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M Introduction

Classical woven fabrics, loaded multi-
directionally, manifest clearly different
properties in directions which do not cor-
respond with the directions of warp and
weft, compared with the properties in the
corresponding directions. It has been dem-
onstrated that multi-axial woven fabrics
are characterised by a significantly higher
directional uniformity of their mechanical
properties [1 - 4]. This is why these fabrics
are appropriate for use under conditions of
multi-axial loads. Considering the safety
of a construction working under hazard-
ous conditions, it would be important to
know the behaviour of multi-axial fabrics
stretched one-directionally. The aim of our
work was to discover to what degree the
multidirectional fabrics are able to transmit
one-directional loads, and how their struc-
ture would respond under such conditions.
The deformation of the sample stretched
can be the measure of the response of
the multi-axial woven fabric’s structure.

Three-axial fabrics, four-axial fabrics
with homogeneous and inhomogene-
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The coefficient of the transversal deformation of woven fabrics while stretched one-di-
rectionally was determined by experiments. Three-axial fabrics, four-axial fabrics with
homogeneous and inhomogeneous nets, and six-axial fabrics with an inhomogeneous net
were the subjects of our investigation. Classical, two-dimensional fabrics with area masses
of a similar order of magnitude were accepted for comparison. An analysis indicated that
the transversal deformability of woven fabrics decreases with the increase in the number
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Maximum Area Working-in of the
Weave relative mass particular thread
Type of structure cover factor ’ systems,
- g/m2 %
Three-axial 17 0.667 831 12.3:12.0:15.7
Four axial inhomogeneous 17 0.523 747 | 11.2;40.1; 60.0; 10.4
Four axial homogeneous 11 0.458 632 15.4;14.9;17.2; 16.3
Six axial inhomogeneous 17 0.3 586 11%% 1111% 11%2
1st reference woven fabric compared with
the four-axial homogeneous and the six- 17 0.93 606 9.4;10.4
axial woven fabrics
2nd reference woven fabric compared with .
the four-axial inhomogeneous woven fabric, 17 0.98 713 76,114
3rd reference woven fabric compared with 17 0.99 841 13.8:11.6

the three-axial woven fabric

Table 1. Selected parameters of two- and multi-axial woven fabrics.

ous nets, and six-axial fabrics with
inhomogeneous nets were the object
of our investigation. All fabrics were
manufactured with plain weave, of
carded woollen threads with a linear
density of 344 tex x 4 [5, 6]. The multi-
axial woven fabrics were thickened to
the maximum, which is why they were
compared with classical woven fabrics
whoch were also thickened maximally
(see Table 1).

The fabrics were manufactured by hand,
interlaced with the use of templates.
The appropriate values of thread spac-
ing were established by position marks.
The fabrics were formed by the method
of subsequent addition of the thread
systems, and each thread was individu-
ally tensioned. The method accepted
enabled us to obtain reproducible fabric
structures for the given number of thread
systems.
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Figure 1. Sample dimensions and their orientations in the stretching directions: A) two-axial woven fabric, B) three-axial woven fabric, C)
four-axial woven fabric, D) six-axial woven fabric.
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Figure 2. A scheme of the estimation method
of deformation the woven fabric during
stretching; A) sample with the dimensions
190 x 120 mm before stretching, B) sample
during stretching; the sample surface is
marked by a 50 mm wide rectangle.

I Research methods

The woven fabric’s breaking strength
Pmax, iIn N, and the relative elongation
of the fabric related to the maximum
force eppax, in %, were assessed in
accordance with standard PN-EN ISO
13934-1 [7], under the following meas-
uring conditions:

Table 2. Shape coefficients KP, transversal deformability A,
and standard deviations of the three-axial woven fabric with area
mass comparable to the area mass of the 37d reference woven

spacing of the tensile tester’s clamps:
100 mm.

stretching velocity:100 mm/min, and
initial load of the woven fabric: 5 N.

The sample length of 190 mm resulted
from the accepted clamp spacing for the
tensile tester, whereas the width of 120
mm which we used was greater than that
provided by the used standard, for the
following reasons:
It was assumed that the samples
should be stretched in the directions
corresponding with the thread systems
and in the intermediate directions. It
may occur that a sample stretched in
this way does not break, but the thread
systems may be mutually displaced.
This especially concerns two-axial
woven fabrics, where during stretch-
ing in the direction of 45s in relation
to warp, a situation arises where not
all the threads are jammed at the same
time in both the clamps.
When simultaneously tearing the sam-
ple, deformations of the woven fabric
were recorded by marking the fabric
with a sign in the shape of a rectangle

of 50 mm width and length, equal to
the spacing between clamps before
stretching (100 mm).

The stretching directions for the par-
ticular kinds of fabrics are presented in
Figure 1.

The stretching process was filmed to-
gether with a mark indicating loading, in
the form of a light signal emitted at every
100 N of the stretching force. The photos
were analysed, and the dimensions X and
Y between the vertical and horizontal
control lines were determined in pixels
(Figure 2).

The perpendicular deformation of the
woven fabrics while stretched one-di-
rectionally is characterised by the shape
coefficient KP:

KP = X/P (1

where:

X — the transversal dimension of the
sample, i.e. vertical to the stretching
direction,

Y — the longitudinal dimension of the

Table 5. Shape coefficients KP, transversal deformability A;,
and standard deviations of the four-axial woven fabric with
inhomogeneous net, and with area mass comparable to the area

fabric. mass of the 2nd reference woven fabric.
Stretching Shape coefficients, transversal deformability, and Stretching Shape coefficients, transversal deformability, and
direction standard deviations under stretching force P; direction standard deviations under stretching force P;
@ KPg | KP1oo | A1p0, | KP300 | A3p0, | KPrmax | APmax, KPo | KP1go | Aqpo, | KP3g0 | Azgo, | KPpmx | APpy,
Sp-1 Op.1 % n-1 % n-1 % Sn-1 Sn-1 % n-1 % n-1 %
00*) 0.497 | 0.430 0.383 0.303 00) 0.508 | 0.403 & ,,, 0.364 o, | 0.311 388
warp Os | 0.004 | 0.009 @135 | 0oos 229 o2y | 390 warp | 0.007 | 0.006 0.010 0.008
0.506 | 0.390 0.330 0.264
150 0.501 | 0392 ,, 4 0330 5, 0.250 50.1 150 0006 | 0003 | 229 oo 348 | 0003 47.8
0.003 | 0.014 ’ 0.014 ) 0.015 )
0.503 | 0.318 0.259 0.198
22.50 36.8 48.5 60.6
o 0.493 | 0.357 0.298 0.196 0.009 | 0.040 0.013 0.006
30 0.003 | 0030 27® ooos 3°7 | goos = 602 300 | 0504 0347 ... 0285 .. 0231 .,
0501 | 0.369 0.317 0.236 0.008 | 0.004 : 0.060 : 0.006 :
450 : : 26.3 . 36.7 § 52.8 450 %) 0.511 | 0.289 0.235 0.156
0.005 | 0.009 0.003 0.016 warp Oy | 0002 | 0,015 434 | 0050 | 540 | 0ooe 69.5
600 *) 0.501 | 0.433 0.403 0.334 900 *) 0.504 | 0.415 0.389 0.328
warp Oz | 0.007 0013 | 136 | 0oog 196  op15 = 333 weft | 0005 | 0003 7 | go12| %28 | goos = 349
1200%*) 0.504 | 0.430 0386 0.280 -450 ) 0.499 0.274 0.217 0.217
weft | 0009 | 0029 "7 0030 234 o026 @ 444 warp Os | 0.009 0007 | *°1 | 0004 565 | 0004 | 565

Table 3. Shape coefficients KP, transversal deformability A; and
standard deviations of the 37d reference woven fabric.

Table 6. Shape coefficients KP, transversal deformability A; and
standard deviations of the 2nd reference woven fabric.

Stretching Shape coefficients, transversal deformability, and S(}_retcthing Shatpe gozﬁ(ifie."tf' tranS\éersatI dffzrma:)ility, ;_"d
direction standard deviations under stretching force P; frection standard deviations under stretching Torce F
KPo | KP1go | Aq00,  KP300 | “A300, KPpmax | APmaxs KPo | KP1go A;OO: KP300 Aﬂ300: KPpmax APumaxs
@ Sn-1 n-1 % Sn-1 % n-1 % n-1 n-1 % n-1 %o Bn-1 %
00 0511 | 0.420 0.389 0.329 o | 0.511 | 0.403 0.377 0.338
warp*) | 0.006 0001 178 |0oo2 238 | gpo7 | 356 0o-warp*) | 5’007 | 0.005 | 211 | 0oos | 262 | gor0 | 339
0513  0.318 0.244 0.164 0.514 | 0.269 0.196 0.148
300 0.001 | 0.008 380 0016 524 | 0ogg | 680 300 0.013 0,070 | 477 | 0ooa = 619 | ooos | 712
0512 | 0.273 0.207 0.132 0.502 | 0.232 0.173 0.118
45 0.003 | 0.015 467 0014 596 | goy7 | 742 45° 0.008 0070 938 | ooog = 955 | ploos | 765
0.505 | 0.291 0.213 0.157 0.496 | 0.240 0.193 0.155
60° 0.006 = 0.008 = *%3 0006 °7-8 | 0006 | 689 60° 0.003 | 0023 916 | ooo5 611 | ooos | 688
900 0.498 | 0.407 0.383 0.321 | 0.495 | 0.387 0.374 0.332
weft*) | 0004 0004 183 | 0004 231 | opos | 355 900-weft*) | n'oos | 0015 218 | goog | 244 | opog | 329
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sample under action of the stretch-
ing force P.

A decrease in KP means that while the
sample is stretched in the given direction
Y, the transversal dimension X decreases
more intensively in relation to the in-
crease in its dimension in the direction of
stretching (7).

The sample’s susceptibility to deforma-
tion, i.e. the transversal deformability,
can be expressed by the relation:

A;j=100% - KP; / KPy 100% = @

=(1-KP;/ KPy)x100%

where:

KP; — the shape coefficient during
stretching with force P;, in N,
where the index 7 indicates the

value of force P in N,

Table 4. Statistic calculations for the three-axial and reference fabrics

(sample size: ny = ny = 3).

Smallest
value KP for

Woven fabric
(stretching

F-significance test
for the difference

KP— the shape coefficient before
stretching,

A; — determines the decrease in per-
cent of the sample’s width during
stretching with the given force P;.

Three measurements of the parameters X
and Y were carried out for each kind of
the woven fabrics, each under the follow-
ing three values of force i: P; = 100 N,
P>, =300 N, and P3 = P,,,, The average
values of the coefficients KP and the
calculated transversal deformability A,
in percent are listed together with their
standard deviations in Tables 2, 3, 5,
6, 8, 9, and 11, the resalts of statistic
calculations in Tables 4, 7, 10, and 12,
whereas the changes in A; for the particu-
lar stretching directions are presented by
diagrams in Figures 3 — 9.

Remark: The designations in all tables are
the same, and so they are only explained
below, *) indicates stretching in the direc-
tion of the thread axis of the particular sys-
tem, stretching directions at variance with
the thread directions we referred to as in-
termediate; P, — breaking strength, 5,_;
— standard deviation. 1) F-significance test
for the difference of two variances: hypo-
thesis Ho :0;2 = 8,2, where 8,2 and 852 are
variants of the first and second sample test;
if Fo>Fcqic then a ground exists for rejec-
ting the hypothesis Ho. 2) T-Student signifi-
cance test for the difference of two normal
average values: Ho : a; = ay; where aj and
ay are average values of the sample tests, if
to > teale then no ground exists for rejecting
the hypothesis Ho; if t.q. > to , then the
hypothesis Ho is rejected, and we conclude
that there is a significant difference betwe-
en the average values of the sample tests at

a significance level o.= 0.05.

Table 7. Statistical calculations for the four-axial with inhomogene-

ous net and the reference fabrics (sample size: ny = n, = 3).

t-Student
significance test

Woven fabric
(stretching

Smallest
value KP for

F-significance test
for the difference

t-Student
significance test

direction) intermediate | of two variances 1) | for the difference direction intermediate | of two variants 1) | for the difference
directions of two average directions of two average
@ under P = 300, values 2) under P = 300, values 2)
N; (8n-1) N'; (8n-1)
_ Four-axial _ _
three-axial, 0.298 Fopi =3.0625 %°b|=_277'?g f?r?t:g:n\!lv(;t_h 0.259 F%bl - %QOSG t?b|=_27'767%2
(30°) (0.008) dlla:iau:=1g‘(())(;)5 dﬁ?‘ a=0.05 geneous net (0.013) d'?’a“ =0.05 dlg. a=0.05
diference statistical | EEGICT (2259 statstioaiy Statistoahy
3rd reference 0.207 insignificant significant 2nd reference 0.173 insignificar);t significan{
fabric, (45%) (0.014) fabric (45°) (0.009)
70 80
70 1 0100 [
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Figure 3. The ransversal deformability of a three-axial woven

0 15 30 45 60 75

stretching direction, degree

90 105 120

315 330 345 O

15 225 30 45 60 75 90

stretching direction, degree

Figure 5. The transversal deformability of a four-axial woven fabric

fabric. with inhomogeneous net.
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Figure 4. The transversal deformability of the 3rd reference woven

fabric.

stretching direction, degree

woven fabric.
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Figure 6. The transversal deformability of the 2nd reference
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Table 8. Shape coefficients KP, transversal deformability A; and
standard deviations of the four-axial woven fabric with homogeneous
net, and with area mass comparable to the area mass of the Ist
reference woven fabric.

Stretching Shape coefficients, transversal deformability, and
direction standard deviations under stretching force P;
@ KPo | KP1go | A100 | KP300 | A300 = KPEmx | APmx
Sn-1 Sn-1 [%] | Bna | [%] Sn-1 [%]
00 0.462 | 0.360 0.300 0.276
warp*) | 0.004 | 0.007 @221 | ooz %1 | ooog | 403
0.495 | 0.346 0.289 0.202
15° 0.003 | 0.006 302 0003 *1-5 | 0oz | 490
0.496  0.347 0.282 0.233
225° | 0001 | 0.003 | 300 | 0003 430 | g9 = 930
0.484  0.348 0.290 0.245
300 0.002 | 0.005 280 | plos 400 | plog | 493
450 0.504  0.360 0.325 0.284
warp Oz*) | 0.002 0004 | 288 | gpog| 355 | goos = 437
900 0.487 | 0.380 0.296 0.288
weft*) | 0001 0009 @ 229 | ooog 392 | gps2 | 409
450 0.488 | 0.346 0.297 0.264
warp Og *) | 0.002 | 0.008 = 291 | go11 391 | go1q | 459

Table 9. Shape coefficients KP, transversal deformability A; and
standard deviations of the 2nd reference woven fabric.

Stretching Shape coefficients, transversal deformability, and
direction standard deviations under stretching force P;
@ KPo | KP4qo -Ao1 00 | KP3p0 -Aosoo KPpmax -AFo’max
Sn-1 Sn-1 [%] | Bna | [%] Sn-1 [%]
o 0.516 | 0.399 0.386 0.376
0o-warp )| o006 | 0,012 | 227 | 0024 252 | g0 | 271
0.496 | 0.215 0.170 0.144
300 0.001 | 0.001 %87 o001 697 | go12 | 710
0.503  0.177 0.180 0.107
450 0.001 | 0.008 848 | 0oo2 842 | o7 | 787
0.521 | 0.238 0.176 0.139
600 0003 | 0029 | 543 | 0o24 662 | gp1g | 733
.| 0508 | 0.385 0.394 0.379
S0o-weft )| 9001 | 0.010 | 242 | 014 | 224 | oozz | 254

Table 10. Statistical calculations for the four-axial with homogeneous
net and the reference fabrics (sample size: n; = ny = 3).

Woven fabric
(stretching

Smallest
value KP for

t-Student
significance test

F-significance
test for the

direction intermediate difference of | for the difference
directions under | two variances 1) | of two average
@ P =300, N; (55.1) values 2)
Four-axal 0.282 Fobl = 11.4 top = 15.135
abric wit (0.003) Fq=19.0 ta = 2.776
homogeneous dla a=0.05 dla o =0.05
net (22.5°) difference difference
1st reference 0.170 statistically statistically
fabric (30°) (0.001) insignificant significant
60
_ 50 o100 |
EN 0300
; 401 E Pmax
S 301
©
3 | ] .
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©

Figure 7. The transversal deformability of a four-axial woven fabric
with homogeneous net.

stretching direction, degree
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Table 11. Shape coefficients KP, transversal deformability A;, and
standard deviations of the six-axial woven fabric with inhomogeneous
net, and with area mass comparable to the area mass of the Ist
reference woven fabric.

Stretching Shape coefficients, transversal deformability, and

direction standard deviations under stretching force P;

@ KPo | KP4go Aomo KP300 Aosoo KPEmax AFomax
Sn-1 Sn-1 [%] | Bna | [%] Sn-1 [%]

00%) | 0.496  0.368 0.252 0.195

warp | 0.007 | 0,009 | 258 | 0002 | 492 | ¢gos | 601
0492 | 0.312 0.251 0.235

15° 0.006 | 0.002 @ 366 | gpo7 490 | ggoz | 922

300%) | 0.494 | 0.324 0.280 0.261

weft, wizo | 0.070 | 0009 | 344 | 0010 | 433 | goze = 471

600%) | 0.503 | 0.354 0.230 0.191

warp, Ogo | 0.006 | 0.007 | 298 | go29 | 943 | go12 = 620

900%) | 0.490 | 0.361 0.289 0.231

weft 0.002 | 0.009 = 263 | 0oz 410 | go27 | 928

1200%) | 0.495 | 0.351 0.270 0.206

warp, O1a0 | 0.009 | 0007 @ 291 | 0005 4°4 | 027 | 583

1500%) | 0.492 | 0.365 0.281 0.237

weft, wgo | 0.001 | 0.012 @ 298 |01 429 | 023 | 518

70 0100

2

4

2
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stretching direction, degree

Figure 9. The transversal deformability of a six-axial woven
fabric.

Table 12. Statistical calculations for the six-axial woven fabric and
the reference fabric (sample size: ny = n, = 3).

Woven fabric
(stretching

Smallest

F-significance
value KP for

test for the

t-Student
significance test

direction intermediate difference of for the difference
directions two variances 1) of two average
under P = 300, values 2)
(® N; (1)
warp Ogo 0.230 Fopi =17.16 top = 0.996
(60°) (0.029) Fq=19.0 tq=2.776
a=0.05 a=0.05
difference difference
intermediate 0.285 statistically statistically
direction (15°) (0:007) insignificant insignificant
90
80 0100 | |
x 70 @ 300
J 60 — H Pmax| |
= 50
| 40
E
S 30
g 20
10
0
0 30 45 60 90

©

stretching direction, degree

Figure 8. Thr transversal deformability of the 15t reference
woven fabric.
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Test results of the three-axial woven
fabric

The results are presented in Tables 2, 3,
& 4, and Figures 3 & 4, marked @

We defined the following features for
the three-axial and two-axial comparable
woven fabrics (Tables 2 and 3):
a smaller transversal deformability,
when the fabric was stretched in di-
rections in accordance with the thread
axes than when stretched in the inter-
mediate directions;
the differences between the transver-
sal deformability in the directions of
the tread axes and the intermediate
directions were higher in the case of
the two-axial fabric.
The significance of the differences was
confirmed by the t-Student test (Table 4).

Summarising the results obtained, we
can state that the deformabilities of a
three-axial woven fabric in the direction
vertical to the direction of stretching are
smaller than those of a classical woven
fabric with comparable area mass.

Test results of the four-axial woven
fabric with inhomogeneous net

The results are presented in Tables 5, 6,
& 7, and Figures 5 & 6, marked .

The relatively small values of KP;, which
means high transversal deformability
A when stretching a four-axial woven
fabric with an inhomogeneous net in the
directions Os and Oz, are probably the
result of the high working-in values of
these systems. This situation is not cor-
rect; in fact it results from the interlacing
of the woven fabric by hand, which does
not allow an identical preliminary tension
of all thread systems to be maintained.

The four-axial woven fabric with inhomo-
geneous net is less susceptible to transver-
sal deformations than a two-axial fabric.
As in the case of the three-axial fabric,
for the four- and two-axial woven fabrics
the smallest values of KP under stretching
force of P =300 N were compared for the
intermediate directions. These differences
are statistically significant (Table 7).

Test results of the four-axial woven
fabric with homogeneous net

The results are presented in Tables 8, 9,
& 10, and Figures 7 & 8, marked @

The average values of the coefficients
KP and A are listed in Tables 8 and 9
(for the reference fabric), and presented
as diagrams in Figures 7 and 8 (for the

reference fabric). The values of the trans-
versal deformability A when stretching
the woven fabric in the directions of
the thread axis are significantly more
uniform than those of the fabric with the
inhomogeneous net. The results indicate
explicitly that the structure of the woven
fabric with the homogeneous net secure
a more uniform transversal deformability
(compared with a two-axial fabric) for
the stretching directions in accordance
with the thread axes and the intermediate
directions.

As for the pairs of woven fabrics previ-
ously compared, it was next determined
for the four- axial woven fabric and its
two-axial reference item that the differ-
ences (under P = 300 N) between the
smallest values of KP for intermediate di-
rections are statistically significant (Table
10). This means that this four-axial fabric
is also less susceptible to transversal de-
formations than the two-axial fabric.

Test results of the six-axial woven
fabric

The results are presented in Tables 11 &
12, and Figures 9, marked @

The average values of the coefficients
KP and A are listed in Tables 11 and 9
(for the reference fabric), and presented
as diagrams in Figure 9. The result of
the statistic difference estimation is pre-
sented in Table 12.

The six-axial woven fabric is character-
ised by high uniformity of the deformabil-
ity while stretching in the directions of all
thread systems (Table 11) With the increase
in the stretching force, the differences be-
tween the transversal deformability A in
the directions of the thread axes and the
intermediate direction of 15 degree de-
crease. At the highest deformation, which
occurs under the force value of P=300 N,
the difference between the smallest KP
value longitudinal to the thread system,
and the value for the intermediate direc-
tion, resulted as statistically insignificant.
This indicates a relatively high uniformity
of the six-axial woven fabric’s deform-
ability while compared with fabrics with
a smaller number of axes.

M Summary

The research results obtained allow us to
formulate the following statements:
The differences in the deformability
of multi-axial woven fabrics along the
main and the intermediate directions,
within the range of stretching forces
investigated, are smaller than for the
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two-axial reference fabrics.

For the three-axial woven fabric,
these differences, although distinct,
are statistically insignificant (for
o =0.05).

For the four-axial woven fabrics,
these differences are statistically sig-
nificant.

In the case of the six-axial woven
fabric, the statistical test was not
used, as only one intermediate
stretching direction was accepted,;
but the level of the deformability dif-
ferences is definitively the smallest
among all the woven fabrics tested.

To summarise the considerations de-
scribed above, on the basis of the experi-
ments carried out we can state that the
degree of the transversal deformability
of multi-axial woven fabrics stretched
one-directionally in the directions of the
thread axes, as well as in the intermedi-
ate directions, is smaller than for two-
axial woven fabrics with comparable
area masses.
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