PDC Ino =-3.472 + 1.734Ine |® = 0.97
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The presence of oil in grain material increases the exponent n, indicating a move
towards a more pronounced 'J’ shaped siress-strain pattern. Thus, in the case of
PDG material, n = 1.193 as opposed to FADG material (8.5 % oil content) where
n = 1.685, an increase in the exponent n of 41% due to the presence of oil. A
similar, but much less pronounced effect is seen in the corium where, in the case
of the PDC material, n = 1.734 compared to the FADC material (1.2 % oil
content) where n = 1.845, an increase in the exponent n of 6% due to the
presence of oil. Both corium layers have a more pronounced 'J’ shape than the

corresponding grain layers.
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4.2.3 (a) Fracture stress of grain material.

The derived relationship between fracture stress and notch length for notch-

sensitive materials [Purslow, 19911 is,

Ino, = K" - Min(a) [4.8]

Where Y/

n/n+1 [4.9]

As shown in Appendix 8.1

K, = constant = n/(n+1) [In()/n + INn(Rn+1)/m ]
where R = - |dU/dA[y
and K =0/¢

Thus, a plot of In (o7} versus In (a) in a notch sensitive elastic material should
produce a straight line with a gradient equal to M and an intercept through the
ordinate equal to K,’, Figures 4.6 (l) and (I} show this format of plot for FADG and
PDG material respectively. The linear trend line in each plot and the quoted r?
values confirm a good fit of the data to an equation having the form of equation
[4.8]. Table 4.2 shows a comparison of the variables M and n, as predicted from
the original stress strain curves, as well as the values of M observed directly by

plotting In {(o7) versus In (a).
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Figure 4.6

The natural log of breaking stress versus the natural log of notch length
for FADG and PDG specimens.
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Table 4.2.

Material Value of n Predicted value of M Observed value of M
{obtained from the {derived from the plot In (0} | (obtained from the plot
plot In (o) vs. In (e).} vs. In {€) Equation [4.91. } In (o) vs. In (a). }

FADG 1.69 0.63 0.47

PDG 1.19 0.54 0.55

The exponent, n, describing the stress-strain behaviour of unnotched specimens
in Equation [4.6] predicts M values of 0.63 and 0.54 for the FADG and PDG
material respectively. For PDG material, the observed value of M is in agreement
with the predicted value of M. However for FADG material, the observed value of
M is lower than theoretically predicted. Thus, the theoretical relationship between
breaking stress and notch length derived by Purslow [1991], accurately predicts
the observed fracture behaviour of single notch PDG specimens but not FADG

specimens.

4.2_3 (b) Fracture strain of grain material.

For notch-sensitive materials Purslow [1991], derived the following relationship

between fracture strain and notch length.

In €

K;" - PlIn(a) [4.101]

Where P

1/n+1 [4.11]
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As shown in Appendix 6.1

K,’ = (1/{n+1)) (In (R(n+1)}/Km))

Thus, a plot of In (¢;) versus In (a) for a notch sensitive material should produce a
straight line with a gradient P and intercept through the ordinate, K,’. Figures 4.7
(1) and (i) show this format of plot for FADG and PDG specimens respectively. The
linear trend line in each plot and the quoted r? values confirm an acceptable fit of
the data to an equation of the form suggested in Equation [4.10]. Table 4.3 shows
a comparison of the variables P and n, as predicted from the original stress-strain

curves, as well as the observed value of P obtained from a plot of In (¢;) versus

In (a).
Table 4.3.
Material | Value of n Predicted value of P Observed value of P
{obtained from the plot | {derived from the plot In (o) {obtained from plot
In (0} vs. In (€).} vs. In (€) and Equation [4.11]} | In (€) vs. In (a).}
FADG 1.69 0.37 0.16
PDG 1.19 0.46 0.22

The exponent, n, describing the stress-strain behaviour of unnotched specimens
in Equation [4.6] predicts P values of 0.37 and 0.46 for FADG and PDG materials
respectively. However, observed values of P for both materials are somewhat
lower than theoretical predictions. Thus, it would appear that the theoretical
relationship between breaking strain and notch length does not accurately predict

the observed behaviour of FADG or PDG single notch specimens.
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According to Equation [4.11], when the stress-strain curve of an unnotched tensile
specimen is 'J’ shaped (in other words the exponent n > 1) the value of P < 0.5.
This is indeed the case for both the predicted and observed P values of each
material. However, the predicted fall in breaking strain with increasing notch length

is much steeper than actually observed for either FADG or PDG specimens.

Table 4.3 also shows that the breaking strain of both FADG and PDG materials is
less sensitive to the presence of a notch than the nominal breaking siress (as
predicted for elastic materials with a 'J’ shaped tensile behaviour [Purslow, 19911).
In addition, the observed values of P show that the sensitivity of fracture strain to

notch length is lessened by the presence of fatliquor in the grain material.
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Figure 4.7

The natural log of breaking stress versus the natural log of notch length
for FADG and PDG specimens.
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4.2.3 {c) Fracture stress of corium material.

Purslow’s approach 1o notch-insensitive materials [1991] does not lead to a
power law between fracture stress, fracture strain and notch length. When
deriving the fracture toughness (Appendix 6.2) the supposed nature of the strain-
energy-free-zone in a notch insensitive material ensures that the notch length term
(a) is eliminated. This result is not surprising because, as Equation [4.4] reveals,
there is no direct relationship between fracture stress (or strain)} and notch length
in completely notch-insensitive materials. Nevertheless, a direct relationship does
exist between fracture stress and one minus the ratio of notch length to sample
width. In other words, for notch insensitive materials, the fracture stress (or strain)
is dependent on the width of material remaining in the specimen after the notch

has been cut.

For completely notch-insensitive materials, the relationship between fracture stress

and notch length can be expressed as,

Ino; = Ino, + In(1-a/W)

Ino; = Ino, + In[{W -a)/W]

no; = Ino, + In{(W-a) - InW

Ino; = In(o, /W) + In(W -a)
Hence Ino;, = K" + qlIin(W-a)] [4.12]
Where Ks' = In (0, / W) [4.13]1
and q = 1 [4.14]
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Thus, a plot of In (o) versus In (W - a) for a notch-insensitive elastic material
should produce a straight line with a gradient, g equal to one and an intercept
through the ordinate equal to K;'. Figures 4.8 (1) and (ll} show plots of In o; versus

In (W-a) for FADC and PDC specimens respectively.

The indication of a completely notch insensitive elastic material is that the value
of g in Equation [4.12] equals one. When this occurs, the value of K3’ in Equation
[4.13] can be rearranged to confirm the breaking stress of unnotched samples.
However, the values of g obtained are 1.57 and 1.59 for FADC and PDC materials
respectively, thus indicating some small degree of notch sensitivity. The

logarithmic relationships developed in Figures 4.8 () and (ll) of,

Ino; =-1.73 + 1.57 In (W-a) {for FADC specimens} and,
Ing;, =-1.94 + 1.59 In (W-a) {for PDC specimens}

or
o; = 0.18 (W-a)"* [4.151
o; = 0.14 (W-a)"*® [4.16]

show that breaking stress is a function of (W-a) (in other words a function of the
remaining width in the sample after the notch is cut, and not simply the length of
the notch itself). The plots (g;) Vs (a), for FADC and PDC specimens (Figure 4.3
(I & (IV)) clearly show the insensitivity of breaking siress to notch length.
However, the above analysis and the logarithmic plots vields a relationship

between (o;) and (W - a) as opposed to a relationship between (o;) and (a).
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Figure 4.8

The natural log of breaking stress versus the natural log of the
sample width minus the notch length for FADC and PDC specimens.

3.4
3.2
3
A 2.8
wt' iLap S liP [lig ig fe
2.6
24 tY V'T'G.:
b1t [kpKL!Y, ifiarafHjS i PS . -
2.2
< 5T
2
2 1TH1i 111711
2.5 2.6 2.7 2.8 29 31 3.2 3.3
In (W-a)
In(of) = -1.73 + 1.57 In(W-a) [r2= 0.97]
Material = FADC
(1
t *
suu
muM
Bvhm
2.5 2.6 2.7 2.8 29 31 3.2 3.3
In (W-a)

In(of) = -1.94 + 1.59 In(W-a) [r*=0.88]
Material = PDC

(1



4.2.3 {d) Fracture strain of corium material.

For a completely notch-insensitive, non-linear elastic material, the relationship

between fraciure strain and notch length is derived in the following manner,

From [4.4] o; = o, {1 -a/W) [Kelly & Macmillan, 19861
From [4.5] o©O; = Kg [Purslow, 19911
Hence Ke" = o, (1-a/W)

ninle) =Info, /K) + In[(W-a)/W]

ninfeg =n(g,)- N(K) + Nn(W-a) - InW

Inlg) =1/m.In[o, / (KW)T + T/n[In(W-a)l
Hence Infe = Ky + sl[in(W-a)l [4.171
or 2 = e“ (W-a)° [4.18]
Where Ko = 1n.In[o,/{KW)] [4.19]
and s = 1/n [4.20]

Thus, a plot of In () versus In (W - a) for a completely notch-insensitive material

produces a straight line with gradient, s and intercept through the ordinate, iK,'.

Figures 4.9 (I) and (ll) show plots of In € versus In (W-a) for the FADC and PDC
specimens respectively and the linear trend is of the form shown in Equation

[4.17]. Specifically, the relationships between fracture strain and (W - a) are:

Ingg = 0.64 + 1.09 In (W-a) {for FADC specimens} and
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Ine, = 2.11 + 0.54 In (W-a) {for PDC specimens}.

or
€ = 1.90 (W-a)'°® [4.21]
3 = 8.25 (W-a)*** [4.22]

Using Equations [4.19] and [4.20] it is possible to predict K,” and s for both FADC

and PDC, Table 4.4 shows both the predicted and observed values.

Table 4.4
Material | (s) Predicted from | (s) Observed | (K,') Predicted from (Ky')
Equation {4.20] Equation [4.19] Observed
FADC 1/1.85 = 0.54 1.09 0.54 In [28/(0.015x25)] = 2.33 0.64
PDC 1/1.73 = 0.568 0.54 0.58 In [24.4/(0.031x25)] = 1.99 | 2.11

The observed values of s and K, for PDC specimens agree with predictions.
However, some departure from the predicted values of both s and K, are evident

for FADC specimens.

No direct intrinsic relationship exists between notch length (a) and nominal
breaking strain (¢) for notch insensitive materials, as apparent from Equation
[4.18]. The purpose of the above analysis was to establish a relationship, not
between (¢;) and (a), but between (¢ and (W - a), i.e. Equation [4.21] and [4.22]

for FADC and PDC respectively.
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Figure 4.9

The natural log of breaking strain versus the natural log of the
sample width minus the notch length for FADC and PDC specimens.
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4.2 .4 Strain distribution in single edge notch specimens.

The theory of notch sensitivity of non-linear materials [Purslow, 19911 associates
differences in notch sensitivity of materials to differences in the distribution of
strain energy (as illustrated in Figure 3.2). In this respect, it was felt important to
obtain a measure of the distribution of strain energy within single edge notch
specimens of grain and corium material. To directly measure local stress levels in
a notched specimen and produce a map of stress concentration in a material such
as leather is an extremely difficult task. However, measurement of local strains (as
outlined in section 2.4.3) is a feasible alternative and by measuring local strains

throughout a single notch specimen, a strain distribution map can be produced.

Strain energy disiribution (as employed by Purslow [1991]) must be differentiated
from strain distribution in single edge noich specimens (as used here). Both grain
and corium material show non-linear, energy dissipating tensile properties (chapter
3). Accordingly, it would be inappropriate to calculate local strain energies as a
function of the local strain and the nominal stress in the specimen (as would be the
case for an elasiic material). Indeed, 10 directly measure local sirain energies in

strained leather would require the measurement of both local stresses and strains.

Nevertheless, a strain distribution map offers a clear indication of the relative
magnitude and local topographic variability of deformation within a single edge
notch specimen. In essence, the strain distribution map provides a good indication

of where strain energy has been distributed within a single edge notch specimen.
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Figures 4.10, 4.12, 4.14 and 4.16 show a sequence of video images of FADG
(12.5 % oil content), PDG, FADC (3.0 % oil content) and PDC single edge notch
specimens at several levels of nominal strain during deformation and fracture.
Following each of these figures (i.e. Figures 4.11, 4.13, 4.15 and 4.17) are the
'spectral plots’ corresponding to the strain distribution of each image in the
preceding figure. Each Spectral plot is a 2-dimensional display of the 3-dimensional
array of strain data. The plots are similar to contour plots. However, the strain

values (i.e. the Z values in the matrix) are represented by a colourmap fill.

In each plot, there are 4 columns labelled 1 to 4 (left to right) and 12 rows,
labelled 1 to 12 (top to bottom) of measured strain values. An inverse-distance
weighting algorithm was used to generate the interpolated surface of the
colourmap [Stanford Graphics User Guide, 1993 p 5051°. Thus, the strain induced
between two vertical dots (as illustrated in Figure 2.3 (I)) is represented and

referred back to the original grid.

Figure 4.10 shows a sequence of video images during deformation and fracture of
a FADG single edge notch specimen (12.5 % oil content). The nominal strain level
of the single notch specimen in each image is (l) 8.3 %, (Il) 16.6 %, (1) 25.0 %,
(1V) 33.3 %, (V) 41.6 % and (V1) 46.4 % (achieved in the last 0.04 of a second
before complete sample failure). Figure 4.11 contains six spectral plots, labelled
() to (V1), that correspond to images (1) to (VI) in Figure 4.10 and show the strain

distribution at the same specified nominal strain levels.

9 Distributed by Adept Scientific, 6 Business Centre West, Avenue One, Letchworth, Herts, SG6 2HB.
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At a sample strain level of 8.3 % in Figure 4.11 (1), much of the area to the left of
column number two (indicative of the area to the left of the notch tip in the single
edge notch specimen) experiences a low level of strain. However, in columns 3
and 4 (i.e. to the right of the notch on the original grid) at row numbers 5, 6 and
7, an area of higher strain (9 to 13 %) exists. In (1) to {IV), as the nominail strain
in the specimen increases, a semi circular region of strain less than 4 % exists

around the area of the notch in the original grid.

Additionally, the distance between the first dot above and the first dot below the
crack is not indicative of strain as no material is present. Hence the local strain at
any such point in the grid is denoted by a zero. In (V) the strain distribution
approaches the theoretical distribution of a notch-sensitive material, outlined in
Figure 4.2 (ll). There is a clear semi-circular region, around the notch, of low strain
and higher levels of sirain between 40 % and 50 % + in the remainder of the

specimen.

Figure 4.11 (V1) is indicative of the strain distribution in the sample in the last

0.04 s before fracture, at a nominal sirain level of 46.4 %. The semi-circular region
of very low strain has enlarged due to the slow crack growth in the sample and the
consequent drop in local strain around the larger notch. However, high levels of
local sirain distribution (45 to 50 % +) are again noticeable in the surrounding

regions.
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Figure 4.12 shows a sequence of video images of a PDG single notch specimen
during deformation and fracture. The nominal strain level in each image is (l) 8.3%
() 16.6 % and {lll) 25.2 % (achieved in the last 0.04 s before complete sample
failure). Figure 4.13 contains three spectral plots labelled (I) to (lll), showing the
strain distribution corresponding to Figure 4.12 (1} to (lll) respectively. The PDG
specimen fractures at a much lower nominal strain level than the FADG specimen.
Figure 4.13 (lll) shows that, instead of a clear semi-circular region of low strain
around the notch and higher levels of strain (45 to 50 % +) evenly distributed in
the remainder of the specimen, only the area ahead of the notch attains anywhere

near these levels of local strain (40 to 45 %). At this point the specimen fractures.
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Figure 4.14 shows a sequence of five video images, labelled (I} to (VI), and Figure
4.15 shows the corresponding spectral plots that represent the strain distribution
in the single edge notch specimen of FADC, during the test. The nominal strain
level of the single notch specimen in each image / plotis (I) 8.3 %, (ll) 16.6%, (li)
25.0 %, (IV) 33.3 % and (V) 37.0 % (achieved in the last 0.04 s before specimen
fracture). From Figure 4.15, as the nominal strain in the sample increases from 8.3
% in (I} to 33.3 % in (IV), the local strains in all areas around the semi-circular
region of low strain, increase and remain evenly distributed. However, at a nominal
sample strain of 37.0 % in Figure 4.15 (V), a large region of high local strain

(50% +) is highly prominent ahead of the notch.

Figure 4.16 is a video sequence of four images labelled () to (IV) during the single
notch test of PDC material. Figure 4.17 shows the corresponding spectral plots
which represent the strain distribution in the specimen, over the duration of the
test. The nominal strain level in each image / plot is (I) 8.3 % (ll) 16.6 % (lll) 25.0
% and (IV) 31.5 % (achieved in the last 0.04 s before complete sample failure).
As the nominal strain in the sample increases from 8.3 % in (I) to 25.0 % in (ll) a
very similar situation to that of the FADC is observed. The local strain in areas
around the semi-circular region of low strain, increases and remain evenly
distributed. Again the situation just before fracture, shown in Figure 4.17 (IV),

indicates a large region of high local strain ahead of the notch of 40 10 45%.
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4.2.5 Strain distribution in the vicinity of a notch.

Figures 4.18, 4.20, 4.22 and 4.24 show a sequence of video images of the
deformation and fracture of FADG, PDG, FADC and PDC notched specimens
respectively. All images are focused on the area of the specimen in the vicinity of
the notch. Figures 4.19, 4.21, 4.23 and 4.25 show a sequence of spectral plots
that represent the strain distribution in the vicinity of the notch during deformation
and fracture of FADG, PDG, FADC and PDC noiched specimens respectively (i.e.

they correspond to the images of the previous figure).

The measured area of strain distribution is illustrated in Figure 2.3 (ll) and the
method used to obtain the strain matrix is ouilined in Section 2.5.5. In each
spectral plot, there are 12 columns labelled 1 to 12 (left to right) and 11 columns
labelled 1 to 11 (top to bottom) of measured strain values. The strain induced
between two vertically aligned dots (as illustrated in Figure 2.3 (I)) are represented

by a colourmap fill and referred back to the original grid of the strain matrix.

Figure 4.18 shows a sequence of six video images during the deformation and
fracture of a FADG specimen. The nominal strain level of the single notch
specimen in each image is (l) 8.3 %, (ll) 16.6 %, (1) 25.0 %, (IV) 33.3 %, (V)
41.6 % and (VI) 46.4 % (achieved in the last 0.04 s before complete sample
failure). Figure 4.19 shows six spectral plots labelled (l) to (VI). These plots show
the distribution of strain in the vicinity of the notch and directly correspond to

images 4.18 (I) to (V).
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In Figure 4.19, the plots (I} to (V) show how the local strain in the sample builds
up to levels of between 45 to 54% to the right of the notch. In addition, at the
very tip of the notch, a small area exists where the local strain is between 81 to
90%. In Figure 4.19 (V1) it is evident the crack has propagated and local strains

of 20 to 100% + are apparent at the tip of the crack.

A sequence of four video images and the corresponding speciral plots are shown
in Figures 4.20 and 4.21 respectively for a single edge notch specimen of PDG
material during deformation and fracture. The nominal strain level of the single
edge notch specimen in each image / plotis () 8.3 %, (ll) 16.6 %, (lll) 25.0 %,
and (1V) 33.3 %. Figures 4.21 (1) to (1) show how the local strain in the sample
builds up to levels of between 18 to 45% to the right of the notch. Additionally,
even at the low nominal samples strains in (I) and (ll), the local strains measured
at the very tip of the notch are significantly higher than the area to the right of the
notch tip. In Figure 4.21 {IV) the crack has propagated and local strains of 72 to

90% are apparent at the tip of the crack.
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Figure 4.22 shows a sequence of six video images during deformation and fracture
of a FADC specimen and Figure 4.23 shows the corresponding six spectral plots.
The nominal strain level of the single notch specimen in each image / plot is ()
8.3%, (Il) 16.6 %, (lll) 25.0 %, (IV) 33.3 %, (V) 41.6 % and (V1) 46.4 %. Figures
4.23 (l) to (V) show that the local strain in the sample builds up to levels of
between 36 and 72% to the right of the notch. In Figure 4.23 (VI) the crack has
propagated and a large area of local strains between 181 and 200% + exists at the
tip of the crack. in addition, at this sample strain level, a large area to the right of

the notch exists where local strains of between 90 and 109% exist.

Finally, Figure 4.24 and 4.25 show a sequence of five images / spectral plots,
respectively. These images / plots (labelled (I} to (V)) present the distribution of
strain in the vicinity of the notch in a single notch sample of PDC material. The
nominal strain level of the single notch specimen in each image / plotis (l) 8.3 %,
(1) 16.6 %, () 25.0 %, (IV) 33.3 % and (V) 39.5 %. Figures 4.25 (l) to (lll) show
the local strain in the sample rise to levels of between 18 and 36% to the right of
the notch. In (V) local strains of between 36 and 54% are evident to the right of
the notch tip. The local strains at the tip of the noich at this point realise levels of
between 145 and 163%. In Figure 4.25 (V) the crack has propagated and

maximum local strains of 181 to 200% + are apparent at the tip of the crack.
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4.2.6 Radii of curvature in single notch specimens.

The nominal fracture stress of an elastically continuous plate containing an
elliptical notch (with a major axis of length, a) is given by Equation [4.1]. In this
situation, stress concentration depends critically on p, the radius of curvature of
the elliptical notch, [Kelly and Macmillan, 198861. Taking the maximum stress at the
crack tip {o,) and the notch length (a) to be constant, higher values of radius of

curvature (p) ensure higher levels of nominal stress at failure.

The theory of stress concentration around notches has been developed exclusively
for linear elastic materials. Nevertheless it seems reasonable to assume (even in
non linear, elastic-plastic materials such as leather) that smaller radii of curvature
at the notch tip will be associated with increased stress concentration. It was
therefore thought beneficial to examine the tip radii of propagating notches.
Accordingly, Figure 4.26 shows the relationships between the radius of curvature
of the notch (p) and the nominal specimen sirain (¢ %) for grain and corium single

edge notch specimens during deformation and fracture.

Figure 4.26 (l) shows the relationship between (p) and (¢ %) in notched FADG and
PDG specimens. Some fluctuation is apparent in p for both materials during
deformation. However, up to a nominal specimen strain of 23 %, p fluctuates in
a similar manner for both FADG and PDG specimens. By increasing nominal sirain,
the value of p for the PDG specimen remains at approximatiely 0.15 mm until

fracture. However p in the FADG specimen rises to 0.75 mm where slow crack
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growth occurs and after some fluctuation in the value of (p), it attains a maximum

of 1.75 mm before fracture.

The relationship between (p) and (€%) in FADC and PDC specimens is shown in
Figure 4.26(ll). Here, p rises slowly in both materials up to a nominal strain of

28 %. At this point, p rises to around 3 mm for PDC specimens before fracture.
A more marked increase is noticeable in FADC specimens where values of (p) rise:

to around 8 mm before the specimen fraciures.
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Figure 4.27 shows FADG, PDG, FADC and PDC single edge notch specimens after
complete fracture. Both corium specimens show a considerable level of fibre pull
out. However, the grain specimens show very little fibre pull out. Table 4.5 shows
the average length of the fibres revealed as a result of the fibre pull out process

in the fracture of FADG, PDG, FADC and PDC specimens.

Table 4.5
Material. | Range of pull-out lengths. | Average fibre pull-out length.
FADG 0.20 -» 0.3 mm 0.25 mm
PDG 0.15 - 0.2 mm 0.18 mm
FADC 0.70 - 1.0 mm 0.85 mm
PDC 0.40 - 0.6 mm 0.50 mm

Figure 4.28 shows a scanning electron micrograph of the surface of a tear
propagated from an edge notch in grain material. Figure 4.28 illustrates the
existence of a sub-layer in the grain, closest to the outer surface, that is effectively

free from fibre pull out.

180




Figure 4.27

Fibre pull out in single notch specimens of grain and corium material.
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Figure 4.28

A scanning electron micrograph of the surface of a tear propagated from an

edge notch in grain material.
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4.3 Discussion.

4.3.1 Estimation of the fracture energy (G.) from single edge notch tests.

Using the single edge noich test results of Figure 4.4 and Equation [4.2], the
fracture energy (G,) can be estimated and compared with the specific work of
fracture (R) which was calculated using the trouser tear test geometry. Table
A.7.1 (Appendix 7) shows the fracture stress and the fracture strain of single edge
notch tests with a calculation of G, at every notch length. In calculating G, for
each material, the tensile modulus (E) from unnotched tensile specimens (section
3.2.1) was used. The modulus for each material was calculated between 30-40%
strain and the strain at fracture (i.e. over a quasi-linear region of the stress-strain
curve). Accordingly, the tensile modulus (E) was estimated as 42.9 MiPa and 44.4
MPa for FADG and PDG material respectively. The tensile modulus for FADC and

PDC material was estimated as 84.1 MPa and 79.5 MPa respectively.

The average values of G, + one standard deviation were calculated over the range
of notch lengths for each material. It was found that for FADG specimens G, =
22.4 + 9.1 kJm?and G, = 6.7 + 1.8 kJ m? for PDG specimens. Furthermore,
for FADC specimens, G, = 78.9 = 9.1 kJm? and G, = 51.4 + 9.1 kJ m™ for

PDC single notch specimens.

Estimates of G, can be compared with the trouser tear test resuits (i.e. values of

the specific work of fracture, R) where the tear propagates in a direction
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perpendicular to the backbone (Table 3.2). It can be seen that estimates of G, are
lower than estimates of R as calculated by the three separate methods.
Nevertheless, the two major trends of Chapter 3 are also demonstrated by
estimates of G.: (i) the fatliquor is seen to increase the fracture resistance
(markedly in the grain) and (ii) the corium material is shown as being 3—4 times

tougher than the grain material.

It is also appropriate to consider quantitatively the process of fibre pull out during
the fracture of single edge noich specimens (Table 4.5). Fibre pull out contributes
to the overall toughness of a material and is a function of several factors including:
the nominal length of the fibres pulled from the pseudo matrix; the number of
fibres involved during the pull out process and the frictional restraints upon the
fibres when being pulled through the pseudo matrix. Clearly the latter two factors
are extremely difficult to ascertain with complete certainty. However it is evident
from Table 4.5 that the average length of the fibres pulled from the pseudo matrix
in corium material is 3—4 greater than the average length of the fibres pulled from
the pseudo mairix in the corresponding grain material. This quantitative
observation directly correlates with the toughness calculations of chapter 3 where
the corium is also 3-»4 times tougher than the corresponding grain material. In
addition the presence of fatliquor increases the average length of fibres pulled from
the pseudo matrix by approximately 40% in grain material and 70% in corium

material.
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4.3.2 Notch sensitivity of grain and corium materials.

The fracture of PDG material is highly sensitive 1o the presence of a notch whereas
the PDC material is noich insensitive. In a composite material, complete notch
insensitivity can be produced by providing an interface parallel to the fibres which
is weal in tension. The mechanism proposed by Cook & Gordon [1964], depicts
that when a notched specimen is strained, before the fibre fails the induced stress
at the crack tip breaks the interface parallel to the fibres, (assuming that the siress
to break the interface in tension is considerably less than that required to fracture
a fibre). A situation then arises where a crack running transverse to the fibres
effectively opens another crack (in the matrix) transverse to itself and runs into it.
The stress concentration due to the crack may reduce markedly and noich

insensitivity may well result, [Kelly & Macmillan, 1986].

A pseudo matrix can be said 10 exist in grain and corium material (section 3.3) and
as such, the mechanisms suggested to be responsible for notch insensitivity above
are entirely feasible. However it is contended that the mechanism of fibre
orientation and the phenomenon of fibre independence (or fibre autonomy) are the
mechanisms responsible for the notch insensitive behaviour of corium material as

opposed to the notch sensitive behaviour of the grain.

In Figure 4.29 (I), a notched specimen of a flexible fibrous material, such as
corium, is subject to a nominal sirain very much less than the nominal fracture

strain. Here, the fibres at the crack tip are subject to a sharp notch and therefore
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the highest concentration of stress in the specimen occurs at this point. However,
if the fibres at the crack tip are reorienting towards the strain axis, the fibres
themselves are not directly strained. Accordingly, even the stress induced in the
fibres at the crack tip, is very much less than the fibre fracture stress and the
crack will not propagate. Considering this situation in terms of strain energy, the
energy density at the crack tip is not sufficient to promote fracture as much of the
supplied strain energy has been expended or dissipated in the fibre re-orientation

process.

As the material is strained further, the notch ‘opens’ (Figure 4.29 (Il)). In this
situation, it is assumed the fibres are physically independent from one another
within the material and, as a result of the strain, become markedly orientated
transverse 1o the direction of crack propagation. Here the notch is no longer sharp
and possibly the major and minor axis of the elliptical crack seen in () have
switched. Accordingly, the geometric factors of stress concentration, (i.e. (a/p)),
will have markedly reduced and in essence, the fall in nominal stress at failure, due

to the presence of a small notch, is reduced.

Considering this situation in terms of strain energy, the geometry of the notch in
Figure 4.29 (ll) and the level of physical independency of the fibres, both lead to
a well distributed strain energy within the specimen and so high levels of energy
density are not significanily focused in one small locality. Accordingly, the energy
density in the region of the highly opened crack is not sufficient io promote

fracture until heightened levels of nominal stress and strain are attained. Indeed,

186




the levels of nominal fracture stress and strain will be comparable to those of an
unnotched tensile specimen of width (W - a). Under these circumstances the

material is defined as notch insensitive.

An analogous situation is seen in lubricated steel wire ropes used for suspension
bridges and climbing protection devices. Thin rods of steel are wound together to
form a flexible rope-like structure and when in service, are subject to potentially
damaging environmenis. However, fracture of even several constituent thin steel
rods within the rope does not appreciably reduce the overall tensile strength
because each thin rod has a degree of physical independency from its neighbours
(in essence reducing shear connectivity). Accordingly such ropes are notch

insensitive.

In section 3.3, higher nominal tensile strains of PDC specimens (compared to PDG
specimens) and the more pronounced ‘'J’ shape were attributed to greater levels
of fibre orientation. In addition, very high levels of local strain were observed at
the tip of the notch in PDC single notch specimens (section 4.2.5). These strain
levels are markedly higher than those observed in individual corium fibres, where
the nominal strain at fracture occurs between 9 % and 16 % [Mitton, 1945]. This
phenomenon, at least in part, can again be attributed to the process of fibre

orientation.
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Figure 4.29

Mechanisms pertaining to the

notch insensitive tensile behaviour of corium material.



Greater fibre orientation in corium material is also evident from the radius of
curvature of the notch in single edge notch specimens. The radius of curvature of
the notch, just before fracture, in a PDC specimen is 20 times higher than that

observed in a PDG specimen, (~3 mm compared to ~ 0.15 mm).

In addition to fibre orientation, it is likely that the largest fibrous units present in
corium material have a level of physical independency that is much greater than
that of the largest fibrous units present in grain material. Indeed, Attenburrow
[1992] postulated that with the coarser structure of the corium, the mean distance
between fibre interconnections is greater than in the grain because the grain can
maintain some level of tensile strength when split very thin, whereas the corium

cannot.

In light of these factors, the mechanisms of fibre orientation and relative fibre
independence are responsible for the notch insensitive behaviour in corium
material, i.e. the original conteniion was correct. Indeed, PDC material experiences
both a higher level of fibre orientation and greater fibre independence than PDG
material. Consequently a higher degree of notch insensitiivity is inherent in corium

material.

The fracture stress of single edge notch corium specimens is considerably greater
than the fracture stress of grain specimens, at all notch lengths. Accordingly,
corium material is inherently more resistant to crack propagation than grain

material. In addition significanitly more fibre pull is evident in corium specimens
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than in grain specimens. Both these findings are in accord with the mechanisms

underlying the relative weakness of grain material (chapter 3.)

In considering the observed crack advancement in a single edge notch grain
specimen, it is important to note that Figure 4.28 illustrates the existence of a sub-
layer in the grain material, closest to the outer surface, that is effectively free from
fibre pull out. In the video sequence of Figure 4.18 and 4.20, the outer surface of
the grain is viewed. It may reasonably be assumed that the observed sharp tip of
the tear is formed within this surface sub-layer with any fibre pull out occurring in

the under layer that was originally attached to the corium.

In considering the application of Purslow’s theory of notch sensitivity of non-linear
materials [1991], it has been seen that some departure from theoretical predictions
are apparent, particularly for FADG material. When applying his theory to materials
with ‘r" shaped stress-strain properties, Purslow [1291] observed that nominal
fracture stresses and strains were in accordance with predicted values. However,

both grain and corium specimens demonsirate 'J’ shaped tensile behaviour.

In this respect, n > 1 in Equation [4.5] and therefore M > 0.5 in Equation [4.9].
Accordingly, in Equation [4.7], the value of the exponent n’ = - M, i.e. n" < -0.5.
Where n” < -0.5 a relationship is predicted where the fall in breaking stress with
increasing crack length is even more rapid than the behaviour of a brittle material
such as glass where 0; « a* [Higgins, 19911. This level of extreme sensitivity to

the presence of a small notch seems an unlikely situation and it would appear,
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regardless of the elasticity assumptions, that if the variable M> 0.5, as a result of
a 'J’ shaped curve, the theoretical relationship of Equation [4.8] between breaking
stress and notch length cannot be realised. Nevertheless, the fracture behaviour
of PDG material is highly notch sensitive and in good agreement with the
predictions obtained by using the theory of notch sensitivity of non-linear
materials. The fracture behaviour of FADG material is less noich sensitive with
more pronounced 'J’ shaped stress strain behaviour. Accordingly, some departure

from theoretical predicition should be expected.

In addition, the theoretical strain distribution for notch-insensitive materials
proposed by Purslow [1991] and shown in Figure 4.2 (I) is not apparent in either
the FADC or PDC specimens. If this were the case, the complete lengths of column
numbers 1 and 2 in Figures 4.15 (V) and 4.17 (IV) would indicate zero strain
levels. However in both the FADC and PDC specimens, local strain levels of up to
31% exist in these areas. Accordingly the concept of a notch-insensitive material
having a strain energy free region situated to the left of a vertical line drawn
through the notch tip is unlikely to apply to corium material as high local strains
are evident. Even when considering the hysteresis values of the corium material
(section 3.2.5) these significant local strain levels ensure strain energy is

distributed within this region of the specimen.

It is contended that the only complete theory enabling the application of fracture
mechanics to non-linear, flexible, inelastic materials, such as leather, while also

providing some practicable and semi-achievable experimental guidelines is the
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theory of General Fracture Mechanics (GFM) [Andrews, 1974,1980; Andrews &
Billington, 1976; Andrews & Fukahori, 19771. The original intention was to test
the application of this theory to leather. However, this has not been possible
because the crack propagation in single edge notch specimens of corium materials
in particular is catastrophic. Accordingly, the measurement of crack velocity (a
requirement of GFM) by means of the methods described by Andrews and Fukahori

[1977] proved futile.

4.3.3 The influence of fatliqguor on notch sensitivity.

The presence of oil in grain material (i.e. FADG material) tangibly reduces the
notch sensitivity of the grain at oil contents of 8.5 % and 12.5 %. It has also been
seen that the propanone dried corium material is already highly notch insensitive
and there is no observable increase in the degree of notch insensitivity as a result

of the presence of oil at either 1.2 % or 3.0 %.

The strain distribution maps of FADG and PDG specimens (Figures 4.11 & 4.13)
reveal that the oil (present in the FADG single notch specimen) facilitates a more
even distribution of local strain than is observed in the PDG specimen. Evidently
the effect of the oil is to delay the high levels of local strain, that manifest in the
region of the notch tip, by allowing a more even distribution over the whole

sample.

As discussed in the previous section, two factors affect the notch sensitivity of
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leather material: (i) fibre orientation and (ii) fibre independence. Further, in chapter
3, it was contended that the influence of oil on tensile properties of grain and
corium material is twofold. In a non-aqueous environment, the oil is a "'secondary
plasticiser’ that (i) provides spacers that prevent fibre adhesion and (ii) provides

some level of lubrication to the fibres.

By providing spacers that prevent interfibre adhesion, oil promotes heightened
levels of fibre independence. Further, by acting as a fibre lubricant, oil also
promoies fibre re-orientation by effectively reducing interfibre frictional restrictions.
Both these effects can be expected to reduce the notch sensitivity of either grain
or corium. Accordingly, reduction in notch sensitivity {i.e. an increase in notch
insensitivity) is apparent in grain material at oil content of 8.5 % and a further

decrease in notch sensitivity is apparent where the oil contentis 12.5 %.

Under conditions of complete notch insensitivity, the condition expressed in
Equation [4.4] is authenticated and the maxirﬁum degree of notch insensitivity is
attained. As noted in the results, the insensitivity of all corium material approaches
the case of complete notch insensitivity. Not surprisingly, no further increase in the

degree of notch insensitivity is apparent at oil contents of only 1.2 % and 3.0 %.

In both the grain and corium layers, the maximum local strain levels attained during
crack propagation are substantially higher when oil is present. Indeed the highest
level of recorded local strain during fracture in the FADG specimen is 218 %

compared with 88 % in the PDG specimen. This pattern of behaviour is repeated
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in the corium layer. Here, the highest level of recorded local strain during fracture
in the FADC specimen is 430 % compared with 299 % in the PDC corium

specimen.

These local levels of strain are considerably higher than the nominal breaking strain
of the single notch sample itself, where a maximum over the four materials of 50%
is observed in the FADG specimen. In viscoelastic amorphous elastomers, the rate
of elongation at the crack tip is known to be much greater than the rate of
elongation of the whole test piece [Gent, 1978]. Hence, it is not unreasonable to
also attribute the high local sirains at the notch tip to a difference in the rate of
elongation between the strain rate at the tip of the notch and the rate of sirain

application to the specimen as a whole.

Further, it is probable that the high strains ahead of the tear are localised regions
of high fibre pull out. They will be of considerably lower density than the rest of
the leather and may be, in some respects, similar to crazes in polymers. It is also
possible that the real crack tip is obscured by the fibre pull out and that the local
strains are being measured in a region which has effectively failed (Figure (4.30)).
The higher local strains, observed at the crack tip in fatliquored material, are
attributed to heightened fibre orientation and increased levels of fibre pull out in

the lower density regions of the tip.
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Figure 4.30

Precise determination of the crack tip.

‘Where is the tear tip ?*




Chapter 5

Conclusions and Recommendations.
5.1 Conclusions.

The specific work of fracture of both the grain and corium layers of leather have
been assessed through trouser tear testing. The specific work of fracture was
calculated using three different methods: method one assumes significant leg
extension and that the material is elastic-plastic; method two assumes significant
leg extension and that the material is elastic; method three assumes insignificant
leg extension and that the material is linearly elastic. Whatever the method of
calculation, the corium material is 2 to 4 times tougher than grain material. This
is attributed to the higher levels of fibre debonding and pull out in corium material

during tear propagation.

Orientation, with respect to the backbone line, influences the ultimate tensile
properties of both grain and corium material due to the variable degree of fibre
orientation within the bulk specimen. The specific work of fracture of grain
material is also sensitive to specimen orientation. This phenomenon is explained
by differences in fibre bridging when the tear advances in different orientations.
With corium material, any directional effects on the specific work of fracture are

masked by energy dissipating process of fibre debonding during tear propagation.

The influence of deformation rate upon the strength and toughness of grain and

corium material has been examined. It is contended that the organisation of the

)
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hierarchical fibre structure within corium material enables an enhanced fibre
mobility at higher rates, thus elevating stresses and strains at fracture. However,
the more compact fibrous structure of the grain material impedes any enhancement
of fibre mobility at higher strain rates and rupture siresses and strains are not
elevated. The influence of strain rate on the specific work of fracture of grain and
corium material is attributed to fibre orientation effects in the region of the

advancing tear.

Both grain and corium material display high hysteresis during strain cycling of
unnoiched specimens. However, these hysteresis values were not observed to
alter significantly over the examined range of strain rates and strain levels. The
fracture of grain material is highly sensitive to the presence of a notch, whereas
corium material is notch insensitive. The mechanism of fibre orientation and the
phenomenon of fibre independence (or fibre autonomy) are responsible for the
notch insensitivity of corium material. The explanation for notch insensitivity
proposed by Purslow [1991], based on strain distribution, is not applicable to

corium material.

The presence of oil in grain material reduces the notch sensitivity. It is proposed
that this effect is caused by (i) the oil promoting higher levels of fibre
independence and (ii) the oil enabling fibre re-orientation by reducing interfibre
frictional restrictions. With corium material, higher levels of local strain have been
observed at the crack tip during crack propagation and the radius of curvature of
such cracks are significantly higher than with grain material. Such phenomena are

attributed to localised regions of high fibre pull out in corium material.
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5.2 Industrial consequences of the research.

In essence, this research has elucidated the principles involved in the relative

strength and toughness of grain and corium material so that procedures may be

developed to increase the strength and toughness of grain material. However, in

addition, aspects of the research have a direct bearing on established leather

manufacturing processes, end-user material practices and industry test methods.

(i)

(ii)

It has been seen that toughness and strength of grain and corium materials
are rate sensitive. Indeed, by increasing deformation rates from 0.16 mm s™
to 166.66 mm s a marked increase in both strength and toughness has
been observed. The time dependent fracture behaviour of leather will
profoundly affect the lasting (stretch forming) operation of shoe making.
Clearly if deformation rates during the lasting operation are high, the
fracture resistance of the leather material is elevated. Accordingly, crack
formation and crack initiation during the lasting operation (which are
detrimental to the appearance, wear and life of a shoe) can be reduced or

even avoided by increasing the speed of the lasting operation.

The presence of oil in grain material markedly increases the toughness and
strength and reduces notch sensitivity. However (within the range studied)
the presence of ail in corium material has little effect on the already highly
notch insensitive fracture behaviour and only marginally increases the
already high levels of strength and toughness. Accordingly, when

fatliguoring full substance bovine leather attention should be paid to

198




(iii)

(iv}

(v)

achieving greater oil deposition in the grain layer in order to achieve

strength and toughness.

Fibre pull out contributes significantly to the fracture resistance of both
grain and corium materials. Furthermore, within the grain, there is a sub-
layer, closest to the outer surface, which after tearing is effectively free
from fibre pull out. Accordingly, thin grain splits (<0.6 mm) maybe
expected to be very weak since they are deficient of fibres being pulled
from the pseudo matrix during tear propagation. This lack of fibre pull out
accounts for the low fracture resistance of thin grain splits. Thus processes
that encourage fibre pull out are of significant importance, especially when

producing thin grain splits.

Fibre independence (or fibre autonomy) is a mechanism that significantly
contributes to the greater toughness and notch insensitivity of the corium.
If such mechanisms could be enhanced within the grain layer, a significant
increase in toughness is likely to result. Accordingly, impregnation of the
grain with additional plasticisers or more ‘opening up’ of the grain layer in
the initial liming process, are both processes likely to increase levels of fibre

autonomy, thereby increasing toughness and reducing notch sensitivity.

The intrinsic tearing resistance of leather (as measured via the trouser tear
test and calculated in J m?) is a property of the material itself. Consequently
the specific work of fracture (R) is purely indicative of the material’s fracture

properties. However, current methods to measure the tearing resistance of
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leather simply measure the maximum force required to tear a Bauman tear test

specimen. Adoption of the trouser tear test procedure and calculation of the

specific work of fracture would ensure that an intrinsic fracture property is being

astimated and enable a legitimate comparison between materials.

5.3 Suggestions for further worlk.

0]

(i)

(iii)

Measurement of the crack velocity in the single edge noich specimen
orientation will enable application of Andrew’s theory of General Fracture
Mechanics. The apparent fracture resistance can then be measured in the
single notch orientation and broken down into a surface free energy term

and an energy loss term.

Although this study has dealt with a number of fracture mechanisms
pertinent to both grain and corium material, detailed morphological
configuration of the collagenous based fibres within leather material and its

influence on tearing phenomena are yet to be expressed mathematically.

Commercial circumstances often dictate that the "grain split’ be thicker than
the grain alone, eg. 1.6 10 1.8 mm. The grain layer of bovine leather is
approximately 1 mm thick and therefore if the thickness of the grain split is
to be greater than 1 mm, the leather must be split within the corium layer.
Consequently, instead of separate grain and corium materials (as used in
this study), a grain/corium laminate and a corium material are produced.

Further research to examine the mechanical and fracture properties of
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bovine leather split at different thickness would enable the development of
a laminate theory. A laminate theory would. vield the relationship between
the thickness of the laminate (i.e. the relative thickness of grain / corium)
and the intrinsic strength / toughness of the laminate. In addition such
research would enable an estimate of the optimum level at which to split full
substance leather in order to obtain specified strength and toughness values

for both the grain/corium laminate and the remaining corium layer.
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Process History of Wet Blue Leather.

Initial material = wet salted domestic cattle hide.

Process. Details.

LIMING

Dirt soak 200 wt% H,0 @ 26°C.
Drum for 60 minutes.
Drain.

Main soak 170 wt% H,0 @ 26°C.
Drum for 60 minutes.
Drain.
Repeat.

Lime 160 wt% H,0 @ 26°C.
2.5 wt% sodium sulphide.
5 wt% lime.

Drum 90 minutes.
Drain.

White lime 150 wt% H,0 @ 22°C.
5 wt% lime.
Drum 15 minutes.

Drain.
Empty Drum.

CHROMING

Wash 90 wt% H,0 @ 35°C.
Drum 10 minutes.
Drain.

Delime 70 wt% H,0 @ 35°C.

3 wt% ammonium sulphate.

0.4 wt% sodium metabisulphate.
1 wt% bate.

Drum 60 minutes.

Drain

Wash 100 wt% H,0 @ 21°C.
Drum 10 minutes.
Drain.

Tan 20 wt% H,0 @ 21°C.

6 wt% sodium chioride.

1 wt% sodium formate.

Drum 10 minutes.

2.2 wt% sulphuric acid (77%).

Drum 120 minutes until pH = 2.9-+3.4.
8 wt% chrome powder (42% basic).
Drum 60 minutes.

0.5 wt% tanbase.

Drum 10 hours whereby pH = 3.6-+3.8.
Wash.

Empty drum.

Sam Sam & package.

Drum for 10 minutes every 30 minutes for 12 hours.

Drum for 10 minutes every 120 minutes for 24 hours.
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The Propanone Drying Process.

Seven litres of propanone were held in a flat bed tray and the sample of leather to
be dried was fully immersed in the liquid. The lid of the tray was closed and
sealed, using cohesive, propanone resistant tape. A thermometer was also sealed
into the lid of the tray to measure the temperature of drying solutions. A smalil
rubber bung in the lid of the tray could be withdrawn and approximately 25 ml of

solution removed, placed in a density bottle, weighed and subsequently replaced.

Once a particular batch was complete, the tape was removed, the lid lifted and the

propanone replaced quickly. The dimensions of the housing vessel are as in Table

A.2.1.

Table A.2.1.
Vessel Measurement Size
Inside width /m 0.59
Inside height /' m 0.08
Inside length /m 0.72
Volume of vessel /m?® ~ 0.04
Volume of vessel / litre ~ 34

In each drying batch, density measurements of the drying solution are taken over

a period of 24 hours.
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The density of the acetone in the drying solution as a function of temperature, t,

(where 0<t<54°C) was calculated as:

PrropanonE / kg m® = 1

(1.231736956 x 10?) (1 + 1.3240x10%t + 3.8090x10°? - 0.87983x10°1)

The density of the water in the drying solution as a function of temperature, t,

(where 0<1<33°C) was calculated as:

Pwater / kg m?® = 1
{1 x 10%) {1 - 0.06427x10%t + 8.5050x10°2 - 6.7900x10°°)

The percentage of propanone in the drying solution was calculated as follows:

From X . Peropanone T [T - XI. pwaten = Porvine soLumion
PorvivG sowution ~  PwaTer
X =
PrropanoNE ~ PwaTeR
and y = {1-x

Where x = Wt fraction of propanone in the drying solution.
Where y = Wt fraction of water in the drying solution.

Results for three drying batches are shown in Table A.2.2. A plot of (Wt % Water
in drying solution) Versus (Time) for each drying batch {Figure A.2.1.) shows most
of the water was removed in the first batch and by the third batch, very little

water was removed from the leather.
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Calculation of Water Content in Leather {wet weight basis) after Propanone Dehydration.

If, before propanone dehydration, the total mass and percentage water content
(wet weight basis) of the wet blue leather are known, it is possible to calculate a
mass balance of water over the entire drying process. These calculations were
carried out to determine the final water content in the dried leather on a wet
weight basis. The methodology and results of such calculations are given in

Tables: A.2.3. to A.2.6.

Table A.2.3.
Batch 1. Calculation. Quantity.
Start: volume drying solution 7 x 10 m?
End: volume drying solution 4876 x 10° m?®
Start: density drying solution 795.9268 kg m*?
End: density drying solution 825.4127 kg m?
Start: mass drying solution (795.9268 x 7 x 10°) 5.5714876 kg
End: mass drying solution (825.4127 x 4.876 x 10?) 4.0247123 kg
Start: weight % water in 1.0699 %
drying solution
End: weight % water in 16.6516 %
drying solution
Start: mass of water in drying | (1.0699 x 102 x 5.5714876) 0.059609345 kg
solution
End: mass of water in drying | (16.6516 x 10 x 4.0247123) 0.670178993 kg
solution
Water removed from leather (0.670178993 - 0.059609345) | 0.610569648 kg
over the batch
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Table A.2.4.

Batch 2. Calculation. Quantity.

Start: volume drying solution 7 x10° m?

End: volume drying solution 5.3008 x 10° m?

Start: density drying solution 793.7960 kg m-2

End: density drying solution 800.1295 kg m?

Start: mass drying solution (793.7960 x 7 x 10%) 5.5656572 kg

End: mass drying solution {800.1295 x 5.3008 x 109 4.241327 kg

Start: weight % water in 1.1678 %
drying solution

End: weight % water in 5.5698 %
drying solution

Start: mass of water in drying | {(1.1678 x 102 x 5.5656572) 0.064889647 kg
solution

End: mass of water in drying | (5.5698 x 102 x 4.241327) 0.236233431 kg
solution

Water removed from leather (0.236233431 - 0.064889647) | 0.171343784 kg

over the batch

Table A.2.5

Batch 3. Calculation. Quantity.

Start: volume drying solution 7 x 103 m?

End:  volume drying solution 6.1504 x 10° m?

Start: density drying solution 795.1148 kg m3

End: density drying solution 796.0098 kg m?

Start: mass drying solution (795.1148 x 7 x 10?) 5.5658036 kg

End:  mass drying solution (796.0098 x 6.1504 x 10%) 4.8957787 kg

Start: weight % water in 1.7506 %
drying solution

End:  weight % water in 3.5011 %
drying solution

Start: mass of water in drying | (1.7506 x 102 x 5.5658036) 0.097434957 kg
solution

End: mass of water in drying | {3.5011 x 102 x 4.8957787) 0.171406108 kg
solution

Water removed from leather (0.171406108 - 0.097434957) | 0.073971151 kg

over the batch
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Table A.2.6.

Item. Calculation. Quantity.
Total mass of water removed from 0.610569648 Kg + 0.85588458 kg
leather over 3 batches 0.171343784 Kg +

0.073971151 Kg
Initial mass of wet blue leather (wet 1.6256 kg
weight basis)
Initial percentage water content of wet 58.66 %
blue leather (wet weight basis)
Initial mass of water present in wet (1.6256 x 58.66 x 10%) 0.95357696 kg
blue leather (wet weight basis)
Total mass of water remaining in the (0.95357696 - 0.85588458) | 0.09769238 kg
leather after drying
Final percentage of water remaining in | 0.09769238 x 100 % 6.00962 %

the leather after drying (wet weight
basis)

1.6256
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A.3.1 Program lnertia;

{This program removes the inertia glitch.}

{Definition of variable types}

var

Counter : integer;

Test_File , A_Line : string;

textfile1 , textfile2 , textfile3 : text;

temp : integer;

mm , KiloNewton : string;
-Test_Array : array [1..2, 1..2000] of real;
No_Sample_Array : array [1..2 , 1..2000] of real;

code : integer;

Last Row_Test File : integer;

No_Sample : string;

Last_Row_No_Sample : integer;
Zero_Negative_Numbers : integer;

start_condition : boolean;

Test_Start_Point : integer;

No_Sample_Start_Point : integer;

Rearrange : integer;
Current_Minimum_Different_Alignment , Total_Difference_Alignment
Current_Minimum_Difference_Alignment : real;

First No_Starts_In_Row : integer;

Adjust_No_Times : integer;

Align : integer;

Adjust_No_Sample_Array : array [1..2000] of real;
File_Output : integer;

mm_real , KiloNewton_real : real;

Output_File_Name : string;

Job_Done : boolean;

Main_Counter : integer;
Maximum_Recorded_mm_Array_Position_Test : integer;
Maximum_mm_Test : real;

mm_Counter : integer;

Ma)ﬁmum_mm_No_Sample :real;

Maximum_Recorded mm_Array_Position_No_Sample : integer;
Delta_KiloNewton , Delta_mm , C, M : real;
Start_Condition_Integer : Integer;
Subtract_This_Value_KN , Subtract This_Value_mm : real;
Adjust_Load , Adjust_mm : integer;

Start_Counter : integer;

Rid_Zeros_Condition : boolean;

{Read the two data files and place each in a 2-D array}
Procedure Read_in_two_files;
begin
{Read in the real test file}
Counter := 1;
writeln {‘What is the name of the test file ?°);
readin (Test File};
assign (textﬁle1 , Test_File);
reset (textfile1);
while not Eof (textfile1) do
begin
readin {textfile1, A_Line);
temp := pos(chr(9),A_Line);
mm := copy {A_Line,1,{temp-1));
KiloNewton := copy (A_Line,{temp+1),25);
val {(mm, Test_Array [1,counter],code);
val (KiloNewton, Test_Array [2,counter],code);
counter := counter + 1;
if counter = 2000 then writeln ('File too big’);
if counter = 2000 then halt;
end;
close (textfile1);
Last Row_Test File : = (counter -1};
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{Read in no sample test file}
Counter : = 1;
writeln ("What is the name of the file with no sample ?’);
readin (No_Sample);
assign (textfile2, No_Sample);
reset (textfile2);
while not Eof (textfile2} do
begin
readin (textfile2, A_Line);
temp : = pos(chr(9),A_Line);
mm ;= copy (A_Line,1,({temp-1));
KiloNewton := copy (A_Line,{temp+1),25);
val (mm, No_Sample_Array [1,counter],code);
val (KiloNewton, No_Sample_Array [2,counter],code);
counter := counter + 1;
end;
close (textfile2);
Last Row_No_Sample := (counter -1);
end;

{Find the start point for the test array}

Procedure Find_Starting_Point;

begin

Start_Condition_Integer := 0;

Counter := 1;

While Start_Condition_Integer <> 6 do
begin
{Note: if we get 6 successive increases in mm, the machine must be moving
and the test have started.}
If (Test_Array[1,Counter] < Test_Array[1,Counter+1])
then Start_Condition_Integer : = Start_Condition_Integer + 1;
If (Test_Array[1,Counter] > = Test_Array[1,Counter+1])
then Start_Condition_Integer : = 0;
Counter : = Counter + 1;
end;

Test_Start_Point : = Counter - 6;

writeln (‘Test_Start_Point : = ", Test_Start_Point};

{Find the start point for the No Sample array}

Start_Condition_Integer := 0;

Counter := 1;

While Start_Condition_Integer <> 6 do

begin
{Note: if we get 6 successive increases in mm, the machine must be moving
and the test have started.}
If (No_Sample_Array{1,Counter] < No_Sample_Array[1,Counter +11)
then Start_Condition_Integer : = Start_Condition_Integer + 1;
If (No_Sample_Array{1,Counter] > = No_Sample_Array[1,Counter+ 1]}
then Start_Condition_Integer : = 0;

Counter := Counter + 1;

end;

No_Sample_Start_Point : = Counter - 6;

writeln (“test start row = ’,Test_Start_Point);

writeln {'no sample start row = ‘, No_Sample_Start_Point);
readin;

end;

Procedure Push_Rows_To_The_Top;

begin

{Rearrange the Test_Array}

Last Row_Test File : = (Last Row_Test File - Test_Start_Point + 1);

For Rearrange : = 1 to Last_Row_Test File do
begin
Test_Array [1,Rearrange] := Test Array [1,(Test_Start_Point - 1 + Rearrangell;
Test_Array [2,Rearrange] : = Test_Array [2,(Test_Start Point - 1 + Rearrange)l;
end;
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{Rearrange the No_Sample_Array}

Last Row_No_Sample := (Last Row_No_Sample - No_Sample_Start_Point + 1);

For Rearrange := 1 to Last_Row_No_Sample do
begin
No__SampIe_Array {1,Rearrange] : = No_SampIe_Array [1, (No_Sample_Start Point - 1 + Rearrange)l;
No_Sample_Array [2,Rearrange] := No_Sample_Array [2, (No_SampIe__Start__Point -1 + Rearrange)];
end;

end;

Procedure Adjust_Figures;

begin

{We know that when the test begins, there is in reality NO

load so, we subtract this value of load from the other load readings.
Don’t use the last reading of the test for subtraction purposes
because it is NOT zero because the sample is stiff and bending

is occuring, thus producing a negative load.}

{First we’ll do the test array}
Subtract_This_Value_KN := Test Array [2,1]; {Note 1 is the start point beause we’ve pushed the rows up}
Writeln (‘First value of force = ’,Subtract_This_Value_KN);
For Adjust_Load := 1 to Last_ Row_Test_File do
begin
Test_Array [2,Adjust_Load] : = Test_Array [2,Adjust_Load] - Subtract_This_Value_KN;
end;
Subtract_This_Value_mm := Test_Array [1,1];
For Adjust_mm := 1 to Last Row_Test File do
begin
Test_Array [1,Adjust mm] := Test_Array [1,Adjust mm] - Subtract_This_Value_mm;
end;

{Next we’ll do the no sample array}
Subtract_This_Value KN := No_Sample_Array [2,1]; {Note 1 is the start point because we’ve pushed the rows up}
Writeln (‘First value of force = ’,Subtract_This_Value KN);
For Adjust Load := 1 to Last Row_No_Sample do
begin
No_Sample_Array [2,Adjust_Load] : = No_Sample_Array [2,Adjust_Load] - Subtract_This_Value KN;
end;
Subtract_This_Value_mm := No_Sample_Array [1,1];
For Adjust_ mm := 1 to Last Row_No_Sample do
begin
No_Sample_Array [1,Adjust_mm] := No_Sample_Array [1,Adjust_mm] - Subtract_This_Value_mm;
end;
end;

Procedure Find_Maximum_mm_Test_Array Update;

begin

Maximum_mm_Test : = Test_Array [1, mm_Counter];
Maximum_Recorded_mm_Array_Position_Test : = mm_Counter;
end;

Procedure Find_Maximum_mm_Test_Array;

begin

Maximum_mm_Test := O;

For mm_Counter : = 1 to Last_Row_Test File do
begin
if Test_Array [1, mm_Counter] > Maximum_mm_Test then Find_Maximum_mm_Test_Array_Update;
end;

end;

Procedure Find_Maximum_mm_No_SampIe_Array_Update;

begin

Maximum_mm_No_Sample := No_Sample_Array [1, mm_Counter];
Maximum_Recorded mm_Array_Position_No_Sample : = an_Counter;
end;
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Procedure Find_Maximum_mm_No_Sample_Array;
begin
Maximum_mm_No_Sample := 0;
mm_Counter := 0;
For mm_Counter : = 1 to Last Row_No_Sample do
begin
if No_Sample_Array [1, mm_Counter] > Maximum_mm_No_Sample then
Find_Maximum_mm_No_Sample_Array_Update;
end;
end;

Procedure Go_Ahead_And_Output;

begin

{Here we have a position where the mm values in the Test_Array lie between
its corresponding row number and the following row number in the No_Sample_
array.

Now we must interpolate (linearly) and obtain the exact mm value in the
No_Sample_Array that fits with the Test_Array, then use the same function
values {ie M & Cin Y = MX + C) to alter the force values.

Then subtract the No_Sample_Array force values from the Test_Array force
values and output the mm_real (from the test array) and the KiloNewton_real
into the .adj file}

{M = Delta_KiloNewton / Delta_mm}
Delta_KiloNewton : = (No_Sample_Array {2,(First_ No_Starts_In_Row + File_Output)]}
- (No_Sample_Array [2,(First No_Starts_In_Row + File_Output - 1)]);

Delta_mm := (No_Sample_Array [1,(First_No_Starts_In_Row + File_Output)])
- {No_Sample_Array [1,(First No_Starts_In_Row + File_Output - 1)]);

if Delta_mm <> 0 then M := Delta_KiloNewton / Delta_mm;
if Delta mm = O then M := O;

C := (No_Sample_Array [2,(First_No_Starts_in_Row -+ File_Output - 1)]) -

(M * {No_Sample_Array [1,(First_No_Starts_in_Row + File_Output - 1)l}};

KiloNewton_real : = (Test_Array [2,Main_Counter]) -
((M * (Test_Array [1,Main_Counter])} + C);

mm_real : = Test_Array [1, Main_Counter];

{The output file must have the same format as the input file.}
writeln (textfile3,mm_real,chr({9),KiloNewton_real);

{writeln (textfile3, Test_Array [1,Main_Counter],chr(9),No_Sample_Array [1,(First No_Starts_In_Row + File_Output -
5}

Main_Counter := Main_Counter + 1;

end;

Procedure Take_Alternative;
begin
Writeln {'This may not be accurate as the Max mm reading in the real test is’);
Writeln (’bigger than in the no sample test, so no interpolation occurs 1);
Writeln {'Press Return to Continue’);
readin;
While Job_Done = False do

begin

Go_Ahead_and_OQutput;

File_Output : = File_Output + 1;

if (Main_Counter = Last_Row_Test File) OR

{File_Output = Last_Row_No_Sample) then Job_Done : = true;

end;

end;
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Procedure Output_mm_KiloNewton_Data;

begin

{Now we know the Test_Array starts @ row 1 & end @ row Last_Row_Test_File}
{We also know that the No_Sample_Array starts @ First No_Starts_In_Row and
ends @ Last_Row_No_Sample}

{The next step is to subtract the No_Sample_Array load values from the
Test_Array load values and output to the origional file .txt}

temp := pos(’.’, Test_File);

Output_File_Name := copy (Test_File,1,temp);

insert ("adj’,Output_File_Name, (temp + 1));

writeln {"File will be output under the origional test file name with extension .adj , ie ’,Output_File_Name);
assign (textfile3,Qutput_File_Name);

rewrite (textfile3);

File_Output : = 1;

Main_Counter := 1;

{Have to check zero to Maximum_mm first then from max mm to 0 mm}
{Here is O mm (begining of test} to Max mm}
Job_Done := false;
While Job_Done = false do
begin
if {Test_Array [1, Main_Counter] > =
No_Sample_Array [1,(First No_Starts_In_Row -+ File_Output - 1)}) AND
(Test_Array [1, Main_Counter] < =
No_Sample_Array [1,{First_ No_Starts_In_Row + File_Output)]) Then
Go Ahead_and_Output;

if {Test_Array [1, Main_Counter] >
No_Sample_Array [1,(First_ No_Starts_In_Row + File_Output - 1)]) AND
(Test_Array [1, Main Counter] >
No_Sample_Array [1,(First No_Starts_In_Row + File_Output}]) AND
(File_Output <> Last Row Test Flle) Then File  Output : = File_Output + 1;

if (Test_Array [1, Main_Counter] <
No_Sample_Array [1,{First_No_Starts_In_Row + File_Output - 1)]) AND
(Test_Array [1, Main_Counter] <
No_Sample_Array [1,{First No_Starts_In_Row + File_Output)]) AND
(File _Output > 1) Then File Output = File  Output - 1;

if (Test_Array [1, Main_Counter] <
No_Sample_Array [1,(First No_Starts_In_Row -+ File_Output - 1)]) AND
(Test_Array [1, Main_Counter} <
No_Sample_Array [1,(First No_Starts_In_Row + File_Output}]) AND
(File_Output = 1) Then Go__ Ahead and Ou’tput {ie this is where the data
starts so this is the closest we’ll get 11}

if (Main_Counter = Maximum_Recorded_mm_Array_Position_Test) OR
(File_Output = Maximum_Recorded_mm_Array_Position_No_Sample)
then Job_Done : = true;

writeln ("Main Counter = *,Main_Counter,” File Qutput = ",File_Output);
end;

{Here is Max+1 mm to O mm}

Main_Counter : = Maximum_Recorded_mm_Array Position_Test + 2;
File_Output : = Maximum_| Recorded mm_Array_Position_No_Sample + 2;
writeln {"Test_Array mm = ’,Test Array[1 Main Counter]),

writeln ('No_Sample_Array mm = No_SamplemArray [1,File_Qutput]);

{Note that in some tests, the No_sample array does not reach the mm value
of Test_Array. In this case, we can’t interpolate on the basis of mm, so
just subtract one value from the other !}

Job_Done : = false;
If No_Sample_Array [1,File_Output] < Test_Array[1,Main_Counter] then Take_Alternative;
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While Job_Done = false do
begin

if (Test_Array [1, Main_Counter] < =
No_Sample_Array [1,{First No_Starts_In_Row + File_Output - 1)]} AND
(Test_Array [1, Main_Counter] > =
No_Sample_Array [1,{First_No_Starts_In_Row + File_Output)]l) Then
Go_Ahead_and_Output;

if (Test_Array [1, Main_Counter] >
No_Sample_Array [1,{First_No_Starts_In_Row + File_Output - 1)]) AND
(Test_Array [1, Main_Counter] >
No_Sample_Array [1,(First_No_Starts_In_Row + File_Output)])
Then File_Output := File_Output - 1;

if (Test_Array [1, Main_Counter] <
No_Sample_Array [1,{First_No_Starts_In_Row + File_Output - 1)}) AND
(Test_Array [1, Main_Counter] <
No_Sample_Array [1,{First_No_Starts_In_Row + File_Output}])
Then File_Qutput := File_Output + 1;

{Here we have a situation where the mm in the no sample array have
increased when they should be decreasing ie the cross head is returning.
The only alternative is just to increase the File_Output by one and

send it through all the checkers again 1}

if (Test_Array [1, Main_Counter] >
No_Sample_Array [1,{First No_Starts_In_Row + File_Output - 1)]) AND
{Test_Array [1, Main_Counter] <
No_Sample_Array [1,(First_No_Starts_In_Row + File_Output}])
Then File__OTJtput 1= File_Output + 1;

if {Test_Array [1, Main_Counter] <=0.01) OR

(No_Sample_Array [1,{First_No_Starts_In_Row + File_Output - 1)] <= 0.01)
then Job_Done := true;

if (Main_Counter = Last Row_Test_File) OR
(File_Output = Last_Row__No_Sample) then Job_Done := true;

writeln ("Main Counter = ‘,Main_Counter,” File Output = *,File_Output);
end;

close (textfile3);
writeln {"Procedure is now complete.’}
end;

{Main}

Begin
Read_In_Two_Files;
Find_Starting_Point;
Push_Rows_To_The_Top;
Adiust_Figures;
Find_Maximum_mm_Test_Array;
Find_Maximum_mm_No_Sample_Array;
Output_mm_KiloNewton_Data;
Readin;

End.
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A.3.2 Program Tensile_Test;

{This program processes data from the tensile tests}

{Definition of variable types}

uses Crt, Dos;

var

The_File : string;

A__Li_ne : string;

txtfile : text; {input file}

textfile : text; {output file}

Resfile : text; {results file}

counter : integer;
mm_KiloNewton_Array : array {1..2, 1..4000] of real;
| : integer;

mm : string;

KiloNewton : string;

temp : integer;

code : integer;

Last Row : integer;

Maximumforce » Maximum_mm : real;
Maxforcecounter : integer;
Maximum_condition_array_position : integer;
Start_Condition_Integer : integer;
Start:Counter :Tnteger;
Real_Start_Point : integer;
Subtract_This_Value_KN , Subtract_This_Value_mm : real;
Adjust_Load , Adjust_mm : integer;
End_Force_Finder_Condition : boolean;
End_Force_Finder : integer;
Last_Reading_Of Test : integer;
End_Condition_Integer : integer;
End:Coumer :_integer;

Calculation : integer;

h: real;

Area_to_Max : real;

Area_to_Relax : real;

File_Output : integer;

Strain , Stress : real;

thickness : real;

Output_File_Name : string;
Rid_Zeros_Condition : Boolean;
Extension : Real;

Force : Real;

Four_times , Two_times : Real;
Final_Adjust : Boolean;

{Read the data file and place in a 2-D array}
Procedure Read_in_File;
begin
counter: = 1;
Writeln ("What is the name of the file (Column 1 = mm , Column2 = KN)’};
Readin (The_File);
assign (txtfile, The_File);
reset (txtfile);
while not Eof{txtfile) do
begin
{Read every thing as a string}
readin {txtfile, A_Line};
temp : = pos (chr(9),A_Line); {the spacer in this type of text file}
{Now find the X & Y values and put into an array}
mm := copy (A_Line,1,temp-1);
KiloNewton : = copy (A_Line,temp + 1,25);
Val (mm, mm_KiloNewton_Array[1,counter], code);
Val (KiloNewton, mm_l(iloNewton_Array[z,counter], code);
counter: = counter + 1;
end;
close {(txtfile);
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Last Row := (counter-1);
end;

Procedure update;

begin

Maximumforce := mm_KiloNewton_Array [2,maxforcecounterl];
Maximum_condition_array_position := maxforcecounter;

end;

Procedure Find_Maximum_Force;

begin - -

Maximumforce := O;

For maxforcecounter : = Real_Start Point TO Last Row do
begin
IF mm_KiloNewton_Array[2,maxforcecounter] > Maximumforce THEN update;
end;

end;

Procedure Find_Real_Start_Point;
begin
Start_Condition_Integer : = 0;
Start_Counter := 1;
While Start_Condition_Integer <> 6 do
begin
{Note: if we get 6 successive increases in mm, the machine must be moving
and the test have started.}
If (mm_KiloNewton_Array[1,Start_Counter] < mm_KiloNewton_Array{1,Start_Counter + 1]}
then Start_Condition_Integer : = Start_Condition_Integer + 1;
If (mm_KiloNewton_Array[1,Start_Counter] > = mm_KiloNewton_Array[1,Start_Counter+11)
then Start_Condition_Integer : = 0;
Start_Counter := Start_Counter + 1;
end;
Real_Start Point : = Start_Counter - 6;
Real_Start_point : = Real_Start_Point + 3;
end; N - -

Procedure Adjust_Figures;

begin

{We know that when the test begins, in reality NO load so, we subtract
this value of load from the other load readings. Note that we don’t use
the last reading because it is NOT zero because the sample is stiff and
bending is occuring, thus producing a negative load.}

Subtract_This_Value KN := mm_KiloNewton_Array [2,Real_Start_Point];

writeln (‘first value of force = ’,Subtract_This_Value KN);

For Adjust_Load : = Real Start Point to Last_Row do
begin
mm_KiloNewton_Array {2,Adjust_Load] : = mm_KiloNewton_Array [2,Adjust_Load] - Subtract_This_Value_KN;
end;

Subtract_This_Value_mm := mm_KiloNewton_Array [1,Real_Start_Point];

For Adjust_mm : = Real_Start_Point to Last Row do
begin
mm_KiloNewton_Array [1,Adjust_mm] : = mm_KiloNewton_Array [1,Adjust_mm] - Subtract_This_Value_mm;
end;

{Now get rid of all zero loads, they are very small and not really therel!}

Start_Counter := Real_Start_Point;

Rid_Zeros_Condition : = False;

while Rid_Zeros_Condition = False do
begin
IF mm_KiloNewton_Array[2,Start_Counter] < O then mm_KiloNewton_Array[2,Start_Counter] : = O
IF mm_KiloNewton_Array[1,Start_Counter] < O then mm_KiloNewton_Array{1,Start_Counter] : = O;
IF Start_Counter = Last_Row then Rid_Zeros Condition : = true;
Start_Counter : = Start_Counter + 1;
end;

end;
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Procedure Energy_Used_on_Cycle;

begin

{Calculate area from Real_Start_Point to Maximum_Condition_Array_Position}
{Using Simpsons rule}
Calculation : = (Real_Start_Point + 1);

While Calculation < = (Maximum_Condition_Array_Position - 1) do

begin
Four_times :
Calculation :
end;

Four_times + (4
Calculation + 2;

* mm_KiloNewton_Array {2, Calculation]);

Calculation : = (Real_Start_Point + 2);
While Calculation < = {Maximum_Condition_Array Position - 2} do

begin

Two_times := Two_times + (2 * mm_KiloNewton_Array [2, Calculation]);
Calculation : = Calculation + 2;

end;

{Find the distance, h, travelled between each reading by calculating the average}

h:= (lmm_KiloNewton_Array [1,Maximum_Condition_Array_Position] - mm_KiloNewton_Array [1,Real_Start_Paint])
/ (Maximum_Condition_Array_Position - Real _Start_Point));

Area_to_Max := (h/3) * (mm_KiloNewton_Array [2,Real_Start Point] +

Four_times + Two_times +

mm_KiloNewton_Array [2,Maximum_Condition_Array_Position]);

{Note KN x mm = Joules}

end;

Procedure Output_Stress_Strain;

begin

writeln{"What is the average thickness of the sample in mm ?');
Readin (thickness);

thickness : = thickness / 1000;
{Sort out name for output file, called the same name but .dat instead of .txt}
temp := pos(’.’,The_File);
Output_File_Name := copy (The_File,1,temp);
insert ('DAT’,Output_File_Name,(Temp+1));
writeln {"Output file hame is *,Qutput_File_Name);
assign (textfile, Qutput_File_Name);

rewrite (textfile);

writeln (textfile, ‘Strain%,MPa,mm,KN’);
For File_Output : = Real _Start_point to Maximum_Condition_Array_Position do

begin

Strain := (mm_KiloNewton_Array [1,File_Qutput] / 50{Gauge length}) *100;
Stress := {{mm_KiloNewton_Array [2,File_Output] * 1000)

/ {thickness{metre} * 0.01{width of sample in metre}})

1 1000000;{for MPa}
Extension := mm_KiloNewton_Array [1,File_Output];
Force := mm_KiloNewton_Array [2,File_Output];
writeln (textfiﬂa, Strain,’,’,Stress,’,” Extension,’,’,Force);

end;

{Here we make sure the last recorded load / stress is set to zero exactly
as it may be very slightly + or -}
Strain := (mm_KiloNewton_Array [1 ,Last__Reading_Of_Test] / 50{Gauge length}) *100;

Stress 1= 0;

Extension : = mm_KiloNewton_Array [1,Last Reading_Of Testl;

Force := O;

writeln (textfile, Strain,’,’,Stress,’,’, Extension,’,’ ,Force);

close (textfile);
end;

Procedure Print_Figures_On_Screen;

begin

Writeln;

Writeln ("Force at Maximum Extension (KN) = ’, mm_KiloNewton_ Array [2,Maximum_condition_array_positionl);
Writeln (‘Maximum Extension (mm) = ', mm__KiIoNevT/ton_Array [T,IVIaximum_condition_array_position]);

Writeln ("Stress at Maximum Strain (MPa) = ’,({mm_KiloNewton_Array [2,Maximum_condition_array_position] * 1000)
/ {thickness{metre}* 0.01{width of sample in metre}}} / 1000000{for MPa});
Writeln ('Maximum Strain (%) =

length})*100);

‘,{mm_KiloNewton_Array [1,Maximum_condition_array_position] / 50{Gauge
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writein ('Energy to Maximum Extension (J) = ",Area_to_Max);
end;

Procedure Put_Figures_On_Results_File;

begin

Assign (Resfile, ‘c:\breakres.txt’);

Append (Resfile);

Writeln (Resfile, The_File,chr(9), Thickness,chr(9),
mm_KiloNewton_Array {2,Maximum_condition_array_position],chr(9),
mm_KiloNewton_Array {1,Maximum_condition_array_position],chr{9),
({{mm_KiloNewton_Array [2,Maximum_condition_array_position] * 1000} /
(thickness{metre}* 0.01{width of sample in metre}))
/ 1000000{for MPa}},chr(9),
({mm_KiloNewton_Array [1,Maximum_condition_array_position] / 560){Gauge length}
*100),chr(9),
Area_to_Max, chr(9));

close (Resfile);
end;

{Main}

Begin

clrser;

Read_in_File;
Find_Real_Start_Paint; {ie where the cross-head is moving}
Find_Maximum_Force;
Adjust _Figures;
Energy_Used_On_Cycle;
Output_Stress_Strain;
Print_Figures_On_Screen;
Put_Figures_On_Results_File;
Readin;

End.
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A.3.3 Program Strain_Cycling_Test;

{This program processes data from the strain cycling tests}

{Definition of variable types}

uses Crt, Dos;

var

The_File : string;

A_Line : string;

txtfile : text; {input file}

textfile : text; {output file}

Resfile : text; {resuits file}

counter : integer;
mm_l(iIoNewton__Array : array [1..2, 1..4000] of real;
i : integer;

mm : string;

KiloNewton : string;

temp : integer;

code : integer;

Last_Row : integer;

Maximumforce » Maximum_mm : real;
Maxforcecounter : integer;
Maximum_condition_array_position : integer;
Start_Condition_Integer : integer;
Start_Counter : integer;
Real_Start_Point : integer;
Subtract__‘]‘his_VaIue_KN , Subtract_This_Value_mm : real;
Adjust_Load , Adjust_mm : integer;
End_Force_Finder_Condition : boolean;
End_Force_Finder : integer;
Last_Reading_Of Test : integer;
End_Condition_Integer : integer;
End:Counter :Tnteger;

Calculation : integer;

h : real;

Area_to_Max : real;

Area_to_Relax : real;

File_Output : integer;

Strain , Stress : real;

thickness : real;

Output_File_Name : string;
Rid_Zeros_Condition : Boolean;
Extension : Real;

Force : Real;

Four_times , Two_times : Real;
Final_Adjust : Boolean;

{Read the data file and place in a 2-D array}
Procedure Read_in_File;
begin
counter: = 1;
Writeln ("What is the name of the file {Column T = mm , Column2 = KN)’);
ReadIn (The_File}:
assign {txtfile, The_File);
reset (txtfile);
while not Eof(txtfile}) do
begin
{Read every thing as a string}
readin (txtfile, A_Line);
temp := pos {(chr(9),A Line); {the spacer in this type of text file}
{Now find the X & Y values and put into an array}
mm := copy (A_Line,1,temp-1);
KiloNewton : = copy (A_Line,temp+1,25);
Val (mm, mm_KiloNewton_Array[1,counter], code);
Val (KiloNewton, mm_KiloNewton_Array[Z,counter], code);
counter: = counter + 1;
end;
close (txtfile);
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Last Row := (counter-1);
end;

Procedure update;

begin

Maximumforce := mm_KiloNewton_ Array [2,maxforcecounter];
Maximum__condition__ar?ay*position := maxforcecounter;

end;

Procedure Find_Maximum_Force;

begin B

Maximumforce : = 0;

For maxforcecounter : = Real_Start_Point TO Last_Row do
begin
IF mm_KiloNewton_Array[2,maxforcecounter] > Maximumforce THEN update;
end;

end;

Procedure Find_Real_Start_Point;
begin
Start_Condition_Integer := 0;
Start_Counter := 1;
While Start_Condition_Integer <> 6 do
begin
{Note: if we get 6 successive increases in mm, the machine must be moving
and the test have started.}
If {mm_KiloNewton_Array[1,Start_Counter] < mm_KiloNewton_Array[1,Start_Counter + 11}
then Start_Condition_Integer : = Start_Condition_Integer + 1;
If (mm_KiloNewton_Array[1,Start_Counter] > = mm_KiloNewton_Array[1,Start_Counter + 11}
then Start_Condition_Integer : = 0;
Start_Counter : = Start_Counter + 1;
end;
HealFStart_Point 1= Start_Counter - 6;
Real_Start_point : = Real_Start_Point + 3;
end;

Procedure Adjust Figures;

begin

{We know that when the test begins, there is in reality NO

load so, we subtract this value of load from the other load readings. Note
that we don't use the last reading because it is NOT zero because the sample
is stiff and bending is occuring, thus producing a negative load.}

Subtract_This_Value_KN := mm_KiloNewton_Array [2,Real_Start_Point];
writeln ("first value of force = ’,Subtract_This_Value_KN);
For Adjust_Load : = Real_Start_Point to Last_Row do
begin
mm_KiloNewton_Array [2,Adjust_Load] : = mm_KiloNewton_Array [2,Adjust_Load] - Subtract_This_Value_KN;
end;
Subtract_This_Value_mm := mm_KiloNewton_Array [1,Real_Start_Point];
For Adjust_mm : = Real_Start_Point to Last Row do
begin
mm_KiloNewton_Array [1,Adjust mm] := mm_KiloNewton_Array [1,Adjust_mm] - Subtract_This_Value_mm;
end;
{Now get rid of all zero loads, they are very small and not really there!}
Start_Counter := Real_Start_Point;
Rid_Zeros_Condition : = False;
while Rid_Zeros_Condition = False do
begin
IF mm_KiloNewton_Array[2,Start_Counter] < O then mm_KiloNewton_Array[2,Start_Counter] : = 0O;
IF mm_KiloNewton_Array[1,Start_Counter] < O then mm_KiloNewton_Array(1,Start_Counter} := O;
IF Start_Counter = Last_Row then Rid_Zeros_Condition : = true;
Start_Counter := Start_Counter + 1;
end;
end;

Procedure Go__Backwards_to_Find_Where_Load__ls_Effectively_Zero;
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begin

End_Condition_Integer := 0;

End_Counter := Last_Row;

writeln {End_Counter);

readin;

While End_Condition_Integer <> 2 do

begin -

If (mm_KiloNewton_Array[2,End_Counter] > = mm_KiloNewton_Array[2,(End_Counter-1)})
then End_Condition_Integer : = 0;

If (mm_KiloNewton_Array[2,End_Counter] < mm_KiloNewton_Array(2,(End_Counter-1}1)
then End_Condition_Integer :="End_Condition_Integer + 1;

writeln ('End_Condition_Integer = *,End_Conditicn_Integer,’'End_Counter = ’,End_Counter);
End_Counter := End_Counter - 1;

end;

Last_Reading_Of Test := End_Counter + 2;

end;

Procedure Energy_Used_on_Cycle;
begin -
{Calculate area from Real_Start_Point to Maximum_Condition_Array_Position}
{Using Simpsons rule}
Calculation := (Real_Start_Point + 1);
While Calculation < = (Maximum_Condition_Array_Position - 1) do
begin
Four_times : = Four_times + (4 * mm_KiloNewton_Array [2, Calculation]);
Calculation : = Calculation + 2;
end;
Calculation : = (Real_Start_Point + 2);
While Calculation <= {Maximum_Condition_Array_Position - 2) do
begin
Two_times := Two_times + (2 * mm_KiloNewton_Array {2, Calculation]);
Calculation : = Calculation + 2;
end;
{Find the distance, h, travelled between each reading by calculating the average}
h:= {{(mm_KiloNewton Array [1,Maximum_Condition_Array_Position] - mm_KiloNewton_Array [1,Real_Start_Point])
/ (Maximum_Condition_Array_Position - Real_Start Point));
Area_to_Max := (h/3) * {(mm_KiloNewton_Array [2,Real_Start_Point] +
Four_times + Two_times +
mm_KiloNewton_Array [2,Maximum_Condition_Array_Position]);
{Calculate area from Maximum_Condition_Array_Position to Last Reading_Of Test}
{Reset Four-times & Two-times to Zero}
Four_times := O;
Two_times := 0;
Caloulation : = Maximum_Condition_Array Position + 1;
While Calculation < = (Last_Reading_Of Test - 1) do
begin
Four_times := Four_times + {4 * mm_KiloNewton_Array [2, Calculation]);
Calculation : = Calculation + 2;
end;
Calculation : = Maximum_Condition_Array_Position + 2;
While Calculation < = (Last_Reading_Of Test - 2) do
begin
Two_times : = Two_times + (2 * mm_KiloNewton_Array [2, Calculation]);
Calculation : = Calculation + 2;
end;
Area_to_Relax := (h/3) * {mm_KiloNewton_Array [2,Maximum_Condition_Array Position] +
Two_times + Four_times +
mm_KiloNewton_Array [2,L ast Reading_Of Testl);
{Note KN x mm = Joules} - - -7
end;

Procedure Output_Stress_Strain;

begin

writeln{"What is the average thickness of the sample in mm ?’);

Readin (thickness);

thickness : = thickness / 1000;

{Sort out name for output file, called the same name but .dat instead of .txt}
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temp : = pos(’.’,The_File);
Output_File Name : = copy (The _File,1,temp);
insert (DAT’,Output_File_Name,(Temp -+ 1));
writeln {"Output file name is *,Output_File_Name);
assign (textfile, Output_File_Name);
rewrite (textfile);
writeln (textfile, ‘Strain%,MPa,mm,KN’);
For File_Output : = Real_Start_point to (Last Reading_Of Test-1) do
begin
Strain := (mm_KiloNewton_Array [1,File_Output] / 50{Gauge length})*100;
Stress := ((mm_KiloNewton_Array [2,File_Output] * 1000)
/ (thickness{metre} * 0.01{width of sample in metre}))
/ 10600000;{for MPa}
Extension := mm_KiloNewton_Array [1,File_Output];
Force := mm_| KiloNewton Arrav [2,File Output]
writeln (textflle, Strain,’,’,Stress,’,’,Extension,’,’,Force);
end;
{Here we make sure the last recorded load / stress is set to zero exactly
as it may be very slightly + or -}
Strain : = (mm_KiloNewton_Array [1,Last Reading_Of Test] / 50{Gauge length})*100;

Stress := 0;
Extension := mm_KiloNewton_Array [1,Last_Reading_Of Test];
Force : = 0;

writeln {textfile, Strain,’,’,Stress,’,’,Extension,’,’”,Force});
close (textfile);
end;

Procedure Print_Figures_On_Screen;

begin

Writeln;

Writeln {‘Force at Maximum Extension (I(N) = ', mm_KiloNewton_Array [2,Maximum_condition_array_position]);
Writeln {'Maximum Extension (mm) = ', mm_| KlloNewton v Array [1,Maximum_ condition |_array_position]);
Writeln {"Stress at Maximum Strain (MPa) = ,((mm KiloNewton_Array [2,| Mammum condition_array_positlon] * 1000)
/ {thickness{metre}* 0. 01{wndth of sample in metre})) / 1000000{for MPa});

Writeln ("Maximum Strain (%) = ",{mm_KiloNewton_Array [1,Maximum_condition_array_position] / 560{Gauge
length}) *100);

writein (‘Energy to Maximum Extension (J) = ’,Area_to_Max);

writeln {"Energy Released on Unloading (J) = ',Area_to_Relax);

Writeln ('The Hysteresis Ratio is = *, ({(Area_to_Max - Area to_Relax)/Area_to_Max});

Writeln {Immediate Set (e%) = ’,(mm_| KiloNewton _Array T1,Last Readmg Of_Test] / 50{Gauge length})*100};
end;

Procedure Put_Figures_On_Results_File;
begin
Assign {Resfile, “c:\cycleres.txt’);
Append (Resfile);
Writeln {Resfile, The_File,chr{9), Thickness,chr(9},
mm_KiloNewton_Array {2,Maximum_condition_array_positionl,chr(9),
mm_KiloNewton_Array [1,Maximum_condition_array_positionl,chr(9),
(((mm KiloNewton_Array {2, Nla)umum condition_array_position} * 1000) /
(thickness{metre}* 0.01{width of sample in metre}))
/ 1000000{for MPa}),chr(9),
{(mm_KiloNewton_Array [1,Maximum_condition_array_position] / 50){Gauge length}
*100),chr(9),
Area_to_Max, chr(9),Area_tc_ReIax,chr(Q),
({Area_to_Max - Area_to_Relax)/Area_to_Max),chr(9),
((mm_KiloNewton_Array {1,Last_Reading Of Test] / 50){Gauge length}*100));
close (Resfile);
end;

{Main}

Begin

clrser;

Read _in_File;

Find_| Real Start_Point; {ie where the cross-head is moving}
Find_Maximum Force,

Adju;t_Figures;_

232




Go_Backwards_to_Find__Where_Load_ls_Effectively_Zero;
Energy_Used_On_Cycle;

Output_Stress_Strain;

Print_Figures_On_Screen;

Put_Figures_On_HesuIts_FiIe;

Readin;

End.
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A.3.4 Program Notch_Test;

{This program processes data from the single notch specimen tests}

{Definition of vatiables}

uses Crt, Dos;

var

The File : string;

A_Li_ne : string;

ixtfile : text; {input file}

textfile : text; {output file}

Resfile : text; {results file}

counter : integer;
mm_KiloNewton_Array : array [1..2, 1..4000] of real;
I : integer;

mm : string;

KiloNewton : string;

temp : integer;

code : integer;

Last Row : integer;

Maximumforce , Maximum_mm : real;
Maxforcecounter : integer;
Maximum_condition_array_position : integer;
Start_Condition_Integer : integer;
Start:Counter : integer;
Real_Start_Point : integer;
Subtract_This_Value_KN , Subtract_This_Value_mm : real;
Adjust_Load , Adjust_mm : integer;
End_Force_Finder_Condition : boolean;
End_Force_Finder : integer;
Last_Reading_Of Test : integer;
Calculation : integer;

h : real;

Area_to_Max : real;

Area_to_Relax : real;

File_Qutput : integer;

Strain , Stress : real;

thickness : real;

Notch_Length : real;

Sample_Volume : real;
Energy_Density : real;
Qutput_File_Name : string;
Rid_Zeros_Condition : Boolean;
Extension : Real;

Force : Real;

Four_times , Two_times : Real;

{Read the data file and place in a 2-D array}
Procedure Read_in_File;

begin

counter:= 1;

Writeln ('What is the name of the file {Column 1 = mm , Column2 = KN)’);

Readin (The_File);
assign (txtfile, The_File);
reset (txtfile);
while not Eof{txtfile) do
begin
{Read every thing as a string}
readln (txtfile, A_Line);
temp := pos {chr{9),A_Line); {the spacer ih this type of text file}
{Now find the X & Y values and put into an array}
mm := copy (A_Line,1,temp-1);
KiloNewton : = copy (A_Line,temp +1,25);
Val (mm, mm_KiloNewton_Array[1,counter], code);
Val (KiloNewton, mm_KiloNewton_Array[2,counter], code);
counter: = counter + 1;
end;
close (ixtfile);
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Last_Row := (counter-1);
end;

Procedure update;

begin

Maximumforce := mm_KiloNewton_Array [2,maxforcecounter];
Maximum_condition_array_position : = maxforcecounter;

end;

Procedure Find_Maximum Force;
{Assume Fracture occurs @ Maximum force}
begin
Maximumforce := 0;
For maxforcecounter := Real_Start_Point TO Last_Row do
begin
IF mm_KiloNewton_Array[2,maxforcecounter] > Maximumforce THEN update;
end;
writeln {"Maximum_condition_array_position = *,Maximum_condition_array_position);
end;

Procedure Find_Real_Start_Point;
begin
Start_Condition_Integer : = 0;
Start_Counter := 1;
While Start_Condition_Integer <> 10 do
begin
{Note: if we get 10 successive increases in mm, the machine must be moving
and the test have started.}
If (mm_KiloNewton_Array[1,Start_Counter] < mm_KiloNewton_Array{1,Start_Counter+11)
then Start_Condition_Integer : = Start_Condition_Integer + 1;
If {mm_KiloNewton_Array[1,Start_Counter] > = mm_KiloNewton_ Array[1,Start_Counter+11)
then Start_Condition_Integer : = 0;
Start_Counter : = Start Counter + 1;
end;
Real_Start_Point : = Start_Counter - 10; {ie the start is the first point where 10 consecutive increases
occur in mm}
writeln (‘Real_Start_Point = ’,Real_Start_Point);
end;

Procedure Adjust_Figures;

begin

{We know that when the test begins, there is in reality NO

load so, we subtract this value of load from the other load readings. Note
that we don’t use the last reading because it is NOT zero because the sample
is stiff and bending is occuring, thus producing a negative load.}

Subtract_This_Value_KN := mm_KiloNewton_Array [2,Real_Start Point];
writeln {"first value of force = ’,Subtract This_Value_KN);
For Adjust_Load := Real_Start_Paint to Last_Row do
begin
mm_KiloNewton_Array [2,Adjust_Load] := mm_KiloNewton Array [2,Adjust Load] - Subtract_This_Value KN;
end;
Subtract_This_Value_mm := mm_KiloNewton_Array [1,Real_Start_Point];
For Adjust_ mm := Real_Start_Point to Last_Row do
begin
mm_KiloNewton_Array [1,Adjust_ mm] : = mm_KiloNewton_Array [1,Adjust mm] - Subtract_This_Value_mm;
end;
{Now get rid of all zero loads, they are very small and not really theret}
Start_Counter : = Real_Start_Point;
Rid_Zeros_Condition : = False;
while Rid_Zeros_Condition = False do
begin
IF mm_KiloNewton_Array[2,Start_Counter] < O then mm_KiloNewton_Array[2,Start_Counter] :
IF mm_KiloNewton_Array[1,Start_Counter] < O then mm_KiloNewton_Array[1,Start_Counter] :
IF Start_Counter = Last Row then Rid_Zeros_Condition : = true;
Start_Counter : = Start Counter + 1;
end;

it
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end;

Procedure Energy_Used_on_Cycle;

begin

{Calculate area from Real_Start_Point to Maximum_Condition_Array_Position}

{Using Simpsons rule}

Calculation : = (Real_Start_Point + 1);

While Calculation < = {Maximum_Condition_Array_Position - 1) do

begin
Four_times := Four_times + (4 * mm_KiloNewton_Array [2, Calculation]);
Calculation : = Calculation + 2;
end;
Calculation : = (Real_Start_Point + 2);
While Calculation < = (Maximum_Condition_Array_Pesition - 2) do
begin
Two_times := Two_times + (2 * mm_KiloNewton_Array [2, Calculation]);
Calculation : = Calculation + 2;
end;
{Find the distance, h, travelled between each reading by calculating the average}
h:= ((mm_KiloNewton_ Array [1,Maximum_Condition_Array_Position] - mm_KiloNewton_Array [1,Real_Start_Point]}
/ (Maximum_Condition_Array_Position - Real_Start_Point));

Area to Max := (h/3) * (mm_KiloNewton_Array {2,Real_Start_Point] +
Four_times + Two_times + B -
mm_KiloNewton_Array [2,Maximum_Condition_Array_Positionl);

{Note KN x mm = Joules}

end;

Procedure Output_Stress_Strain;
begin
Writeln (‘"What is the average thickness of the sample in mm ?°);
Readin (thickness);
thickness : = thickness / 1000;
Writeln ("What was the initial length of the notch in mm ?’);
Readin (Notch_Length);
Sample_Volume : = {(thickness {in metre} * (80/1000) {guage length in metre}
* (25/1000) {width in metre});
Energy_Density : = (Area_to_Max / Sample_Volume); {Joules per cubic metre}
{Sort out name for output file, called the same name but .dat instead of .txt}
temp : = pos{".’, The_File);
Output_File_Name : = copy (The_File,1,temp);
insert {'DAT’,Output_File_Name,(Temp+ 1));
writeln ("Output file name is ’,Qutput_File Name};
assign (textfile, Output_File Name); ~
rewrite {textfile);
writeln (textfile, ‘Strain%,MPa,mm,KN’);
For File_Output : = Real_Start_point to Maximum_Condition_Array Position do
begin
Strain := (mm_KiloNewton_Array [1,File_Output] / 80{Gauge length})*100;
Stress := ({mm_KiloNewton_Array [2,File_Output] * 1000)
J {thickness{metre} * 0.025{width of sample in metre}))
/ 1000000;{for MPa}
Extension := mm_KiloNewton_Array [1,File_Outputl;
Force : = mm_KiloNewton_Array {2,File_Output];
writeln (textfile, Strain,’,’,Stress,”,’ Extension,’,’ Force);
end;
close (textfile);
end;

Procedure Print_Figures_On_Screen;

begin

Writeln;

Writeln {'The File Name = ’,The_File);

Writeln ('Thickness (mm) = ’,{thickness*1000));

Writeln ('Notch Length {(mm) = Notch_Length);

Writeln ("Sample Area (square mm) = ’,Sample_Volume);

writeln ("Energy Used (Joules) = ’,Area to Max);

writeln (’Energy Density (Joules per cubic metre) = ’,Energy_Density);
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Writeln ('Force at Fracture (KN) = ‘,mm_KiloNewton_Array [2,Maximum_condition_array_positionl);
Writeln (‘Extension at Fracture (mm) = *,mm_KiloNewton_Array [1,Maximum_condition_array_position]);
Writeln ("Stress at Fracture (MPa) = ’,((mm_l(_iloNewton_ATrray [Z,Maximum_condition_a_rray_posiﬁon] * 1000} /
({thickness){metre} * 0.025{width of sample in metre}})/ 1000000{for MPa}};
Writeln {'Strain at Fracture (%) = ’,{mm_KiloNewton_Array [1,Maximum_condition_array_position] /
80{Gaugelength})*100);
end;

Procedure Put_Figures_On_Results_File;

begin B

Assign (Resfile, ‘c:\notchres.ixt’);

Append (Resfile);

Writeln (Resfile, The File,chr(9),(Thickness*1000),chr{9),
notch__Length,?:hr(9),Sample_Volume,chr(Q),
Area_to_Max,chr(9),Energy_Density,chr(9),
mm_KiloNewton_Array [2,Maximum_condition_array_position],chr(9),
mm_KiloNewton_Array [1,Maximum_condition_array_position},chr(9),
{mm_KiloNewton_Array [2,Maximum_condition_array_position] * 1000)
/ ({thickness {metre} * 0.025{width of sample in metre}})
/ 1000000{for MPa},chr(9),
(mm_KiloNewton_Array [1,Maximum_condition_array_position]
/ 80{Gauge length})}*100) ;

close {Resfile);

end;

{Main}

Begin

clrser;

Read_in_File;
Find_Real_Start_Point; {ie where the cross-head is moving}
Find_Maximum_Force;
Adjust_Figures;
Energy_Used_On_Cycle;
Output_Stress_Strain;
Print_Figures_On_Screen;
Put_Figures_On_Results_File;
Readin;

End.
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A.3.5 Program Video;

{This program processes visual images from the single notch specimen tests}

{The procedure ReadBMP reads a Microsoft windows bitmap (.BMP) file straight into EGA/VGA
mapped memory (thereby bypassing the BGI driver interface) This achieves optimum performance
at the expense of flexibility.}

uses
Dos,Graph,Crt;

type
StatusCode = (BMPOK, BMPOpenError, BMPHeaderReadErr, BMPInfoReadErr,
BMPImageTooBig, BMPWrongVideo, BMPCompressed, BMPImageReadErr);

BMPFileheaderRec = record
bfType :word; {'BM’}
bfSize : longint; { size of file in bytes }
bfRes1 :word; {0}
bfRes2 :word; {0}
bfOffset : longint; { offset in file where bits begin }
end;

BMPInfoheaderRec = record
biSize :longint; { size of the structure }
biWidth : longint;  { image width in pixels }
biHeight : longint;  { image height in pixels }
biPlanes : word; { No of colour planes {=1) }
biBitCnt : word; { colour bits per pixel }
biCmprsn : longint;  { Compression Scheme (=0} }
biSizlmg : longint;  { Number of bitmap bytes }
biXMetre : longint;  { Horizontal resolution pixels/meter }
BiYMetre : longint;  { Veritical resolution pixels/meter }
BiClrUsd : longint;  { Number of colours used }
BiClrlmp : longint;  { Important colours }
end;

var
Indicator : hoolean; { Indicator to detect when a black pixel occurs }
StartX , StartY : integer; {Scanning X and Y co-ordinates}
x1, X2, x3, x4 : integer; {x co-ordinates of 4 corners}
y1,y2, y3, y4 : integer; {y co-ordinates of 4 corners}
LeatherWidth : integer;  {Width of leather}
Leathertength : integer;  {Length of leather}
Insidex1, Insidex2, Insidex3, Insidex4 : integer;
Instdey1, Insidey2, Insidey3, Insidey4 : integer;
Metindicator , Endindicator : Boolean;
MetDotsX , EndDotsX : Integer;
MetDotsY , EndDotsY : Integer;
ScanningPositionX, ScanningPositionY : Integer;
XX, YY,
Size : word;
P : Pointer;
ch : char;
Terminate : boolean;

DotX_Array : Array [1..15, 1..15] of integer; { Declare array
for the position of the X centre of each dot - Assume the maximum
number of dots is 15 in x direction and 15 in the y direction }

DotY_Array : Array {1..15, 1..15] of integer; { Declare array
for the position of the Y centre of each dot - Assume the maximum
number of dots is 15 in x direction and 15 in the y direction }

XDots_Counter , YDots_Counter : integer; {Counters for the array
indicators}

gd : integer;

gm : integer;
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GrDriver : integer;  { Graphics Driver 1d }
GrMode : integer; { Graphics Mode }
BMPFile : file; { Bitmap file variable }
BMPHead : BMPFileHeaderRec;

BMPInfo : BMPInfoHeaderRec;

BMPBuff : array [1..30720] of byte;
GrError : integer;

BMPStatus: StatusCode;

TurKey : char;

place : string;

frame : string;

Skip : Boolean;

const
Palette : PaletteType = (size : MaxColors; colors :
(EGABLACK, EGARED, EGAGREEN, EGACYAN, EGABLUE, EGAMAGENTA, EGABROWN, EGADARKGRAY,

EGALIGHTGRAY, EGALIGHTRED, EGALIGHTGREEN, EGAYELLOW, EGALIGHTBLUE, EGALIGHTMAGENTA,
EGALIGHTCYAN, EGAWHITE));

function ReadBMIP (Filename : Pathstr; var BMPFile : file) : StatusCode;
var
Nbytes : integer; { Count of actual bytes read }
Status : StatusCode; { Returned status code }
MaxX :integer;
MAXY :integer;
X,Y :integer;
IBYte : integer;
Bytesleft : longint;

Procedure Check_color;

Begin

Skip := False;

if ((BMPBuff[IByte] shr 4) = 15) and ((BMPBuff{IBytel and $F) = 15) then skip : = true;
end;

Procedure Put_On_Screen;

Begin
PutPixel (X,Y, BMPBufflibyte} shr 4);
inc (X);

PutPixel (X,Y, BMPBuff{IByte]l and $F);
inc (X);

end;

begin
{ open the file }
Status : = BMPOk;
MaxX := GetMaxX;
MaxY := GetMAXxY;
assign (BMPFile, Filename);
reset (BMPFile, 1);
{ read the .BMP file header }
blockread (BMPFile, BMPHead, sizeof(BMPFileHeaderRec), NBytes);
if NBytes <> sizeof(BMPFileHeaderRec) then
Status : = BMPHeaderReaderr
else
begin
{ read the bitmap information block and check EGA/VGA compatible}
blockread (BMPFile, BMPInfo, sizeof(BMPInfoHeaderRec), NBytes);
if NBytes < > sizeof(BMPInfoHeaderRec) then
Status : = BMPInfoReadErr
else with BMPInfo do
begin
if {(biWidth > MaxX+ 1) or (BiHeight > MaxY + 1) then
Status := BMPImageTooBig
else if biBitCnt < > 4 then
Status := BMPWrongVideo {We can only handle 16-colours }
else if BiCmprsn <> 0 then
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Status : = BMPCompressed {We can't handle compression either }
else

begin

seek (BMPFile, BMPHead.BfOffset);

Read in and display BMP which is stored arse upwards.
Note that the maximum size of an image is (640x480)/2
(=153600) bytes allowing 4-bits per pixel.

}
X:=0;
Y := BiHeight-1;
BytesLeft : = (BIWidth*BiHeight) div 2;
while {(Status = BMPOK) and (BytesLeft <> O} do
begin
if BytesLeft > 30720 then
begin
BlockRead (BMPFile, BMPBuff, 30720, Nbytes);
if NBytes <> 30720 then
Status : = BMPImageReadErr;
end
else
begin
BlockRead (BMPFile, BMPBuff, ByteslLeft, Nbytes);
if NBytes < > ByteslLeft then
Status := BMPImageReadEir;
end; :

for Ibyte := 1 to Nbytes do
begin
Check_Color;
if Skip = true then X := X+2;
if Skip = False then Put_On_Screen;
if (X > BiWidth-1) then

begin
X:=0;
dec(Y);
end;
end;
Dec (BytesLeft, Nbytes);
end;
end;
end;
ReadBMP := Status;
end;
end;

procedure ScanningX1y1toX2Y2;

Begin
StartX := 0;
While (StartX <> 639) and (Indicator = False) do
begin

if GetPixel (StartX, StartY) = black then Indicator : = True;
PutPixel (StartX, StartY, EGAgreen);
StartX := StartX + 1;
end;
StartX := StartX-1;
end;

procedure ScanningX2Y2toX1Y1;
Begin
StartX := 639;
While (StartX > = 0) and (Indicator = False) do
hegin
if GetPixel (StartX, StartY) = black then Indicator : = True;
PutPixel (StartX, StartY, EGAblue);
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StartX := StartX - 1;
end;
StartX := StartX+1;
end;

procedure ScanningX3Y3toX4Y4;
Begin
StartX := 0;
While (StartX <> 639) and (Indicator = False) do
begin
if GetPixel (StartX, StartY) = black then Indicator : = True;
PutPixel (StartX, StartY, EGAgreen);
StartX := StartX + 1;
end;
StartX := StartX-1;
end;

procedure ScanningX4Y4toX3Y3;

Begin
StartX := 639;
While {StartX > = 0} and (Indicator = False) do
begin

if GetPixel (StartX, StartY) = black then Indicator : = True;
PutPixel (StartX, StartY, EGAblue);
StartX := StartX - 1;
end;
StartX : = StartX+1;
end;

procedure FindBlackPositionX1Y1;
Begin
{ - Find the left corner of the leather
- Start at pixel {0,0) : scan all x positions at increasing
values of y
- The first pixel you come across should be the line x1y1 to x2y2
Indicator : = false; ({ie set initial indicator to false}

"

StartX := 0; {ie set initial x pixel = 0}
StartY := 0; {ie set initial y pixel = O}
ScanningX1Y1toX2Y2;
while (Indicator = False) and (StartY < 479) do
Begin
StartY := StartY + 1;
ScanningX1Y1toX2Y2;
end;
x1 := StartX;
y1 := StartY;
end;

procedure FindBlackPositionX2Y2;
Begin
{ - Find the top right corner of the leather
- Start at pixel (639,0) : scan all x positions at increasing
values of y
- The first pixel you come across should be the line x2y2 to x1y1 }
Indicator : = false; {ie set initial indicator to false}

StartX : = 639; {ie set initial x pixel = 639}
StartY := 0; {ie set initial y pixel = 0}
ScanningX2Y2toX1Y1;
while {Indicator = False) and (StartY < 479) do
Begin
StartY := StartY + 1;
ScanningX2Y2toX1Y1;
end;
X2 := StartX;
Y2 := StartY;
end;
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procedure FindBlackPositionX3Y3;
Begin
{ - Find the bottom left corner of the leather
- Start at pixel (0,479) : scan all x positions at decreasing
values of y
- The first pixel you come across should be the line x3y3 to x4y4 }
Indicator : = false; {ie set initial indicator to false}

StartX := 0; {ie set initial x pixel = 0}
StartY := 479; {ie set initial y pixel = 479}
ScanningX3Y3toX4Y4;
while (Indicator = False) and (StartY <> 0) do
Begin
StartY := StartY - 1;
ScanningX3Y3toX4Y4;
end;
x3 := StartX;
y3 := StartY;
end;

procedure FindBlackPositionX4Y4;
Begin
{ - Find the left corner of the leather
- Start at pixel (639,479) : scan all x positions at decreasing
values of y
- The first pixel you come across should be the line x4y4 to x3y3 }
Indicator : = false; {ie set initial indicator to false}

StartX : = 639; {ie set initial x pixel = 639}
StartY := 479; {ie set initial y pixel = 479}
ScanningX4Y41oX3Y3;
while (Indicator = False) and (StartY > 0) do
Begin
StartY := StartY - 1;
ScanningX4Y4toX3Y3;
end;
x4 := StartX;
v4 : = StartY;
end;

Procedure ShowFourCornerCoordinates;
{HERE’'S THE SECTON TO WRITE NUMBERS TO THE FILE}

var
i : integer; {pseudo x coordinate for array}
j : integer; {pseudo y coordinate for array}
max_i : integer;

max_j : integer;

txifile : text;

iloop , jloop : integer;

begin

assign (txtfile, place);

rewrite (txtfile);

Foriloop := 1to 12 do

begin
For jloop := 1 to 12 do
begin
writeln (txtfile, DotX_Arrayliloop,jloopl, *,",

DotY_Arrayliloop,jloopl);

end;

end;

close (txtfile);

end;

Procedure WorkOut_Centre_and_Store;
var
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CentreX , CentreY : Integer;

Begin

SetColor (Black);

Rectangle {(MetDotsX,MetDotsy,EndDotsX,EndDotsY);
CentreX : = Trunc({{(EndDotsX - MetDotsX)}/2) + MetDotsX);
CentreY : = Trunc{{(EndDotsY - MetDotsY})/2) + MetDotsY);
DotX_Array {XDots_Counter , YDots_Counter} : = CentreX;
DotY_Array [XDots_Counter , YDots_Counter} := CentreY;
SetColor (white);

Bar (MetDotsX,MetDotsy,EndDotsX,EndDotsY);

PutPixel (CentreX, CentreY, Black);

end;

Procedure Collectimage;

Begin

{ Here's where we find the dots and the centre of the dots and put them
in the OnOf_Simple array }

Insidex1 := XX +1;

Insidex2 : = XX+ 14;

Insidex3 := XX+1;

Insidex4 : = XX +14;

Insidey1 := YY+1;

Insidey2 := YY+1;

Insidey3 := YY +14;

Insidey4 := YY+14;

ScanningPositionX: = Insidex1;

ScanningPositionY: = Insidey1;

Scanin_Y_Direction_Meet;

Scanlin_Y_Direction_End;

Scanln_X_Direction_Meet;

Scanin_X_Direction_End;

WorkOut_Centre and Store;

YDots_Caunter = Yﬁots_Counter + 1;

it YDots_Counter > 12 then

begin

YDots_Counter := 1;

XDots_Counter : = XDots_Counter + 1;
end;

Putimage(XX,YY,P", XOrPut); {off}
end;

Procedure Check_Key;
begin
ch := readkey;

if ord(ch) = 75 then XX 1= XX-1;
if ord(ch) = 77 then XX := XX+1;
YY-1;

if ord{ch) = 72 then YY
if ord(ch) = 80 then YY := YY+1;

if ord{ch) = 27 then Terminate : = true;
if ord(ch) = 13 then Collectimage;

end;

{Main Program}

begin

writeln ("The file with the frame inis ? °);
readin (frame);

writeln (‘The output filename is ?');
readin (place);

GrDriver : = DETECT;

InitGraph (GrDriver, Griiode, ‘C:\bp\bgi’);
SetAllPalette (Palette);

Rectangle (0,0, 15, 15);

Size : = ImageSize (XX,YY, (XX +15), (YY + 15));
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GetMem (P, Size);

Getlmage (XX, YY, {XX + 15}, (YY + 15), P*);
ClearViewPort;

Bar (0,0,639,479);

BMPStatus : = ReadBMP (frame , BMPfile);
FindBlackPositionX1Y1;
FindBlackPositionX2Y2;
FindBlackPositionX3Y3;
FindBlackPositionX4Y4;

XDots_Counter : ;
YDots:Counter =1

XX := x1;
YY :=y1;
Repeat

Putimage (XX, YY, P", XOrPut); {on}
Check_Key;

Putimage(XX,YY,P", XOrPut); {off}
Putlmage(XX,YY,P", XOrPut); {on}
until Terminate = true;

{turkey : = Readkey;}

CloseGraph;
ShowfFourCornerCoordinates;

end.
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A.3.6. a Program Produce_The_Strain_Matrix;

{This Program Produces the Strain Matrix when examining the strain distribution in a whole single notch specimen.}
Uses Crt, Dos;

var

Column_Counter : integer;
Row_Counter : integer;

txtfile : text;

A Line : string ;

numberstring : string;

number : integer;

temp : integer;

code : integer;

Matrix_Array_FrameO : array [1..10, 1..30} of integer;
Matrix_Array_temp : array [1..10, 1..30] of integer;
NowFile : string;

Frame_Zero : string;

PresentFrame : string;

Max_R , Max_C : integer;
Strain_Output _File : string;

Rowing , Columning : integer;
Calculation : real;

FileListings : String;

Textfile : text;

cnt : integer;

FrameNames : array [1..30] of string;
Datafiles : array [1..30] of string;
Main_Loop : integer;

Total _Files : integer;

Procedure Read_Frame_Zero;
begin
Column_Counter := 1;
Row_Counter :=1;
assign (txtfile, FrameNames [1]);
reset (txtfile);
while not Eof(txtfile) do
begin
{Read every thing as a string}
readln {txtfile, A_Line);
{Now find the X & Y values and put into an array}
while Length (A_Line) > 1 do
begin
temp: = Pos (’,",A_Line);
numberstring : = copy (A_Line, 1,temp-1);
val (numberstring, Matrix_Array_FrameQ [Column_Counter, Row_Counter]
, code});
write (", Matrix_Array_FrameQ [Column_Counter, Row_Counterl};
delete (A_Line,1,temp);
Column_Counter : = Column_Counter + 1;
if Column_Counter > Max_C then Max_C := Column_Counter;
end;
writein;
Column_Counter : = 1;
Row_Counter: = Row_Counter + 1;
if Row_Counter > Max_R then Max_R := Row_Counter;
end;
close (txtfite);
end;

Procedure Read_Particular_Frame;
begin
Column_Counter := 1;
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Row_Counter : =1;
assign (txtfile, FrameNames [Main Loopl);
reset (txtfile); -
while not Eof(txtfile) do
begin
{Read every thing as a string}
readin (txtfile, A_Line);
{Now find the X & Y values and put into an array}
while Length {A_Line) > 1 do
begin
temp: = Pos {",",A_Line);
numberstring := copy (A_Line,1,temp-1);
val (numberstring, Matrix_Array_Temp [Column_Counter, Row_Counter]
, code); .
write (" *,Matrix_Array_Temp [Column_Counter, Row_Counter]);
delete (A_Line,1,temp);
Column_Counter : = Column_Counter + 1;

end;

Column_Counter := 1;

writeln;

Row_Counter:= Row_Counter + 1;

end;
close (txtfile);
end;

Procedure Work_Out_Strains;

begin

assign (txtfile, Strain_Output_File);

rewrite (txtfile);

writeln (txtfile,’0,1,2,3,4,");

For Rowing := 2 to (Max_R-1} do

begin

write (txtfile, (Rowing-1),",");

For Columning : = 2 to {Max_C-1) do
begin

if {((Matrix_Array_FrameO [Columning,Rowing]l > 0 ) and
(Matrix_Array_FrameO [Columning,(Rowing+1)1 > 0) and
{Matrix_Array_Temp [Columning,Rowing] > 0 ) and
{Matrix_Array_Temp [Columning,(Rowing+1}]1 > 0)) then

calculation: = (((Matrix_Array_Temp [Columning,Rowing] -
Matrix_Array_Temp [Columning,(Rowing+ 1)1} -
(Matrix_Array_FrameO [Columning,Rowing] -
Matrix_Array_FrameOQ [Columning, (Rowing+ 1)) } /
(Matrix_Array_FrameO [Columning,Rowing] -
Matrix_Array_FrameO [Columning, (Rowing -+ 1)1);

if ((Matrix_Array_FrameO [Columning,Rowingl =0 ) or
(Matrix_Array_FrameO [Columning,(Rowing-+1}] = 0) or
(Matrix_Array_Temp [Columning,Rowing] =0 ) or
(Matrix_Array_Temp [Columning,(Rowing+1)] = 0)) then

calculation: =0;
write (txtfile, calculation,’,’);
end;

writeln (txtfile);

end;

close (txtfile);

end;

{Main}
Begin
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It

Max C:= 1;
Max_R:= 1;

Writeln ("Name of the file containing frame names and data output file names ?’);
readln (FileListings);

assign {(textfile, FileListings);

reset (textfile);
ent:=1;
while not Eof{textfile) do

begin

{Read every thing as a string}

readin (textfile, A_Line);

{Now find the FrameNames & DataFiles and put into an array}
temp: = Pos (',",A_Line);

FrameNames [cnt] := copy (A_Line,2,temp-3);

DataFiles [cnt] := copy (A_Line,temp +2,{(Length(A_Line)-temp)-2));
writeln (FrameNames [cnt], DataFiles [entl);

cnt:=cnt + 1;

end;
Total_Files : = ent-1;
close (textfile);

Read_Frame_Zero;
For Main_Loop := 2 to Total_Files do
begin
Read_Particular_Frame;
writeln (‘Columns = ’,(Max_C-1), Rows = ’,(Max_R-1));
Strain_Output_File : = (DataFiles [Main_Loopl);
Work_Out_Strains;
end;

end.
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A.3.6. b Program Produce_The_Strain_Matrix;

{This Program Produces the Strain Matrix when examining the strain distribution around a notch.}
uses Crt, Dos;

var

Column_Counter : integer;

Row_Counter : integer;

txtfilel , txtfile2 , txtfile3 : text;

textfile : text;

A_Line : string ;

numberstring : string;

number : integer;

temp : integer;

code : integer;

cnt : integer;

X_Matrix_Array_FrameO : array [1..15, 1..15} of integer;
Y_Matrix_Array_FrameO : array [1..15, 1..15] of integer;
Y_Matrix_Array_temp : array [1..15, 1..15] of integer;
X_Matrix_Array_temp : array {1..15, 1..15] of integer;
FrameNames, DataFiles : array [1..30] of string;
NowfFile : string;

Frame_Zero : string;

Present Frame : string;

Max_R ,_Max_C : integer;

Strain_Output_File : string;

X, Y :integer;

Calculation : real;

FileListings : String;

Total_Files , Main_Loop : integer;

Procedure Read Frame_Zero;
begin
assign {txtfile1, Frame_Zero);
reset (txtfile1);
For Column_Counter := 1 to 12 do
begin
For Row_Counter := 1 to 12 do
begin
readln (txtfile1, A_Line);
temp:= Pos ({",",A_Line);
numberstring : = copy (A_Line,1,temp-1);
val {numberstring, X_Matrix_Array_FrameO [Column_Counter, Row_Counter]
, code);
delete (A_Line,1,temp);
numberstring : = copy (A_Line,1,3);
val (numberstring, Y_Matrix_Array_FrameO [Column_Counter, Row_Counter]
, code);
A_Line := (");

writeln {"(’,Column_Counter,’,”,Row_Counter,’} = (,
X_Matrix_Array_FrameQ [Column_Counter, Row_Counter],”,",
Y_Matrix_Array_FrameO [Column_Counter, Row_Counterl,’)’);
{readin;}
writeln{’hello’);
end;
end;
close (txtfile1);
end;

Procedure Read_Particular_Frame;
begin
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assign {txtfile2, Present_Frame);
reset (txtfile2);
For Column_Counter := 1 to 12 do
begin
For Row_Counter := 1 to 12 do
begin
readin (txtfile2, A_Line);
temp:= Pos (’,",A_Line);
numberstring := copy (A_Line,1,temp-1);
val {numberstring, X_Matrix_Array_temp [Column_Counter, Row_Counter]
, cade);
delete (A_Line,1,temp);
numberstring : = copy (A_Line,1,3);
val (numberstring, Y_Matrix_Array_temp [Column_Counter, Row_Counter]
, code);
A _Line:= (");
writeln {'(",Column_Counter,’,’,Row_Counter,’} = {,
X_Matrix_Array_temp [Column_Counter, Row_Counterl,’,’,
Y_Matrix_Array_temp [Column_Counter, Row_Counter],’}');
{readin;}
end;
end;
close (txtfile2);
end;

Procedure Work_Out_Strains;
begin
Writeln ("Opening for output’,Strain_Output_File);
assign {txtfile3, Strain_OQutput File};
rewrite {txtfile3);
writeln (txtfite3,’0,1,2,3,4,5,6,7,8,9,10,11,12');
For Y := 1to 11 do {12 rows of dots so only 11 strains}
begin
write (txtfile3, Y,",");
For X:= 110 12 do
begin
calculation: = ({((Sqrt {(sqr(Y_Matrix_Array_Temp [X,Y] -
Y_Matrix_Array_Temp [X,(Y +1)])) +
(sqr(X_Matrix_Array_Temp [X,Y] -
X_Matrix_Array_Temp [X,(Y + 1))

- (Sqrt(lsqr(Y_Matrix_Array_FrameO [X,Y] -
Y_Matrix_Array_FrameO [X,(Y+1)1)) +
(sqr(X_Matrix_Array_FrameO [X,Y] -
X_Matrix_Array_Frame0 DY+ 111D

/ (Sart({sqr(Y_Matrix_Array FrameO [X,Y] -
Y_Matrix_Array_FrameO [X,(Y+1)1)) +
(sqr(X_Matrix_Array_FrameO [X,Y] -
X_Matrix_Array_FrameO [X,(Y+ 1))

* 100 )

write (txtfile3, calculation,’,’);
writeln ("{’,X,’,",Y,”) = ’,calculation);
{readin;}
end;
writeln (txtfile3);
end;
close {txtfile3);
writeln ('Have closed ’, Strain_Output _File);
end;
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{Main New}
begin

Writeln {‘Name of the file containing frame names and data output file names ?’);
readin (FileListings);
assign (textfile, FileListings);
reset (textfile);
cnt:=1;
while not Eof(textfile) do
begin
{Read every thing as a string}
readin (textfile, A_Line);
{Now find the FrameNames & DataFiles and put into an array}
temp: = Pos (",",A_Line);
FrameNames [cnt] := copy (A_Line,2,temp-3);
DataFiles [cnt] : = copy (A_Line,temp + 2,{(Length(A_Line)-temp)-2));
writeln (FrameNames [cnt],DataFiles [cnt]);
cnt:=cnt + 1;
end;
Total_Files : = ent-1;
close (textfile);

Frame_Zero := FrameNames [1];
Read_Frame Zero;
For Main Loop : = 2 to {Total_Files) {-1 because already done frame zero} do
begin
Present_Frame := FrameNames [Main_Loop];
Read_Particular_Frame;
Strain_Output File : = (DataFiles [Main_Loopl);
Work_Out_Strains;
end; -
end.
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A.3.7 Program Ellipse;

{This program enables the user to model the elliptical crack.}

Uses Crt, Graph;

Var

textfile : text;

Data, A_Line, Quick : String;

cnt : integer;

temp : integer;

X, Y_one, Y_two : Array [1..1000] of integer;
Total__Lines_Data : integer;

Code , | : integer;

a, initial_b , b, Y_Centre : integer;

ErrorCode, GraphMode, GraphDriver : integer;
drawer : integer;

X_Centre : integer;

Best_fit_b : integer;

ch : char;

terminate : boolean;

Procedure Check_Key:
begin
ch := readkey;

{This bit alters the size of the eliipse}

iford {ch) = 75 thena:=a- 1;

iford (ch) = 77 thena:=a + 1;

if ord (ch) = 72 then Best Fit b := Best Fit b + 1;
if ord {ch) = 80 then Best_Fit b := Best_Fit b- 1;

{This bit alters the centre of the Y coordinates of the ellipse}
if ord (ch) = 456 then Y_Centre := Y_Centre + 1;
if ord (ch) = 43 then Y_Centre : = Y_Centre - 1;

{This bit checks to see if you have completed by pressing escape}
if ord {ch) = 27 then terminate : = true;
end;

Procedure Draw_Notch;

Begin

For Drawer := 1 to Total_Lines_Data do
begin

PutPixel (X[Drawerl, Y _one[Drawer], Black);
PutPixel {(X[Drawer], Y:two{Drawer], Black);
end;

end;

Begin
{Here we read the the X, Y pixel data that constitutes the crack profile (done in a previous program)}.
Writeln {"Name of the file containing the X, Y1, Y2 Data?'};
readin (Data);
assign (textfile, Data);
reset {textfile);
ent:=1;
while not Eofi{textfile) do
begin
{Read every thing as a string}
readin (textfile, A_Line);
writeln (A_Line);
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{Now find the FrameNames & DataFiles and put into an array}
temp: = Pos (',",A_Line);

Quick : = copy (A__Line,1 ,temp-1);

val {Quick, X [cnt], Code);

if code <> O then halt;

delete (A_Line,1,temp);

temp: = Pos (',’,A__Line);

Quick : = (copy (A_Line, 1, temp-1));

val (Quick, Y_one [entl, code);

if code <> O then halt;

Quick := (copy (A_Line,temp+1,{{Length(A_Line)-temp)})};
val (Quick, Y_two [cnt], code);

if code <> O then halt;

{writeln ('x = *,X [ent],” y1 = ",Y_one [cnt]," y2 = ",Y_two [cntl);}
cnti=cnt + 1;

end;

Total_Lines Data := cnt-1;
{writeln (Total_Lines_Data);}

{Here we find the coordinates of the centre and extremes of major/minor

axis of the ellipse}

a:= X [Total_Lines_Data] - X [1];

Initial_b := trunc ((Y_two [1] - Y_one [11)/2);

Y_Centre := (Trunc ((Y_two [Total_Lines_Data] - Y_one [Total_Lines_Data})/2))+Y_one ITotal_Lines_datal;
X_Centre : = X [1];

{Here we initialise the graphics interface and draw the ellipse that
approximately fits the notch}

GraphDriver : = Detect;

InitGraph (GraphDriver, GraphMode, 'C:\bp\bgi’);

SetColor (EGAWhite);

Bar (0,0,639,479);

Setcolor (EGARed);

FillEllipse (X[1],Y_Centre,a,Best_Fit_b);

Setcolor (EGABIue);

Draw_Notch;

{Here we enable the user to alter the size of the major and minor axis of
the ellipse to enable the best visual fit}

Repeat

Check_Key;

SetColor (EGAWhite);

Bar (0,0,639,479);

Draw_Notch;

Setcolor (EGALightGray);

FillEllipse (X[11,Y_Centre,a,Best_Fit_b);

until terminate = true;

Closegraph;

Writeln ("*****x#x# %% ¥ %% x % ¥ Chosen value of a = ’,a,’ pixels ** ¥ ¥ ¥ ¥ Xk ¥ ¥k x % # ¥ %7),

Writeln;

Writeln (/¥ * % # ***x x xx ¥ ¥ %% x* Chogen value of b = ',Best_Fit__b,’ pixels BRI E KKK RN LK KK NIy
readin;

end.
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A.3.8 Program Trouser_Tear_Test;
{This program processes data from the trouser tear tests}
uses Crt, Dos;

{Definition of variable types}

var

The_File : string;

A_Line : string;

txtfile : text; {input file}

textfile : text; {output file}

Resfile : text; {results file}

counter : integer;

mm_KiloNewton_Array : array [1..2, 1..4000] of real;
1 : integer;

mm : string;

KiloNewton : string;

temp : integer;

code : integer;

Last_Row : integer;

Maximumforce , Maximum_mm : real;
Maxforcecounter : integer;
Maximum_condition_array_position : integer;
Start_Condition_Integer : integer;

Start_Counter : integer;

Real_Start_Point : integer;

Subtract_This_Value_KN , Subtract_This_Value_mm : real;
Adjust_Load , Adjust_mm : integer;
End_Force_Finder_Condition : boolean;

End Force Finder : integer;

Last_Reading_Of Test : integer;
End_Condition_Integer : integer;

End_Counter : integer;

Calculation : integer;

h : real;

Area_to_Max : real;

Area_to_Relax : real;

File_Output : integer;

Output_File_Name : string;

Rid_Zeros_Condition : Boolean;

Extension : Real;

Force : Real;

Four_times , Two_times : Real;

Point_B_Value : real;

i.Point_A , Point B, Point C, forcecount , subcount: integer;
Min_To_Max , Dist A to_C : array [1..3] of real;
Begina : array [1..3] of integer;

Answer : boolean;

Thickness : real;

Length Of Tear : real;

Length_Of Tear_Graph : real;
Two_F_Upon_t_Calculation_Step : integer;
Total_Force , Plateau_Force : real;

Two_F_Upon_t : real;

Energy_Used“, Area_Cleaved Graph , Area_Cleaved_Sample : real;
Toughness_Area_Cleaved Graph , Toughness_Area_Cleaved_Sample : real;
Strain_Energy_Density_In_Legs , Unstressed_Cross_Sectional Area_Legs , Lambda
Tch : real;

Procedure Read_in_File;

begin

counter: = 1;

Writeln {"What is the name of the file (Column 1 = mm, Column2 = KN}');
Readin (The_File);

assign (txtfile, The_File);

reset (txtfile);
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while not Eof{txtfile) do
begin
{Read every thing as a string}
readin {txtfile, A_Line);
temp := pos (chr(9),A_Line); {the spacer in this type of text file}
{Now find the X & Y values and put into an array}
mm : = copy (A_Line,1,temp-1});
KiloNewton : = copy (A_Line,temp+1,25);
Val (mm, mm_KiloNewton_Array(1,counter], code);
Val (KiloNewton, mm_KiloNewton_Array[2,counterl, code);
counter: = counter + 1;
end;
close (txtfile);
Last_Row := {counter-1);
end;

Procedure update;

begin

Maximum_mm : = mm_KitloNewton_Array [1,maxforcecounter];
Maximum_condition_array_position : = maxforcecounter;

end;

Procedure Find_Maximum_mm;

begin

Maximumforce := 0;

For maxforcecounter : = Real_Start_Point TO Last_Row do
begin -
IF mm_KiloNewton_Array[1,maxforcecounter] > Maximum_mm THEN update;
end;

Maximumforce := mm_KiloNewton_Array [2,maxforcecounter);

end;

Procedure Find_Real Start_Point;
begin
Start_Condition_Integer : = 0;
Start_Counter := 1;
While Start_Condition_Integer <> 10 do
begin
{Note: if we get 10 successive increases in mm, the machine must be moving
and the test have started.}
If (mm_KiloNewton_Array[1,Start_Counter] < mm_KiloNewton_Array[1,Start_Counter +11)
then Start_Condition_Integer : = Start_Condition_Integer + 1;
If (mm_KiloNewton_Array[1,Start_Counter] > = mm_KiloNewton_Array[1,Start_Counter+ 1]}
then Start_Condition_Integer : = O;
Start_Counter : = Start_Counter + 1;
end;
Real_Start Point := Start_Counter - 10; {ie the start is the first point
where 10 consecutive increases
oceur in mm}
Real_Start_Point : = Real_Start Point + 3 {the first 3 points are very small
-7 ~  and the mm / KN values are wacky
so we add 3 and start there instead}

end;

Procedure Adjust_Figures;

begin

{We know that when the test begins, there is in reality NO

foad so, we subtract this value of load from the other load readings. Note
that we don’t use the last reading because it is NOT zero because the sample
is stiff and bending is occuring, thus producing a negative load.}

Subtract_This_Value_KN := mm_KiloNewton_Array {2,Real_Start_Point];
writeln ("first value of force = ’,Subtract This_Value_KN});
readln;
For Adjust_Load := Real_Start_Poirit to Last_Row do
begin
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mm_KiloNewton_Array [2,Adjust_Load] : = mm_KiloNewton_Array [2,Adjust_Load] - Subtract_This_Value_KN;
end;

Subtract_This_Value_mm := mm_KiloNewton_Array [1,Real_Start_Point];

writeln {"first value of mm = ’,Subtract_This_Value_mm);

readin;

For Adjust_mm : = Real_Start_Point to Last_Row do
begin
mm_KiloNewton_Array [1,Adjust mm] : = mm_KiloNewton_Array [1,Adjust_mm] - Subtract_This_Value_mm;
end;

{Now get rid of all zero loads, they are very small and not really therel}

Start_Counter : = Real Start_Point;

Rid_Zeros_Condition : = False;

while Rid_Zeros_Condition = False do
begin
IF mm_KiloNewton_Array[2,Start_Counter] < O then mm_KiloNewton_Array[2,Start_Counter] : = 0;
IF mm_KiloNewton_Asrray[1,Start_Counter] < O then mm_KiloNewton_Arrayl1,Start_Counter] : = 0;
IF Start_Counter = Last Row then Rid_Zeros_Condition : = true;
Start_CBunter 1= Start_Counter + 1;
end;

end;

Procedure Find_Real_End_Point;
begin
End_Force_Finder_Condition : = false;
End_Force_Finder : = Maximum_Condition_Array_Position;
While End_Force_Finder_Condition = false do
begin
if (mm_KiloNewton_Array [1,End_Force_Finder]) <= 0.01
then End_Force_Finder_Condition : = true;
End_Force_Finder := End_Force_Finder + 1;
end;
Last Reading Qf_Test := (End_Force_Finder-1);
end;

Procedure Go_Backwards_to_Find_Where_Load_Is_Effectively Zero;

begin

End_Condition_Integer := 0;

End_Counter : = Maximum_Condition_Array_Position + 50; {to avoid inertia}

writeln (End_Counter);

readin;

While End_Condition_Integer <> 2 do
begin
If {mm_KiloNewton_Array[2,End_Counter] > = mm_KiloNewton_Array[2,(End_Counter-1}1)
then End_Condition_Integer := 0;

I {(mm_KiloNewton_Array[2,End_Counter] < mm_KiloNewton_Array[2,(End_Counter-1)1)
then End_Condition_Integer := End_Condition_Integer + 1;

{writeln {mm_KiloNewton_Array[2,(End_Counter)],” < ’;mm_KiloNewton_Array[2,{End_Counter + 1}1);
readlin;}

{If (mm_KiloNewton_Array[2,(End_Counter)]} <= O then
End_Condition_Integer := End_Condition_Integer + 1;}

writeln ('End_Condition_Integer = ‘,End_Condition_Integer,”End_Counter = ,End_Counter);

{readin;}

End_Counter := End_Counter - 1;

end;

Last_Reading_Of_Test := End_Counter + 2;
end;

Procedure Collect_Update;

begin

Point_B_Value : = mm_KiloNewton_Avray (2, jI;
Point B := j;

end;
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Procedure Collect;
begin
While {forcecount < 3) do
begin
While (mm_KiloNewton_Array {2, subcount] < mm_KiloNewton_Arsray {2, (subcount + 1)]} AND
(subcount < (Maximum_Condition_Array_Position - 1)} do
begin B
subcount := subcount + 1;
{writeln (*finding point a, subcount = *,subcount);}
end;

Point_A := subcount;
subcount := subcount + 1;

While (mm_KiloNewton_Array [2, subcount] < mm_KiloNewton_Array [2, Point_A])
AND (subcount < (Maximum_Condition_Array_Position - 1)) do

begin

subcount : = subcount + 1;

end;

Pgint_C : = subcount;
{find Point B ie the minimum}

Point_B : = Point_A;
Point_B_Value : = mm_KiloNewton_Array [2, Point_Al;

Forj:= (Point_A + 1) TO Point_C do
begin
if (mm_KiloNewton_Array {2, jl} < Point_B_Value then Collect_Update;
end;

{calculate mintomax, disatoc}
Min_To_Max [forcecount] : = (mm_KiloNewton_Array [2, Point_A] - mm_KiloNewton_Array [2, Point_B]);

Dist_A_to_C [forcecount {mm_KiloNewton_Array [1, Point_C] - mm_KiloNewton_Array {1, Point_Al);
Begina [forcecount] : = Point_A;

{Add 1 to counter forcecount}
forcecount : = forcecount + 1;

end;
end;

Procedure Part_One_Update;

begin

forcecount : = forcecount - 1;
Min_to_Max [1] := Min_to_Max [2];
Min_to_Max [2] : = O;

end;

Procedure Part_ Two_Update;

begin

forcecount : = forcecount - 1;
Dist_A to_C [1] := Dist A to_C [2];
Dist A_to_C[2]:= 0O;

end;

Procedure Cant_Be _lt;
begin

Answer : = False;
Part_Two_Update;
end;

Procedure Find_Where_Tearing_Occurs;
begin
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Answer : = False;
while Answer = False do
begin
Collect;
{Note we don’t use Min_to_Max here because there is too much fluctuation
in KN readings and so there is an enormous difference in the size of
the glitches upto point A, so we simply use Dist_A_to_C instead which
seems to work OK.}
IF (ABS(Dist_A_to_CI[1] - Dist_A_to_C[2])) > ((Dist A_to_C[1] + Dist A_to_C[2]) / 2} Then Answer := True;
IF (ABS(Dist _, A to_C[1] - Dist A to Ccl2 < ((Dlst A _to_C[1] + Dlst A _to_C[2]) / 2) Then Part_Two_Update;

IF Dist_A_to_C[2] < 0.5 then Cant Be _It; )
IF subcount > = Ma)umum_Condmon__Array_Position then Answer : = true;
end;

{Tearing begins at Point A of the largest mintomax peak}

If Dist_A_to_C[1]1 > Dist_A_to_C[2] then Point_A := Begina [1];
If Dist_A_to_C[2] > Dist_A_to_CI[1] then Point_A := Begina [2];
end;

Procedure Calculate_Toughness_By_Two_F_Upon_t;

begin;

Writeln ("What is the average thickness of the sample in mm ??°);

Readin (Thickness);

Writeln ("What is the length of the tear in the sample in mm ??’);

Readin (Length_Of Tear);

For Two_F_Upon_t_Calculation_Step : = Point_A to Maximum_Condition_Array_Position do
begin
Total_Force : = Total Force + mm_KiloNewton_ Array [2,Two_F_Upon_t_Calculation_Stepl;
end;

Plateau_Force := (Total_Force / (Maximum_Condition_Array_Position - Point_A))*1000; {*1000 to convert to N}

Two_F_Upon_t := (2*Plateau_Force) / {Thickness/1000);

end;

Procedure Calculate_Toughness_By Energy_Method;
begin
{Calculate area from Real_Start_Point to Maximum_Condition_Array_Position}
{Using Simpsons rule}
Calculation : = (Real_Start_Point + 1);
While Calculation < = lMaXImum Condition_Array_Position - 1) do
begin
Four_times := Four_times + (4 * mm_KiloNewton_Array [2, Calculation]);
Calculation : = Calculation + 2;
end;
Calculation : = (Real_Start_Point + 2);
While Calculation < = (Maximum_Condition_Array_Position - 2) do
begin
Two_times := Two_times + (2 * mm_KiloNewton_Array 12, Calculation]);
Calculation : = Calculation + 2;
end;

{Find the distance, h, travelled between each reading by calculating the average}
h:= ((mm_KiloNewton_Array [1,Maximum_Condition_Array_Position] - mm_KiloNewton_Array [1,Real Start_Point])
/ (Maximum_{ Condition \_Array_Position - Real Start_Point));
Area_to Max := {h/3) * (mm_KlloNewton_Array [2,Real_Start_Point] +
Four_times + Two_times +
mm_KiloNewton_Array [2,Maximum_Condition_Array_Position});
{Calculate area from Maximum_Condition_Array Position to Last_Reading_Of Test}
{Reset Four-times & Two-times to Zero}
Four_times := 0;
Two_times := 0;
Calculation := Maximum_Condition_Array_Position + 1;
While Calculation < = (Last Reading Of Test - 1) do
begin
Four_times := Four_times + {4 * mm_KiloNewton_Array [2, Calculation]);
Calculation : = Calculation + 2;
end;
Caleulation : = Maximum_Condition_Array_Position + 2;
While Calculation < = (Last . Reading_Of_Test - 2) do
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begin
Two_times : = Two_times + (2 * mm_KiloNewton_Array [2, Calculation]);
Calculation : = Calculation + 2;
end;
Area_to_Relax : = {h/3) * (mm_KiloNewton_Array [2,Maximum_Condition_Array_Position] +
Two_times + Four_times +
mm_KiloNewton_Array [2,Last Reading_Of Test]);
{Note KN x mm = Joules}
Energy_Used := Area_to_Max - Area_to_Relax;
Length_Of Tear_Graph := ({{mm_KiloNewton_Array [1, Maximum_Condition_Array_Position]
- mm_KiloNewton_Array [1, Point_A1)/2)); {mm}
Area_Cleaved_Graph := ({(mm_KiloNewton_Array [1, Maximum_Condition_Array_Position]
- mm_KiloNewton_Array [1, Point_A])/2)/1000) * (Thickness/1000);

Area_Cleaved_Sample : = (Length_Of Tear/1000}*(Thickness/1000);
Toughness_Area_Cleaved Graph := Energy_Used / Area_Cleaved Graph;
Toughness_Area_Cleaved_Sample : = Energy_Used / Area_Cleaved_Sample;
end;

Procedure Calculate_Toughness_By_Tch;

begin

Writeln (‘"What is the strain energy density (Wo) is the legs (J/cubic metre)’);

Readln (Strain_Energy_Density_in_Legs);

Writeln ("What is the unstressed cross sectional area of the legs {Square metre)’);

Readin (Unstressed_Cross_Sectional_Area_Legs);

Writeln (‘"What is the extension ratio at propagation in the legs, Lambda’);

Readln {Lambda);

Tch : = -{{{Strain_Energy Density_In_Legs * Unstressed_Cross_Sectional_Area_Legs)
-{2 * Lambda * Plateau_Force}} / (Thickness / 1000));

end;

Pracedure Print_Figures_On_Screen;

begin

Writeln;

WriteIn('The File = *,The_File);

Writeln('Thickness = ’,Thickness); {mm}

WriteIn(’Length of Tear, Measured = ’,Length_Of Tear); {mm}
Writeln{’Length of Tear, Graph = ,Length_Of Tear_Graph); {mm}
Writeln{’Tearing Occurs @ mm ’,mm_l(iloNeWton_ArrayH,Point__A]);
Writeln(‘Tearing Qccurs @ KN ‘,mm_KiloNewton_Array[2,Point_Al);
Writeln{’ Area Cleaved via Graph = ’,Area_Cleaved_Graph);

Writeln{’Area Cleaved via Sample = ’,Area_Cleaved Sample);

Writeln(’Plateau Tearing Force = ’,Plateau_Force);

Writeln{’Energy Expended to Max mm = ’,Area_to_Max); {J}

WriteIn{’Energy Returned on Unloading = ’,Area to_Relax); {J}
Writeln("Energy Used = ’,Energy_Used); {J} -

Wiriteln(' Toughness Area Cleaved Graph = ', Toughness_Area_Cleaved_Graph);
Writeln{’Toughness_Area_Cleaved_Sample = ', Toughness_Area_Cleaved_Sample);
Writeln{"2 F / t = ", Two_F_Upon t);

end;

Procedure Put_Figures_On_Results_File;

begin

Assign (Resfile, ‘c:\tearres.txt’);

Append (Resfile);

Writeln (Resfile, The_File,chr(9), Thickness,chr(9),Length_Of Tear,
chr(9),Length_Of Tear_Graph,chr(9),mm_KiloNewton_Array[1,Point_Al,
chr(9),mm_KiIoNewton_Array[2,Point_A],chr(9),Area_Cleaved_Graph,
chr(9),Area_Cleaved_Sample,chr(9),Plateau_Force,chr(9),
Area_to_Max, chr(9),Area_to_Relax,chr(9),Energy_Used,chr(9),
Toughness_Area_Cleaved_Graph,chr(9), Toughness_Area_Cleaved_Sample,
chr(9),Two_F_Upon_t);

close (Resfile);

end;

Procedure Qutput Extension Force_Data;
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Begin
{Sort out name for output file, called the same name but .dat instead of .txt}
temp := pos(’.", The_File);
Output__FiIe_Name := copy (The_File,1,temp);
insert ('DAT’,Output_File_Name,{Temp +1));
assign (textfile, Output_File_Name);
rewrite (textfile);
writeln (textfile, ‘mm,KN’);
For File_Output : = Real_Start_point to {Last Reading_Of Test-1) do
begin
Extension : = mm_KiloNewton_Array [1,File_Output];
Force := mm_KiloNewton_Array {2,File_Outputl;
writeln (textfile, Extension,’,”,Force);
end;
{Here we malke sure the last recorded load / stress is set to zero exactly
as it may be very slightly + or -}
Extension := mm_KiloNewton_Array [1,Last_Reading_Of Test];
Force : = 0;
writeln (textfile, Extension,’,”,Force);
close (textfile);
end;

{Main}

Begin

clrscr;

Read_in_File;

Find__Real_Start_Point; {ie where the cross-head is moving}
Find_Maximum_mm; {ie where tearing ceases, point z}
Find_Real_End_Paint; {ie where mm falls to zero}

Adjust_Figures;
Go_Backwards_to_Find_Where_Load_ls_Effectively_Zero;

forcecount := 1; {an initial variable set to 1 before next procedure}
subcount : = Real_Start_Point+30; {an initial variable set to 30 before next procedure}
Find_Where_Tearing_Occurs; {ie point A}

Calculate_Toughness_By Two_F_Upon t;
Calculate_Toughness By Energy_Method;

Print_Figures_On_Screen;

Put_Figures_On_Results_File;

Qutput_Extension_Force_Data;

Readln;

End.
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A.3.9 Program Trouser_Tear_Test_Leg_Dimensions;

{This program processes data to calculate the dimensions of the legs in the trouser tear tests}

uses Crt, Dos;

{Definition of variable types}

var

X a, X_b, X ¢, X_d: real;

Y a Y b, Y c Y d:real

Y q:real;

Line_BC_M_Value , Line BC_C_Value : real;
Closest_Value : real;

Step_Along_Line_BC , Current_Step_Along_Line_X_Value : real;
Line AQ M Value : real;

Lené—th_ﬂq real;

Correct_Y_Position_of_q, Correct X _Position_of _q : real;
Area_Top_Left Triangle : real;
Area_Bottom_Right_Triangle : real;

Length_AC, Length BD , Length_AB , Length CB , Length_CD : real;
The_File : string;

Input_Text_File , Output_Text_File : Text;

A_Line : String [255];

behind_chr9 : string;

Temporary_Position : integer;

Array_Counter : integer;

Instant_Results : Array [1..26] of string;

Go_Do : integer;

Code : integer;

Line_QD_M_Value : real;

Length_gD : real;

Any__Zeros : boolean;

Get_Output_Name : string;

Procedure Read_In_The_File;

begin

{This Sorts the output file}

Writeln {‘Please enter the file name for the OUTPUT file");

ReadIn (Get_Output_Name);

assign {Output_Text_File,Get_Output_Namel;

rewrite {Output_Text_File);

writeln (Output_Text_File,'Picture Code’, chr{9),
‘Time of Picture (seconds)’,chr{9),
‘Speed of Test mm/s’,chr(9),
'Direction of Tear to Backbone’,chr{9),
'Top Leg Left Length, pix’,chr(9},
"Top Leg Right Length, pix’,chr(9),
‘Top Leg Area, sqr pix’,chr(9),
‘Bottom Leg Left Length, pix’,chr{9),
‘Bottom Leg Right Length, pix’,chr(9),
‘Bottom Leg Area, sqr pix’);

{This sorts the input file}

assign (Input_Text_File, The_File);

reset (Input_Text_File);

readin (input_Text File,A_Line); {Get rid of top line of writing}
readin (Input_Text File,A_Line); {Get rid of blank row}
end;

Procedure Read_A _Line_Of Text;
begin

Array_Counter := 1;
Temporary_Position : = 1;
readin (Input_Text File,A_Line);
while Array_Counter < 24 do
begin
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Temporary_Position := pos {chr(9),A_Line};
Behind_chr9 : = copy (A_Line,1,Temporary_Position-1};
Instant_Results [Array_Counter] : = Behind_chr9;
Delete (A_Line,1,Temporary_Position);

Array_Counter : = Array_Counter + 1;

end;

Instant_Results [Array_Counter] : = Behind_chr9;

end;

Procedure Find_Lengths_Of Lines;
begin
Length AC := sqrt{sqr(Y_c-Y_a) + sqr(X_c-X_a));

Length BD := sqrt(sqr(Y_d-Y b) + sqr{X_d-X_b));
Length AB := sqrt(sqr(Y_b-Y_a) + sqr(X_b X _a));
Length_CD := sqrt(sqr(Y_d- Y ¢} + sqr(X d-X_ . ch);
end;

Procedure Update_Top_Left_Triangle;

begin

Closest_Value := abs((-1/Line_BC_M_Value)-Line_Aq_M_Value);
Correct_X_Position_Of q := Current_Step_Along_Line_X Value;
Correct_Y_Position Of q:=Y_q;

end;

Procedure Find_Area_Top_Left_Triangle;
begin

Line_ BC_M Value := {{(Y_b-Y_c) /(X _b-X_c));

Llne BC C Value : = (Y b- (Llne BC | M Value * X_b));

Length CB:= sqrt((sqr(Y b-Y ¢)) + (sqr(X b-X_eh);

Closest_Value := 10000; ; {ie rediculously high}

Step_Along_Line BC := ((X_b - X_c)/1000);

Current_Step_ Along Line_X Value := X c;

While Current_Step_, A!ong Lme X Value < X_bdo

begin

Y_q := ((Line_BC_M_Value * Current_Step_Along_Line_X_Value) + Line_BC_C_Value);

{Here there is a possmlhty of division by zero to give infinite M

Hence we must account for it}

If (Current_Step_Along_Line_X Value - X_a) <> 0 then

Line_AQ_M_Value := {{Y_q - Y a)/ (Current . Step_Along_Line_X_Value - X_a));

If (Current Step Along_Line_X Value - X a) = O then

Line_AQ_M_Value : = 10000 (|e redlculously high near infinity}

If abs((- 1/L|ne BC_M_Value) - Line_AQ_M_Value) < Closest_Value then Update_Top_Left_Triangle;
Current_Step_ Alung Lme X Value : = Current . Step_Along_| Line X _Value + Step_Along_Line_BC;
end;

{Here we find length Aq}

Length_Aq := sqrt ({sqr{Correct_Y_Position of q-Y_a)) +
(sqr{Correct_X_Position_of q - X a))),

Area_Top_Left_TnangIe = 0.5 * Length_| CB * Length  Aq ;

writeln ("Area_Top_Left_Triangle = Area_Top__Left_Tnangle);

end;

Procedure Update_Bottom_Right_Triangle;

begin

Closest_Value := abs((-1/Line_BC_M _Value})-Line QD_M_Value);
Correct_X_Position_Of q := Current_Step_Along_Line_X_ Value;
Correct_Y_Position Of g:= Y _q;

end;

Procedure Find_Area_Bottom_Right Triangle;

begin

Line_BC_M Value := ((Y_b - Y_c) / (X_b - X_c));
Line_BC_C_Value : = (Y_b - {Line_BC_M_Value * X_b));
Length CB := sqrt((sqr(Y_b-Y_c)) + (sqr(X_b-X_c)));
Closest_Value := 10000; {ie rediculously high}
Step_Along_Line_BC := ((X_b - X_c}/1000);
Current_Step_, Along Line_X_Value := X c;
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While Current_Step_Along_Line_X_Value < X_b do
begin
Y_q := ((Line_BC_M_Value * Current_Step_Along_Line_X Value) + Line_BC_C Value);
{Here there is a possibility of division by zero to give infinite M
Hence we must account for it}
If {Current_Step_Along_Line_X Value - X_d) <> 0 then
Line_QD_M Value := {(Y_g - Y_d) / (Current_Step_Along_Line_X_Value - X_d));
If (Current_Step_Along_Line_X Value - X_d} = O then
Line_QD_M _Value := 10000; {ie rediculously high near infinity}
If abs((-1/Line_BC_M_Value} - Line_QD_M Value) < Closest_Value then Update_Bottom_Right_Triangle;
Current_Step_Along_Line_X_Value := Current_Step_Along_Line_X Value + Step_Along_Line_BC;
end;

{Here we find length Aq}

Length_gD := sqrt {{sqr{Correct_Y Position_of q-Y_d)} +
(sgr{Correct_X_Position_of_q - X_d));

Area_Bottom_Right Triangle := 0.5 * Length CB * Length qD;

writeln ("Area_Bottom_Right_Triangle = ’,Area_Bottom_Right_Triangle);

end;

Procedure Call_3_Routines;
begin

Find_Lengths_Of Lines;
Find_Area_Top_Left_triangle;
Find_Area_Bottom_Right_Triangle;
end;

{Main}
begin
clrscr;
Writeln {‘Trouser Tear Dimensions Program.’);
Writeln {"What is the file name ?°);

Readln (The_File);

Read_In_The_File;

For Go_Do := 110 32 do

begin

Read A Line_Of Text;

Val (Instant_Results [5], X_a, Code);

Val (instant_Results [7], X_b, Code);

Val ({Instant_Results [9], X_c, Code);

Val (Instant_Results [11], X_d, Code);

Val {Instant_Results {6], Y_a, Code);

Val {Instant_Results [8], Y_b, Code);

Val (instant_Results [10], Y_g, Code);

Val (instant_Resuits [12], Y_d, Code);

{Here we check that none of the x,y variables are zero,
if they are then we don’t call the 3 routines.}
Any_Zeros : = False;

If X_a = 0 then Any_Zeros : = true;
If X b = O then Any Zeros := true;
If X_c = O then Any_Zeros := true;
if X_d = 0 then Any_Zeros := true;
i Y_a = 0 then Any_Zeros : = true;
If Y_b = O then Any_Zeros := true;
If Y_c = 0 then Any_Zeros : = true;
if Y_d = 0 then Any_Zeros : = true;

If Any Zeros = False then Call_3_Routines;

if Any Zeros = True then write (Output_Text_File,Instant_Results [1],
chr{9),Instant_Results [2],
chr{9),Instant_Results [3],
chr(9),Instant_Results [4],
chr(9),’0",chr(9),"0",chr(9));

{here we must output results of the top leg}

If Any_Zeros = False then write (Output_Text_File,Instant_Results [1],
chr{9),Instant_Results [2],
chr(9),Instant_Results [3],
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chr(9),Instant_Results {41,

chr(9),Length AC,

chr(9),Length_BD,

chr(9),

(Area_Top_Left Triangle + Area_ Bottom_Right Triangle));

Val (Instant_Results [13}, X_a, Code);
Val (Instant_Results [15], X_b, Code);
Val (Instant_Results [17], X_c, Code);
Val (Instant_Results [19], X_d, Code);
Val (Instant_Resuits [14], Y_a, Code);
Val (Instant_Results [16], Y_b, Code);
Val (Instant_Results [18], Y_c, Code);
Val (Instant_Results [20], Y_d, Cede);

{Here we check that none of the x,y variables are zero,
if they are then we don’t call the 3 routines.}

Any_Zeros : = False;
if X_a = 0 then Any Zeros := true;

If X_b = 0 then Any_Zeros : = true;
If X_¢ = 0 then Any_Zeros : = true;
If X_d = O then Any_Zeros : = true;
IfY_a = 0 then Any Zeros : = true;
i Y_b = O then Any_Zeros := true;

If Y:c = O then Any_Zeros := true;
If Y_d = O then Any_Zeros := true;

If Any_Zeros = False then Call_3_Routines;
If Any_Zeros = True then writeln (Output_Text File,chr{9),’0",
chr{9},’0",
chr(9),"0%);
{here we must output results of the bottom leg}
If Any_Zeros = False then writeln {Output_Text_File,chr(9),
Length_AC, chr(9),
Length BD, chr(9),
(Area_Top_Left_Triangle +
Area_Bottom_Right_Triangle));

end;

Close (Output_Text File);
end.
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Appendix 4.

264



feuoyeus utesB joj %3j1s01 136) Jee) J0sno1L

£'eoqel
ZrLe ¥ pgeve 298¢ ¥ OPISZ $BYC + £EB5Z 2oy ¥ gestl sELY ¥ 00E2Z S0/ ¥ 9£8EZ 2821 ¥ 000¢4 8L04 ¥ G0t 2 1 /(¢ popew) sseuyBnoy |
™ orie ¥ sl 6085 * 15782 eciy ¥ BeR evy ¥ Lee2 oLy ¥ 8EYSZ 2621 ¥ voozt €0LL ¥ 00024 2 11z poew)

e s ez oLl T 8N wie T vaz oves ¥ 2551 8use ¥ 19802 yeor ¥ vauez zer T ez ZeeL T oveit <4 1(3 potpew) sseuyBnoy
N ¥ 90t VN ¥ 10} N T 601 VN ¥ 201 VN T 60t YN L VN T VN F o) 6o uousdeds ut ones uorsuepcy)
82r00 ¥ 26250 $900 ¥ £i50 z5£00 ¥ 8880 Z504°0 ¥ £L4T0 98200 ¥ i¥1¥0 8100 ¥ L0Z¥0 91€00 ¥ 9420 $800 ¥ 82620 ir 7 uoneBedosd ses; snonuguod Buunp perddns Aieu3

i 81000 ¥ €100 28000 ¥ $9100 18000 ¥ 89000 10000 ¥ 10000 £800°0 ¥ 18100 ¥5000 ¥ 94200 81000 ¥ SE000 91000 ¥ 28000 £ 7 peofun uo pawirges Abeua|
1BLOD ¥ ¥8290 ££600 ¥ 8050 18900 ¥ 61250 ZHL0 ¥ 20 £0600 ¥ €3990 96.00 ¥ LL6v0 zi1£00 ¥ 8220 £9600 ¥ 99620 T/ 94008 wWnuprew ye paiiddns ABieu3)
2900 ¥ 81200 21200 ¥ ££¥00 12100 ¥ 16800 80000 ¥ Z1100 2200 ¥ €200 90200 + 80500 15000 ¥ 15200 12000 ¥ Z5100 1 voneBedosd Jeay snonuguoa 3z periddns ABleu3|
850 ¥ et 85Z ¥ S8t 881 ¥ 9LEl €T ¥ &1 €T T 60T ¥ 92 80 ¥ 9e9 260 €19 N/ 83103 neaqeid]
£400000°0 + 16100000 | ¥1000000 ¥ 11200000 | B0000000 + SLZ00000 | ZEOODOO'0 + 92100000 | B000000C ¥ £0Z00CC'0 | S000000'0 ¥ B240000C | S0O0O000C ¥ ¥ Ul { poneer aBeiany|
LOYPO0'0 + €L€10'0 | O¥/ZOO0 ¥ L00VLO0 | SOELOOO ¥ S9POLO0 | 68BLOCTO ¥ €ZI¥000 | PIZIO0O * ZBGOO0 SBEZ000 ¥ 9821100 6681000 ¥ $¥89000 ¥10L000 ¥ 815000 Nt / uoeBedaid Jee snonuguod Je peo)
e vess €07 7 159 e e sE0 T 1Y ST ¥ S €T ¥ 198 00 ¥ 955 L IEEA] wus 7 uogeBedosd ses) snonuRUOD J eNOAS
81 F eI 1 ¥ g6l $0 ¥ Z1Z [ ox it ST0 ¥ gwel S00 ¥ 6TLL 620 * SL'0Z 1o ¥ oz uiw / 1e0y jo Uy

£00 ¥ §60 S00 ¥ 90'% <00 ¥ 101 200 ¥ g0t ¥00 ¥ 20 100 ¥ 901 00 ¥ 880 800 ¥ 501 W / sseunon
ofereg 1olesed iojered leied Jenpuedied smnapuedieg| uoRdeN Burree |

99909°994 2900994 90999'} 9908910 90009'991 209099} 999691 9990910 8 ww / peeds Bunse |

oad oad ©ad oad o0d o0d oad 00d reuazepy

129 ¥ su1s ¥ELO ¥ STL6Y 99661 ¥ 05LES SO6E + s98¥ yizL ¥ 0508 68sy ¥ 51908 28y ¥ Z1S 2048 ¥ 05057 24 4 (¢ powew) ssouyBinoy
620L ¥ 12815 uzs ¥ 1018 0091 ¥ 8565 1857 ¥ 1YOES 0018 + 96YOL 9095 + 8L98% L89S ¥ 99929 ey ¥ 2ors 2 T 1 (Z poypow) ssauyBnoy
289L ¥ 6gEVY 1185 ¥ gezop SESEL ¥ £58IS 1628 ¥ 8659¢ €509 ¥ B9Zes 9288 ¥ isior RZE T 1eeyy 818 ¥ sviy M 1(3 porgeur) sseuybnoy |

YN F L VN ¥ £Z1 VNI YN Tl N T 82 VN F 71 VN T oLt VN ¥ 8L} sBot ueunceds uf ofes uoSUEPK]

" #6100 ¥ 20850 1¥500 + 168Y0 810 ¥ 8E58°0 98200 ¥ L1890 S010 ¥ 96290 200 ¥ 68180 88200 ¥ L2950 81200 ¥ LLIEO If 7 uogeSedoud seey snonunuod Buunp peyiddns ABieu3)
Y0100 ¥ 89800 1000 ¥ 10800 12100 ¥ ££800 62000 ¥ 66200 "Wooo ¥ Zev00 S£000 ¥ S020°0 #6000 ¥ 8200 000 ¥ 2200 £/ profun uo peuInyes ABieus
89600 ¥ 96L°0 92010 ¥ S6LL0 SI8Z0 + €820 £9¥0'0 ¥ 52990 €V210 T 6980 $250C ¥ 56850 %800 F 950 29900 ¥ S¥850 1/ 9%ons uinwpew ye periddns ABipu3
65200 ¥ 6910 L¥%00 ¥ 40810 18100 ¥ #9210 1¥80°0 ¥ 89210 €96L°0 ¥ 9610 1¥800 ¥ 20020 0800 ¥ £E320 $8500 ¥ #5810 r / uoneBedosd 1ee; snonupuoo Je paddns Bs..m_
12€ 7 802 %E Froe €18 ¥ L0Z 18 ¥ 808 €09 ¥ 899Z ZLL ¥ 9851 1T ¥ 8012 rZ s N/ #2104 nesyeld
£0000000 ¥ 5ZL0000°0 | 90000000 ¥ 80100000 | ZLOOO0D'0 ¥ SZH0000'0 | 0000000 ¥ S2L00000 | 1000000 ¥ §LL000CO | 000000 ¥ S6000000 | 60000000 ¥ €2400000 | £0000000 ¥ Z600000O {1/ paneatD oleiony|

1212000 ¥ 611200

$00Z000 + 96100

LZBL000 + £B18L0D

£890000 + GE8100

900100 ¥ L2200

#101000 ¥ S208100

¥1S000 ¥ GESZ00

#1900 ¥ G/€810°0

N % s uoeSedosd ses; snonuRUE Je peo)

6.0 ¥ €151

Z3ersl 197 ¥ 502k ¥y ¥ 8981 $99 + 9661 192 ¥ 56l Wz ¥oze [>T %> 75 wus 7 uogeBedaid ses) SNONLRUOD J& OIS ]

S610 * 8851 $80 * SZEL S5’ ¥ e9'9l $80 ¥ 529l €04 ¥ €9t 80 F €12 960 ¥ 6Ll SLO ¥ €9l Ww / 5e0y 10 pbuery
€00 ¥ 80 $00 ¥ 280 zZio ¥ 9.0 900 ¥ 8.0 110 ¥ 180 200 ¥ 6.0 $00 ¥ 80 00 ¥ 6L0 s / ssounion L |
1oijeseq oered follesed oyeseg Jeinoipuediad| Jeinpusdied uogoenq Buyee)
99999994 9009901 90999'L 999991 0 99999'99} 9099904 99999'L 9009910 1§ Wt / poeds Bubey

00V oav3 oav oavi oavi oavd oav4d oav4 feueN|




TSI WIIICD 10} SHNSD1 1993 1€6] 198NOIL

. yeoqel .
6855 ¥ 28 ey ¥ zeisL 920 ¥ ¥00L9 ozLY ¥ evies £ELG ¥ GLe80 sioy ¥ gezee e ¥ 15v08 L F Ly 244 1 ¢ (€ popew) sseuyBeoy |
0699 ¥ SL0911 £ ¥ veere 2z ¥ seore 925 ¥ v9109 ous ¥ o8l 1625 ¥ £289L ovor ¥ 02825 22810 ¥ L500y W T/ (z popew) sseuyBnoy
299 ¥ €1L8L e ¥ 66.99 8222 ¥ 08V1S SSEE ¥ L08¥5 82L81 ¥ SL69 €016 ¥ 568.5 9689 + 6ZZ6Y 952y ¥ yisy 241 /(1 Potpows) sseuyBnoy
VN T el YN F et WIN ¥ 50 N T2 VN T ELE YN ¥ ¥l VAN T 507} v F sBoy ueweds w ones uorsuepay
L9EV0 ¥ SLLLS €920 7 L661F Y020 ¥ SZ8PE ZEEE'0 ¥ 9E08°C 20680 ¥ 1896Y 1690 ¥ 1YOK'E 98Y'0 ¥ €915 ¥852°0 ¥ 60982 Ir 1 upebedoud ree; snonupuod us_ioaaaigu_
15100 ¥ £00Y0 15600 ¥ Ze8L0 K00 T 1210 6EL00 ¥ 8110 SELO0 ¥ 86L0 9600 ¥ 1840 62200 ¥ 22600 €5000 ¥ €200 1/ peojun uo peuimes B.!L
6¥91°0 ¥ €208L 18020 ¥ 1IRS 12820 ¥ £86SY MSTO ¥ SoTr'y 85210 ¥ 626G Z8020 ¥ ZIBLY Z60Y0 + 2880 €EL0 ¥ 60OEE I/ #yoqs wnwpcew Je petjddns S!L
2960 ¥ S¥BLL 86.6°0 ¥ 5688°0 €v6L0 ¥ 69lL SSLEC ¥ ¥O¥O 6Y00'L ¥ ¥S20'L 19970 ¥ Be8lL 't 66YL0 ¥ €650 ¥SLL0 ¥ 22090 £  uoneSedosd Jeas snonuRUOS e paiddns: B!_m_
esTsemz 86 ¥ souvl S T e 151 T eroLt wWLTw 9801 ¥ €9'SEl SZ0L ¥ €190k e ¥z N/ o004 neejerd
21000000 ¥ S690000'0 | 60000000 ¥ 82900000 | SZ000000 ¥ 9290000°C | 000000 ¥ L1Z00000 | €000000 ¥ 81400000 | ZLOODOD'0 + 26500000 | 2000000 ¥ S120000C | +400000°0 ¥ 65800000 U/ panestd aBeiany

¥89L10°0 ¥ ¥¥E9020

1820600 ¥ £26261°0

8020100 ¥ 1820€10

LEBYEO0 ¥ M9LLL0D

SPEEEQD + GLZELD

ZLLLI00 ¥ LELHELD

1481000 ¥ £¥£9600

8L0LL00 ¥ 95¥8L0°0

N %/ uogeBedosd Jes) snonupuod Je peoy

97 T 68l e um 0L F2rel xr 7106 TL T e T 0z Feit BLZ ¥ 1911 ww / uogefiedosd Jea) SNoNuRLOS Je o0
$90 ¥ SIS 0% 8¥0 ¥ £9'91 €90 ¥ gEB) S20 * 8e9t o ¥ gt woF 00 ¥ 91 wuw 7 sest jo Bue)
Lo F vy S00 ¥ €8¢ 900 ¥ 207 SLo ¥ ey Z10 ¥ ey o ¥ zet 900 ¥ Z¥ SLOFELY ww / sseuwyoiyL
toyesey 1ofereg istesed L] Jeindjpuedieg) uondena Butres |

B 9999999} 990090} 99999'L 9999910 90909'00} 9090901 99909'4 9990910 |8 wul / poedg Bunse |
oad oad oad 290d oad oad o0d 204 reuoze

1198 ¥ 067811 ¥65¢ ¥ 05804 2TiL ¥ g8l 95561 ¥ 08ZiL 2902 ¥ 05LV04 €e8l ¥ sme o088 * sis18 S90r ¥ SIE19 2 1 /(€ potpews) ssauyBinoy
18101 ¥ yoevel 085E ¥ 826041 10028 ¥ vozes 89902 ¥ 802 6262 ¥ reszzi 9812 ¥ 908104 e ¥ Losre osey ¥ 9800 2 T/ (Z powew) sseuybino, |
SeL8L ¥ 6028 292L ¥ 01528 oreE ¥ ZiSi8 VIELL ¥ 198L0 2281 ¥ Se0e8 9688 ¥ 02118 OZEE €818 vi08 ¥ L6619 241 /(1 potpew) sseuyBnoy
YN F it VN ¥ 101 VN F g0t YN T 50} YN F L YN ¥ o1 VN ¥ 80 VN ¥ 80} sBet uewpeds ut opes UoUA|
69660 ¥ P800 ¥8850 + £656'S 89220 ¥ 1896F 95ETL ¥ ovLLY $299°0 ¥ YRS "o ¥ escyy ¥es0 ¥ 981G Tsi8°0 ¥ 1ene I / uoneBedaid reey snonunucd Suunp peyddns ABieuz
18500 ¥ 82Z¥'0 £8Y00 ¥ /620 €6L0°0 ¥ €010 SZOL0 ¥ £8EL 0 SO¥0'0 ¥ 2680 £8800 ¥ €820 ¥8500 ¥ 85020 8100 ¥ 2910 1 ¢ peojun uo peuwsmer ASieu3
ZBEV'0 ¥ 5/80°8 BIEYO ¥ SI80°L S8SLO ¥ 52009 S20¥'L ¥ SIES 8600 ¥ S8L ¥Z10 ¥ SB6'S 25890 ¥ S/8l'9 ZLE0 ¥ G20EY £/ oxons wnumcew! e peyddns ABieus
1610 ¥ £EELT 10220 ¥ L0480 8950 ¥ 8010°1 L0 ¥ yhrv0 9550 ¥ 889°F SZTY'0 ¥ 12680 8IE50 ¥ G200} 12520 ¥ #11£0 1 / uoneBedod sess snonuguoo Je periddns ABieu3|
SBSh ¥ LT 6lL ¥ gent SV F SLISH 188 ¥ SLSEL $0 ¥ 52607 T ¥ o5t €0z ¥ sL901 o9 ¥z N /804 neageid
12000000 + 69900000 | 2000000 ¥ S¥B0000°C | 12000000 ¥ Z490000C | £2000000 + 000000 | BEO0000D + ¥EO000C 21000000 ¥ 9000000 | £000000 ¥ £6900000 1000000 ¥ 12500000 2/ penesrd ebesaay|
¥26200 ¥ 61220 YYE0000 ¥ G/65L0 | €S¥8Z00 ¥ SLLYi 0 | €88.6000 ¥ SSOLL0 | 8IS0Z00 ¥ GZSBLO 188200 + 6210 106800 ¥ 625510 §820200 ¥ G/8990°0 N1 / uogeBedoid s snonunuod e peo
vae ¥ s1at Lz ¥ 5L01 €9 ¥ 2821 SLO ¥ €8 re ¥ e8c 98 T SIEL S9E ¥ 6B €6 + 408 wuw / uogeBedosd seeq SNONURLS T8 eXONS]
WO ¥ 5ot g0 ¥ szl 80 T 89l W0 * 58t Z80 ¥ g0l 620 ¥ 5Lyl 80 ¥ €89} 8r0 ¥ 2951 ww / s jo Wwhuey
100 * €68 Lo ¥ 95E 80 F2ve ZLo ¥ ge 200 ¥ g9t 200 Feve [ 3 vL0 ¥ 99E Wi 7 ssounon |
lottesed (oljesed toljered oyesey J seinrpuedieg uogdenq Buesy |
99909'994 99999'91 999094 909094 0 99969991 9990994 99909'} 9099010 1 W / peeds Bunpe |

oavs oavd oav4 oav4 oav3 oav4 oavd oav4 reuaien




Appendix 5.

267



Using the graphical approach of Atkins and Mai [1988] the following derives
the specific work of fracture of a linear elastic material where the specimen legs

store strain energy. Assuming that,

I—
o
]

= Original length of each leg before test commences, and

e
1

Stretch in each leg before tearing commences.

Once tearing commences, if the strain is reversed, the unloaded current length
of each leg is denoted as (a). This length will clearly be greater than L,. The
increase in length from L, o (a) (denoted AL} can only be attributed to the tear
advancing through the specimen as we are referring to the unloaded current leg
length and the material is linear elastic. Clearly, the current length of each leg is
dependent on both the original length before testing commences and the

increase in length due to the tear advancing, thus

a=1L + AL [AB.1]
Assuming,
6 = the stretch in each leg while the specimen is tearing and,
L, = the actual length of each leg while the specimen is tearing (including the
streich),
L, = a + & [AB.2]
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The trouser tear specimen has two legs and therefore the total leg length while

the specimen is tearing is expressed as

2L, = 2(a + 6) [AB.3]

It is clear that unless L, = O, the original length of the legs affects equations

[AB.1] and [Ab.2]. Indeed, as the displacement or stroke (U), is zero when the

test commences it is not strictly correct to assume that,

U= 2( + d) [AB.4]

However, the displacement can be defined by the expression,

U= 2(L,-Lg) [A5.51]

Using equation [A5.1] and [Ab.2],

U=2( + 6-L
U = 2“—0 + AL, + (5-'—0)
U=2(AL + &) [A5.6]

In other words, the displacement is the sum of the ‘unloaded current leg length

increase’ (AL) in each leg and the total stretch in each leg (d).
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If the tearing load is denoted as X, w is the leg width, and t is the specimen

thickness, the stress is the legs (0} is expressed as,

o=X/wt IAB.71

Assuming a constant tensile modulus (E) in the legs, the strain (¢) can be

expressed as,

€= X/(EwHt) [A5.8]

The elastic strain can also be expressed as,

e=46/a [AB5.9]

rearrangement and substitution gives the expression,

6 ={Xa)/(Ewt [AB.10]

For a quasi-static increment of crack propagation in a body, containing an

existing crack of area A, being loaded by a pair of self equilibrating external

forces, X, with associated displacements U,

XdU = dA + JdA [A5.11]

Where A is the elastic strain energy of a cracked body and J = R = the specific
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work of fracture during equilibrium fracture [Atkins and Mai, 1988]. Assuming

the elastic energy in the specimen legs is shown by the expression,

(Y Xd)x2legs = X6

and substituting [A5.6] into [A5.11], we have

X d[2 (AL; + ) = d[X él + R dA [A5.12]
Using the product rule,
Xd[2 (AL + 8)] = X d(6) + 6§ d(X) + R dA [A5.13]

Dividing both sides of equation [A5.13]1 by d(A) we have
X d[2AL, + 261 / d(A) = X d(S) / d(A) + & d(X) / d{A) + R dA / d(A)
or

2X d(AL) / d(A) +2X d(d) / d(A) = X d(6) / d{A) + & d(X) / d(A) + R [A5.14]

Considering the factor, d(AL;) / d(A), i.e. the rate of change of leg length with

leg area, it is apparent that leg area, A = a.t, thus

1/t = a/A. [A5.15]
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Accordingly d(AL) / d{A) = 1/t and therefore,

2X/t+ Xdd)/dA) = 6d(X)/d(A) + R

Xd(s) /d(A) - 6d(X)/d{A) =R-2X/t

X d{d) / d(A) - & d(X) / d(A)

(tR-2X)/t [A5.16]

By dividing both sides of [Ab5.16] by X?, we arrive at the expression

[Xd(d) /dlA) - 6d(X)/d(AY]/X2 = (tR-2X)/tX? [AB.17]

Applying the quotient rule to [A5.17]

d/d(A) (6/X)

I

{tR/tX?) - (2X/1X?3)

I

d/d(A} (6/X) R/X2 - 2/tX [A5.18]

From [A5.8], X = ew t E.

I

From [AB.9], 6 = ¢ a.

Thus,

6/X = a/{wtE) [A5.19]

From [A5.15]1, a = A/t and substituting into [A5.198] we arrive at the

expression,

6/X = A/ (wtE) [A5.20]
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Substituting [A5.20] into [A5.18],

d/d(A) (A/(wt*E)) = R/X? - 2/1tX

T/wt*E = R/X?2 - 2/tX

Rearranging for R,

R/X2 = 1/wt*E + 2/tX

1

R X2/wirE + 2X2/tX

R

X2 /wit*E + 2X/t [AB.21]
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AG.1 Notch-Sensitive Case.

U = total strain energy in shaded volume of specimen Figure 4.2 (Ii)

U = [ 0. de . shaded volume in Figure 4.2 (Il)

Strain Energy

From o0 = K¢"

[o K €". de .shaded volume in Figure 4.2 (li)

K [o €. de .shaded volume in Figure 4.2 (lI)

I

K [1/{in+1} . "] .shaded volume in Figure 4.2 (/i)

cC C C C
I

1

K. ('/n+1) . t(WL - (7/2) a?) [AG.11

Fracture Toughness

Py
I

- |dU/dA|,

A=a.t

- 1/t . d/da (U)

Substitute from [AG.1]

~1i.d/dalK. (e /m+1) . (WL - (7/2) a?) ]

I

-1 didal (K. (e "M+ 1)t WL - (K. (6™ /n+1).t (m/2) a%) ]
St l-2K (& n+1)t (m/2) al

T X =1 =D
[l

=K ("' n+1)ma [AB.2]
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Failure Strain

Taking R as a constant,

&' = Rin+1)/Krma

il

[Rn+1)/Kmal! [A6.3]

€

Taking R, K and i as constants

& « [(n+1)/a]"r?

In a linear material, n = 1, ¢ « (2/a)", ie ¢ « V2a*

Failure Stress

1

From o K"
& =0; /1K
[an ]n+1ln - [a.f / K ]n+1/n

6fn+1 — [0.f / K ]n+1ln

Substituting into Equation [A6.2]

R

KIle™'n+11ma

R

I

Ko/ K" n+1ima
Rin+1) /Kma =[og;/K]""

[Rin+1T) /Kmal™' = g, /K
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Hence,

O;

Il

O

O;

KIR(n+1)/Kma ]+
KY™ iK™ [R(n+1) / ma ]!

K™ [ Rin+1) / ma ] [AG.4]

Taking R, K and  as constants

o; « [(n+1)/a]m

In a linear material, n =1, o; « (2/a)*, ie 0; x V2 a* , and thus the theory is

in agreement with linear elastic fracture mechanics.

Log - Log Relationship between o; and a

From Equation [A6.4],

o; =
In o}
In o;
In o;
In o;
In o}
In o;
In o;
In o

In o;

Kn/n‘+n [ R(n+ 1) / ma ]nln+1
= In K" 4+ In[R{n+1)/ mal*?

[InK{nnin+1) 1+ n[Rn+1)/ mal.n/n+1]

il

I

[InK (n/nin+1) 1+ n/m+1[ InRn+1) - In(mra)l

[In K {n/nin+1) 1 + [ {n/n+1)In Rin+ 1)) - (n/n+1)}(In{ 7 a)) ]

il

[InK(n/nin+1) 1 + [{n/n+1){In Rin+1)) - (n/n+11In 7 + In a)) ]

il

[InK {n/nin+1) 1 + [ {n/n+1)In Rin+ 1)) - (n/n+1)}in m) - (n/n+1){In a) ]

I

I

InK{n/n{n+1)) + [+ 1MInRn+1) -{(Inm) 1 - (n/n+1){n a)

In K {n/nin+1)) + [{n/n+1)In (Rin+1) /m) 1 - (n/n+1){In a)

n/in+1) [IN(K)/n + In(RN+1)/m1 - (n/n+1)(In a) [AB.5]
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K,

n/(n+1) [In(K}/n + In(Rin+1)/m ] = constant.

M=n/n+1

Hence,

Ino; = Ky’ - MInfa)

Log - Log Relationship between ¢; and a

From Equation [AG6.31,

€

In &
In ¢
In &

In ¢

Ky

Hence,

In &

I

[R(n+1)/Kma] i+

Min+1) . In[Rn+1)/Kral

/in+1). In[R{n+1) - n(Kma)l

Min+1) . [InR(n+1) - In(K) - In(m) - Infa) ]

{(H/(n+ 1)) (In (R(n+1)/Km) - (1/(n+1)) (Ina))

(1/(n+1)) (In (R(n+1)/Km)) = constant.

1/n+1

Ky" - Pin{a)
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AB.2 Notch-Insensitive Case.

c
I

total strain energy in shaded volume of specimen Figure 4.2 (1)

c
I

[0 0 . de . shaded volume in Figure 4.2 (I)

Strain Energy

From o0 = K¢"

fo K €". de .shaded volume in Figure 4.2 {l)

K [0 €". de .shaded volume in Figure 4.2 {I)

I

K [1/(n+1) . e"*"] .shaded volume in Figure 4.2 (1)

c C C C
I

K. {€*"/n+1) . Lt (W - a) [AG.7]

Fracture Toughness

I

- |dU/dA |y

A=a.t

i

- 1/t . d/da (U)

Substitute from [AG.71]

R=-1T/t.d/da[K. (" "/n+1).Lt(W-a)l
R=-14.[-K. (""" /n+1).(Lta)]l
R= KL. (""" /n+1) [AB.8]
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Failure Strain

Taking R as a constant,

& Rin+1) /KL

[R{n+1)/KL]Y* [AB.9]

€

Taking R, K and L as constants

& « (n+1)1ln+1

In a linear matrial, n = 1, ¢ « V2 ,ie & « constant.

Failure Siress

From o Ke"

ffn = O /K
[an ]n+1/n — [0.f / K ]n+1ln

€fn+1 — [Uf / K ln+1ln

Substituting into Equation [A6.8]

R=KLI (g /K™ /n+1]

RIN+1) /KL = (g; / K+

[RiN+1) /KL]1™*" = g, /K
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Hence,

O;
O;

O

KIR(MN+1) /KL ]!
Knln K -nfn+1 . [ R(n+1) / L ] n/n+1

— Kn/n3+n A [ R(n+1) / L ] n/n+1

Taking R, K and L as constants

0%

x (n+ 1)nln+1
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Material Thickness /mm |Notch Length /mm |Fracture Stress / MPa |Fracture Strain / % |Estimate of Ge/kd m
FADG 0.75 0.00 1461 52.32 N/A|
FADG 0.79 0.00 15.48 58.94 N/A|
FADG 0.76 0.00 15.64 63.88 N/A|
FADG 082 0.00 1263 64.94 N/A
FADG 0.95 0.50 14.66 58.61 7.87
FADG 0.87 1.00 1453 56.67 15.4_§;|
FADG 0.94 150 1198 51.45 1576
FADG 0.87 2.00 1054 4564 16.27|
FADG 097 250 1237 53.11 z7.99|
FADG 110 3.00 10.85 50.63 2588
FADG 093 3.50 10.72 4521 29.44
FADG 094 4.00 9.15 4437 2452
FADG 102 5.00 6.12 3113 1373
FADG 0.88 6.00 7.84 4293 27.02
FADG 0.90 9.00 564 40.02 2095
|FADG 087 1250 693 40.85 4393
PDG 1.01 0.00 1288 44.21 N/A|
PDG 1.01 0.00 10.94 36.74 N/A|
PDG 101 0.00 9.20 45.70 N/A
PDG 0.85 0.00 8.80 43.01 NJ/A|
PDG 1.10 0.50 979 35.60 339
PDG 1.16 1.00 873 3557 5.39
PDG 1.08 150 733 3279 570
PDG 1.12 2.00 5.88 27.19 489
PDG 1.06 2.50 6.17 2854 6.74
PDG 110 3.00 7.08 28.35 10.64
PDG 1.08 350 570 2540 8.05]
PDG 1.04 4.00 522 26.01 7.70
PDG 1.04 5.00 486 2397 837
PDG 1.15 6.00 394 271 6.59)
PDG 1.05 9.00 339 19.64 7.30]
{'P_DG 1.11 12.50 255 16.85 5.76)
FADC 3.00 0.00 36.70 3767 N/A
FADC 33 0.00 39.70 4598 N/A]
FADC 358 0.00 37.75 54.01 N/A|
FADC 2984 0.00 32.33 5267 N/A]
FADC 3.40 0.50 4337 36.67 3513
FADC 381 1.00 39.41 3517 5a.o1|
FADC 399 150 29.89 33.33 50.06
FADC 382 2.00 28.07 3251 58.84
PEADC 346 250 26.41 31.27 65.14
FADC 313 3.00 27.32 2659 83.63
FADC .15 350 20.84 33.82 116.41
FADC .66 4.00 2261 2812 76.3g|
FADC .93 5.00 19.96 27.90 74.38
FADC 386 6.00 2124 2697 101.14
FADC 358 9.00 16.61 21.45 92.70
FADC 259 1250 16.99 30.29 134.73
PDC 358 0.00 3205 4301 N/A|
PDC 226 0.00 4164 3967 N/A
PDC 2.88 0.00 36.63 4765 N/A|
PDC 319 0.00 2286 47.36 N/A
PDC 371 050 3253 34.79 20.91
[PDC 3.74 1.00 30.23 3752 36.10
PDC 3.48 150 26.99 36.88 49.82
Eoc 3.10 2.00 24.80 3210 4862
PDC 283 250 2429 32.30 58.29
PDC 378 3.00 2464 20.70 71 ‘94'
PDC 2.62 350 2052 20.28 58.23
lf:c 2.96 4.00 19.81 27.92 62.00
PDC 336 5.00 17.35 28.76 50.47
PDC 372 6.00 1456 28.36 50.27
PDC 374 9.00 1258 2458 56.25
PDC 2.70 12.50 9.49 24.79 4452

Table A.7.1. Estimate of G, for FADG, PDG, FADC and PDC material.



