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Summary. A new test method is proposed for investigation of shear behavior of architectural 
coated-fabrics. The cruciform specimen with 16cm width and length of arms with four slits is 
used herein, which has 45°of yarns with respect to the loading directions. The loading 
protocol is defined to generate cycling homogenous shear stress field, which has half positive 
and half negative cycle rather consecutive positive or negative shear stress conditions. The 
cycle number is three. Two strain measurements and shear calculation methodologies are 
compared with theoretic analysis and testing procedure. The polymer-coated polyester fabric 
with PVDF surface finish is used for test validation, the experimental results are investigated 
comprehensively, and the effects of shear deformation on shear stress calculation are 
evaluated. The present work is proved valuable to further research of shear behavior of 
coated fabrics. 

1 INTRODUCTION

Tensile fabric structures have been developed over about four decades, and built in some 
landmark building over the world. However, broad assumptions are made in simulation of 
architectural fabrics used for tensile structures. In particular, fabric shear behavior does not 
attract enough attentions, this causes wrinkle and tear because of existence shear deformation 
due to complex loading in service and installation as well as patterning manufacture. There 
are a few literatures about shear mechanical properties in the past ten years, but the shear 
behavior is poorly understood and is not routinely determined yet. 

2 Basic Theory of Shear Test Methodology 

2.1Schematic cruciform specimen
The cruciform specimen was firstly used by Blum [12] for shear testing of architectural 

fabrics besides, and then employed by Galliot [7] and Bridgens [14] with various size and 
different loading protocol. In the case of biaxial extension testing method for elastic constants 
of membrane materials, the cruciform specimen is extensively used with various sizes [1, 4, 5, 
12, 18-20, 25-28]. As the firstly published standard, MSAJ/M-02-1995, width of arm of the 
cruciform is specified 16cm other more [28], that is, the core effective square is 16cm×16cm. 
This cruciform is proved valid for biaxial tensile test rather shear test. As trellis frame test, the 
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width ranges from 12cm to 30 cm [10, 11]. The width of cruciform once used for shear test 
was more 60cm [12], 50cm [7]. 

Fig.1 Schematic cruciform specimen of biaxial shear test (mm) 

Therefore, the shape of a schematic cruciform specimen is specified as Fig.1.Slits are cut 
along with the arms at intervals 30~50mm. The specimen corners are rounded with a radius 
10~15mm. The warp and filling direction is 45°with respect to x-axis and y-axis arms. The 
sample should be taken from the part of fabrics which is 1/10 of the overall width from each 
edge and excluding more than 10cm from ether edge. The number of specimens should be 
more than three.  
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Fig.2 Shear deformation of biaxial shear testFig.3 Planar stress of biaxial shear test 

The specimen is assumed in-plane without wrinkle occurrence, the warp yarn and weft 
yarn remain perpendicular after small shear deformation.  

According to the stress tensor theory, Blum [12, 13] calculated the shear strain as follow. 
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where, wf  is the shear strain tensor between warp and filling direction, x  is the tensile 

strain in x-axis of loading direction, w  and f  are the strain of warp and weft yarn 

direction.
From the Eq.(1), the three strain measurements are necessary to be required to calculate the 

shear strain from the biaxial shear testing.  
The engineering shear strain is commonly used in small or even big deformation range [10, 

11, 14, 15], and is also used in this paper. The engineering shear strain is two times of the 
tensor shear strain, which is the shear angle between the warp and weft. As shown in Fig.2, 
the shear angle is positive while the square is narrowed in y-axis; on the contrary, it is 
negative.

From the Fig.2, the deformation in x-axis and y-axis could be written as  

2

1

x

y

L L
L L

 
 



                              (2) 

where, 2L  and 1L  are the deformation in x-axis and y-axis,  x  and y  are the strain in 

x-axis and y-axis respectively, L  is half diagonal length of the square.  
From the tri-geometry relationship, the angle   between warp and fill direction can be 

calculated 
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The shear angle could be written further  

/ 2                                (4) 

From the Eq.(2) to Eq.(4), only two strains is used, one less than that in Eq.(1). This 
simplifies measuring strain of shear testing.  

2.2Shear stress 
While applying load to the cruciform specimen, the arms transfer uniform loading to the 

core area which has the planar stress field as Fig.3, where x  and y  are the stress in x-axis 

and y-axis respectively. The dashed line represents the un-deformed state, and the solid line 
denotes for deformed state. As corresponding to the deformation defined in Fig.2, the 
principal stress and shear stress with respect to warp and weft yarn in deformed state can be 
calculated from mechanics of materials. 

1 1+ - cos
2 2w f x y x y       = ( )+ ( )

                
(5)
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1 1sin 2 sin
2 2 2x y x y- -                

= ( ) ( )                    (6) 

where, w  and f  are the tensile stress in warp and filling direction, and   is the shear 

stress. 

Because the shear angle   is assumed small, that is, the angle   is small, then the angle 

  is close 90°, cos 0.0 and sin 1.0. The principal stress Eq. (5) and shear stress Eq. 

(6) could be simplified further  
1 +
2w f x y   = ( )

                                (7) 
1 -
2 x y  = ( )

                                    (8) 

3 Loading Protocol 

Architectural membrane has neglected compressive and bending stiffness, as is required to 
be tensile stress state in any service conditions. The shear stiffness and behavior should be 
measured and characterized under specific tensile stress. The pre-stress tension is specified 
that 3.0kN/m for PTFE-coated glass fiber fabrics and 1.0kN/m for PVDF-coated polyester 
fabrics [11]. 

From the Eq. (5) and Eq. (6), the principal stress and shear stress are generated by the 
specific loading in x-axis and y-axis. Blum [12] defined a loading protocol, a consecutive 
triangular wave force is loaded in x-axis, and simultaneously a same wave with 180 phase 
difference is applied in y-axis.  

In normal service condition, the safety of factor (S.O.F) is specified in standard or guide, 
however, the S.O.F is specified differently as MSAJ[18], TensiNet[12] and CECS[30]. The 
S.O.F set 5 here, the biaxial tensile usually set the maximum tension 1/5 of the smaller 
ultimate strengthFu of warp and weft direction of the fabric. The minimum tension Fu/25 sets 

to characterize initial prestress [12]. While shear testing, the maximum stress of w , f
x

and y  should be less Fu/5, and the minimum should be over Fu/25, over zero or at least than 

critical wrinkle stress. 
While applying load to the cruciform, the loading process could be controlled with 

extension tension or deformation. Constant rate tension (CRT) 1~10mm/min or 
1~10kN/m/min should follow when loading of shear testing. The concrete rate or period of 
loading could be set according to particular research goal and fabric properties. The detail 
loading steps are specified as follow. 
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    Fig.4 Loading time history       Fig.5 the principal and shear stress in warp and weft 

Apply load to four arms of the cruciform with tension 1:1 and keep CRT, till the basis 
pretension ( B.P ) which should be less Fu/10;

Apply load to x-axis and y-axis in 180 phase difference, the load in x-axis is added to the 
upper limit (U.L) which should be less Fu/5, on the contrary, the load in y-axis is reduced to 
the lower limit (L.L) which could be over Fu/25, should be over 1.0kN/m, and must be over 
zero;

Apply load reversely after the precedent loading, unloading in x-axis and loading in y-axis 
to the B. S, and loading and unloading keep synchronously. 

Change the loading way in x-axis and y-axis to generate the negative shear field in 
cruciform specimen, and repeat the step from 2) and 3) three times or more. 

Repeat the steps 2) to 4) three times or more to generate positive triangular shear stress 
field wave; 

From the Eq.(1) ,The loads ( x  and y ) and strains ( x  and y ) are recorded and plotted 

for data correlation analysis. The strain is measured with extensometer with 2~4cm base 
distance, which is located 1.5cm off the centre of the cruciform. But according to the Eq.(3), 

the loads ( x  and y ) and strains ( w , f  and x ) are recorded and plotted for data analysis. 

From Eq.(7) and (8), the loading time history defined in Fig.4 shall generate a particular 
stress time history as shown in Fig.5. While using Eq.(5) and (6), the principal stresses do not 
keep constant and shall have little fluctuating, the shear stresses exhibits little nonlinear 
instead of linear triangular wave. Overall, the effective area of cruciform has specific shear 
stresses wave and fairly constant tension field, as is necessary to characterize the shear 
behavior of architectural fabrics. The shear capacity of the fabrics is dependent mostly on the 
tension. Pure shear field of the fabrics can not occur without tension, as is completely 
different from the shear investigation of other solid materials. 

4 Experimental Results and Analysis of Shear Test 

4.1 Specimen and material 
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According to the aforementioned work, the cruciform specimen set as Fig.6. The width and 
length of the arm are 160mm, and clamp with is 40mm, there are four slits in the arm. There 
are 45 of the warp and weft with respect to the loading direction x-axis and y-axis. 

The widely used PVDF-Coated architectural fabric Ferrari 1002T2 was used for 
experiment validation. The finish surface is polyvinylidenefluoride (PVDF), the base cloth is 
plain weave made of polyester yarn of HT1100/2200 Dtex, the areal density is 1.05kg/m2, the 
coating thickness is 300microns, the total thickness is 0.72mm. 

4.2Loading procedure 

In the experiment, the loading was specified as Fig.7, the base pretension was 3.25kN/m, 
the upper limit and lower limit were 5.25kN/m and 1.25kN/m respectively, and the periodical 
was 10min, and there were three cycles loading.  

Fig.6 Cruciform specimen of biaxial shear test (Unit: mm) 

0 1000 2000 3000 4000
0

1

2

3

4

5

6

 

 

x-axial
y-axial

Time / s

Lo
ad

 / 
(k

N
.m

-1
)

1000 2000 3000 4000

-3

-2

-1

0

1

2

3

4

Time / s

 shear stress
 warp or weft stress

Stress / (kN/m)

Fig.7 loading time history    Fig.8 Shear and principal stress respect to warp and weft 

Fig.8 Shear stress and principal stress respect to warp and weft of biaxial shear test 

While applying the loading as Fig.7, the shear stress and the principal stresses respect to 
warp and weft shall be generated as Fig.8 which is calculated from the Eq. (8), there are two 
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obvious stages, the first stage there is no shear stress, the second is three shear full cycle with 
half positive shear and half negative shear, the periodical is also 10min and the maximum 
shear stress is 2kN/m. 

4.3 Experimental Results and Analysis of Shear Test 

1) Calculation of shear strain 

During the shear testing, two methods of shear strain measurement were adopted. The first 
method was used two extensometers to measure the deformation in x-axis and y- axis. The 
second method was used three extensometers to measure the deformation in warp, weft and 
x-axis direction. 

x  and y  strain-time history curves were showed in Fig.9. w  and f  strain-time 

curves were showed in Fig.10. Comparing two figures, the strains in x-axis and y-axis are 
observed much bigger than that of the warp and weft, at least one-order higher, and the 
strain-time curves exhibits smooth and regular, it is easy and robust to measure. The warp and 
fill strain are too small, and is expected much more sensitive to the extensometer accuracy 
and testing uncertainty.  

0 1000 2000 3000 4000
-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

 

 

St
ra

in

 x-axial
 y-axial

Time/s
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  Fig.11 shear strain(Eq.3)-time curve         Fig.12 shear strain(Eq.1)-time curve 
The engineering shear strain which was calculated by Eq(3) showed in Fig11.and shear 

strain tensor which was calculated by Eq(1) showed in Fig.12. The engineering shear strain is 
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equal to twice the shear strain tensor. The maximum engineering shear strain is 0.224 and the 
shear strain tensor is 0.122. Although two values were very close, the engineering shear strain 
is more reliable. 

2) Shear stress-strain curves 

Normal stress was measured in x and y direction firstly, and then the shear stress could be 
calculated according to Eq.(6). Without considering the impact of α, Eq.(8) can be used to 
calculate the shear stress. Fig.13 shows the normal stress in x and y direction.Fig.14 shows the 
shear stress which is calculated by Eq.(8). 

Fig.13the normal stress in x and y direction          Fig.14 shear stress 

Shear stress-strain curves can be generated from the previous results.Fig.15 shows the 
shear stress-strain curves. As can be seen, a striking difference was observed that the first 
cycle slope of curve is greater than the latter curve. But, with the increase of cycle times, the 
shear stress-strain curves became increasingly consistent. 
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Fig.15 shear stress-strain curves 

3) Stress and strain in material direction 

It is difficult to measure the strain in material direction. According to the stress tensor 
theory, shear strain in material direction can be calculated by Eq.(1). The stress in material 

direction can be calculated by Eq.(7) and the result of x  and y  has been showed in Fig.13. 

The shear stress and stress in material direction was showed in Fig.16. The average value of 
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warp and weft stress is 3.15kN/m if the influence of shear angle is ignored and the test value 
is thinner than theoretical value. 

(a)                                   (b) 
Fig.16 The shear stress and stress in warp and weft direction (a) without shear angle 

variation (b) with shear angle variation 

4) The effect of shear angle

When the effect of shear angle was taken into account, Eq.(5) was used directly to 
calculate the stress of warp and fill and Eq.(6) was used to calculate the engineering shear 
stress. The shear stress and stress considering shear angle in warp and weft direction were 
showed in Fig.16b  
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Fig.17 relative difference of shear stress (a) and the stress in warp and weft direction(b) 
The Eq.(6) minus the Eq.(8) can get the difference between considering shear angle and 

not considering. Then dividing the difference by the result of Eq.(6) can get the relative 
difference. Similarly, the relative difference of stress in warp and weft direction can be got by 
Eq.(5) and Eq.(7). Fig.17(a) shows the relative difference of shear stress, the maximum is 4%.  
Fig.17(b) shows the relative difference of stress in warp and weft direction, and the maximum 
is 19.1%. The result shows the shear angle does not much affect the shear stress, but the stress 
in warp and weft direction were greatly affected by the shear angle. 

5 Conclusions
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A biaxial shear testing method is specified, test protocol is defined, as well as calculation 
method. Biaxial shear testing was carried and investigated comprehensively. The test shows 
the strain in warp and fill directions are much smaller than that in x-axis and y-axis directions, 
which are difficult to measure accurate. Therefore this paper recommends a measurement of 
engineering shear strain. Engineering shear strain can be calculated by Eq.(1). This method 
only needs two extensometers to measure the strain in x and y direction and the shear strain 
results are more accurate. The shear testing is performed under the specific tension and the 
pure shear testing is invalid for tensile fabrics. The shear angle is observed that has fairly 
impact on the stress in warp and weft, and little impact on the shear stress.  
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