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Two types of Precontraint PVDF coated polyester are taken as the research objects. A series of uniaxial tensile tests were carried
out to study the tensile performances of the specimens in eleven in-plane directions including 0°, 5°, 15°, 25°, 35°, 45°, 55°, 65°,
75°, 85°, and 90°, and six tensile rates (10 mm/min, 25 mm/min, 50 mm/min, 100 mm/min, 200 mm/min, and 500 mm/min) were
also considered. The corresponding failure modes and fracture mechanisms were discussed, and the relationships between tensile
strength and strain at break and tensile rate and off-axial angles were obtained. Results show that the Precontraint PVDF coated
woven fabrics are typically anisotropic. With off-axial angle increasing, the tensile strength decreases while the strain at break
increases. Three failure modes can be observed, including failure of yarns pulled out, yarns fracture, and mixture failure. With
tensile rate increasing, the tensile strength increases slightly while the strain at break decreases. The tensile strength and strain at

break show good linear relationship with tensile rate’s logarithm.

1. Introduction

Membrane structure is a new structural system developed in
the middle of 20th century. It is welcomed by the architects,
engineers, and others, due to complex architectural forms
and special mechanical properties [1-3]. Its structural stiff-
ness can be obtained by tensioning the membrane surface,
together with the curvature forms. The design membrane
prestress is strongly related to the curvature forms of mem-
brane surface. Whether the accuracy of membrane prestress
can satisfy the design requirements may directly affect the
construction accuracy, even the structure safety [4].

Coated fabric is a principal material used in membrane
structures. It can only resist tensions, almost without any
flexural resistance. As shown in many existing literatures,
for plain woven polyester coated with PVDE, the differences
between the mechanical properties of the warp and the
weft are significant. The unbalanced woven structure of
the materials results in the unbalanced deformations of
membrane materials. When the warp stress is less than the
weft stress, negative strain in the warp direction may reduce
the application efficiency of the material. However, it is often
beneficial for installation for a fabric to be unbalanced so

that it can be tensioned in the weft direction and prestress
is induced in the warp direction by interaction of the yarns.
Then, the Precontraint woven technology was proposed by
the Serge Ferrari Company. A more stable fabric can be
obtained by applying tension to warp and weft of a plain
woven fabric, in order to obtain more consistent and more
balanced warp and weft stiffness through the cloth. Until
now, there are only a few of references about the mechanical
properties of PVDF coated polyester with the Precontraint
technology. Ambroziak carried out series of tests on the
mechanical behaviors under different loading protocols, such
as monotonous loading, cyclic loading, and others [5-8].
The main mechanical parameters including tensile strength,
elastic modulus, and Poisson ratio are obtained. However,
there are few literatures about the failure mechanisms and
strength criterion of Precontraint coated fabrics. Zhang et
al. conducted the off-axial tensile tests on the Precontraint
PVDF coated polyester with the tensile rate of 100 mm/min
and analyzed the corresponding failure mechanisms [9].

As we know, the failure mechanisms and strength criteria
are important for the design and analysis of membrane
structures. Considering the stress states in practical engi-
neering, the biaxial tests may be the best method to solve



this question. However, it is difficult to find the suitable
specimens for the tests. There are some previous references
about the failure tests of the coated fabrics [10-13]. However,
until now, the failure strength obtained in those references
is only the failure strength of biaxial specimens, not the
failure strength of this material. Nowadays, the off-axial test
may be the most suitable method to analyze the failure
mechanism of coated fabrics, although it can only produce
some simple stress states. Some researchers have used the off-
axial tests to analyze the failure mechanisms and strength
criteria of coated fabrics. The off-axial tests always contain
seven bias angles, including 0°, 15°, 30°, 45°, 60°, 75°, and
90° [13-15]. The results indicate that the material strength
decreases significantly under the interaction of shear and
tensile, especially for the bias angles from 0° to 15° or 90° to
75°. This phenomenon cannot be accurately described by the
current strength criteria, in which the shear stress plays an
important role in this aspect [16-18]. Therefore, it is necessary
to reduce the angle gap of off-axial tests to study the failure
mechanism of coated fabrics further.

Just as shown in previous references, the current
researches are mainly on the mechanical properties of coated
fabrics under the standard test conditions recommended in
the codes or the specifications. However, as anisotropic poly-
mer composites, the loading protocols may have significant
effects on the mechanical properties of coated fabrics [4-
6,8,19-21].

The wind-borne debris always hits the surface of mem-
brane structures and the microcrack may appear in the
membrane surface. Under harsh environments, the microc-
rack can easily propagate and lead to the overall failure of
membrane structures due to low tear strength. The membrane
structures are always the landmark and their failure will bring
economic loss and huge social impacts. The rate-dependent
mechanical properties of coated fabrics are an important
basis of design and analysis of membrane structures. There
are a lot of references about the viscoelastic properties of
coated fabrics under low strain rates [22-28]. Some classical
viscoelastic models are proposed for the construction analysis
and the determination of shrinkage ratio in the pattern
cutting analysis [29-31]. Meanwhile, there are fewer refer-
ences about the material response under dynamic loading.
However, the structural response under dynamic loading
with high rates is also very important for the design, for
example, the analysis of wind-induced disasters. Therefore,
it is necessary to study the mechanical properties and failure
mechanisms of coated fabrics under different tensile rates.

This paper presented the off-axial tensile behaviors and
failure mechanisms of Precontraint PVDF coated polyester,
in which the effects of tensile rate on the mechanical param-
eters and failure modes are discussed.

2. Materials and Methods

The Precontraint PVDF coated polyester Ferrari 1002 T2 and
702 T2 are taken as the research objects, as shown in Table 1.
They are plain woven by the Precontraint technology with
PVDF top coats in both sides. The Precontraint technology
holds the textile under tension in both warp and weft
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FIGURE 1: Dimensions of dumbbell specimens.

directions throughout the manufacturing process to ensure
higher levels of dimensional stability and tensile strength,
less elongation, and a flatter base cloth. This enables a more
substantial protective coating to be placed on top of the
yarn without increasing overall thickness, creating a flatter,
lighter textile subject to less deformation under tension. It is
with good durability and self-cleaning, which can be used in
permanent structures.

The uniaxial tests are carried out using the electrome-
chanical universal testing machine with temperature box.
The strip specimens are always used in the off-axial tests.
However, the failure always appears in the gripped ends, for
example, fracture or slippage, and then the test data is invalid.
Therefore, the dumbbell specimens are used in this test, as
shown in Figure 1. The stress is got by dividing the tensile
forces by the area of cross-section in the middle. The strain
is got by the displacement measurement.

3. Results and Discussions

3.1. Comparisons of Strip Specimens and Dumbbell Specimens.
Here, this part also presents the comparisons of dumbbell
and strip specimens under the off-axial tensile tests by the
finite element analysis. In the finite element analysis, the
orthotropic constitutive relation is used and the elastic mod-
ulus in warp and weft is 600 MPa and 400 MPa, respectively.
The strip specimens are prepared according to German codes
DIN 53334 [32]. The width is 50 mm, the length is 300 mm,
and the original gage length is 200 mm. The pattern equality
of samples is important for the test results.

The comparisons of the stress distributions of dumbbell
and strip specimens are shown in Figure 2. For strip speci-
mens, it can be observed that the stress in the gripped ends
is high and the slippage always appears before the fracture of
materials. This is also related to the smooth surface of PVDF
coating. This phenomenon is consistent with the tensile tests.
For dumbbell specimens, in the effective area, the stress
distribution is consistent with that of strip specimens. The
width of gripped ends is larger than that of the effective area.
It can afford enough fractional force to avoid the slippage
of specimens. The maximum stress always appears in the
effective area and the test data is valid. If the failure does not
appear in the effective area, the test data can be considered as
invalid.

3.2. Uniaxial Tensile Curves. Due to the same woven method,
the variation trends of tensile behaviors of two materials (702
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FIGURE 2: Stress distribution of 15-degree specimens.

T2 and 1002 T2) are similar. Therefore, limited by the layout,
this part only presents the test results of Precontraint 702 T2,
as shown in Table 2.

First, the tensile behaviors under the tensile rate of
100 mm/min are taken as the research object, because
100 mm/min is the recommended tensile rate in current
codes/specifications [1]. The angles 0° and 90° are the weft and
the warp, respectively. Figure 3 shows that the Precontraint
PVDF coated polyester performs typically orthotropic. The
differences between the tensile strength in the warp and in the
weft are not so significant as those of the plain wove fabrics,
which is related to the woven densities and woven methods

[33]. Then, for Precontraint coated fabrics, the pretension is
applied to the warp and weft of yarns and a more consistent
and more balanced warp and weft stiffness through the
cloth are obtained. For the on-axial specimens, part of yarns
fracture first and the unloading will be transferred to the
adjacent yarns. Due to high adhesive strength, the yarns are
difficult to be pulled out from the coating/substrate interface,
and most of yarns fracture at the same section. Then, the
main failure modes are even failure, which is “yarn fracture”
(Figure 4). When the bias angle is 85° and 5°, there will
be a significant decrease compared with those of on-axial
specimens. Although the number of yarns in the effective
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TABLE 1: Specifications of test materials.
Type Manufactarer Weigzht Thickness Yarn densH1t}1: dtex PES Ten5111§\I s/t;length Tear sIt\llrength
g/m mm
Warp Weft Warp Weft Warp Weft
Ferrari 1002 T2 Serge Ferrari 1050 0.78 1100 1100 84.0 80.0 500 460
Ferrari 702 T2 750 0.56 1100 1670 60.0 56.0 300 280
TaBLE 2: Off-axial test results of Precontraint 702 T2 (100 mm/min).
Angle Tensile strength/(kN-m ™) Strain at break/%
Average value Standard deviation Average value Standard deviation

58.051 3.444 13.541 0.154
5° 50.542 1.633 12.662 0.061
15° 44.834 0.864 18.072 0.760
25° 39.271 1.664 32.556 0.363
35" 38.081 1.827 38.992 0.338
45° 37709 0.733 40.416 0.189
55 37.981 0.198 39.101 0.348
65 40.771 0.908 32.662 0.144
75° 45.934 0.945 21.441 0.201
85° 51.339 2.345 14.100 0.126
90° 58.699 0.966 14.446 0.125

area remains almost unchanged, the application ratio of yarns
decreases significantly under the tensile-shear interaction. In
the fracture section, most of the yarns facture even and part
of yarns are pulled from the adjacent yarn-coating interface.
Additionally, the strain at break may be lower than that of the
on-axial specimens.

When the bias angle increases, for example, the speci-
mens with bias angles of 75°, 15°, 65°, and 25°, the tensile
strength decreases and the strain at break increases. The fail-
ure modes are the mid-section fracture and part of adjacent
yarns are pulled out. Compared with the specimens with
smaller bias angles (85° and 5°), the number of pulled-out
yarns increases and the number of fractured yarns decreases.
Therefore, the strain at break increases significantly and the
fracture section is uneven. When the bias angles are 55, 35,
and 45, the tensile strength is the lowest and the strain at
break is the highest. Then, the failure mode is “interface
failure,” as shown in Figure 4(b). The coating can constrain
the deformation of yarns, which is in favor for the loading
capacity of coated fabrics. The shear force plays a dominant
role in the material failure. The “yarns pulled out” is the main
failure mode.

In the off-axial tests, there are two types of yarns, com-
plete ones and incomplete ones. With bias angle increasing,
the number of incomplete yarns remains unchanged, while
the number of complete ones decreases. From Figure 5, due
to high shear force, the incomplete yarns are easily pulled out
and then the tensile strength decreases significantly. When
the bias angle increases from 15° to 25° (or 75° to 65°),
the number of complete yarns decreases to 0. Then, the
tensile stress decreases and the shear stress increases, but the
decreasing of tensile strength is not very obvious. When the
bias angle increases from 25° to 45° (or 65° to 45°), the shear

stress gradually becomes the dominant and the shear failure
is observed.

According to the SEM image shown in Figure 6(a), the
fracture cross-section is even fracture in the failure mode
“yarns even fracture.” The fiber bundles parallel to the loading
direction show even fracture. Figure 6(b) is typically mixed
failure. The middle part of the fiber bundles perform uneven
fracture, while the sides are pulled out, accompanied by
the damage of a small amount of coating. For the failure
mode “yarns pulled out” (Figure 6(c)), the fiber bundles are
completely pulled out, and then the coating is serious damage.

3.3. Loading Rate. Figure 7 shows that the effect of tensile
rate on the material tensile strength is obvious and the
tensile strength increases with tensile rate increasing. The
least square method is used to fit the mechanical parameters
(tensile strength and strain at break) under different tensile
rates. The black points are experiment data, and the line is
the fitting results. As shown in Figure 8, with tensile rate
increasing, the tensile strength increases about 5%-15%, and
the strain at break decreases about 5%-10%. Figure 8 shows
the material tensile strength and strain at break shows a good
linear correlation with the tensile rate’s logarithm.

As shown in Figure 8, the relationship between tensile
strength, strain at break, and tensile rate is as follows:

fu=a+blgv,
@

g, =c+dlgv,

where f, is material tensile strength, KN-m™, ¢, is strain at
break, %; v, is tensile rate, mm/min; a, b, ¢, and d are the
parameters that have no physical meanings. The parameters
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(a) Even fracture failure (0°) (b) Yarns pulled out (45°) (c) Mixed failure (5°)

FIGURE 4: Failure modes of Precontraint 702 T2.
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(c) 45° interface failure

FIGURE 6: SEM images of fractographics of oft-axial specimens.
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FIGURE 7: Off-axial tensile strength of Precontraint 702 T2 under
different loading rates.

can be obtained by fitting the experimental data, as shown
in Table 3. The tensile strength and strain at break under
different tensile rates can be predicted by using the above
equations, which can be used for the mechanical behaviors
of membrane structures under different tensile rates. Besides,
the wind-induced disasters are the main reason for the failure
of membrane structures. The tensile strength increases with
tensile rate increasing, which is favorable for the safety of
membrane structures under high rate winds, for example,
typhoon. Using the tensile strength obtained by the standard
inspection method with the tensile rate of 100 mm/min
is conservative and can increase the safety reliability of
membrane structures.

As shown in Figure 8, for the specimens with the same
bias angles, the failure modes regarding different loading
rates are almost the same. With bias angle increasing, the
failure modes change from “even fracture” to “mixed failure.”
Finally, the main failure mode is yarns pulled out, when
the bias angle is 45 degrees. With tensile rate increasing,
the deformation energy of membrane materials increases
and the rate of energy absorption increases. Therefore, the
material fracture toughness increases and the ultimate total



70

65

60

Tensile strength (kN/m)

55

10 100

Tensile rate (mm/min)

1000

a Experimental data

—— Fitting results

(a)

Advances in Materials Science and Engineering

14.5

14.0 4

13.5

Strain at break (%)

13.0 4

12.5 — —————
10 100 1000
Tensile rate (mm/min)
a= Experimental data

—— Fitting results

()

FIGURE 8: Relationship between tensile strength and strain at break and tensile rate.

TABLE 3: Relationship between tensile strength & strain at break and
tensile rate.

Bias angle/* a b c d

0 55.113 1.779 14.092 —-0.293
5 46.188 1.941 12.812 —-0.068
15 38.001 2.976 19.490 —-0.654
25 32.978 3.256 33.107 -0.401
35 29.863 3.288 39.739 -0.335
45 29.553 3.488 41.608 -0.621
55 30.042 3.546 39.302 -0.181
65 32.402 4.147 33.462 —-0.386
75 39.338 2.654 22.206 -0.409
85 48.87 0.674 14.792 -0.397
90 58.496 0.189 14.903 —-0.253

energy of membrane fracture increases, which will lead to
the increasing of membrane tensile strength. Meanwhile,
with tensile rate increasing, the material resistance to crack
propagation increases, while the strain at break decreases
slightly [14]. It can be observed that when the tensile rate is
low, the effect of microflaws on material tensile strength is
significant. Here, the “mixed failure” is taken as the example.
When the tensile rate is low, the side yarns are easily pulled
out from the adjacent yarns or the coating/yarn interface.
The failure always appears in the boundary, part of yarns
are pulled out, and the mid-section of membrane materials
fractures finally. With tensile rate increasing, fewer yarns are
pulled out and more yarns fracture. Then, most of the mid-
section fractures and fewer of yarns are pulled out. During
the failure process, the coating plays an important role in
the failure mechanisms. The coated fabric is composed of
the coating and the substrate, while the stress wave may pass
with different rates in the coating and the substrate. The

substrate carries most of the force and the coating carries less.
Then, the coating may restrain the deformation of substrates,
due to smaller deformation. Therefore, when the tensile rate
is low, the material fracture toughness and the resistance
to crack propagation are low. Then, the microcrack can
easily propagate and lead to the failure of materials. When
the tensile rate is high, the resistance to crack propagation
provided by the coating increases, while there is not enough
time to achieve the ultimate deformation. Then, the crack
propagates slowly and the tensile strength increases, because
the limit strain energy remains almost unchanged. This is also
why the strain at break decreases.

It should be noted that there are slight differences on
the failure modes under different loading rates. As shown
in Figure 9, when the tensile rate is low, it can be seen that
some of yarns fracture while the other yarns are pulled out.
When the tensile rate is high, more yarns fracture while fewer
yarns are pulled out. This is mainly related to the interface
strength, which is associated with the frictions between the
longitudinal yarns and the transverse yarns and the frictions
between the substrate and the coating [34, 35]. Besides, it may
be related to the microdefects in the coated fabrics due to
the manufacture and construction process. The failure modes
are related to the distributions of microdefects. When the
tensile rate is low, the microscopic defects can easily develop
to macroscopic slits/cracks under tensile loading. It may lead
to the interactions of many slits, which is a complex failure
mode. This cannot be predicted by the macroscopic strength
criteria. It can only be described by the damage mechanics
based on the microscopic structures of coated fabrics.

4. Strength Criterion

As the expansion of the failure criterion for homogeneous
materials, the macroscopic strength criteria of composites are
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FIGURE 9: Failure modes of PVDF coated woven fabrics under different tensile rates.

popular due to operationally simple expressions. For engi-
neering design, prediction accuracy and simple expressions
are two important aspects of failure criteria. Among the cur-
rent strength criteria, the quadratic criteria are recommended
by many researchers, because they are single valued functions
with smooth and continuous failure envelope, particularly
suitable for the numerical solution [36-40].

For building coated fabric, it is similar to a plane
anisotropic material, of which the mechanical properties
in the Z direction (thickness) are always ignored. When
predicting the failure strength of building coated fabrics, the
failure criteria for three-dimensional composites materials
should be degenerated into a two-dimensional criterion.

Here, several classical strength criteria are chosen to
predict the tensile strength of off-axial samples, including
Tsai-Hill criterion, Yeh-Stratton criterion, Hashin criterion,
and Zhang criterion [13, 37, 41, 42]. They are shown as follows:

Tsai-Hill criterion is

2 2 2
L T e )
2 Y2 XZ 82 :

Yeh-Stratton criterion is

o T Ty 3)
Y X2 s2

Q

X

=+
X

Hashin criterion is
2 2
(@) +(I) -1 (4)
X N
Zhang criterion is

GxTxy
—~2L4F =1, 5
Xy % Xxs ®)

where o, and o, are the normal stress in weft and warp, 7 is
the shear stress, X and Y are the tensile strength in weft and
warp, and S is the shear strength.

Figure 10 shows the comparison between experiment
results and the predictions of several existing strength crite-
ria. In most cases, the current strength criteria can make a
good prediction of the failure strength of Precontraint PVDF
coated fabric. However, slight deviations appear in the tests
of small oft-axial angles, such as 15 and 75°. This is perhaps
because of the crimp interchange in the weaving and coating
processes.

In the Tsai-Hill criterion and the Yeh-Stratton criterion,
the parameter F), (the interaction item of o, and o0,) is
only associated with longitudinal strength X. Meanwhile,
in the Norris criterion, it is related to the longitudinal
strength X and the transverse strength Y. For plain woven
fabrics, the differences between them are not as significant as
that in unidirectional reinforced fabrics. It is an important,
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FIGURE 10: Comparison of experiment data and predictions of several existing strength criteria.

independent but constrained strength component. It is very
sensitive in biaxial tests and can be approximately got in such
biaxial tests. The determination of the value of F,, can be
achieved through infinite number of combined-stress states.
Comparisons are made with optimum values obtained from
least-squares analyses. The value of F,, is always small but not
ignored. Besides, the parameter F,, (the interaction term of
normal stress and shear stress) cannot be ignored, especially
for the samples with small oft-axial angles.

As orthotropic materials, the mechanical properties of the
coated fabrics are affected by the bias angles, just as shown
in Figure 10. The tensile strength of the on-axial specimens
(0 and 90 degrees) is the highest, while that of 45" specimen
is the lowest. Therefore, the warp and weft yarns should be
located along the principal stress. If not, the ultimate loading
capacity of the membrane structure will decrease and the
wrinkling may appear under extreme loadings. This should
be considered in the form-finding analysis and the cutting
pattern design. Under harsh environments, the microcrack in
the coated fabrics can easily propagate and lead to the overall
failure of membrane structures due to low tear strength. From
the above analysis, the tensile strength will increase slightly
under high loading rates, which is favorable for the design of
membrane structures under high loading rates, for example,
the analysis of wind-induced disasters.

Finally, coated fabric is not a continuous homogeneous
material in meso- or microscales. In the process of weav-
ing and coating, the yarns and coating are aligned regu-
larly depending on the weaving method. Therefore, in the
macroscale, it can be taken into account as a homogeneous
material. This is why most of the data can agree well with
the predictions of current macroscopic strength criteria.
The transfer of force in coated fabrics is mainly through
the yarns. The failure always appears at the weakest point
and propagates quickly through the yarns. Therefore, the

traditional quadratic criteria may not reflect the failure
mechanisms of coated fabrics. Further research should be
carried out to obtain a simplified equation, which is based on
the microscopic structural analysis.

5. Conclusions

(1) The Precontraint PVDF coated polyester is typically
anisotropic. With bias angle increasing, the tensile strength
decreases and the strain at break increases. The warp tensile
strength is slightly higher than that in weft, while the
strain at break is lower than that in weft. There are not
significant differences between the warp and the weft, which
is different from the plain woven materials. This is related to
the Precontraint woven methods and the woven densities.

(2) The tensile strength is mainly related to failure modes
and substrate structure. When the bias angle is 0° and 90°,
the tensile stress is the dominant, and the main failure mode
is “yarns even fracture.” Then, the tensile strength is the
highest and the application ratios of yarns are the highest.
When the bias angles are close to 45°, the material failure
is yarns pulled out, which is the interface failure. The shear
stress is dominant and the tensile strength is the lowest. In the
intermediate angles, the main failure mode is mixed failure,
including yarns fracture and interface failure.

(3) With tensile rate increasing, the tensile strength
increases while the strain at break decreases. The tensile
strength shows good linear relationship between tensile rate’s
logarithms. With tensile rate increasing, the deformation
energy of coated fabrics increases quickly, while the con-
straint of coating on material deformation increases. There
are slightly differences on the failure modes under different
loading rates. Besides, it may be related to the microdefects
in the coated fabrics due to the manufacture and construction
process.
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(4) Most of the current strength criterion can make a
better prediction of the material off-axial strength, except
for the specimens of 15° and 75°. This is perhaps related to
complex failure modes and woven structures. The traditional
strength criteria are always based on the homogeneous mate-
rials, while the coated fabrics are actually the composition of
yarns and substrate.
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