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Introduction

The shearing behaviour of a fabric deter-
mines its performance properties when
subjected to a wide variety of complex
deformations in use. The ability of a fabric
to be deformed by shearing distinguishes it
from other thin sheet materials such as pa-
per or plastic films. This property enables
fabric to undergo complex deformations
and to conform to the shape of the body.
Shearing influences draping, flexibility
and also the handle of woven fabric. Shear
properties are important not only for fab-
rics but for textile composites as well.

There is a considerable amount of litera-
ture analysing the shear behaviour of fab-
rics and aimed at developing prototype
tests and apparatus for the determination
of shear properties [1-14]. The buckling
of fabrics during shearing has been a
major problem in designing ideal testing
equipment. Sheet-form materials whose
flexural and tensile rigidity are very low
require elaborate devices to measure
shear and buckling. Three major methods
are known and widely used to determine
fabric shear properties (Figure 1), but
it must be noted that in nearly all these
methods, the phenomena of shear locking
and specimen buckling are ignored.
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Abstract

The shear behaviour of fabrics and the phenomenon of buckling is analysed during the
uniaxial tension of a bias cut specimen. The image analysis method is proposed to define
critical shearing conditions and to analyse the deformation processes of bias-stretched
fabric. The critical tension load, critical elongation and critical shear angle are defined on
the basis of a grey-scale value I variation in the images of the fabric specimen. It is found
that the dispersal of a grey-scale value CV can be used to estimate the surface waviness of
stretched fabric. It is shown that a simple uniaxial tension experiment supplemented by image
analysis can be used not only to define the shear parameters of a fabric but also to explain
fabric behaviour in greater depth due to analysis of the buckling phenomenon.
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Shear angle is one of the main criteria for
characterising the formability of fabrics.
As the fabric is fitted onto a spatial sur-
face, shearing occurs increasingly until
the critical shearing angle is reached.
When this angle exceeds a strict value,
the specimen starts to buckle, i.e. wrin-
kling is observed. The major problem is
to specify the onset of specimen buckling.
Frequently changes in the deformed spec-
imen’s surface are observed visually, but
some studies have been done to evaluate
fabric buckling objectively. The critical
buckling load was calculated using the
criterion based on the cantilever beam
theory [3,8], but in other studies [7,9] it
was found that the onset of buckling does
not appear to agree with this criterion.
There are some numerical methods to
calculate fabric buckling in the KES-F
shear test [16] and the uniaxial tension
of the bias-cut specimen [17,18] but to
implement these methods more in-depth
studies are required. So the onset of
specimen wrinkling, i.e. the critical shear
angle, is often not recorded, and other cri-
teria are used for fabric shear evaluation:
shear rigidity and shear stresses at differ-
ent constant shear angle.

The aim of this investigation was to es-
tablish a simplified method for critical
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Figure 1. Principal of shear tests: a - KES-F [13-14], b - FAST [1], ¢ - picture frame [17].
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shear angle estimation during the uniax-
ial tension of a bias-cut fabric specimen.
The surface wrinkling of the deformed
specimen is observed by image analysis.
New quantitative criteria are defined to
specify the onset of surface buckling
and to evaluate the level of specimen
wrinkling.

Background

W.F. Kilby [19] has shown that shear
rigidity can be calculated from the tensile
properties of a fabric in bias (45°) direc-
tion based on the interrelations of the in-
plane properties of a plate. The uniaxial
tension of a bias-cut fabric specimen is
relatively simple and may be carried out
on any extensometer. This method of
fabric properties investigation is there-
fore the most appropriate for industrial
use. However, when this test is applied to
fabric, shearing is non-uniform through-
out the specimen due to the distortion of
width uniformity. Three basic zones with
different modes of deformation can be
distinguished [20] (Figure 2). Zones I
form near the clamps at each end of the
specimen. There is no significant defor-
mation in this zone. Zones II consist of
four identical triangular regions neigh-
bouring zone 1. There are some changes
in thread angle in this zone, but not so
significant as in zone III. Zone III is lo-
cated between zones I and II. This zone
is free from the constrained ends bound-
ary effects, and most of the deformation
in the fabric specimen occurs here. The
main mode of deformation in zone III is
shear, with pure shearing in the middle of
the specimen [20].

When tension load is applied to the bias-
cut (45° angle to the warp thread direc-
tion) woven specimen, the dependence
between the load and specimen elonga-
tion can be schematically described as a
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Figure 2. Zones formed in the bias tension
of a fabric.
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Figure 3. Schematic presentation of depen-
dence between tension load P and elongation
€ of bias-cut specimen.

Figure 4. The views of plain weave fabric
(a) and one of its basic cells , as considered
in the microstructural analysis of shear
deformation (b).

tri-linear relationship [20]. The first part
of the P-¢ curve (Figure 3) represents the
initial shearing when the angle between
threads changes in the central part (zone
TI0) of the stretched fabric specimen (Fig-
ure 2). At the first point when the critical
shearing angle is reached (point 1 in Fig-
ure 3), the threads in the specimen’s cen-
tral part are packed tightly. The increase
in tension causes a lateral compression
of the threads, so the buckling wave is
formed. The stiffness of fabric increases,
and the force required to deform the
specimendoes so as well. The second
part of the curve P-¢ represents deforma-
tions from thread shearing due to thread
sliding; thus the changes in the buckling
wave parameters are observed. Point 2 of
the tension curve P-¢ indicates the begin-
ning of the third part of the curve, when
the predominant mode of deformation
becomes thread sliding, because the lock-
ing shearing angle has been reached and
the threads cannot shear any more. The
lateral compression of threads decreases
and the fabric surface waviness declines
gradually.

The buckling of a specimen during shear-
ing is associated with the level of com-
pressive stresses, thickness and stiffness
of a fabric and its structure [21]. In plain
weave fabric, the critical shear angle is
associated with the disappearance of ma-
cropores between threads. Figure 4 rep-
resents the basic cell of plane weave. The
critical shear angle 7. can be calculated
as follows: [21]:

Yo =512 are simlh/ w)- are simfhis] (1)

where w and ¢ are dimensions of the
original macropore, and h is height (see
Figure 4b).

i Experimental

The image analysis method was used to
define the different parameters of fabric
behaviour under uniaxial tension (Fig-
ure 5). The bias-cut specimen 2 was fixed
in a standard tensile testing machine. The
images of stretched specimen 2 were
captured by a digital camera 1 at each
10% step up to 50% of the longitudinal
specimen deformation (Figure 6) in order
to investigate not only the shearing pro-
cesses of the fabric but also the buckling
phenomenon as well. The ruler 4, able to
measure to the nearest 1 mm, was used
for image calibration.

The method for evaluating fabric sur-
face waviness during tension has been
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Figure 5. Test arrangement for stretched
specimen capturing: 1 - digital camera,
2 - specimen, 3 - lighting sources, 4 - ruler.

presented in earlier studies [22,23]. The
variation of the grey-scale value I in
the deformed specimen image was used
to estimate the surface waviness of the
stretched fabric. The deformed speci-
men, as captured by the digital camera,
was stored as a grey-scale image of 256
levels. By applying additional filters
of image processing, the quality of the
image was improved and noise was re-
duced, preparing the image for analysis.
Surface waviness analysis using models
of known shape [22,23] showed that the
buckling of a fabric can be evaluated
by the dispersal of the grey-scale level
CV. The profile curve and grey-scale
level histogram of the central part of the
stretched specimen were used to calcu-
late this parameter:

{.I.u,f @

where s is the standard deviation of grey-
scale value I defined from the histogram
at the horizontal middle line, [ is the
average of the grey-scale value in the
analysed line, expressed as:

5

Ims “
where /; is the i grey-scale value, and e is
the total number of pixels in the analysed
line.

While analysing the behaviour of bias
fabric under tension, it was important
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Figure 6. Digital images of stretched specimen after filtering

(elongation increases from 0% to 50%,).

to define precisely the moment when
the critical shear angle is reached in the
deformed specimen, i.e. the moment
when the surface of specimen started to
wrinkle. The same image analysis system
was adjusted to investigate the critical
buckling conditions of a stretched fabric.
The capturing was performed at different
directions of light source. It was decided
that the light at 90° angle in respect to the
stretched specimen surface enabled even
the negligible surface waviness of the
specimen to be fixed. The buckling of bias
fabric was revealed under very low stress,
and so the test was performed using FAST-
3 equipment. The images of the deformed
specimen were captured by increasing the
tension load by steps of 20 g (= 3.9 N/m)
up to the value of 1000 g (= 100 N/m).
After the processing of digital images by
special filters and functions, the starting
point of buckling wave formation was
considered to be the moment when the
variation of the grey-scale value I was
recorded (Figure 7). This is the start point
of the specimen surface wrinkling. Test-
ing conditions corresponding to that point
(tensile force P, elongation &, shear
angle y,,) were registered.

In order to determine the shear angle, a
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Figure 7. The variation of the grey scale value I in digital image

of the stretched specimen and the principle scheme of shear angle

calculation.

net of perpendicular lines 10x10 mm (ac-
curacy £1 mm) in weft and warp direc-
tions was plotted on the specimen surface
(Figure 7). Shear angle was calculated as
the average of four adjacent shear angles
at the centre part of the specimen.

For the investigations, three types of
fabrics were chosen: traditional (marked
A), coated (marked C) and laminated
(marked L). Their main characteristics
are presented in Table 1. All the chosen
fabrics were of the same plain weave, but
differed in properties.

Results and Discussion

The behaviour in bias tension of the
chosen fabrics did not differ markedly,
especially in the first part of curve P-¢
(Figure 8). However, their shearing and
buckling analyses did show some pecu-
liarities.

When the tension load is increased, the
shear angle in a centre part of bias cut
fabric increases also. The exponential
dependence was determined between the
tension load P and shear angle y (Figure 9,
Table 2). For fabrics, the sharp increase
of tension curve slope angle was ob-

Table 1. The main characteristics of investigated fabrics (PU - polyurethane, PTFE -

polytetrafluorethylene).

Properties

A3 A4
Surface density, g/m2 190 140
Setting, cm-1 warp direction 19 36
weft direction 18 26
Linear density, tex warp 52 20
direction weft direction 52 20
0, 0,
Content 100% 100%
flax cotton
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Fabric code
Cc10 Cc21 L-19 L20
190 95 210 225
17 40 29 21
17 33 16 20
36 8 42 44
36 5 44 41
100% 100% PA | 100% PES | 100% PES
PES, coated | laminated | laminated
coated PU PU PTFE PTFE

served when the shear angle in specimens
centre reached 40-45°. These results of
shear angle variation in uniaxial tension
agree with the results of similar research
presented in paper [10]. The different be-
haviour of fabrics in both bias tension and
shearing depends on the fabric’s structure
and stiffness properties. It was noted that
the shear angle of tested fabrics reached
the value of 45° under 25-35% of elonga-
tion (Figure 10). Only for coated fabric
C10 were different shear angle variation
and lower values observed.

Table 2. Coefficients a, b of exponential
function P=aebY and determination
coefficient R?.

Fabric

code a b R?
A3 14.78 0.98 0.92
A4 4.26 0.13 0.95
c10 1.91 0.16 0.89
C21 276.78 0.02 0.99
L19 2.06 0.17 0.96
L20 71.37 0.08 0.97

The different behaviour of coated fabrics
in uniaxial bias tension was also ob-
served, when the buckling phenomenon
of stretched specimen surface was ana-
lysed. The waviness of specimens was
examined on the basis of image analysis
and evaluated by grey-scale disperse CV
(Figure 11). The results of these investi-
gations have shown that the waviness of
coated fabrics surface was up to 5 times
higher than those obtained for classical
and laminated woven fabrics.

For better understanding of fabric shear
processes, the critical moment when the
specimen starts to buckle is important.
When applying image analysis, the
critical shearing angle 7y, as well as the
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Figure 8. Tension curves P-¢ of bias cut samples.
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Figure 10. The dependencies between elongation & and shear

angley.

critical load P, and critical elongation &,
were defined during the uniaxial tension
of the bias-cut fabric (Table 3 page 30).
In the case of coated fabrics, all the
spaces between the threads are filled with
polymer material that firmly ties warp
and weft thread systems. Thus the move-
ment of the threads at the point of their
interlacing is significantly restricted. The
shearing resistance of tested coated wo-
ven fabrics C10 and C21 is high, so the
critical shearing angle for this is reached
at low elongation (g,=0.6-2.8%). The
method used in this research was not suf-
ficiently sensitive to determine the real
critical shear angle, so for fabric C21,
Yo=0° (accuracy +1°). The movement
of the threads in the case of laminated
fabrics L19 and L20 is not so highly
restricted because the film is joined with
the fabric only at certain points. Thus the
critical shear angle of these fabrics is
reached at the higher values of elonga-
tion (g.,=5.1-13.4%), and the behaviour
of laminated fabrics is close to the classi-
cal woven fabrics A3 and A4.

As was mentioned earlier, the critical
shear angle depends on the parameters
of fabric structure. The images of fabric

20 0 40 8 y,°

Figure 9. The dependencies between shear angle y and tension

load P.
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structure as enlarged under a microscope
were used to determine the parameters
w, t and h of the hole between the fabric
threads (Figure 4b). Then the critical
shear angle 7. was calculated (eq. 1).
A linear relationship was found between
the values of shear angle defined by
image analysis v, and calculated ¥
;in other words, the uniaxial tension of
bias fabric can be used not only for shear
rigidity evaluation but also to estimate
the critical shear angle using the simple
image analysis method. Critical shearing
conditions determined at low stress pro-
vided new information concerning fabric
behaviour and formability.

The comparative analysis between the
tension curve, the shear angle varia-
tion and the dynamics of bucking wave
variation. as well as the critical buckling
conditions of the bias-cut fabric speci-
men, has provided that the deformational
behaviour of the bias fabric under uniax-
ial tension can be explained more deeply
by surface waviness due to the buckling
phenomenon analysis [23,24].

The critical shear angle is reached at
a low longitudinal deformation of the
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Figure 11. The dependencies between grey-scale dispersal CV and
specimen elongation .

specimen. It was determined that the
buckling of the specimen starts (point
CVy) before the moment when the stiff-
ness of the specimen starts to increase;
that is, the critical shearing angle y., is
reached in front of point 1 (Figure 12).
The changes of the parameter CV al-
low us to specify when the maximum
of the specimen’s surface waviness is
reached (point CVp,x), i.e. when the
threads are packed most closely but are
still not sliding. This happens between
points 1 and 3. However, in the same
zone of tension curve between points 3
and 2, a decrease in surface waviness is
observed. In other words, the height of

Figure 12. Typical dependencies between
tensions curve P-g and dispersal of grey-
scale CV variation during tension.
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Table 3. Critical shearing conditions of bias stretched fabric specimens.

Fabric code A3 A4
Critical load Pg;, N/m 196.2 15.7
Critical elongation € o, 14.2 4.6
Critical shear angle y¢ ,° 33 9

the buckling wave decreases because the
threads sliding appear. So, point 3 in the
tension curve characterises the moment
when the thread system starts to slide and
the changes of shear angle become less
significant.

Using more a precise specimen surface
waviness and shearing angle measure-
ment method (by analysing parameters
vy and CV continually in all tensile pro-
cesses with higher precision), it is pos-
sible to specify the exact moment when
the thread system starts to experience the
sliding phenomenon and the changes of
the shear angle become negligible, i.e.
when the shear ‘locking angle’ is reached
and further tension has no influence on
the thread angle changes.

Conclusions

The bias extension test is simple in es-
sence, easy to implement and appropriate
for a large range of fabrics, so it appears
to be the most appropriate method for
characterising fabric behaviour in shear.
The proposed image analysis system
can be used to defined the critical shear
angle of a fabric not only in uniaxial ten-
sion but also in other shear test methods.
The analysis of the tested fabrics’ tensile
curve, the variation of shear angle and
buckling wave have showed that fabric
post-buckling is associated with fabric
behaviour in the tension and properties
of a specimen. Further studies are un-
der way to establish the dependencies
between fabric structure, mechanical
properties and buckling during uniaxial
tension.

C10 Cc21 L19 L20
43.2 7.8 78.4 176.4
2.8 0.6 5.1 13.4
5 0 7 18
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In issue No 1(43) 2005, vol.13, in the paper of Teresa Mikotajczyk and Maciej Bogun entitled “Effect of Ceramic

Nanoparticles on the Rheological Properties of Spinning Solutions of Polyacrylonitrile in Dimethylformamide™ a error

appeared on page 29 in Table 2. An incorrect storage time of “48 h” was given by mistake in the caption of the last

columns. The storage time after which the parameters “n” and “K” were determined was in reality 168 hours.

The authors apologise to all readers and the editors for this error.
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