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7. Somodi!, S. Brnadal*, E. Zdraveva! and S. Kova&evié!
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Abstract

Tensile response of a given material is recorded by the standard test in which the stress caused
by the mechanical loading is evenly distributed in the test specimen. Textile materials are
flexible and unable to withstand any in-plane compression. Compressive cut off can be viewed
as the first source of the nonlinearity in textile deformation.

This paper brings the study in which these nonlinear phenomena are illustrated on the case of
the out-of-centre tensile load in the modified standard tension test, where the force is applied
to the specimen via the rigid crossbar. If the negative stress of bending part surpasses the
average tensile stress, compressive cut off takes place and the static conditions must be satisfied
in the new situation of a reduced specimen.

Key Terms
Tensile testing, eccentric loading, woven fabric, numerical analysis

1. Introduction

In an out-of-center or eccentric axial loading the force is applied to a material at a distance
from the material center. In tensile testing such condition results in certain phenomena which
differ depending on the type of materials tested. Searched literature dealing with the forth-
mentioned condition in tensile testing mostly concerns composite materials based on concrete
or epoxy resin matrices thus materials used in automotive, aerospace or civil engineering
applications.

In a study of carbon fiber reinforced polymer (CFRP) confined concrete columns the authors
have suggested a new stress-strain model considering load eccentricity. Increased in stiffness
stress-strain relation resulted from the increase in the out-of-center loadings, while compared
to concentric loaded columns, these columns showed 50 % higher ultimate failure strain®.
Another study considered woven glass fiber reinforced polyester resin (GFRP) composites and
evaluation of their mechanical behaviour under monotonic or combined (tension/bending)
loading. In the latter the specimens were mounted eccentrically thus the eccentric tension load
was carried by offset steel shims. Initial non-linear load-displacement curve is associated with
the high initial eccentricity, followed by a linear behaviour up to failure. The increase in the
initial eccentricity results in decrease of the max tensile loads and its effect is more significant
in case of the [0]s samples than the quasi-isotropic woven GFRP laminate [0/£45/90]s?.
Compression axial and eccentric loading was applied to standard thin-walled column structure
CFRP laminates with 8 plies symmetric to the mid-plane of the laminate. The authors have
suggested the significance of the eccentric load on the column buckling depending on the
eccentricity direction. The significance was further confirmed for the laminate ply orientation
on the load critical values®. Other studies considering eccentricity were involved in the analysis
of modified compact tension tests of cementitious materials*, compression tests of steel-fiber
reinforced composite bars (SFCB)® etc. Generally, the discussed findings are of paramount
importance in the design of load bearing engineering constructions.

To the best of knowledge, analysis of similar kind i.e. out-of-center tensile loading and
resulting phenomena in woven fabrics, are none in the searched literature. This study discusses
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both experimental test and theoretically predicted model that describes the eccentric tensile
load behaviour of woven rectangular strip fabric. Within this respect the study brings a novel
research in the mechanics of textile materials.

2. Out-of-centre tension of woven fabric — a theoretical model

Consider the textile specimen in the form of a rectangular strip subjected to tensile load via the
rigid crossbar attached to it at the lower end, see fig. 1a. In the present model let the material
be assumed as linearly elastic but only in the tensile range, while in the compression it has
virtually zero stiffness (it is flexible and buckles easily — “tension only”” material). The adopted
stress — strain diagram is shown in fig. 1b.

a)
Figure 1. Specimen in tensile loading (a), and assumed stress — strain diagram (b)

Let us start the analysis by considering the following question: express the maximum stress in
the specimen in terms of the force F and the geometry of fig. 1a. Let the half width of the
specimen and the eccentricity of the loading be denoted by a and e respectively, see fig. 1a. Let
also t and | denote the thickness and the length of the specimen respectively. Obviously, at e=0
the state of the specimen can be considered as uniform uniaxial stress (here we ignore the effect
of boundary constraint of the lateral contraction). At e>0 the load can be considered as
combination of pure tension and pure bending, and the corresponding displacement of the
crossbar consists of the translation due to elongation and of the rotation due to bending. Stresses

due to tensile and bending loads are
F F M F-e 3 F (1)

0 = — = — gmax ¢
Y7 A7 2at flex 2 a’t

Wt a?
6

The extreme stresses at the sides of the specimen are then by superposition

F e F e (2)
Umaxz_(1+3_) Uminz_(l_B_)
2at a 2at a

The corresponding linear distribution of stress in the cross section of the specimen is depicted
in fig. 2a. This holds however only as long as the minimum stress remains positive. The limiting
case of omin=0 and accordingly e=a/3 is shown in fig. 2b. With further increase of the
eccentricity e, i.e. at e>a/3, the left part of the specimen undergoes negative (compressive)
deformation and due to the compressive cut-off in the stress — strain diagram only the reduced
portion of the cross section remains active in carrying the load, see fig. 2c.
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Figure 2. Stress distributions in the specimen in the cases: e<a/3 (a), e=a/3 (b) and e>a/3 (c)

In this latter case of fig. 2c the maximum stress is evaluated as follows: if the width of the non-
carrying portion is denoted by b (fig. 2c), simple geometric consideration shows that the
eccentricity e with respect to the whole specimen corresponds to reduced eccentricity with
respect to the carrying portion e’=e-b/2. The condition of equality of medium stress (tensile
part of stress) and maximum bending stress in the reduced carrying portion then leads to the
expression for b:
b
— F — max __ F(e_z) — € —
Gmed_(Za—b)t_Gﬂex_t(Za—b)z 1_2a_b , b=3e-a (3)
6 6

b
a

Finally, the expression for maximum stress in the specimen is obtained in the form
2F 2F

= 2 = =
Tmax = £0med (2a—3e+a)t 3(a—e)t (4)

Values of the computed maximum stress for three specific values of load eccentricity e are
obtained from (4) as follows:

1 4 F 2 F 5
ezza%amax=§lgl—t e=§a—>amax=25 € =720 Onax
-4 (5)
at

Dependence of maximum stress on the load eccentricity e for the given constant value of force
F is shown in the diagram of fig. 3. Note that in the diagram linear law (2) and nonlinear law
(4) meet at the transition point e=a/3.
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Figure 3. Diagram of maximum stress in terms of load eccentricity

Now let us consider the next question: if the tensile test on the fabric specimen were to be
carried out with certain given eccentricity in the load application, how would that eccentricity
alter the outcome of the test? Two main results of the test — Young’s modulus E and breaking
force Fg would appear lower than for the “clean” test without eccentricity, and we aim to
computationally predict that apparent reduction in stiffness and strength. One may consider
that while the properties recorded by usual test where stress is uniform (fig. 1b) are pure
material properties, the “apparent” properties in the case of out-of-centre load are joint material
— geometric, or in other words structural properties. So let the Young’s modulus and breaking
force recorded in the test with out-of-centre load be referred to as apparent modulus E* and
apparent breaking force Fg".

Consider first the transition case between full and partial loading of the specimen, fig.2b.
Bending moment is M=Fe=Fa/3 and the angle of rotation of the bar due to bending of the
specimen is

Ml Ml 3 Ml
$»=7Tr= 3= 513
El E t (122a) 2Eta (6)

The displacement of the point of application of the force, or the apparent elongation of the

specimen is then

Al = _ 4 _3 Ml 4 _2Fl
¢ ate)=¢ 3a=9773'3% 35, (7)

By analogy with Hooke’s law, the apparent Young’s modulus is obtained from the apparent
stress and strain

F
Al 2 F o 2at 3
=7 T 3Eta “T2 F 4 (8)
3 Eta

As for the apparent breaking force, it corresponds to the case when the maximum stress
becomes equal to the ultimate stress of the material:

F Fp 1
= — —_— = = g 9
Tmax = 4 at " 2at Fs 2 Fe ©)

596



S 00
> D ct

So in this case the modulus appears reduced by a quarter, while the strength appears reduced
to half.
Generally in the case of low eccentricity e<a/3 (fig. 2a), expressions (2) lead to conclusion that
the breaking force is reduced by
; Fp
FB = e
1+32 (10)

The analysis of elongation (displacement of the point of force application) shows that the
apparent elongation can be expressed as

Fl 3 Fe?l Fl ey2
Al* n (1 +3 (—) )
a

" 2atE " 2Eta®  2atE (11)
This means that the reduction of the apparent tensile modulus is given by the expression
E
T e 12
1+3(¢) (12)

The result (8) is confirmed if e=a/3 is introduced into (12). For example in the case e=a/6
expression (12) gives the apparent modulus reduced to E*=12E/13=0.923E.
Finally, in the case of high eccentricity (e>a/3, fig. 2c¢) the bending moment on the carrying

portion of the specimen is
b a—e
= ——)= 13
M=F (e 2) = (13)

and the angle of rotation of the bar due to bending is
Ml F(a—-e)l 2 Fl
El 2Bt (2a12b) 9Et(a—e) (14)

This produces the displacement, or the apparent elongation
Al=¢p(a—b+e)= -z(a_e)—fF—l (15)
- - " 9Et(a—e)

So in this case the apparent modulus takes the form
F

, o 2at 9 a-—e
E :—:—:—E
e 4 _F 8 a (16)
9 Et(a—e)

Again, (8) is confirmed if e=a/3 is introduced in (16). As for the apparent breaking force, due
to expression (4) it takes the form

3 a-—e
45 ¢ (17)

Three specific values of eccentricity e again give the corresponding stiffness and strength from
(16) and (17) as follows. For e=a/2: E"=9E/16, Fs"=3Fz/8; for e=2a/3: E'=3E/8, Fs"=Fs/4 ; and
for e=5a/6: E'=3E/16 , Fg"=Fg/8. Note that here the apparent modulus and the breaking force
are reduced proportionally, so for all values of e>a/3 the specimen reaches the break point at
the same elongation. The theoretically predicted tensile diagrams with eccentricities are shown
in figure 4.
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Figure 4. Theoretically predicted tensile diagrams with load eccentricity

3. Experiment

Testing of tensile and breaking properties of woven fabrics in the warp direction was carried
out on the tensile tester. Woven fabric samples were made of 100 % cotton yarn, in a plain
weave and fabric density of 20 yarns / cm in both directions. The tested samples dimensions
were 350 mm x 50 mm. For the purpose of imposing out-of-centre tensile load, an additional
clamp was used, which was axially connected to the non-elastic tape placed in the upper clamp
of the tensile tester. Placing the woven fabric sample in an additional clamp in such a way that
the chain grip is in a position different from the centre of the sample, respectively 0.0, 0.5, 1.0,
1.5 and 2.0 cm from the sample central axis, eccentricity is achieved. The samples were tested
at a speed of 100 mm / min and the distance between the clamps was 200 mm.
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Figure 5. Tensile test curves with variation of force eccentricity
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Figure 5 shows the stress-strain diagram of the woven fabric loaded with the tensile force,
which is applied to the specimen via the rigid crossbar. DFE (cm) 2.5 line represents stress —
strain curve of the specimen loaded in a non-eccentric way, where 2.5 stands for 2.5 cm from
the edge of the specimen which is exactly the centre of the sample. Other stress — strain curves
represent eccentrically loaded specimens with: 2.0, 1.5, 1.0 and 0.5 cm from the edge of the
specimen, respectively. If the negative stress of the bending part surpasses the average tensile
stress, compressive cut off takes place and the static conditions must be satisfied in the new
situation of a reduced specimen. This results in the apparent reduction of the specimen strength
and stiffness which is visible in Figure 5.

4. Conclusion

Nonlinear phenomena of woven fabric tensile behaviour are illustrated on the case of the out-
of-centre tensile load in the modified standard tension test, where the force is applied to the
specimen via the rigid crossbar. In the advanced strength of materials of solids, the case is
regarded as the superposition of pure tension and pure bending. However, if the negative stress
of bending part surpasses the average tensile stress, compressive cut off takes place and the
static conditions must be satisfied in the new situation of a reduced specimen. This results in
the nonlinear structural behaviour and in the apparent reduction of the specimen strength and
stiffness.

In the future research, the analysis will be done for the case of material of woven fabric type,
where the linear elastic law in tensile deformation is replaced by some more realistic nonlinear
approximation. This is expected to require more effort in the computational description and
analysis.

The rough initial computational results based on linear tensile law indicate similarity with
experimental evidence of out-of-centre tensile test.
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