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The purpose of this research was to develop a novel, multifunctional apparatus that makes possible to cairy out
two common tests of woven fabries and flexible sheet-like materials, namely the shear and the yarn-pull out test.
We designed an apparatus that can be mounted on a universal load machine and makes possible to test the
materials rapidly and precisely.

In this paper we introduce the apparatus and the related simple shear and yarn pull-out test methods, as well

as the accuracy and reproducibility of the test results obtained. We carried out cyclic shear and yarn pull-out tests
on plain and panama weave materials. We found that the relative deviations of the common shear (G, 2HG,
2HG5) and yarn pull-out parameters were around 5-9% in most cases that confirms the repeatability of the test
method. With our method, one can cairy out these tests without an expensive, dedicated test device.

1. Introduction

At human environmental textiles, at flexible sheets & composites (e.
g. canopies), and at composite reinforcements it is necessary to know
their various mechanical properties in order to be able to design and
create complex structures [1-4].

In the former cases the textile or the flexible sheet has to suit to the
shape of the body or adequate draping properties are required for the
appropriate optical performance. At composite reinforcements, the
textile has to conform the shape of the mold. In all these cases, besides
the good handling possibilities, appropriate shear properties, flexibility
and the role of the friction between the fiber bundles or yarns have high
importance (and moreover these things also influence one another)
[5-71.

1.1. The shear-tests of flexible sheets and textiles

The method for investigating the shear properties of textiles and
other flexible sheets has to be simple and rapid to fit the current re-
quirements of the industry. There are widely-known methods making
available to determine the shear properties, but these are either
complicated, or the stress state, generated by the test setup, is not ideal

[8,9].

In case of woven textiles maybe the simplest method is when the
specimen in bias direction (the weft and warp yarns are located in +45°
directions to the axis of pulling) is tested by a tensile tester [8]. As the
endings of the yarns are not constrained in the shear zone, therefore the
shear state is suitable, but complex. The problem is with the determi-
nation of the exact location of the pure-shearing zone and as the shear
deformation is calculated from the strain of the whole sample it is hard
to obtain precise results. The method can be further improved by image
processing as Domskiené and Strazdiené [10] and Al-Gaadi and Halasz
[11] demonstrated. This method is more precise but maybe too complex
for industrial purposes and besides, it does not make possible to carry
out cyclic tests that is a significant disadvantage.

The other widespread method, when the textile or the canopy sample
is fixed to a picture frame that has knuckle-joints in the corners. The two
opposite corners of the frame are displaced by the load machine thus the
square becomes a rhombus the way the specimen is sheared. This
method makes possible to make cyclic tests. The method is simple but
not precise because the stress state is not ideal near the clamping bars
hence the yarns are bended [10-12]. Orawattanasrikul [13] elaborated
a special method to avoid the bending of the yarns during tests. The
edges of the textile is not clamped, but pinned into needles. These

* Corresponding author. Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and Economics, Miiegyetem

rakpart 3, H-1111, Budapest, Hungary.
E-mail address: halaszm@pt.bme.hu (M. Halasz).

https://doi.org/10.1016/j.polymertesting.2020.106345

Received 29 July 2019; Received in revised form 20 December 2019; Accepted 8 January 2020

Available online 9 January 2020
0142-9418/© 2020 The Authors.

(hap://creasivecommens.arg licenses/by-nend/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license



K. Molnar et al.

needles make possible to transfer the shear forces, still makes possible
the rotation of the yarns, therefore their bending can be neglected.

The Kawabata’s Evaluation System for Fabrics (KES-FB) [14] can
also be used for determining the shear properties of flexible sheets and
textiles. At this method two parallel 200 mm long sides of a rectangular
textile sample are clamped and one of them is moved to shear the
specimen (Fig. 1/a) by an F, [N] force. The initially 50 mm distance of
the parallel clamps (Xp) gradually changes (X(t)) as a constant trans-
versal pretension is applied during the test. The system is precise and the
experiment can be carried out rapidly. The pretension (f, [N/m]) is
generated by a rotating drum and the requisite displacement is calcu-
lated from torque measurements that requires additional electronic
control devices. As the device only operates in the +8° shear angle
range, therefore the bending of the yarns along the two edges can be
neglected.

The totally automated, computer controlled KES-FB device does a
cyclic shear test. During the test the shear motion changes direction as
the shear angle reaches +8° or —8°. The schematic of the measurement
and a typical specific shear force — shear angle diagram can be seen in
Fig. 1. Based on the diagram, the so-called Kawabata parameters can be
determined: the hysteresis of shear force at shear angle of 0.5° (ZHG [N/
m]), the hysteresis of shear force at shear angle of 5° (2HG5 [N/m]), the
shear rigidity, calculated from the mean slope of the curve in the region
between a shear angle of 0.5° and 5° (G [N/(m°)], respectively).

1.2. The yarn pull-out tests of woven fabrics

The yarn pull-out test is also a widely researched topic. Various
measuring devices were made to do these kinds of tests, but all of them
are one of a kind. Currently, the commonly accepted yarn pull-out
measurement device is unknown.

The yarn pull-out test can be used to determine the interaction be-
tween the yarns of woven fabrics. During the test, the force needed to
overcome the mostly frictional connection between the yarn to be pulled
out and the crossing yarns is measured. The interaction between the
varns has a fundamental role on the material properties. It influences the
shearing, bending, wrinkling, etc. properties, moreover the impact
strength and the energy absorbing capacity of woven fabrics, hence it is
very important to know this interaction, especially for modelling their
mechanical behavior [15,16].

The principle of the yarn pull-out test can be seen in Fig. 2, while
Fig. 3 shows a typical result of a single measurement. During the test, the
rectangular woven fabric specimen has to be clamped on both sides,
then a single yarn is pulled out along the centerline in parallel with the
clamps. It is important that the upper end of the yarn is clamped and
pulled, the other end of the yarn has to be able to move free. At the first,
static stage of the yarn pull-out test (Fig. 3) due to the increasing pull-out
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force, the yarn being pulled-out straightens out and stretches, which
leads to shear deformation on both sides of the yarn. The specimen itself
deforms leading to a displacement (d,). The second, kinetic stage starts
when the pull-out force reaches the peak value and overcomes the static
friction force among the yarns. At this moment the yarn starts passing
through the crossing yarns, leading to the increasing displacement of the
varn (dy). The pull-out force (Fy,) is gradually decreasing with periodic
waves and tending to zero as the yarn passes through more and more
transversal yarns. The magnitude of F,, also influences the vertical
deformation of the specimen itself (d;) that also decreases during this
stage of the test.

In the case of another, modified test setup the free end of the pulled
yarn overhangs the bottom edge of the fabric sample [18,19]. Fig. 4
shows a typical pull-out curve when the overhang was 50 mm. Due to
this modification the kinetic phase of the yarn pull-out divides in two
more phases. In the first region of the kinetic phase the yarn to be pulled
out passes through the same number of crossing yarns, hence the end of
the yarn does not reach the bottom edge of the fabric sample. In this
phase the mean value of the periodic tensile force after a quick decrease
sets at an approximately constant value. When the end of the yarn to be
pulled out reaches the bottom edge of the fabric sample, the second
region of the kinetic phase starts. This time the pulled yarn passes
through fewer and fewer crossing varns, hence the mean value of the
periodic tensile force decreases and tends asymptotically to zero.

Several papers have been published on the yarn pull-out test and its
results [11,17-23]. Using the capstan equation some [11,16] tried to
determine the coefficient of friction among yarns from the yarn pull-out
test results. However, the accuracy of the applied methods has not been
proved yet. Knowing the maximal yarn pull-out force and the tensile
strength of the yarn, Pan and Yoon [22] determined the critical yarn
length. The critical yarn length is similar to the critical fiber length
widely used in composite mechanics [24]. The critical yarn length
equals the half of the critical fiber length and it means the smallest
length of the embedded yarn that breaks due to the load instead of
slipping out of the fabric.

1.3. The aim of the research

Yarn pull-out test is not a standardized test, therefore it does not
include a standard measuring apparatus. Researchers usually build
different clamps for this purpose, but these are typically only U-profile
static clamps that are only suitable for yarn pull-out tests. Hence, many
times they try to deduce the shear properties of fabrics from yarn pull-
out tests [25,26].

To determine the shear properties of woven fabrics, we have previ-
ously described some well-known and widely used methods, including
the Kawabata shear test. This measurement can be only carried out with
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Fig. 1. Schematic of the tensile shear tester device of KES-FB system
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Fig. 2. Schematic of the yarn pull-out test a) clamped, unloaded sample, b) sample during test [17] h: height of the sample, w: width of the sample, y,. yarn overhang,
d,: displacement of the yarn, d;: displacement of the textile, F,,: yarn pull-out force.
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Fig. 3. A typical yarn pull-out curve.
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Fig. 4. Typical yarn pull-out curve in case of a 50 mm overhang.

the KES-FB1-A Tensile and Shear Tester, which is an expensive, stand-
alone device for testing the tensile and shear properties of fabrics and
from time to time it requires maintenance and calibration.

In our study, the aim was to design and construct an apparatus that
makes possible to combine the simplicity of the above-mentioned test
methods and the precision of the KES-FB system in order to determine

the shear properties of textiles, textile composites and other flexible
sheets. A grip that makes possible to maintain transversal pretension of
the textile during the tests akin to the KES-FB shearing system was
designed. Moreover, the same apparatus can be used for yarn pull-out
tests of woven textiles. The pretension is applied by clearly mechani-
cal ways during the tests leading to a simple, easy-to-build, symmetrical
construction. There is no need for a complete device dedicated to only
shear or yarn pull-out experiments as the grip can be mounted on almost
any kind of universal load machine. With the apparatus the tests can be
carried out rapidly and the evaluation of the results can be done with the
aid of the software of the load machine. In this paper we demonstrate the
applicability of this measurements and the accuracy of the results in case
of both yarn pull-out and shear tests through some examples of technical
materials.

In the current paper we describe the construction of the new appa-
ratus we designed, as well as the shear and yarn-pull out tests we made.
Shear tests (with the same principle of the KES-FB system) were made on
a glass fabric, a polyester fabric and a canopy material, yarn-pull out test
were made on another glass fabric and on a viscose fabric, moreover we
introduced new parameters for the yarn-pull out test for the detailed
evaluation of the results.

2. Materials and methods
2.1. Materials

For the shear tests we chose materials which are applied in technical
fields: two woven fabrics, one was made of glass and the other one was
made of polyester (PES) and besides a canopy that was a polyester (PES)
fabric reinforced polyvinyl chloride (PVC) one. The structural-
geometrical properties of the chosen materials can be seen in Table 1.

For the yarn pull-out tests we chose one glass-based and one viscose-
based reinforcing fabric. The structural-geometrical properties of the
chosen fabrics can be seen in Table 2.

2.2. Methods

2.2.1. Apparatus design

For all the measurements we used the novel apparatus (the universal
grip unit) we designed. The schematic drawing of the apparatus for
shear and yarn-pull-out tests can be seen in Fig. 5. The experimental
setup is symmetrical. There are two clamps at the vertical edges of the
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Table 1
Structural-geometrical properties of the shear-tested materials.
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Fabric Type Material Weave Areal density [g/mz] Thickness [mm] Yarn linear density [tex] Yarn count [1/10 mm]
Warp Weft Warp Weft
Glass 1 Glass Plain 250 1.20 200 300 5 5
PES Polyester Panama 2/2 400 0.72 105 105 24 24
Canopy PVC + PES Plain 265 + 85 0.31 28 28 15 12
Table 2

Structural-geometrical properties of the yarn pull-out tested materials.

Fabric Type Material Weave Areal density [g/mz] Thickness [mm] Yarn linear density [tex] Yarn count [1/10 mm]
Warp Weft Warp Weft

Glass 2 Glass Plain 50 0.04 10.9 9.1 25 20

Viscose Viscose Plain 200 0.44 67 67 14 14

sample and one in the middle. Only the middle clamp is to be changed
for the corresponding test. Yarn pull-out requires a top grip to catch the
overhanging yarn at the top, while shearing needs a full-length middle
grip (as in Fig. 5). Two parallel edges of a rectangular test sample (Fig. 5:
1) are clamped (Fig. 5: 2A) and the deformation is induced amongst the
vertical symmetry line via the middle clamp (Fig. 5: 2B). To achieve a
simple but precise construction the pretension is induced by a long he-
lical spring (Fig. 5: 5) having linear characteristics. During the test, the
two side clamps can move on a horizontal rail due to the vertical force
generated by the load device and the horizontal forces of the pretension
spring mechanism. Prior to the test, the spring has to be stretched) by
two simple worm gears (Fig. 5: 5) until reaching a desired length related
to 20 N tensile (transversal) force. The spring geometry was designed
accordingly, and then the spring characteristics was calibrated by a
tensile test, hence the length related to the 20 N force was determined.
At this displacement a strong (0.24 mm diameter) high performance
polyethylene (HPPE) fishing line (Fig. 5: 7) was then fixed to the hooks
at the ends of the spring limiting its maximum strain. That way the yarn
ensures that the spring can be stretched by the adjustment gears only
until reaching the strain related to 20 N.

The mechanical pretension system makes possible to maintain a
transversal force during the tests with an accuracy of approximately
+0.5% (at a preload of 20 N and 1 mm displacement of the side clamps)
completely avoiding the application of supplementary electronics.

The materialized apparatus mounted on our load machine can be
seen in Fig. 6. The whole apparatus can be tilted to a horizontal position
around the motherboard after removing two fixing bolts (Fig. 7). In the
back side of the apparatus there are two fasteners for fixing the grips on
the linear rail. The side clamps (Fig. 6: 3B) can be fixed at any position
by a locking lever in order to ensure their appropriate distance. In this

2B TF‘ (t)
=

Fig. 5. The schematics of the designed apparatus. 1: specimen, 2A: side clamps,
2B: middle clamp (depicting the one for shear tests), 3: rollers with appropriate
bearing, 4: thin rope, 5: gears 6: pretension steel spring, 7: strain limiting yarn,
8: base plate.

horizontal position of the apparatus the textile test specimen can be
fixed to the grips conveniently. Both grips have a rough surface (sanding
paper) at one side and soft rubber on the other side therefore avoiding
slippage when clenched together by screws. As soon as the specimen is
well-fixed, the apparatus can be tilted back to its operating position and
fixed by the bolts. Then the locking levers are to be loosened, so the side
clamps can again slide free on the rail. The pretension can be applied
(Fig. 6: 5-6) by the adjustment gears until reaching the proper strain of
the spring. The middle clamping unirt is then fixed depending on which
test (yarn pull-out or shear) is to be carried out. Fig. 6/a shows the
middle clamp for shear test while Fig. 6/b depicts the one for yarn-pull-
out test. The middle clamp for the yarn-pull-out test is a common yarn
tensile testing clamp.

2.2.2. Shear test method

The shear tests were carried out with the novel apparatus which was
mounted on a Zwick Z005 type universal load machine. The force was
measured by a sensor having a range of 5 kN and a resolution of 1 mN.
The tests were carried out with 20 N pretension force (Fp), i.e. 1 N/cm
relative to sample length, induced by the spring. The crosshead speed
was 10 mm/min. The shear angle range was +8° and a whole shear cycle
was investigated. Ten samples of each type were investigated in 0°, 90°
and 45°directions, relative to the manufacturing direction. For the tests
the gripping distance (width) was chosen to be 2 x 50 mm (symmetrical)
and the length of the sample was 200 mm. For the measurements we cut
specimens from the Glass 1 and PES fabrics and from the canopy. Due to
the extra material required for side gripping the test samples size was
150 mm x 200 mm.

The shear properties of some selected textile specimens were tested
to demonstrate the applicability of the device for shear tests.

The measurement principle (which is the same as the principle of the
KES-FB system) with the novel apparatus can be seen in Fig. 8. On the
left, the sample is unloaded prior to the test, while on the right it is
loaded.

As the shear modulus is determined at small shear deformations,
therefore the pretension induced by the spring can be considered con-
stant from this perspective. According to the construction, during the
shear tests the transversal yarns of the specimen have approximately
constant length and almost pure shearing takes place. The half-gripping
distance (Xp, in Fig. 8/a) is the distance between the middle and the side
clamps. This X, distance is also identical with the length of the hori-
zontal yarns between the clamps. When the displacement is induced
(Fig. 8/b) the length of the initially horizontal yarns remain the same but
the clamps come closer to each other (X(t)) due to the pretension. As the
side clamps can be fixed at any positions it also makes possible to carry
out tests with constant gripping distance.

The shear angle a(t) can be calculated from the displacement of the
middle clamp as a function of time AY(t) with equation (1):
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Fig. 6. The apparatus with middle clamp for shear test (a) and yarn pull-out test (b) of woven fabrics. 1: crosshead, 2: force sensor, 3A: middle clamp connected to
the crosshead through the force sensor, 3B: side clamps, 4: test specimen, 5: worm gears for adjusting pretension, 6: pretension spring, 7: rollers with bearings, 8:

fixing bolts.

Fig. 7. A montage of tilting the apparatus to horizontal position for chang-
ing sample.

aft) = resin(AY(1)/Xp) « 1807w, [°] (1)

The measurement is carried out cyclically, like at the KES-FB test.
The half gripping distance (X,) is the same 50 mm as that of the KES-FB.
From equation (1) the displacement of the middle clamp can be calcu-
lated. If X, is 50 mm and the shear angle is 8°, then the measurement
cycle has to be done with the maximum displacement of the middle
clamp of +6.959 mm.

As opposed to the KES equipment, the testing of the samples left and
right to the middle clamp are done simultaneously, with opposite
shearing directions. The measured shear force is the sum of the forces for
the two sides/directions. Therefore, in determining the specific shear
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Fig. 8. The principle of the shear test. The sample is unloaded before the shear
test (a) and loaded during the shear test (b).

force (Nf [N/m]1), half the force measured by the tensile tester (F [N]) has
to be taken into account together with the length of the sample thart is
parallel to the clamps (H [m]) (2):

Nf = F/2H), [N/m] (2

The specific shear force — shear angle diagram can be plotted from
the results, and the Kawabata-parameters can be determined from the
diagram in the usual way.

2.2.3. Yarn pull-out test method and special parameters

The yarn-pull out behavior of fabrics was tested to demonstrate the
applicability of the device for yarn-pull out tests. Moreover, we present
two special parameters, which can be determined from the yarn pull-out
test: the critical adhesion length and the specific resistance against
slippage.

The yarn pull-out tests were carried out with the apparatus which
was mounted on the same a Zwick Z005 type universal load machine.
The force was measured by a sensor having a measuring range of 20 N
with a resolution of 1 mN. The tests were carried out with 20 N pre-
tension force, i.e. 1 N/cm (related to sample length), induced by the
spring. The tests were carried out with a crosshead speed of 100 mm/
min and the warp yarns were pulled out.
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For the tests the gripping distance (width) was chosen to be 100 mm
and the length of the sample was 200 mm. For the measurements we cut
specimens from the Glass 2 and Viscose fabrics. Due to the extra material
required for side gripping, the test specimens size was 140 mm x 200
mm. In addition, for the prepared specimens, the yarn to be pulled out
overhung the upper and lower edge of the fabric by 30 mm and 100 mm,
respectively, due to the type of test. Five samples of each type were
investigated.

It is important to see where is the limit where the yarns break instead
of slipping out of the textile specimen due to the pull-out force. In order
to know the breaking force of the warp yarns that limits the maximum
force at the yarn pull-out tests we carried out tensile tests. We made 15
individual measurements for each material (Glass 2 and Viscose), where
the gripping length was 50 mm. Every other set up parameter was the
same as we used at the yarn pull-out tests. The breaking force (Fs) and
the elongation at break (&5) were determined.

During the yvarn pull-out test, the pull-out force and the displacement
of the gripped yarn end are registered by the universal load machine.
Various mechanical parameters can be determined from the measure-
ment results that implies the friction between the yarns forming the
fabric.

Knowing the breaking force of these yarns, the critical adhesion
length can be determined.

From the test results a special parameter, the specific resistance
against slippage can be determined. This parameter means the resistance
against slippage of the unit length of the yarn that is slipping through the
crossing yarns. Therefore, that is the required force per unit length to
sustain the slippage of the yarn.

When determining these parameters, we assume that the yarn pull-
out force is directly proportional to the length of the yarn embedded
into the fabric and we neglect the strains of the yarn and the embedding
fabric.

Let the length of the embedding fabric sample be H [mm], the length
of the embedded yarn be L [mm], the crimp of the yarn to be pulled-out
be B. The crimp can be determined with a simple measurement and it
can be calculated according to (3):

B=(L-H)/H, -] )

When determining the critical adhesion length, the peak value of the
varn pull-out force is used (Fagn, max [N]) for the calculation. This force is
required to set the yarn in motion. From this, using equation (4) the
critical specific adhesion resistance (which is the required force to set
the unit length of yarn in motion) (fadn, max [N1) can be calculated as (4):

. I adh, max 1 adh, max
= — "= "= IN I 4
fmﬂl\ max [ H(l B) [ / } ( )

Using the critical specific adhesion resistance and the breaking force
of the yarn (Fs [N]), the critical adhesion length (L [mm]) can be
determined as (5):

F |imm:| (5)

L= . )
fad)l. max

If the measurement is done in such a way that the free end of the yarn
to be pulled out overhangs the bottom edge of the fabric sample before
the beginning of the test, then the specific resistance against slippage can
be determined in two different ways. In this case, the specific resistance
against slippage can be determined from the first and the second region
of the kinetic phase of the yarn pull-out diagram (Fig. 4). However, the
two values may vary significantly depending on the characteristics of
the curve.

In the first case, the specific resistance against slippage is determined
from the first region of the kinetic phase. In this case, the consolidated
mean value of the periodic pull-out force in this region (Fspp, cons: [N1) is
used for the calculation. Such mean force is needed for the yarn to
continuously slip out of the H-length fabric. From this force, one kind of
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a specific resistance against slippage (f sipp, kn1) can be calculated (6):

Fan et [\ [l "
H(l1+B)

In the second case, the specific resistance against slippage is deter-
mined from the second region of the kinetic phase. In this phase, the
pulled yarn begins to pass through fewer and fewer crossing yarns,
hence the mean value of the periodic tensile force decreases and tends
asymptotically to zero. Omitting the initial, transitional part of the
curve, a linear trend line can be fitted (Fig. 9).

Where the trend line intersects the horizontal axis (Fig. 15, point B),
the force decreases to 0 and the pulled yvarn leaves the fabric. Point A
marks the beginning of the trend line (Fig. 15, A). The displacement
from point A to B is the same as the length of the pulled yarn embedded
in the fabric at point A (L4 [mm]). The force that can be measured at
point A (Fypp, 4 [N]) is the force that is required to maintain the slip of
the L-length yarn. From these relationships the other kind of specific
resistance against slippage can be calculated (fyipp, kin2) (7):

Fetiv,
Jtiop kin2 :%, [N / mmj\ )

‘A

fs‘lipp. kinl =

This kind of specific resistance against slippage can be calculated
even if the measurement is done in such a way that the free end of the
pulled yarn overhangs the bottom edge of the fabric sample.

The three indicators characterize the mechanical connection of the
cross-linked yarns in the fabric. The critical specific adhesion resistance
shows the force which is required to set the yarn in motion, the specific
resistance against slippage shows the force which is required to sustain
the slippage of the yarn. The purpose of use determines which one
should be determined.

3. Results and discussion
3.1. Shear test results and discussion

The Kawabata parameters (2HG, 2HGS and G) were calculated from
the first positive cycle of the tests [10]. The results for the materials can
be found in Tables 3-5, respectively.

The specific shear force — shear angle hysteresis diagrams of the tests
registered for the 0° direction samples can be seen in Fig. 10/a. Due to
the PVC matrix, the canopy was understandably more resistant to the
shear force than the Glass 1 or the PES fabric. In the two latter cases the
yarns can be easily turn on each other at the interlacing points. The
specific shear force — shear angle hysteresis diagrams of the tests made
on the 90° direction samples can be seen in Fig. 10/b. The measurement
process of the shear tests made on the 45° direction glass fabric samples
can be seen in the pictures of Fig. 10/c. In this case the behavior of the
three materials was similar, but significantly different from the 0° and

4

Pull-out force [N]
N

=7
L

0 T T
150 200 250 300 350

Total displacement [mm)]

Fig. 9. Linear trend line fitted to the decreasing part of the yarn pull-out curve.
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Table 3
Shear properties of the glass fabric.
Glass 1 0° 920° 45°
Mean Standard Relative standard Mean Standard Relative standard Mean Standard Relative standard
deviation deviation [%] deviation deviation [%] deviation deviation [%]
2HG N/ 1291  1.24 9.6 8.39  0.66 7.9 266.56  55.72 20.9
m]
2HGS [N/ 12.1 0.66 5.5 7.58 0.66 8.7 117.34 25.2 21.5
m]
G [N/ 4.54 0.27 5.9 2.77 0.15 5.4 31.36 6.05 19.3
m/°]
Table 4
Shear properties of the PES fabric.
PES 0° 90° 45°
Mean Standard Relative standard Mean Standard Relative standard Mean Standard Relative standard
deviation deviation [%] deviation deviation [%] deviation deviation [%)]
2HG [N/ 5.6 1.15 20.5 17.64  1.94 11.0 170,21  11.18 6.6
m]
2HGS [N/ 22,66 1.79 7.9 39.3  3.44 8.8 9418  4.92 5.2
m]
G N/ 6.56 0.4 6.1 8.79 0.77 8.8 40.58 2.56 6.3
m/’]
Table 5
Shear properties of the PES/PVC canopy.
Canopy 0° 90° 45°
Mean Standard Relative standard Mean Standard Relative standard Mean Standard Relative standard
deviation deviation [%] deviation deviation [%)] deviation deviation [%]
2HG [N/ 70.07 110.82 158.2 70.84 4.86 6.9 212.46 27.22 12.8
m]
2HGS [N/ 3.86 8.08 209.3 109.04 8.42 7.7 117.94 9.27 7.9
m]
G [N/ 45.33 3.55 7.8 46.32 211 4.6 56.25 2.72 4.8
m/°]

90° direction samples. All three materials were more resistant to shear
force and their shear rigidity was much greater than in the cases of
parallel direction samples that corresponds to what we experience in
everyday use.

The measurement process of the shear tests made on the 0° direction
canopy samples can be seen in the pictures of Fig. 11. The series of
pictures shows the first quarter of the measurement cycle. Right after
starting the measurement wrinkles appeared on the canopy. The glass
fabric did not produce such, and on the PES fabric only a few wrinkles
formed. That can be originated from the rigid behavior of the composite
material, not allowing enough flexibility for the fiber yarns to deform.

The measurement process of the shear tests made on the 90° direc-
tion PES fabric samples can be seen in the pictures of Fig. 12. The series
of pictures shows the third quarter of the measurement cycle. All the
three materials had similar behavior like they have had in the cases of
the 0° direction.

The measurement process of the shear tests made on the 45° direc-
tion Glass 1 fabric samples can be seen in Fig. 13. The series of pictures
shows the first quarter of the measurement cycle. In these cases wrinkles
appeared on all the three materials, respectively.

Since we wanted to confirm the proper repeatability of our test
method, we compared the standard deviations of the G, 2HG and 2HGS
parameters with those of other methods. In the literature there are
different studies with the KES-FB machine, on the picture frame test and
the bias extension test. The different materials results in different values
for the G, 2HG and 2HG5 parameters, and therefore we focused on the
comparison of the deviations. Table 6 summarizes the standard
deviations.

From the table we can conclude that the standard deviation of the
various test methods depend on the woven fabric tested. The structure of
the fabric is highly imperfect due to the stochastic nature of the fiber
structures and the weaving itself. At the testing of similar PES fabrics,
the different research groups got greatly different results. Even if the
weave pattern and the material are similar in the different cases, there
can be huge differences in other parameters, e.g. yarn count and area
density, hence we can only compare the scattering of the results.

With the KES-FB system the standard deviations of the PES woven
fabrics was in between 2 and 53% for the shear rigidity (G). In our test it
was around 11-20% for a similar material. The picture frame and the
bias extension test produced a 9-11% and 11-15% standard deviations
in the shear rigidity. That means that the standard deviations and the
reproducibility of the test results are quite similar in the case of the four
different methods introduced. That confirms that our simple and rapid
method gives the same small deviations as the KES-FB method widely
used in the industry and also as the other methods. That also confirms
the good repeatability and reliability of the tests.

3.2. Yarn pull-out test results and discussion

The tensile test results of the warp yarns of the chosen fabrics for the
yarn pull-out tests can be seen in Table 7. The glass fiber yarns had lower
tensile breaking force and also relative elongation at break than those of
the viscose yarns. That is because the viscose yarns had much higher
linear density (see Table 2). These results are used later for the calcu-
lation of the critical adhesion length (L.;)-

Fig. 14 illustrates the process of the yarn pull-out measurements at
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Fig. 10. Specific shear force - shear angle diagrams of 0° direction (a), 90° direction (b) and 45° direction samples (c).

Fig. 11. The process of the shear test on the 0° direction canopy samples.

various stages of the test. A typical yarn pull-out curve of the Glass 2 and
the Viscose fabric can be seen in Fig. 15.

The force — displacement curves of the two fabrics are similar in
characteristics, but the forces acting on the viscose fabric are much
greater, than the forces acting on the Glass 2 fabric. Moreover, the shear
deformation of the viscose fabric affected by the yarn pull-out was much
higher, than that of the glass fabric and in the first region of the kinetic
stage the mean value of the force slowly sets a constant value. In case of
the viscose fabric, the decreasing part of the curve in the second region
of the kinetic stage is almost entirely linear-like, hence in this case a

longer section of the decreasing part can be replaced with a fitted linear
trend line, than in the case of the glass fabric. This is the reason why
there is much less difference between the two types of resistance against
slippage in case of the viscose fabric, than in the case of the Glass 2
fabric.

From the measurement results the critical specific adhesion resis-
tance (fagh. max), the critical adhesion length (L) and the specific
resistance against slippage from the first (fyp, kiny) and the second (f gpp,
kin1) Tegions of the kinetic phase of the yarn pull-out curve were deter-
mined. The summary of the yarn pull-out results is shown in Table 8.
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Fig. 12. The process of the shear test on 90° direction PES fabric samples.
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Fig. 13. The process of the shear test on the 45° direction cut glass fabric samples.

Table 6

Comparison of the standard deviations of various shear measurements (all data in %).

Material Current method

KES-FB Picture frame Bias
Glass PES Cotton [27] Viscose [27] PES [27] PES [28] PES [28] Cotton [29] PES [28] PES [28] PES [28]
Weave Plain Panama 2/2 Plain Plain Plain Plain Satin Knitted Plain Satin Plain Satin
G 5.4-5.9 11.0-20.5 1.8-8.9 1.3-5.3 2.2-7.5 28.3 53.0 3.6 9.2 11.0 17.8 15.0
2HG 7.9-9.6 7.9-8.8 7.9-9.1 8.6-8.8 5.6-8.7 21.4 35.7 5.9 9.0 9.1 13.0 9.0
2HG5 5.5-8.7 6.1-8.8 8.8-9.0 2.9-4.6 4.5-6.0 14.7 24.9 6.8 6.8 6.1 2.0 8.2

The critical adhesion length (L) was 1.034 m for the glass material,
while it was 0.259 m that fits our experiences. Even though the tensile
force of the viscose yarns were greater than that of the glass yarns, the
dense structure and friction conditions between the yarns led to smaller
critical adhesion length for the viscose material.

In the table it can be seen that the results gave small standard de-
viation despite the fact that the textile structure itself is imperfect. This
can be explained by the sturdy clamping unit that fixes the edges of the
specimen firmly and without the fabric slipping. The good repeatability
of the tests is confirmed.

4. Conclusions

In this study, we introduce a new, simple method for testing the shear
and yarn pull-out of fabrics. The apparatus we designed can be mounted
on almost any kind of universal load machine, and it is suitable for
various textiles and flexible sheets.

The test arrangement is quite similar to the KES-FB system, but

instead of using supplementary electronics, the pretension is generated
by a steel spring in order to regulate the stress-state. The simple, clearly
mechanical system makes available to have a pretension typically in a
+0.5% range during tests. The results revealed that the device can be
used for both yarn pull-out and shear tests properly.

We found that the relative standard deviations of the typical shear
(G, 2HG, 2HGS5) parameters were in the range of 5-20% for the glass

Table 7
Tensile test parameters of yarns.
Fabric F, [N] g [%]
Type - :
Mean Standard Relative Mean Standard Relative
deviation standard deviation standard
deviation deviation
[%] [%6]
Glass 2 4.65 0.20 4.3 3.1 0.2 6.5
Viscose 8.19 0.71 8.7 20.0 2.0 10.0
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Fig. 14. Glass 2 fabric (a) and Viscose fabric (b) during yarn pull-out test.

fiber and PES fabrics, while the canopy gave greater deviations. The
yarn pull-out parameters were tested, and the standard deviation of the
parameters was mostly between 5% and 9% for the glass and viscose
fabrics tested. The standard deviation of methods gave similar values to
that of popular methods presented in the literature.

The main advantages of the device are the excellent repeatability, the
cost-effectiveness, the appropriate stress state and the short testing time.
For the yarn pull-out test, and the tensile tests the critical adhesion
length was determined. The glass fabrics resulted in 1.034 m, and the
viscose fabrics resulted in 0.259 m due to the different yarn linear

038 - 8 -
=06 1 — 61
At Z
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= Q
o -
:;. 04 1 ‘e 4
b
L 3
n:z 0.2 4 = 2
a
0 ' r . 0 r ' .
0 100 200 300 0 100 200 300
a) Total displacement [mm] b) Total displacement [mm]

Fig. 15. Typical yarn pull-out curve of the Glass 2 (a) and the Viscose (b) fabric.
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Table 8
Results of the yarn pull-out test.
Parameter Glass 2 Viscose
Mean Standard deviation Relative standard Mean Standard deviation Relative standard
deviation [%] deviation [%]
¥ i, e IN] 0.899 0.099 11.0 6.321 0.606 9.6
fadh, max [N/mm] 0.004497 = — 0.03161 = =
Leie [mm] 1034 - - 259.1 - -
- [N/mm] 0.529 0.062 11.7 4.398 0.503 11.4
F i it [N/mm] 0.002625 = = 0.02185 = =
felipp, kinz [N/mm] 0.001733 0.000307 17.7 0.02094 0.00249 11.9

density and different frictional conditions in between the yarns.
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