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Abstract: This paper presents a structural-mechanical model for describing the tensile
behavior of textile fabrics in main directions based on the fiber-bundle-cells modeling
theory and method. The applicability of this model, created by a variable transformed E-
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1 Introduction

Fibrousstructures such as textile materials, fiber reinforced compositédingar
polymers are built up of discrete fiblke elementsuch agextile or reinforcing
fibers or yarns. The adjoining fibers or those intersecting a crossrseattia
fibrous sample create certain small assemblies that are fiber bundleglmtiven
fibers show collective groupehavior [19]. The fiber bundle can be treated as
intermediate elements of a fibrous structusbich can represent the statistical
properties bthe geometry or the strength.

In addition tothe classic one [1], L.M. Vastal. [4-9] have introduced some other
idealized statistical fiber bundles called filmmdlecells (FBC) anddeveloped a
modeling methods well as a software called FiberSpat@16], and shown that
they can be applied to modeling some structural &nethgth poperties of fibrous
materials.

In this papera FBC model for describing the tensile behavémd breaking
processof textile fabrics in main directions is presented and demonstratée in t
case ofa plain fabric made of OE rotor cotton yarns

2 Fiber Bundle Cells-based Modeling Method

Statistical Fiber Bundle Cells

Fibers in a fibrous structure can be classified according to their ggofskape,
position) and mechanical behavior (strain state, gripping). Tliesedasses are
called fiber budle cells (FBCs) (Fig. 1) [9].
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Fig. 1 Structural scheme of the idealized fiber bundls cel
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Fibers of these FBCs are supposed to be perfectly flexitdéinearly elastic and

to break at a random strafes). They are straight in the-Bundle, loose £,<0) or
pretensioned £,>0) in the EHbundle, and oblique (fiber angjg:0) in the ETF
bundle, and they argripped ideally in these cases. Fibers in thebbEBdle are
straight but they may slip out of th@rip at a strain levelg<es) or create fiber
chains with slipping bond3.he shape, position, and strength parameters of fibers
are assumed to be independent stochastic variables.

Considering a constant rate elongation tensile tiesttensile forc€F(u)) creates
a stochastic process as a function of the bundle stmqirBeing aware of the
relationship between the bundi@ @nd fiber strainsd), the expected value of the
tensile force of the FBCsH( F ) = F ) canbe calculated athe sum of the single
fiber forces using the suitable formulas develope®][4Dividing the expected
value by the mean breaking forcetbé fibers, the normalized tensile force af
bundle is computed as follows:

O0<FH(2)=F(2)/nFg<1, z=ulgg (1)

wheren, Fg, andsgare the number, the mean breaking force and strain of

fibers, respectively, and z is the bundle strain normalizechéyrtean breaking
strain ofthe fibers. Fig.2 shows the gghic relationship between the strain of
individual flexible fibers and the bundle.

€ € Breakage
€0>0 €0<0
£s Breakage £s .
u_ s u,
0 i 0 €s
Us=ES Us<€S Us>€s
E-bundle EH-bundle
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F ,,,,,,,,,,,,,
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: €s -7
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Vi ; {ou=g ::"V u,
& &s Ep*EpL ol - €s Up>Es
ESbundle ET-bundle

Fig. 2 Relationship between the strains of single fibedsFBTCs




LészIé Mihaly VAS et al. Modeling and Analysing the Tensile Behavior of Fabric Samples

In thecase oanES-bundle ¢, is the relative slippge way of fibers. In Fig.,3he

typical normalized expected value processes calculated at different parameter
values are plotted for the FBCs. For the numerical calculatialhsrandom
parameters were assumed to be of normal distribution.

From Fig. 3 itis obvious that the FBCs can model rather complicated mechanical
behaviors such as the initial convex part caused by crimped fiberbfdHe) or

the slippages generated plateau beyond the peakyBde) even if they are used

in themselves.
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é 0.8 ——E-bundle
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5> 0.6 ——ES-bundle
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o
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Fig. 3 Expected value of typical normalized fors&ain curves of the FBCs

Parallel and Serial Connection of Fiber-Bundle-Cellsas FBC Models

In general, several types of FBCs are needed to model the response of a real
fibrous structure. In most cases tharallel connected FBCs (Fig.ad called a
composite bundleprovide a suitable modebhnd the resultant expected value
process is calculated as the weighted sum of the single FBC responses where the
weights are the fiber number ratiegs10]. In the casewherethe size effectsuch

as the gauge length on strengihe examinedserial connection of the same type

of independent FBCs is suitable to iisereating a bundle chain (Figb¥[9, 11,

16).

E EH ES | | ET FH E HE HE H

(a) (b)

Fig. 4 (a) Parallel and (b) serial connection§BECs
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As theexamplesn Fig. 5a showthe weighted sum of the normalized fosteain
curves visible in Fig. 3 (percentages are the relative weajbes of FBCs)while
in Fig. B, the effect of the number (m) of serial connecteduBdles is
demonstratedcausing the decrease of the peak value of the resultantsfvade
curves that characterizes the tensile strength of therfle chain (VE is the
relative standard deviation ef).
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Fig. 5 Normalized mean forestrain curves of parall¢h) and serial (b) connected FBCs

3 Structural Properties of Fabric Samples

Let us consider a rectangle sample with lengitahd breadth Bcut out of the
fabric in directiona wherea=0° anda=9C are for the weft and warp directions,
respectively (3. 6). Consequentlyy is the angle of weft yarns to the length
direction of the sample and the warp yarns are perpendicular tcethdimction
(at+p=mn/2).
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A
a=900 Sample
War
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Fig. 6 Disposition of a sample to the main structural directionsedfattric

The fabric samie is setfor tensile test where it is gripped at the ends pf B
breadth and L, (assuming EL,, as is usual in practice) is the free or gauge
length ofit; that is L, does not include the parts needed for grippagycan be
seen in Fig. 7.

A1 A2
| 2 \0 |
i Bo !
A4 Lo A3

Fig. 7 Chssification of yarns according to their gripping position

The edges of the gripped part of the specimen bounding the free lehgiy,

and ApAg, can be called gripping lines. The yarns in the sample show different

mechanical behavior according to the number of their gripped &nithe gripping
lines (Fig. 7):

e 2gripped yarns are gripped at both of their ends;

¢ 1gripped yarns are gripped at one of their ends;

¢ O-gripped yarns are not gripped at any of their ends.
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4 Concept of Modeling Fabric Samples Using Fiber
Bundle-Cells

As a first stepn themodeling the tensile behavior of samples cut out in the main
structural directions of the fabric will be tested and analyzedsinguhe FBC
modeling method neglectinge crimping of yarnsas in the usual finite element
layer models.

The expected value of the tensile force process of thenidle (Figs.13) related
to a single yarn (in the direction of the tensile load) can be calculatedeby th
following formula [4]:

F(u) = E[F (u)] = Kull- Q,_(u)) 2)

whereu is the bundle strainK is the mean tensile stiffness of the yasg Q,s
is the distribution functions of the breaking strain. The yarn parameaerde
determined by tensile tests of yarn séasmf gauge length,. Using the formulas
according to Equation (1) for normalizing Equation (23 obtain:

FH(z Lo) = 21-Q,, (2z5(Lo)))= k (2)RH (z L) 3)

where the expected tensile characterisit)(and the reliability functionRH) of
the Ebundleare defined by Equation (3).

All thisis valid for gauge length, at which the tensile test is performeahd it is
well known that the tensile strength parameters of yarns depend orauge g
length [2, 3]. Supposing the gauge length is changeld=fat, (n=1,2,...) and the
section of fibers of lengtl., create a so called bundle chaif independent
elements (Fig.d), then the normalized expected tensile process of-annéle
created by fibers of lengthcan be calculated as followsq] (Fig. 5b):

FH(zL)= Z(l_QsS(L) (Z?S(L)))= 2(1—QgS(Lo)(Z?s(l-o)))uL0 (4)

It can be noted that formula (4) can be extended 4dr, as well. Consequently
the following relationship can be obtainethich is valid for both Ok<L, and
(I

(FH(z; Lo /n)jn _FH(z L) -

V4 y4
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According to both modeling and pariencethe mean breaking force of yarns and
its standard deviation increase with a reductiorthia gauge lengthwhich is
known as size effect in the literature [8].

5 Application of the FBC Modell

5.1 Experimental
Material Tested

To demonstrate the applicability of the FBC model of fabric samples, @ plai
woven cotton fabric anitis yarn components were tested (Table 1).

Table 1 Dataf the examined fabric

varn count| NUMPer ofl Twist
Type Weight| TYPe yams | directionof
Material o | of [tex] A [Liem] yarns
[9/m7] |weave
warp | weft warp | weft | warp| weft | warp| weft
Cotton OE | OE 156 | Pain| 29.6|29.6| 26 | 22 VA Z
rotor | rotor

Tensile Tests Results

The weft and warp yarns were examined by tensile testing agjagge length of

50 mm as is usechormal, e.g. on the KES System. The test speed and the
pretension were 12 mm/min and 0.2 cN, respectively. The results are smetmar
in Table 2.

Table 2 Tensile test result of yar

. Yarn (29.6 tex Z twist)
Statistical . ; .
properties Co-ordinates of the breaking point
Force[cN] Elongation [mm] Strain [%]
Mean 272.4 3.24 6.5
S.D. 32.3 0.35 0.7
C. of V. [%] 11.9 10.76 10.8

Finally, tensile tests were carried out on fabric samples (Tabt&it3)ut in main
directions (weft and warp) with breadth of 50 using tensiltester Zwick Z50.
The gauge length and the test speed were 5@nari2 mm/min, respectively.
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The drength data are summarized in TablevBereMaxF denotes the peak value
of any load-elongation curve that is the breaking foreed theaveraged curve

was calculated by averagirtbe singleload-elongationmeasurements point by
point.

Table 3 Tensile test results of fabric samples

Fabric P - Breadth: 50 mm
Measured Averaged
weft_1 weft 2 weft_3 curve
MaxF [N] 418,5 432,8 4129 380,9
Al (maxF) [mm] 7,31 8,05 7,82 7,31
s(maxF) [%] 14,62 16,10 15,64 14,62
Averaged
warp_1 | warp_2 | warp_3 curve
MaxF [N] 492,0 480,0 500,7 472,4
Al (maxF) [mm] 8,36 8,83 8,82 8,41
g(maxF) [%] 16,72 17,66 17,63 16,82

5.2. Results of FBQModeling

The results of tensile measurements performed on fabric P in the matursiru
directions ad its yarn component form the experimental background of the FBC
modeling.

Cutting out a sample in weft direction from the fabric methrasthe sample is
built of weft yarns aligned lengthwise and wagrns aligned crosswise (Figo)3
Loading this samgl in lengthwise directigrthe load is taken up by theq?ipped
weft yarns and the €gripped warp yarns play just a modifying role by interlacing
the weft yarns even if densely. In the present paper effect of interlacing is
taken into accountis a knd of adhesion between the yarnthat plays an
important role in the cases of ar O-gripped yarnsbut it can be neglected for the
2-gripped yarns.

a.) E-bundle b.) Fabric sample c.) E-bundle chain
lo
3

Lo

Lo LO

Fig. 8 Ebundle (a), a fabric sample cut out in main direction (d)E&bundle chain (c) as the mdde
of the sample
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Consequently, in a rough view, the sample cut out in main directeates a
bundle of 2gripped yarns with an orientation angle of zeteerefore it can be
modekd by a simple Bundle (Fig. 8a).

The normalized expected tensile force process related to a single yanmnkof
bundle is given by Equation (3). The number of yarns loaded is deterinyride
yarn densities Ay, k=1,2) (Table 2) which by multiplying with formula (3)
provides the FBC estimation of tensile force recorded duaintgnsile test of a
sample cut out in the weft (k=1) or warp (k=2) direction:

E[F (u)] = E[F (U)] = Aok BoELF ¥ 1(u)] =

F. = (6)
= JokBoF Y Zﬁ_ Q¥ (¢ Z)): JokBoFSIFH® (2

This is valid in the case ain E-bundle built up of yarns of given length.

Modeling Software FiberSpace is suitabléor providng FH®(2) because his
simple model does not contain any combined FBC. For modelinghis simple
case— just the mean and CV of the breaking strain of the yarn are neshieth
can be found in Table 2. They are respectively denoted by AE (=0.0648)Eand
(=0.108) in Filer Space

The results of modelinthe E-bundle of L,=50 mm yarns- which was importedo
Microsoft Excel— can be seen in Fig. 10 (Lz£50 mm). This expected tensile
force process can be approximated by averaging -pgipbint measured and
normalized fore-strain curves. According to Fig. lthe expected yarn strength
efficiency (which is determined by the peak value of the normalized curtieg in
fabric sample in main direction is 0.78BRatis 78.2%. This is valid for both weft

and warp directions because of the identical weft and warp yarns and the
symmetric structure of a plain weave.

The estimated expected tensile strength in both directions can be calculated by
using Equation (6). As is usual according to the relatmadardsthe breadth of
the ample was takeasB,=50 mm (Table 4).

The strength values in Table 4 are considéidzhl when they were calculated as
the simple product of the number of yarn in the direction of kadl the mean
yam strengthand the ‘reastic’ ones were obtainedytmultiplying the latter by
the expected yarn strength utilization provided by modehiedpundle of yarns of
50 mmlength (Fig. &).

On the basis of Table, 4 can be stated that the measured tensile strengtiesal
proved to be larger #m the estimatinsdenoted byideal or ‘realistic’. This can
be explained by two facts:
(1) The mean tensile strength of yarns strongly depends on the gaude lengt
used (size effect); the smaller it ke larger the mean strength is3116].

10
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(2) The crosswise yarns creadekind of gripping for the tensile loaded yarns
sectioning them into short-Bundles which form acscalled Ebundle chain
(Fig. &) [16]. The effective length of these bundlés Fig. &) can be
larger than the distance between the crosswise yarksg( &) because of
the possibility of some slippage and the strain of yarns at the peak force.

Table 4 Results of FBC modeling using yarns of 50 mm lengihm@asurements (mean)

Weft Warp

Estimation | .~ ", S

direction | direction
Yarn strength utilization [%] real 78.2 78.2
Fabric tensile strength ideal 300 354
calculated for 50 mm width[N] realstic 534 577
Fabric tensile strength L 381 472

measured at 50 mnwidth [N]

The mean strength of these shosblhdles can be much greater than that of the
longer, but the standard deviation of these short yarn segments is largetl as
The strength of this bundle chain is determined by the “weakest lihkyg® this
minimum value can be significantly larger than that of the original buridteng
yarns.

Rearding the breaking force only, suppose all the yarn breakages takerptace i
single short bundIérig. %), meaning that the other bundles are subjected to strain
only and the model of this behavior can be represented by a sharidie and a
serial comectedelastic continuum part (Figb3.

In this casethe forceelongation relation is governed by thébEndle and the role

of the elastic part is to model the surplus in elongation as the contrilmitibe

other bundles. In this modealeaching the peak force value of the bundie
breakage of the chain can occur in a catastrophic way if the breaking bundle
cannot cover the loss in elongation after the bundle force géakThese drops

in force can take place after each other if the yarn breakageadistributed over
several bundles of the chain.

As the other extreme case, the breakages of single yarns can be evenly distributed
over the chainrealizing an expected tensile process identical with that of the
single bundlesig].

In reality, the danage and failure process is realized as one between the two
extreme damage cases. In addition, the yarn chain that is aebeladh which
consists of a single yarn can be treated as a lower estimation of the retg]one [

11
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a.) b.)

o
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>

Fig. 9 Fabric sample as theiséconnection of a single breakingdandle and an
elastic part

In the sense of the “weakest link” concefptjuation (4) describes the expected
tensile force process of antiEindle chain where the number ofbEndle is
n=L/L.. In this casethe peak valuand the haHwidth of the forcechain curve
(corresponding to the standard deviation of the yarns) decrease by increasing
L (Fig. 10). At the same timeoncerning the tensile strengthe Ebundle chain
can be considered as a singkduihdle builtup of yarns of length. In this sense
Equation (4) can be used for bundles of yarns of length smalletgt@mwell. In
the latter casahe peak value and talf-width increase (Fig. 10).

FiberSpace model: E-bundle
(Lo=50 mm: AE=0.0648, VE=0.108)

1.4 — L/L0=0.01189
L/L0=0.01379

12 T L/L0=0.01616
—— 1/L0=0.02920

o SN v
0:6 /@\ N\ N U
Z\ \\NEIN
S TN\ AN N s
0 | \\‘\\\\‘ \ —L/Lo=10

0 0.5 2
Normalized strain, z [-]

Normalized force, FH [-]

Fig. 10 Normalized expected forstrain curves of bundles
with different relative lengthd (L)

In this extended sens&ig. 11 shows the normalized peak force values as a
function of the yarn lengthwhich is the gauge length of the yarnk) (in
logarithmic scale.

12
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The results of modeling discussed above givgoad basis for analyzing the
measurements obtained by tensile test of fabric samples. Sinsgnqle FBC
modeling method applies-Bundles only consequentlyhe so called structural
elongation caused by the crimping of the yarns and the elastic palingf the
grips are not modeledand therefore the first step of the analysis is the
determination of the sictural elongation.

This is defined by the steepest tangent straight line belonging to the inflexion
point of the rising part of the foremongdion curve. The structural elongation is
determined by the intersection point of the tangent and the elongatiorFaxis (
11).

Effect of the gauge length on the E-bundle tensile strength

JiN
»
(<]

e
D N
() D

=
[«2]
D

o}
i:S
>

Normalized bundle force [-]

P
N
[

)
D
<53

0.01 0.1 1 10
Relative gauge length [mm]

Fig. 11 Peak values of-Eundles versus relative yarn length in logarithmic scale

Figs. 12 and 13 show the measured and geerdorceelongation curves (blue
lines) and the steepest tangents.

In these diagrams the-tiindle model curves (lilac lines) with their initial tangent
are shifted from the origiby the structural elongation.

It can be seen in the diagrams (Figs. 12,tha) the linear variable transformation
(whichis applying the proper scaling) of these shifteduidle curves (red lines)

fits well to the measured ones regarding both the rising and the falling brafiches o
the curves.

The results ofthe measuremds ard modeling and model based analysis are
summarized in Table 5.

13
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Weft direction - Breadth: 50 mm

500
450 4
400 +
350
300
250
200 A
150 4
100 +
50 1
0 T T T T

0 5 10 15 20 25

Tensile force [N]

Elongation [mm]

Fig. 12 Measured and averaged feet@engation curve (blue line), shiftedindle curve (lilac line),
and the transformed model curve (red line) for samples cut out of wesftidn

Warp direction - Breadth: 50 mm

500

400
z
]
2 300 -
L
2
2 200 -
Q
'_

100 ~

0 T T T T 1
0 5 10 15 20 25
Elongation [mm]

Fig. 13 Measured and averaged feet@engation curve (blue line), shiftedi&indle curve (lilac line),
and the transformed model curve (red line) for samples cut out of weactiah

14
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Table 5 Results of FBC analysis based dvudle model

Sample
Wlf:h O:;gslzltcﬁ Properties Weft Warp
[mm]
Size of weave celb[mm] 0.4545 | 0.3846
Tensile strength [N] 380.9 472.4
Measured [ Tensile stiffness [N/mm] 113 115
Structural elongation [mm] 3.85 4.26
Max force [N] 234.4 277.0
Modeled | Tensile stiffness [N/mm] 100 115
by yarns ["yarn strength utilization [%] 78.21 78.21
50 Scale factor of elongatior][ 1.35 1.50
Scale factor of force| 1.65 1.60
Shifted | Max force [N] 386.7 | 443.2
and Yarn strength utilization [%] 1.29 | 1.2514
scaled [ Length ratio, n&/L, 0.01190| 0.01379
model  "Effective bundle lengtH, [mm] | 0.5945 | 0.6897
Relative eff. bundle lengthy/o[-]| 1.31 1.79
Conclusions

On the basis of the diagrams and numerical results some essentiaéntatean
bemade

(1) The structural elongation caused by the interlacing and crimping of the
yarns adding to that the elastic pulling out of the grips is rather labgei{
8%).

(2) The largemeasuredstructural elongation means that it is important to take
into account fomodelng the deformation ande.g, the drape behavior of
the fabric

(3) The yarn strength utilization of ideal-tiindle consisting of independent
yarns of 50 mm length is 78.2%hich is relatively small. The measured
utilization was larger than 10Q%neaning that the terlaced crosswise
yarns bind together the segments of the loaded yfmmsng them stronly
to work together and by thata relatively small effective length is realized
that ismuch smaller than the gauge length of the fabric sample.

(4) The effective budle length valuesl{) determined by the shifted and
rescaled Ebundle curves using Equation (4) are larger than the weave cell
sizes ¢), indicating that the crosswise interlacing yarns can slip on the
loaded ones causiranincreasen the bundle length.

(5) The slippage of interlacing yarmgven by the positive differendg-o (see
Table 5), which is in relation with certain friction and shear effects
indicates that it caalsobe animportant factoin modeling thedeformation
anddrape behavior of fabric

15
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On the basis of thesesults,the E-bundle based modeling of the tensile strip test
of fabrics in the main directions can be well used for analyzing theletens
measurements and the structuradchanical behavior of fabric specimens tested.
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