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ABSTRACT: Tensile characteristics are the most significant
mechanical properties for coated woven fabrics as membrane
materials used in lightweight constructions. Factors that
might affect test results of the material under uni- and bi-
axial tensile loads are examined. After series of tensile tests
on PVC-coated membrane materials, it is demonstrated that
(1) to measure the strains in the two perpendicular directions,
the contact method by the needle extensometer does not
interfere the correct data recording; (2) the positions where
the strains are measured on specimens have a great influence
on the test results of the stiffness and Poisson’s ratio in warp
direction under uni-axial load; (3) to perform bi-axial tensile

tests the size of the cruciform specimen in bi-axial tensile test
can be much smaller than those suggested in the literature.
The tensile behavior of coated membrane materials under bi-
axial loads are affected dramatically by the stress ratio in the
warp and fill directions. Besides the residual strains of coated
membrane materials are affected not only by the properties
of the constituent yarns and woven structure but also by
loading conditions during the coating process. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 107: 2038-2044, 2008
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INTRODUCTION

In the past two decades, the application of coated
fabrics as architectural membrane material for light-
weight structures has grown dramatically. As a kind
of flexible materials, coated membrane materials
have virtually little bending stiffness, and therefore
can only resist in tensile. To sustain a shape, the
membrane material must be in tension. Tensile
behaviors are therefore vital to establish the material
properties for structural design.'

To test the tensile behaviors of coated membrane
materials under uni-axial load there are several
international standards. However, it is known that
membrane materials are under complex loading con-
ditions when used as architecture structures. Uni-
axial test, although simple to undertake, is less
favorable in evaluating the service performance of
the material. Thus, the bi-axial tensile test is recom-
mended. However, presently there is no common
recognized testing method on bi-axial tensile test for
membrane materials. Neither the configurations of
specimen shape nor the testing procedures have
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been identified. So far, as a matter of fact, various
test methods have been suggested by manufacturers.

To perform bi-axial tensile test on membrane ma-
terial, three methods have been referred in the litera-
ture, i.e., the bursting test, the cylinder test and the
in-plane bi-axial test”* Among them, the in-plane
bi-axial test, especially with a cruciform specimen,
represents the best results for stress-strain relation of
the material. Therefore, it has been used more popu-
larly since 1980s.

For the specifications of the cruciform specimen,
there are a number of examples and suggestions in
the published literature. The dimensions of the cruci-
form specimen, particularly the cross area, varied
from 160 X 160 mm” to 300 X 300 mm*>” The slits
in the arms were reported helpful for a uniform
stress distribution in the cross area of the speci-
men.”® The transfer efficiency of the stress from the
holding clamp to the cross area would be greatly
improved with the assistant of these slits. In addi-
tion, the shape of the cross corners of the specimen
meant certain effect on the stress distribution. Com-
pared to the straight corner or triangular corner, the
rounded corner, with a radius of 5-15 mm, had
shown its benefit to the transmission of stress.>®

For bi-axial tensile test on coated membrane mate-
rials, a large deformation could be expected. To mea-
sure the tensile strain of the material there are two
kinds of method, that is, contact and noncontact
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TABLE I
Specifications of PVC-Coated Polyester Fabrics

Sample Weave Yarn count Yarns density Mass  Thickness of coated ~ Average thickness Breaking strength
code  pattern (Tex) (warp/fill) (ends/cm) (g/ m?) fabric (mm) of PVC layer (mm) (warp/fill) (N/5 cm)
S1 Basket 111.11 12/12 900 0.74 0.31 3900/3500
S2 Basket 144.44 13/13 1100 1.00 0.42 5500/5000
S3 Basket 111.11 12/12 1000 0.90 0.40 4400/4000

method. Needle method is one of the contact meth-
0ds.®® The strain is measured with an extensometer
attached to the center of the test sample with two
needles. With this method, the needles have to pene-
trate the specimen, which might interfere the correct
tests. To overcome the possible interferences of the
contact method, noncontact methods, such as photo-
graph method®'®!" and laser method,'? have been
used widely. Because of the availability a pair of
needle extensometers was used in the present study.
Therefore, before conducting bi-axial strains test, it
would be interesting to know the performance of the
needle extensometer.

In the present study, several factors that might
interfere correct tensile tests were examined. In addi-
tion to the performance evaluation of the needle ex-
tensometer, the influence of the positions on speci-
men where strains were detected was investigated.
The possibility of using small size cruciform speci-
mens was examined. Besides, the effect of loading
conditions, such as tensile cycles and stress ratios
between the warp and fill directions were also dis-
cussed. It hopes that the study would provide addi-
tional information for those who want to evaluate
the tensile performances of coated membrane materi-
als by means of bi-axial tensile tests.

EXPERIMENTAL

A bi-axial tensile tester, model Z010/TH2A by
Zwick GmbH, was used. The tester consists of two
load frames crosswise connected. The load frame
consists of two guide profiles, two moving cross-
heads and a head plate. The head screws have tow
counter rotation threads so that the moving cross-
heads move synchronously in opposite directions.™®
Two pairs of specimen holders are controlled by
compressed air so that specimens can be held as rig-
orously as possible.

PVC-coated polyester fabrics with a surface treat-
ment of polyvinylidene fluoride (PVDF) were used
in the current research. Table I lists the specifications
of the samples.

The configuration of the specimen for bi-axial ten-
sile tests is shown in Figure 1. The cross area of the
specimen is 60 X 60 mm?” and the shape of the cross
corner is rounded with a radius of 15 mm. There are

three long slits in each tensile arm. For the reason of
comparison, uni-axial tensile tests were also con-
ducted on the same tester. The dimensions of the
specimen for uni-axial tests as a strip shape are com-
patible with those of bi-axial tests.

In the bi-axial tests, the loading speed in one
direction was set 1.0 N/s and that in the perpendic-
ular direction followed the stress ratios determined.
For example, for the stress ratio 1:2 (warp:fill), the
loading speed in warp and fill direction was set at
0.5 and 1.0 N/s, respectively. For uni-axial tensile
tests the loading speed was kept at 2.0 N/s.

Three cycles of loading-unloading were conducted,
according to the usual practice of bi-axial tensile
tests for coated membrane materials.>”?'* There was
no suspension between the loading cycles. The maxi-
mum stress in the loading cycle was 15% of the ulti-
mate tensile strength of the corresponding specimen.
For samples S1, S2, and S3 listed in Table I, the max-
imum stress was set at 125, 140, and 150 N/cm,
respectively.

For each test, three specimens were tested.
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Figure 1 Dimensions of specimens for bi-axial tensile
tests.
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Figure 2 Tensile strains recorded by both needle and photograph methods. (a) Uni-axial tests in warp direction. (b) Uni-
axial tests in fill direction. (c) Bi-axial tests with a stress ratio 1 : 1 (warp: fill).

RESULTS AND DISCUSSION
Strain testing by needle method

Before actual tests, the recording performance of
needle methods was examined by comparing the
testing results with those by photograph method.
For comparison, three groups of experiments, under
both uni- and bi-axial tests, were arranged on sam-
ple S1. They were uni-axial tests in both warp and
fill directions and bi-axial tests with a stress ratio 1 : 1
(warp: fill).

As a photograph method, a digital camera was
fixed above the center area of the specimen. Photos
were taken in every 75 s during the whole test pe-
riod to record the displacement of prearranged
marks on the surface of specimen.

By penetrating needles, a pair of resistance extens-
ometers was attached on the top and bottom sides of
specimens, respectively, to record the strains in per-

Journal of Applied Polymer Science DOI 10.1002/app

pendicular loading directions. The recorded data
were then transmitted to a data acquisition system
for further processing.

The testing results, by both photograph and nee-
dle methods, are shown in Figure 2. For easy identi-
fication, only the third uploading curves are dis-
played. It is noticed that the data recorded from the
two methods are in general agreement. The needled
method does not introduce unacceptable errors in
the present range of measurement. In fact, the data
recorded by the needle method are more consistent
and accurate than the photograph one.

Positions of strain measurement on specimen

To study the effect of the position where tensile
strains were measured on a specimen, experiments
were arranged on sample S2 at three positions: A, B,
and C, as illustrated in Figure 3.



TENSILE BEHAVIOR OF PVC

Centerlines

ettt
|
|
|

by

I
i
ot e
|
—
___-l-|
]
—_—
i
ARTPPA AT
|
I
i
e
i
1
|
NN O
|
]
i
e
|
|
1
4
et
NN ¥
Blimm

— ¢
=
=
g -
T

|- Blmm F tilmm

A B C

Figure 3 Positions of tensile strain measurement on
specimen.

Figure 4 shows the tensile stiffness and Poisson’s
ratio measured at different positions on specimen in
uni-axial tests. Differences are observed when the
measurement is at different positions when loading
in warp direction. At position A, the tensile stiffness
is much higher than that in position B or C. Similar
variations of Poisson ratio can also be observed. It
indicates that the stress distribution perpendicular to
the loading direction is not as uniform as one may
expect. It is therefore recommended that, to obtain a
consistent recording, the position of measurement
should be along the centerline of loading to avoid
any possible position effects.

In Figure 4 it may also be noticed that the position
effect is less sensitive when loading in fill direction.
The reason for the different behaviors of position
sensitivity can be attributed to the different levels of
yarn crimps due mainly to the coating process, in
which warp direction is tensioned resulting in a
great degree of fill crimp because of crimp inter-
change of woven structure.

Unlike those in uni-axial tests, the tensile behav-
iors of specimen under bi-axial tests are less sensi-
tive to the position of strain measurement, as shown
in Figure 5. This can be expected by referring to Fig-
ure 6 by Bridgens'” that there is a range within the
cross area of the cruciform specimen, in which the
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Figure 4 Testing results of sample S2 with different mea-
surement positions in uni-axial tests.
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Figure 5 Tensile behavior of sample S2 in bi-axial tests
with different measurement positions (stress ratio 1 : 1).

stress distribution is rather uniform. When the mea-
surement position is outside this range, a significant
decrease of tensile stress would be expected.

Tensile behaviors under uni- and bi-axial loads

Samples 52 and S3 were tested under both uni- and
bi-axial loads. For all tests the strains were measured
by the needle method at position B identified in Fig-
ure 3. The results of the third uploading curves are
shown in Figure 7. W and F represent the bi-axial
tensile curve in warp and fill directions, respectively,
followed by the stress ratio between warp and fill
directions. W-uni and F-uni are the uni-axial tensile
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Figure 6 Stress distribution of cruciform specimen, with
30 N/cm loads in both of loading direction.!?
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Figure 7 Tensile behaviors under uni- and bi-axial loads. (a) Sample S2 and (b) Sample S3.

curves when loading in the warp and the fill direc-
tion, respectively.

Referring to the tests reported in the literature
with larger size of cruciform specimens, such as
Ttoh’s” with a cross area of 160 X 160 mm?® and
Kato’s” with 300 X 300 mm?, it could be found that
the tensile behaviors with different stress ratios were
compatible. This indicates that the cross area of the
specimen for bi-axial tensile tests could be reduced,
such as 60 X 60 mm? in the present study.

In coated membrane materials, since the Young's
modulus of the pure PVC membrane is as low as 6.7
Mpa, the polyester fabrics play a more important
role in the tensile characters of the coated membrane
materials under bi-axial loads especially under
higher stresses.” Then the difference between the
tensile behavior of S2 and S3 under bi-axial loading
(see in Fig. 7) is mostly resulting from the yarns and
the fabric structures (see in Table I).

Because of the different level of the crimp and the
looseness in the warp and the fill directions in the
coated membrane materials resulting from the pro-
ducing of woven fabric and coating process, the
unbalanced deformations in the warp and fill direc-
tions happen according to different stress ratios (see
in Fig. 7). When the stress ratio is less than or equal
to 1 (for sample S3 or S2), negative strains happen in
the warp direction and positive strains happen in
the fill direction due to the unbalanced structure of
the materials. The state of the shrinkage in the warp
direction and the state of the extension in the fill
direction can result in the situation of unbalanced
deformations of the structure membrane. Besides,
because of the decrease of the Young’s modulus in
the warp direction with stress ratios less than 1, the

Journal of Applied Polymer Science DOI 10.1002/app

use efficiency of the materials especially in the warp
direction will be reduced dramatically. Therefore, in
the design and the application of the membrane
structures, the potential damage (for example, the
shrinkage of the surface) resulting from the special
stress distributions should be avoided.

Residual strains after bi-axial loading cycles

Figure 8 shows the residual strains after each load-
ing cycle in bi-axial tests with different stress ratios
for sample S2 and S3, respectively. To make the
figure much clear, each value is the mean value from
three specimens since the percent errors are as small
as less than 5%. The stress ratio of 10 represents the
bi-axial test with a stress ratio of 1:0 (warp: fill).

Compared to the results of S3, the residual strains
(positive and negative ones) of S2 are much smaller
in both the warp and the fill directions. By referring
to the sample’s specifications in Table I, it is known
that, with higher-strength yarns and tighter woven
structure, sample S2 shows better elastic recovery
with cycle-loads than sample S3.

From Figure 8, it can be noticed that for sample S2
and S3 during the three loading cycles, when the
stress ratio is less than 1 the residual strains in warp
direction are still negative. However, in the fill direc-
tion the residual strains are positive. This phenom-
enon emphasizes that the stress distribution with
stress ratios less than 1 should be avoided in the
application of the structure membrane.

Figure 8 also shows that, when the stress ratio is
more than 1, the residual strains in both warp and
fill directions are less than 2.0% and the difference
after each loading cycle is less than 0.5%. It shows a



TENSILE BEHAVIOR OF PVC

(a) m  After first cycle
* After second cycle
A After third cycle
0.5 |
e &
S 4 E L]
£ F * :
£ 00— i ; ; e
w
® v} 2 4 5] B 10
L ] g
a4 .8 Stress ratio
wl
[
w 2
05 =
[ ]
L ]
Y
-1.0
2 D - —— e -
(c) »  After first cycle
o After second cycle
15 4 After third cycle
= i
A * - Y
== 1.0 = - [ ] a ]
oy - -
E=
LA
- 0s
w
2
) I ! 1 1 I !
U 1§ | T T ] l 1
i o & 2 4 6 a 10
- Stress ratio
0s- 12
=10 b=

2043

™

(b) = After first cycle
5F A & After second cycle
*a A After third cycle
4L -': "
.
§‘:': - .
c 3
8
@
g 2f
=] L
$ | |
r 1k
]
0 f - i } + f ;
i} 2 4 8 8 [
“ Stress ratio
6
L A
(d) ot = After first cycle
5 Y *  After second cycle
P o | & After third cycle
4t "o
&= 1
g ar
® |
W
w 2
a2 1 ]
o | ]
e 1
|
0 f + t + i + $ + t ¥
0 2 4 6 8 10
j Stress ratio

Figure 8 Residual strains after each loading cycle under bi-axial tests. (a) In warp direction for sample S2. (b) In fill direc-
tion for sample S2. (c) In warp direction for sample S3. (d) In fill direction for sample S3.

good elastic recovery of the coated membrane mate-
rials when loading in warp direction is higher than
that in fill direction. However, when the stress ratio
is less than 1, the residual strain in fill direction is as
great as 5% and the difference after each loading
cycle is as large as 1.0%, although the residual
strains in warp direction is still less than 1.0%. The
different results of the bi-axial tests between a pair
of “symmetrical” stress ratios, suchas 1:2and 2: 1,
should attribute to the inherent unbalanced structure
of the coated fabrics,'” in which the crimp of yarns
in fill direction is much higher than that in warp
direction. The different residual strains between the
warp and fill directions can lead to the difference of
relaxation in the two perpendicular directions, and
then can result in the difficulty to maintenance of a
stable and smooth surface in tensile structures.

Therefore, suitable stress ratios should be deter-
mined in the design of tensile structure to obtain
uniform tensile behaviors of membrane materials. It
is also strongly suggested that proper tension should
be applied to the fill direction of woven fabric dur-
ing the coating process to reduce the degree of fill
yarn crimp.

CONCLUSIONS

Factors that might affect tensile testing results of
coated woven fabric as membrane materials under
uni- and bi-axial tensile loads are examined and
some measurement techniques are discussed.

Within the testing range of the present study, the
needled method, although two needles penetrating
the specimen, does not introduce noticeable errors. It
is a preferable method if there is no more sophisti-
cated noncontact method available.

For uni-axial tensile tests with the needle method,
the attachment of two penetrating needles on the
specimen should be along the centerline of loading
to avoid any possible position effects because of the
nonuniformity of the stress distribution perpendicu-
lar to the loading direction. For bi-axial tensile tests,
however, the position effect is less notable because
the stress distribution within the cross area of cruci-
form specimen is rather uniform.

It is shown that in bi-axial tensile tests with small
size specimens are in good agreement with those
with larger ones suggested in the literature. Further
studies are required to identify the most suitable
size for the cruciform specimens.

Journal of Applied Polymer Science DOI 10.1002/app
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The strains and residual strains of PVC-coated mem-
brane materials under bi-axial cyclic loads are affected
greatly by the different degrees of yarn crimp in woven
structure. Because of the essential unbalance of yarn
crimp in the woven structure, suitable stress ratios
should be determined to maintain a stable and smooth
surface in tensile structures. However, to obtain a uni-
form tensile behavior of membrane materials it is
strongly suggested that proper tension should be
applied to the fill direction of woven fabric during the
coating process to reduce the degree of fill yarn crimp.

We express our grateful acknowledgment to Prof. Luo
Ren’an (Shanghai University) for his cooperation on the
bi-axial apparatus and Shanghai Shenda Kobond New
Materials Co., Ltd for the materials provided.
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